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Abstract

Online learning has become commonplace around the world on zoom or other video
conferencing systems. This was a quick solution in a difficult time; it lacks interaction and must
be improved. Virtual Reality is also rising in prominence and becoming more accessible, and no

solution in VR exists for solving this problem of online learning.

This project will aim to solve this by creating a Virtual Reality solution in VR for Meta
Quest 2. Students and teachers will join classrooms, communicate in a 3D environment and use
an accompanying learning management system for students and teachers to upload course
files. I aim to make this application more interactable and engaging and increase the quality of

online education.
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1 Introduction

Online learning became a familiar prospect in the last few years of the pandemic for
many students and teachers worldwide. Many methods were used to solve this problem of
creating an effective online learning platform, but all had some drawbacks (Wong, 2020). But
before continuing, online learning should be clearly defined; online learning refers explicitly to
learning when all learning is delivered through an online medium, and there is no face-to-face
interaction. Learning refers to all educational-related activities that would happen in a
classroom. For example, students ask questions, teachers give lectures, demonstrations, and
other similar activities. While the pandemic may end, online learning offers significant benefits
by removing distance barriers from learning and opening a wider world of possibilities.
Students can learn from teachers worldwide and be exposed to new ideas (Miller, 2022). Online
learning in this paper will not refer to students using an online learning management system
like google classroom or canvas in conjunction with face-to-face classes. As an analog to in-
person classes, a video conferencing tool like Zoom combined (Igbal,2022) with a learning
management system for students and teachers (Bouchrika,2022) is the online learning that is
referred to, and this will be what is the target of this FYP. The current approach has a significant
drawback regarding the interaction between students and teachers and its limitations.

However, these benefits are too good to pass over, and online learning must be evolved.

Virtual Reality is a technology that can be useful in education. It provides a completely
immersive environment, removes distractions, allows for communication, seeing other people,
and more. VR market share has grown worldwide, in Statistica’ (2022) analysis. As VR becomes
more commonplace, and considering the benefits it offers, it makes it a possible technology to

use for online learning to overcome its current issues.

1.1 Current Solutions

Online learning is widely popular and a growing market, but the current style of video
conferencing as a medium to deliver the lesson needs fixing. The current interaction is based on
being in a video conferencing room and allowing users to turn on their videos and

microphones. But there is no need from the tool to keep the cameras on or speak, leading to



varied experiences, depending on the implementation of video conferencing in educational
institutes. If the cameras are off, it leads to disengagement from the student and reduces the
lesson effectiveness (Lemelin, 2021). Overall, there is a lack of relatability in learning when
looking at classmates and teachers compared to physical classrooms for students, affecting

education quality (Wong, 2020). This points to a clear area of improvement for online learning.

When it comes to Virtual Reality (VR) and education, it is very recent, and solutions still
need to be created for the platform. The most common use of VR in learning has been pre-
made scenes, lessons, or experiences like a medical student learning about the body. In a
physical class, a teacher may give all students VR headsets and run a pre-made lesson. Hence,
students would experience it as an addition to their lessons sometimes. Solutions such as Class
VR (Class VR, 2017), Lenovo VR (Lenovo, 2020), and others offer such services but not a full-

scale interactive classroom where real-time communication is possible.

1.2 Aims

This FYP aims to create a new system using VR and a learning-management system to
overcome current solutions’ drawbacks and offer real-time interaction in a simulated
classroom. The students can wear headsets and experience an analog to a physical classroom.
The system is designed to be a complete educational solution that can be built and used by an
institute like a school or university for online learning. This report will explore the current
implementations of online learning and VR in education and the design of a system that can

solve this, it’s testing, future features, and more.

2 Literature Review

A two-fold approach will be used to analyze studies to address current solutions. It will
focus on the use of VR in learning and the current state of online learning. It must be noted that

Virtual Reality is relatively new and has a few uses in education.
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2.1 Virtual Reality Solutions

One large category of VR solutions in learning is video or lesson on-demand. These are
offered by a few different businesses, such as ClassVR and Lenovo VR. Lenovo VR (2020) and
Class VR (2017) aim to make VR a part of the lesson curriculum rather than using VR as a
medium to have classrooms. They offer pre-made lesson plans and experiences such as virtual
field trips, scientific experiments, examining engines, and dissection in biology. They also cover
math, science, history, and more. These can be used for training professionals in their fields,
like having mechanical students examine an engine piece by piece or having a medical student
operate virtually. The opportunities and applications are incredibly vast and limitless. Each

company offers lessons in all subjects, albeit each company does it differently.

There is one key difference between these systems and similar alternatives against the
one this report describes. The others, as said before, are designed to add-on to a teaching
experience. Lenovo VR (2020) and Class VR (2017) do not allow interaction between students
and teachers or simulate a virtual classroom which is the aim of this paper. These alternatives
may be robust additions to a lesson but are not intended to be used outside the physical
classroom. They are designed to be stored together in carrying cases for charging, updates, and
storage. Because their intention is different, these are not appropriate alternatives for replacing
online learning solutions. They cannot be used separately and do not offer any method of

communication between headsets or any virtual classroom.

Virtual classrooms and Metaverse is a concept that is quite new and solutions for this
are being developed right now and, even in a year could be finished, such as Meta Horizon
Workrooms. But at the time of writing, there is not a popular or fully ready application that is

made for virtual classrooms and education.

2.2 Online learning alternatives

There are two main types of online learning methods: Video-On-Demand platforms and
video conferencing tools. The primary replacement for physical classrooms that this paper is
targeting is the video conferencing method. Video conferencing works better as a replacement

for physical classrooms by scheduling meetings or conferences for students to join the class.
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Video-On-Demand is often aimed at self-learning students to take courses in their free time and
learn. Sometimes these can be a limited-time program where assignments have deadlines or be
a course the student does at their own pace that they wish to do (Fordham University, 2020).
This style existed before the popularity of video conferencing style and is not the target for this
paper. Video conferencing allows as much interaction as possible with a live video chat where
students and teachers can talk and see one another on the screen. However, this interaction is
only sometimes present; students and teachers can switch off their videos. The students may
get distracted during a lecture or explanation, and the teacher would need to realize the
students are no longer paying attention. As Ramachandran (2021) and Shockley et al. (2021)
discuss, with video calls, always having your camera and your face visible can sometimes get
emotionally tiring; families could have their living rooms filmed while the student attends class
there, privacy is a concern. Alternatively, if students turn off the camera, it makes it more
isolating for the teacher. The students also disengage more from the lesson and become

distracted (Lemelin, 2021).

The current solutions for online learning are limited to only video calls, and even that
comes with issues. VR can overcome the problems better because it does not require a camera
and its associated issues. Instead, it transports the user by creating a virtual environment where
users can see each other walk around, observe some body language and limit distractions by
changing the environment entirely. Newer headsets can track eyes, expressions, complete body
posture and more but are not accessible yet. Current developed VR solutions are aimed at
being extensions of a physical classroom rather than a medium. This leaves a gap for a VR

solution aimed at solving the issue of online learning.

3 Solution Design

A possible product that can fill this gap would require combining the benefits of VR with
online learning. In the current ecosystem of using a learning management system combined
with video conferencing, a VR application would be needed to replace video conferencing. This
VR Application would need to provide the same chatting capabilities, and some sort of

substitute for screen-sharing and annotations since it is a well-used feature. A VR classroom
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that could replace this would need to have a way to let teachers share lectures or presentations
while they talk. There should also be a system to make uploading these lectures or
presentations easy and quick. The application must be as simple as possible for teachers and
students as an educational tool. As an immersive experience, it needs to simulate the real
world; small touches such as shadows, character design, footsteps, and more would enhance
building an accurate classroom simulation. However, this depends on technical limitations.

An accompanying learning management system would need to be designed that can, at
the minimum, hold user information, files, and classroom information. Because of the tight
integration required with the VR Application, the learning management system must be made

in-house and not a third-party solution.

3.1 System Overview

The system would have three major components: a Learning Management System, a
Virtual Reality Application, and the servers managing the classroom hosting. The system is
designed for the stand-alone VR headset ‘Meta Quest 2’, so a computer is not necessary to join

the classroom.
Figure 3-1. A system design diagram to explain breakdown of systems.
Website & API & Database VR Classrooms Servers

API stores and sends:

e Files
e Authentication
e Profile details

e Classroom details =
L) —

famma) o)
& @
The main Application contains:

Website Contains: e Standalone VR version (runs with only The Server contains:
headset) « Handles all the hosting of the classrooms
Virtual classrooms levels < Receives all the data from each user,
Designing lobby including their voice and movement

+ Manages where to host each class and
User.mo.\/ement connect each user to correct classroom
Logging in users « Hosting lobby level for all users

)

o|ofo

e Teachers can upload files
o Students can download them
before and after class
o Teachers can open these files in
VR on the whiteboard Tools for students and teachers
e Edit profile details - i.e name Entire application can be run on devices
e Accessing your own classes and connected to servers for functionality
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The Learning Management system will be a website that will allow teachers to upload
documents and for students to download them. The Learning Management system (LMS) will
consist of a full-stack website. This includes a front-end website, APIs to facilitate the VR
Application and website, and finally a database to store all user information, files and class
information. This LMS will make the entire solution an end-to-end system and not require any
other products to accompany it for educational institutes. It also solves the problems of
uploading documents, managing profiles, class information, and more for each student and

teacher; these tasks can now be handled by the LMS for the VR application.

Lastly, online servers will be used to host the classroom sessions to which the users will
connect. Teachers and Students will connect to a classroom, walk, and talk in the virtual
environment. Teachers will be able to show pdfs on whiteboards, annotate, and more to keep

the functionality of a classroom.

3.2 System advantages

The main criticism of interaction can be overcome by having the student be in close to
real-life experience in VR. Instead of just looking at a flat screen, they can be in a classroom.
They cannot get distracted as easily inside the headset since looking at phones and being
distracted by their real-life surroundings is harder when they are not visible. It also helps with
the privacy issues caused by having the camera on constantly in video
conferencing (Ramachandran, 2021). Seeing a simulation of the teacher as they walk around,
talk with students, and see more than just their faces like on video calls will lessen distractions.
Looking around 360 degrees and all the other features will offer a much more immersive
experience and come closer to a real classroom. It also offers easier multiple way interactions,
students can talk to people around them, teachers can talk to all students at once or to some
students. This is possible by using audio in a 3D space where only nearby people, like in real life,
will hear each other talk. This makes it easy for groups to form in class, different types of
interaction and more. Breakout rooms and other tools are not needed, it works naturally as it
does in real life. So multiple people can talk to each other at the same time and be heard, or a

single person can address multiple people and any combination of these.
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3.3 System Disadvantages

Some drawbacks must be considered for the VR system. Being immersed in a VR world
for hours is much more exhausting on the body than watching a screen (Klemens, 2022). For
students, especially younger children, this burnout must be monitored and is a concern. In the
future, this should become a less serious concern with improved hardware and technology
advancement. Compared to physical classrooms, students still need to work on assignments in
VR and show their teachers as they might in a physical classroom. The curriculum and teaching
style would have to be adjusted as well. These drawbacks in time with more software and
hardware development can be overcome and alternative techniques such as using AR and VR
together can be developed further and be viable. However, this solution will be more effective

than current online learning.

3.4 Role of this FYP

This FYP is a group project, and the overall system is split between two people. This FYP
is focused on developing the VR application and the accompanying learning management
system. If it must be executed on the headset or if it concerns the backend services of the
website or the website itself, it will fall under this FYP. To clarify, backend services will refer to
the user authorization, database, file storage and other similar services to facilitate the learning
management system and VR Application. The servers for the VR Application that will host
lobbies and classes are handled by another group member, all the multiplayer sections and
aspects of this project are not under this FYP. For this FYP, only the initial setup will be made for
those servers, essentially creating end points for the server side to pick up. The entirety of the
virtual classroom, the user features, tools, will all be the responsibility of this FYP on the VR side
as well as designing the website, setting up the backend services, and related APIs for
communication. Going forward in the report, the testing, implementation, and other sections

will all refer to the content of this FYP (VR Application and LMS) unless system-wide is specified.



Figure 3-2. Sections covered by this FYP
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3.5 Software and Hardware Selection

3.5.1 Hardware Selection

To accomplish the goal of making the system as easy to access as possible, the main

requirement was an all-in-one headset. The headset chosen for this was MetaQuest 2 (also

known as Oculus Quest 2). There are two types of headsets, all-in-one headsets and pc-

dependent headsets. PC dependent headsets require a separate computer to connect to and

power them. The headsets use the computing power of the pc and display the application

running from the computer.

Comparatively, all-in-one headsets are all encompassing, they contain the hardware and

software to run supported applications. They do not require an external computer to function.

This puts a limit on the computing power, since the best computers would outperform a mobile

CPU like the Qualcomm Snapdragon XR2 in the Meta Quest 2. However, not everyone would

have a computer powerful enough to support pc dependent headsets. And if they do,

performance will vary depending on the spec of the computer, causing applications to run

differently. This would affect the users by creating inconsistent experiences. However, this

problem is surmountable by setting a minimum requirement and adding a system to balance

the quality of the visuals against the performance of the application to account for different

computers. But another issue with pc-dependent headsets is the requirement of always



16

connecting to a computer. This necessity would make it so users would require owning two
different devices and more complications. The computer would also require a wired connection
to the headset making it cumbersome as they walked, offering a worse experience.

All-In-One headsets offer a smoother process for development, a consistent experience
for every user and are easy to use. Developing different all-in-one headsets at the same time is
possible but having a targeted headset for creating the experience on is important before
aiming to develop for more all-in-one headsets. As Meta Quest 2 is the most common (IDC,
2022) all-in-one headset that also offers controllers and enough power for the VR classrooms
application, it is the targeted headset. Other options for all-in-one VR use phones for displays
and are not suitable for the level of processing and the features planned for the VR classrooms
application. At higher prices, there are alternatives such as Pico 4 and others.

However, Meta Quest 2 is the cheapest and an extremely popular headset (IDC, 2022).
This makes finding support for development much easier and targets the most common
headset. For future longevity, it is easy to upgrade and run the application on future Meta
headsets. Meta Quest 2 offers a mix of accessibility, price, power, and ease of development,

making it an ideal choice for this project.

3.5.2 Software Selection VR Application

There are two main choices of software for complex VR applications that require
interactions. Unity or Unreal Engine. These game engines support the entire application, allow
users to develop and deploy to devices with ease, and both support VR. Without game engines,
development is nearly impossible for applications because of the framework and support they
offer. Unreal Engine and Unity are widely used in the industry; Beatsaber, a VR game that sold
over a million copies (Matney, 2019), was developed on Unity and won the Unity award of Best
VR game 2018 (Unity Awards, 2018). Vader Immortal, an officially licensed Star Wars game, was
created using Unreal Engine (Epic Games, 2019). Both engines support multiple platforms, from
VR to PC to console development. Unreal Engine has the support of Epic Games who is well off
financially (Browne, 2021) as its developer and is constantly being invested to gain developer
share. Unreal Engine 5 recently released and boasted features such as nanite and lumen which

will be implemented on VR in time and offer instant benefits in terms of performance and
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guality of visuals, while Unity is working on counterparts to these technologies that will release
in time.

Unity and Unreal Engine both are ideal and have no strong disadvantage or advantage
over each other, hence the more suitable engine is based on personal preference. Based on
developer choice, Unreal Engine 5 was chosen for its language of C++ over C# and personal ease

of use.

3.5.3 Software Selection Learning Management System

The learning management system will consist of a front-end website, the backend
services, and an admin APl for communication with the website and the VR Application. As the
focus of the FYP is primarily the VR Application, the learning management system must be
simple and functional. To keep it simple, instead of spreading the services such as database and
authorization with different systems or frameworks, an all-in-one backend service will be used.
This saves in development time and these services are trusted, used globally, and backed by
large companies such as Google, Amazon, Microsoft. The services may reduce the level of
customizability and offer ease of use, with the simple requirements of the project this is
preferred. The backend service provider will be the base of the entire project, it should be
chosen first and decide the rest of the choices for APl and website. There are a variety of cloud
providers who will provide file storage, authentication, and database services. There is Firebase,
AWS, Azure and Google Cloud Platform, any of these services would be able to provide all the
necessary features, due to more personal development experience, Firebase will be used as the
backend service. It offers simple native SDKs in JavaScript, Java and other various languages to
make development straightforward and easy. It is also scalable in future and generally easy to
work with, especially since the project is not complex, hence making setting up basic services
easy. Since both website and the VR application will be requesting similar resources from
database, having a single APl that can receive these requests and forward them to database will
streamline and standardize the process of accessing the backend for different platforms and
add a layer of security with having the API verify requests. The API will manage all the internal
communication with backend instead of direct access. There are again many choices for how to

develop an API with firebase, there are certain languages where firebase admin SDK is
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supported and due to experience with language and framework, Java Springboot is chosen as
the framework. The API can be hosted on any Spring API hosting service such as fly.io with
HTTPS. The website should be simple and functional so a straightforward JavaScript, HTML, CSS
implementation will also be sufficient rather than overcomplicating with other front-end

frameworks.

3.6 Indepth Overview of the VR Application

The VR Application must provide an immersive and responsive experience for the user
and provide features to facilitate the virtual classroom. To accomplish this, VR application
development is split into design features such as creating the classroom and model design, and
other features designed to improve immersive and responsive experience. The second part of
the VR application is focused on the tools provided for the classroom. Such as creating a
whiteboard, downloading pdfs from the Learning Management System, and displaying them on
the board for the teacher to annotate and scroll with. These features will all consist of
challenges discussed in implementation. Furthermore, exporting to the headset requires
balancing out rendering techniques, visuals and hardware limitations will be an important

concern and discussed in the testing section.

3.7 Indepth Overview of the Learning Management System

The system must provide a functional website with authentication and authorization.
Teachers must be authorized to upload files to their registered classes and authorized users can
view files for download. There must be an API to provide user information to the website and
VR Application such as what courses they belong to and what is the user’s name. Working on
web development has unique challenges of accessibility, performance, and network issues. The
system must quickly be able to do basic actions like login, store files and user data securely and
have strong error handling for network issues. Managing security of HTTPS and making sure the
data is secure is another factor. Network issues and other errors such as lack of authorization,
incorrect credentials, missing files and other small issues could cause a program to fail. With

multiple co-existing APls and services, this needs to be monitored to create a robust system.
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4 Implementation

4.1 Design of the classroom

Figure 4-1(a) and Figure 4-1(b). Early screenshots of the classroom taken in unreal

engine during development and do not represent final look in VR

The design of the classroom is based on a CityU lecture hall. It has four rows of students
with tables, each on a different stair level with a large ‘ground’ floor where the teacher will be.

The wall features a whiteboard that will also display the teacher’s selected pdf from the
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learning management system. The students have the option to sit in their chairs or walk around

the class.

A challenge in the classroom is the model and material design. Materials in unreal
engine are made of textures which describe what should be the color of a mesh or model. For
example, to create a specific color, a painter would mix two different paints (textures) in a
certain way and use special techniques to create a new paint (material) to apply onto a wall
(mesh/model). Materials can be instanced as well with parameters to allow easier modification
and change at runtime. Materials and models need to be within certain complexity to attempt
to be realistic while ensuring performance does not suffer. The model cannot contain too many
details or polygons, and materials must not be overly complicated with expensive functions or
detailed textures. This consideration will be important while developing the classroom design
to prevent stuttering performance from causing negative impact to the user. If the headset
does not run at the specification consistently, it can cause headaches, dizziness and more
(IrisVR, n.d). Rendering and performance related challenges will be discussed in the Testing

section to prevent framerate issues.

4.2  Design of the characters

Before continuing, it is important to clarify what a character is. It is the representation
of each user in the VR classroom. It is a class containing the visual and functionality logic of a
user, for example describing how they look, how they move and act like. Each user needs to
have their own 3D model that will move according to their body. The character’s head would
follow the user and its arms would follow the user’s as well. The avatar must follow the user’s
movements and will require some sort of system to accommodate this. The arm and body pose
of the avatar are an estimation from using the user’s hand locations and orientations combined
with the head’s orientation and location. These can all be tracked and used to estimate the rest
of the pose via a third-party plugin inspired on the Inverse Kinematics work of Prager (2018).

This is all used with the default Unreal Engine avatar that will represent each user.
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4.2.1 Movement of characters

For movement, there are various types of VR locomotion . For this project, 3 styles are
adopted; continuous and non-continuous artificial movement and motion based physical
movement. Artificial movement refers to any movement that relies on controllers and is not
naturally moving. Physical movement here refers to physically moving in the real world to move
virtually. (Boletsis & Chasanidou, 2022) VR locomotion has many different implementations,
and for this application it must suit a wide variety of scenarios. If users do not have large
amounts of space, artificial movement is necessary. If they do have space, they should be
allowed to take advantage of it and use physical and artificial movement types. For continuous
movement, a smooth movement style with controller will be used. For non-continuous a
teleportation system will be created. The smooth style is more jarring for newer users but may
be preferred by more experienced users. This is because smoothly moving while physically
being in place can cause motion sickness without previous experience in VR. Teleportation
creates instant movement but combined with a fade to black, it smoothly repositions users and
is easier for them to adjust to. For users with large spaces, they can walk in whatever space
they have, and if they wish to go beyond, use artificial movement types to compensate. To
accommodate variety of users, implementing user-friendly default options and giving more

advanced users options for movement is the approach.

Figure 4-2. Sample implementation of teleporting style movement. Picture taken from

implementation in Unreal Engine default VR starting level.
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Regarding the teleporting style, when user’s push their joystick, the application displays
a line moving in an arc pointing to a location where the user can teleport. To achieve this,

navigation tools of unreal engine and vector calculation were used.

Figure 4-3(a) and Figure 4-3(b). Screenshot showing which areas can be navigated or teleported

to via teleport movement and screenshot of movement implementation demo.

In the figure above, navigation was set up and is represented by the green areas. The
computer area on the right side is not teleportable and the main student area is not either. The
chairs are interactable and can be sat on but not teleported to prevent people teleporting in a
small area. The liner algebra algorithm casts a projectile arc from the user’s right hand’s

forward vector, which is the forward direction. The projectile function returns an array of
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vectors along the path of the projectile, at these points a spline mesh can be generated to
create a line for the user to visually see where the arc is landing. The end of the arc is then
checked across the navigable areas, and if the arc does not end in a valid area, then the closest
point to the arc’s landing location within a pre-set area is used. If a valid point is found, then the
teleport location X, Y is established with offset of the user’s camera, which represents where
the user is in real life from the teleport location. Without the offset, if the user moved around
the room physically, the offset of their movement in real life would be how far away they
teleport from the projected teleport location. For the Z value, this is not an issue since the user
is not going up or down a staircase or any large incline.

The alternative smoother movement option also exists. This design is based off
standard movement style of first-person games using a controller. One of the user’s joysticks is
used to look around and the other will be used for movement in any 4 directions. The left
joystick will be used to adjust location and the right joystick to adjust rotation of the character.
The movement requires calculation to know which way to move. The in-game camera is the
representation of the user’s point-of-view (POV). The character will determine the forward
direction of the user’s camera and then move in the direction of where the user is looking. So, if
a user looks to the left with their headset, and moves their joystick forward, their character will
turn to match the direction, then begin moving left. This is because in real life, humans do not
have to think which they are going and are looking consciously; hence users will move in the
direction they look at. Alternatively, another implementation could be the user’s character
would not turn to match the direction they are looking at, and they would walk in direction
with respect to the character instead of the direction they are looking at. However, this
implementation feels unnatural from testing so is not implemented.

This is done by retrieving the forward vector of the in-game camera. The forward vector
indicates the forward direction, then multiplied by a scalar to give movement input to the
engine. The scalar is the value of the thumb stick input, a one for forward, negative one for
backward. For left and right movement, the same approach is used, but using the right vector
instead of forward vector and the scalar will use the thumb stick turning right or left. Using

these systems simultaneously creates the entire movement system in any or all four directions.
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For rotation, the right joystick is used to generate a scalar value of one or negative one
based on the thumb stick input of left and right. The current rotation of the character is
retrieved, then the character is turned to the desired rotation. Alternatively, snap turn is
another approach to the smooth-turn method, where the user turns a preset number of
degrees instantly when moving the thumb stick left or right. This is implemented with a
cooldown to not turn multiple times unlike smooth turn. Similar to teleporting, instead of
rotating in place, snap turn can fade to black and make it easier for the user to transition
between rotations.

The physical movement option is automatically integrated based on how VR and Unreal
Engine work.

The user will have the option to rotate with snap or smooth turn, or just turn their head,
and move with the option to simply walk to a location, teleport to it or use the smooth
movement. This all provides users with many options or combinations to ease into VR and

customize.
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4.3 Design of Whiteboard

Figure 4-4. The text/image drawn in yellow and red combo was drawn with the marker in-game.

~

To design the whiteboard, it is a twofold approach. Designing a whiteboard class and a
special material to use with it. The mesh for the whiteboard can be a simple rectangle but the
material is more complicated. A simple approach is essentially setting up a ‘mask’. An additive
marker material is created that will overlay on top of the original whiteboard material. To do
this, a render target is used to store the information of where to draw the marker on the
whiteboard and enter that information into a ‘mask’ of the whiteboard material. This approach
creates an editable mask in function that can be removed and updated without losing the
original background of the whiteboard material, by only changing the render target data. The

render target informs the whiteboard material where to draw self, and where to draw a mask
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of the marker material to overlay it. This means it will be easy to annotate pdfs as well. Further
development may be done to accommodate different marker sizes and colors.

A linear algebra algorithm is needed to understand where to draw on the render target.
A line trace is appropriate as a common approach in game development for pointing problems.
The line trace will take a start and end point and return the first collision. The starting point will
be simply the user’s hand, right or left whichever they use. But the ending point must be in the
direction of where the hand is pointing towards and a set distance away. To do this, the
forward vector of the hand is retrieved to get the direction, then multiplied by a constant which
we can call x for now, to increase the magnitude. Adding this new vector to the world location
of the right hand gives a point x units away in the direction of where the right hand is pointing.
Aline is drawn between these two points, if the line hits any object between the points, it
causes a collision check, and the line trace stops there. On the collision check it will check if it
collides with the whiteboard and if so, retrieve coordinates of collision on the whiteboard, then
tell the whiteboard class to draw on the render target at the coordinate of collision. The value

of x is chosen by the distance from the front desk to the top of the whiteboard.

Figure 4-5. Line trace of 1000 units starting from tables to top of whiteboard.
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In figure 4.5, red lines are used to show the line generated by the trace. The starting point
was the user standing with the back to the table and pointing at top of the whiteboard. The
lines connected with whiteboard successfully as shown. 1000 units represents the maximum
distance from the ground floor to the top of the whiteboard, hence x is 1000. The whiteboard
material is then enhanced by having the background of the whiteboard be the pdf page chosen

by the teacher in class.

4.4 Design of Ul and Networking Setup

Figure 4-6. Login screen that communicates with the LMS database
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On startup, the VR application will ask for the user’s credentials. These will be passed to
the API for the Learning Management System to retrieve the user’s details. These details will be
then used to show the name, registered classes and more. When the user wants to join a class,
they can see what classes they are registered to and what classes are currently happening. (This

list of class and joining will be done by the servers outside this FYP)
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Figure 4-7. Class selection interface

Once they select which class, the information for the class will be passed to the

networking servers to connect the user which is out of the scope of this FYP. It will load into the
VR classroom that is hosted online. Once the user is connected to the VR Classroom, they have
options to adjust movement, audio, and other settings. For this FYP, the Ul lets the user pick

between registered classes and ‘enter’ them locally without multiplayer.

4.4.1 Virtual computer Interface

Teachers will be able to use a virtual ‘computer’ inside the classroom to alter the
classroom settings and download files. This interface will be simple containing minimal menus
and direct access to options based on Hick’s (Soegaard ,2020) and Miller’s (1956) Laws of
design. The focus is on not displaying too much information at once and keeping a familiar
pattern as accessibility and usability. This computer interface will contain any expansion to the

classroom and must be designed to accommodate future options.
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Figure 4-8(a) and Figure 4-8(b). Virtual computer in editor view (Figure a) and alpha version

of virtual computer in use in a class (Figure b). Screenshots from headset are often blurry.
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The interface in Figure 4-8 keeps simplicity by having all the class settings on the left
side and the downloadable files in the right. This interface contains the most necessary options
and does not need sub-menus. In future expansions, the Ul can accommodate more options if
needed and the computer uses a familiar Ul design to the previous Uls. Mute and Unmute
students can be used from the same button by having it be a simple flip. Note that the

functionality of these buttons is out of the scope of this FYP.
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4.5 Design of audio setup

Voice chat is an important feature of the VR Application. There are two types of chatting
setup used for the application, 3D audio and direct 2D audio. 3D audio means it will follow the
regular laws of sound originating at a single point in 3D space and dropping off farther away the
listener is. For ‘2D audio’, the audio will be heard at full volume regardless of location. This way
the teacher would not need to be loud to make sure all students can hear, and act as a
microphone to enhance their volume. The teacher will be given the option to use 3D audio and
2D audio. If the teacher is talking to a student individually 3D Audio may be preferred, or 2D
audio while addressing the entire class. Similarly, the teacher will have the option to enable 2D
or 3D audio for students as well or disable their microphone input entirely if it is distracting.
This will allow the teacher to customize the class suited for their current situation with all these
options. The audio itself will be recorded with the onboard microphone on the MetaQuest 2
and played back from the headset speakers. However, the implementation of this falls outside
this FYP and will be handled by another member. For sound effects of different effects such as
click effects, are played as 2D audio, and drawing sound effect is 3D audio originating from the

drawer’s location.

4.6 Quality of Life features

There are small quality of life features throughout the classroom to make it feel more
user friendly and interactive. A key of good user design is feedback on actions, and this is
implemented here. While drawing a small sound and haptic feedback plays on the controller
using a sound wave to design the haptic. While hovering over text box on login, it turns blue to
acknowledge the hovering. When changing the movement setting, a small file with the
movement mode is stored and used whenever the setting is changed, or the player is loaded.
When hovering over Ul menus or interactable objects, a visual line will be shown from the
user’s hand to show what they are pointing to, or where they are drawing. When clicking on
buttons a small sound will play to acknowledge the action so the user is not wondering if their
action worked. While loading the file list, the computer shows a small loading visual to show
the files actually refreshing. The hands play a small animation when the grip button is clicked

and have them close depending on how hard the button is clicked. These small features will
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help the user immerse themselves and feel like they are actually interacting with the classroom.

Without them the classroom feels more dead and artificial to the users.

4.7 Implementation of Learning Management System

This section will cover the implementation of the website, backend service and the API.
While implementing the backend service and API, certain issues arose. The Admin APl is always
signed in as an admin and cannot sign-in users, so the website will have to directly
communicate with firebase to sign in users. After testing, the VR Application could not
implement the firebase SDK due to environment issues, so a new API is required for the VR
Application to indirectly communicate to firebase. The original APl will be referred to as the
Admin APl and the new API will be referred to as the VR API. The VR API needs to access the
native SDK for firebase, so node framework is an appropriate choice for this API. It can manage
different types of requests, processing, receiving, and sending and be scalable and is supported
as a firebase client. All APIs are designed to handle requests concurrently from different users,
so REST design pattern is ideal for APl design. Requests accessing the same resource will always
be structured the same way every time, and every request is processed without any additional
session data, only using the request content. Each APl is expected to concurrently service
different platforms and users, hence managing sessions would add complexity in designing and

time in execution. Designing each request to be stateless was instead the goal.



Figure 4-9. High level design of the Learning Management system and integration
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Figure 4-10. Use case diagram of VR API
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Figure 4-12. Use case diagram of Website

Visual Pameigem 5t dand (i (Clay

A

User

A

[ >fe

Admin API
A
Fiiﬁiﬂ:&igje case diagram of VR ApIiation
VR AP
User
VR Mutipayor Servers

Teachar




35

4.7.1 Backend Services — Firebase
Firebase is responsible for facilitating database, authentication, file storage and
authorization for different roles. Each of these components are setup separately under the

firebase platform and have packages available in SDK for different languages/frameworks.

4.7.1.1 Database

The ‘firestore database’ service contains the user and course data. The firestore
database is document based with NoSQL design style and is suitable for the data. The firestore
database contains documents which contain fields which contain primitive datatypes like string,
numbers, etc.. or other nested documents. The database structure designed with two high-level

documents; users and courses.

Figure 4-14. Layout of root level documents.
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The users document contains a document for each user titled their uuid (Unique User
Identification, a firebase generated id for every user created on sign-up). Each of these sub
documents contain the user’s role (Teacher or Student) and their name. The Courses document
has course codes for document titles and each document contains an array of student uuids
and a teacher uuid field containing the teacher uuid. There were other options possible for

database design. The user document could contain the classes they belong to instead of the



36

courses document, but then to find all students in a class it would require searching through
every single user and going through their list of courses. A LMS would have more users than
classes, so storing all this information in this way was preferable so it would be less time
consuming to search all the classes a user belongs to. However, this is still an expensive query,
another alternative would be to implement user document containing courses they belong to
and courses containing students, and have repeated data to reduce query time, but it would
take more storage and introduce management of linked data. If the records were not updated
together, it would cause errors. This is a tradeoff of storage and possible errors against query
time and higher query time was chosen since it performs reasonably well in tests and is less

error prone.

For security, instead of setting up roles for who is allowed to read what information
about which source, the admin APl is the only way to access the firestore database. No client
application can read the database but can instead only request the admin APl who can return

the user information without any security issues.

4.7.1.2 Authentication and Authorization

Users have email id and password combinations to access their accounts. Different
register and login methods can be implemented but for a learning management system it is
sufficient for now. On login at the website, firebase will send a response that contains an id
token (a string that identifies a user to firebase). This id token is valid for one hour and can be
refreshed with a refresh token that is valid for longer. None of the APIs will ever see the email
password since only id tokens are passed after login and are used to access firebase services.
The VR API will receive email password from the VR Application to pass it to firebase however
but that is unavoidable. These ID tokens allow for security since they are valid for a short time
and prevent password and email id from being passed more than needed. Even if an ID token
was intercepted, it would not be valid for too long. The concept of tokens can be expanded to
have custom ‘claims’ attached as well, for example adding a teacher claim to let the service
know the user is a teacher. Once a user’s role is verified, this claim can be added so the rest of

the services will not ‘re-query’ to verify if the user is a teacher or not.



37

4.7.1.3 File Storage

For file storage a bucket (root-level folder) is established with subfolders for each
course. Since files only belong to course, this is the easiest method of organization. Specific
security rules are implemented so that only authenticated users (any valid account) can view
the stored files, and only users with a custom “Teacher” claim in their authentication token can
upload files. There is also another rule of limiting file size to 50 MB and pdfs only to make sure
nothing bad or extremely large is uploaded. These security rules ensure that file storage is not

abused by users or any ill actors.

4.7.2 Admin APl —Java Spring

The admin APl is built in Java Spring to handle requests querying the database. The API
has a custom-made class designed for the format of each incoming request. Each request must
contain an id token to verify user and the type of request it is making. The id token is for
security reasons and request type is to ensure the correct request is handled by the appropriate
handler. The first step of every request is to verify with firebase that the id token received is
valid and retrieve the uuid of the user who it belongs to. Once verified it can then process the
request. To handle all the requests, a singleton database manager class is made. On
construction this class reads the admin credentials off a local file that is not accessible to any
object or any person because these admin credentials (generated firebase) allow free access to
any service without any restriction and hence must be secured. As the APl is uploaded as a
docker image on a service, it keeps it secure. The singleton pattern is used here because there
is no need to re-verify with the database costing additional authentication time each time a
request is made. Once the database class is initialized and authenticated, it can just lay waiting

for handling any requests quickly.

Another reason Java was chosen was because the way it handles a request is by creating
a thread (Serverlet Java class) to handle each request. Each request runs it's own separate
thread accessing the database manager concurrently and since each request is separate from
each other, the database manager class is thread safe and hence it can run in parallel and

expand to accommodate all the request made without needing more instances and instead just
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increasing hardware resources to scale up. This design and framework ensure stability,

performance and security for the API.

Figure 4-15. High-level Sequence diagram of a successful login loading into homepage
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The API handles three types of requests, a home request to get all the basic details of a
user such as name and courses they belong to, a teacher verification to verify a user’s role by
returning a token with the added auth claim if they are a teacher to allow uploading files and
the final request is a course details request to verify membership to a course. On an improper
request such as invalid credentials or wrong request type the verification fails and returns an
error status for the request-maker to handle. For the home request, once verified, the uuid is
used to query the Course and user document to get the role, name, and courses the user
belongs to and to combine them into a single JSON response and return it. For the token
request, it verifies the request and checks if the user is a teacher; if they are, an additional claim
is generated, and through admin functions in firebase, a special custom token is made. If they
are not a teacher, a custom token is still made just without the claim. This special claim will be
read by the authorization check by firebase to allow access for uploading. For the course details
request, the API verifies, then queries the database to see if the user belongs to that course as a

student or teacher and returns the result.

This APl is hosted by using docker images on a hosting service called fly.io which offers

scalable computing resources should it be needed.
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4.7.3 VR API—JavaScript Node

The VR Application API is written in JavaScript with the Node framework. Java could not
be used for client applications, only admin SDK. Node.js offers many packages such as express
which can manage concurrent requests made at different urls. Making requests in the VR
Application require creating tricky HTTP requests in C++ and there is no way for authentication
or to retrieve files from firebase at all directly from firebase. To work around this, this APl will
be the go between and help reduce the number of requests and difficulty for the VR application
and manage the parts the VR application cannot do. A benefit of choosing node and express
package for the framework is the asynchronous management style. When a request is made,
the most time-consuming sections for this application will be when it requests the admin APl or
Firebase services. With async execution, instead of waiting for the response to arrive, node will
instead go manage another request rather than wait synchronously for the response to come.
This makes the entire application incredibly efficient since there is very little processing to do
with the request responses from other services and it can focus on sending and receiving
requests quickly instead of waiting. This style also makes it incredibly simple to scale up into
more servers and CPU resources if needed in the future since it is single threaded and stateless

when managing any request.

It contains four stateless requests, auth, file download, file list and file convert. When
the VR Application sends user email and password, instead of sending a confirmation response
with id token and then receiving another request for details, if the login credentials are valid,
the APl sends a request to the admin API for details and combines that response with id token

to send back to the VR Application to reduce the number of requests made by the application.

For the file list it receives the class the user wants to view and id token for verification.
Id tokens cannot be used for signing in, and email password should not be sent repeatedly, so a
custom token is used to sign in for verification to access the firebase file storage via the admin
API. This method keeps security while slightly delaying the request time and is a reasonable
trade-off. File download and File convert requests will be explained more in the Showing files in

VR section.
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4.7.4 Learning Management Website

JavaScript was already being used in the VR API; in the interest of keeping things similar,
the website is built in Vanilla JavaScript, HTML, CSS, and Bootstrap as an addition to improve Ul
elements. One of the first challenges with the website was how to manage user information.
Once a user signs in and the id token and details are received, the challenge was how to
appropriately store the ID token to have it be accessible to different pages and how to load

import the firebase SDKs, make requests and manage performance while loading all resources.

To manage storing ID tokens, there were options such as using local storage in browser
or cookies. Cookies was chosen because they cannot be accessed by other sites and are secure.
Use case wise cookies are meant for temporary storage with storing only four KB which more
than sufficient for id tokens. Combined with the fact that they can be accessed with multiple

pages of the same website it makes sense to use them.

The more difficult challenge was how to load the resources for pages such as home and
class pages. These pages need to load the firebase services, then their own local scripts to
access the services, make requests and so on. The pages also shared a significant amount of
code for initial setup, such as the sidebars setup, links, requests, and more. It was easier to
create a common setup script that could be imported asynchronously with the firebase services
so everything can load in parallel in the browser. Then, the page script can access these services
and the setup file to load all the page elements. The difficulty was how to manage async loading
while making sure the correct services were loaded at certain points in execution. The script
could initialize the functions for creating table rows, for example, but needed to wait for the
request to resolve to be able to fill in the table rows. A load resources function is created for
each page to load the setup file, make requests, and take in a setup function unique to that
page’s requirements. All of this was done to keep performance and manage stability and

required testing to ensure it worked.

The website on the backend works similarly to the VR API, where it connected directly
to firebase for file and authorization and left all the database queries to the admin API requests.

For the file management, it needed to verify if the user was a teacher or not to create the
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upload button and elements, and handle possible improper permissions, improper file type and
or file size. It used the custom token from the Admin API to know if the buttons for uploading
files should be generated. If a user creates the button manually by editing the HTML, without
the valid token the upload function would fail the security check on the firebase side. The other
challenge was to manage downloading and uploading. JavaScript and HTML offer decent
solutions for allowing users to select files and allow limitations on file. For uploading files using
the inbuilt file type option and the uploading of bytes function directly to firebase. A user
feature was added by adding an uploading message that notifies the user of the progress via
callbacks. This gives feedback to the user, letting them know the website is working and not just
frozen. For downloading the file, a blob was downloaded directly from firebase. The blob is first
saved into the browser memory before being written to a file locally. Using blobs means
metadata like filename and size are included automatically unlike bytes, but there is no
straightforward way to write a blob into the normal file system, so a clickable link with the URL
is generated from the blob, that is then clicked internally and it downloads the blob. This is a
roundabout method and difficult to come up with, however it is negligible in performance or
memory compared to using bytes since the clickable link is immediately destroyed and takes

little memory and sets the metadata and file name automatically.

4.7.5 Security

Overall, there are some sensitive details being passed through with requests and being
stored locally that need to be properly secured. The first line of security is the HTTPS protocol
usage. All APIs are hosted on HTTPS servers ensuring encryption on any requests received or
sent, firebase and unreal engine both use HTTPS for communication as well. Security rules are
used for each firebase service to not let unauthorized and unauthenticated users access to
resources. Additionally, POST requests are used for every resource including an id token so
data can be sent in request body adding a little more security. And as mentioned previously,
the entire system uses tokens that are only valid for an hour and will then need to be refreshed
which is allowed for 24 hours without a re-login process. Additionally, creating special custom

tokens with claims to check if a user is a teacher or not and allowing adding of any other special
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claims is more secure than sending true to check if a user is a teacher but rather adding it in an

irreversible way to the user’s token that cannot be worked out easily.

5 Showing files in VR

A major technical difficulty in the project is to create a method to download user uploaded
pdfs and show them in VR. This problem has multiple challenges such as downloading the pdf
onto the headset and converting it into a format that can be read by unreal engine and loaded
at runtime as a texture. Firebase does not offer a C++ SDK that can be used in Unreal Engine, so

the files must be passed through an interim in the VR API.

5.1 Creating textures at runtime

The first challenge was to load files as textures at runtime so they can be added to dynamic
materials in unreal engine. This is only possible for certain file formats like pngs, jpgs and other
image formats. To accomplish this, a few things are needed. The file needs to be read into an
array of bytes which are read by an image wrapper. Then using pointers and copying directly
from memory, a new texture can be created that reads bit by bit to create a texture that can be
loaded directly. Because of reading directly from RAM, there needs to be some safeguards and
a mutex lock is used for safety to prevent any memory errors. This is a low-level solution that is
quick and successful in converting images to textures. This texture can then be loaded into a
dynamic material at runtime as a texture parameter. This dynamic material is the whiteboard
material mentioned earlier, but the background color is now a texture parameter. An instance
of the material is generated at initialization that is converted to be dynamic and updated

whenever the user requests a file.

5.2 Sending the file to the VR headset

The application can only take image formats, so the files need to be converted page by
page into image to send to the VR application. To achieve this, the pdf must be downloaded
onto the API first, then converted and sent to the headset. To achieve this the VR API first
converts and stores all the converted files in a folder and whenever the application requests a

new page, the APl will respond with the converted page. The issue with this approach is that it
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takes time to convert a single file into multiple pages and the time it takes to download the pdf.
However, this saves space because pre-converting all files will take too much space to store on
the API. This is a comprise on resources on space vs duration of request. The file convert
request will entail the VR APl downloading and converting the file locally and the file download

request will respond with the converted png that is then converted to a texture.

6 Testing Plan

To test an application like this, the testing will be split into two types, performance, and
quality. Performance will focus on the raw performance of the system, while quality will focus

on ensuring functionality and correctness of the applications.

6.1 Performance Testing of VR Application

Performance of the application is essential to a good experience. This begins with the 3D
models and materials that are used to design the application, to shadows, lighting calculation or

prebuilt and other features. These are all in app settings that will affect the performance.

Exporting and selecting the correct rendering setting is important. To export the entire
application to the headset it requires optimizing a process that begins with android SDK tools
using android studio version from specifically 2020. Then it moves to using specific .NET
libraries and packages from Visual Studio. Then, Unreal Engine needs specific scripts to run for
android setup. Once this done, the Oculus app can be used to monitor real-time statistics and
performance. This entire process required intense research and testing to figure out which SDK
version and tools were needed and the specific .NET libraries and packages from Visual Studio

for game development.

There are two areas that can be focused on for performance optimization: design and
rendering optimization. Design includes anything design related such as model, material,
lighting, code runtime and similar aspects. For lighting, dynamic, static and shadows all
significantly affect performance. In Unreal engine, shadows in VR require a special rendering
technique called Cascaded Shadows (CSM), but it only creates them for directional lights, i.e

lights like the sun, instead of point lights which the classroom uses. Points lights are a light
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source which originates from a single 3D point and have attenuation spheres and fall off pre-
configured and customizable. They also can have their shapes changed to have the source be a
cylinder similar to a tube light and simulate the lighting of that. Since shadows are not being
used due to platform limitations, all the lights are static saving significant performance. The
material and models used, have their quality managed globally by the engine and are not

recommended to be tweaked further unless necessary to not lose visual fidelity.

On the rendering side, refresh rate, FPS and Foveation Levels are important factors.
Refresh rate is the rate of screen updating per second, ideally, this is the exact same as the
Frames Per Second (FPS), if not, screen tearing or stuttering occurs. There are multiple refresh
rates supported by Quest 2, 72,80,90 and 120. The application can switch between these and
make them the performance goal. FPS is a count of how many frames per second is the
hardware able to generate. This number may differ from refresh rate at times, but as long as it
is not consistently or for long durations different than the refresh rate, then it can be

acceptable.

A rendering technique that is used is Foveated Rendering. Foveation Levels work by
reducing the resolution of a certain parts of the screen and hence saving on performance (Meta
Quest, n.d). Higher levels reduce the resolution more and result in more performance. In bright
and high contrast environments, it becomes more obvious if users look at their sides of the
screen more often and is not desired. There are three types of foveated rendering that are
implemented by meta and unreal engine: dynamic fixed foveation, fixed foveation and eye
tracking foveation. Eye tracking foveation tracks the user’s eye to dynamically adjust low- and
high-resolution zones based on where the user is looking, this is only supported in Meta’s Quest
Pro but not Quest 2 so it cannot be used here. Fixed Foveation is setting a level of foveation
from 0-4 levels and having it fixed for the entire application. Alternatively, dynamically fixed
foveated rendering, which adjusts the fixed foveation level based on the current FPS and
refresh rate. If the FPS is too low, then increase Foveation levels to compensate and so on. This

can be limited by setting a max foveation level as well.



Figure 6-1. Fixed Foveation levels by Oculus
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(Meta Quest, n.d)
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In Figure 6.1, the different foveation levels in Meta Quest 2 are visualized. White
represents native resolution, red is 1/2, native resolution, green is 1/4, blue is 1/8 and magenta
is 1/16. In eye tracked foveation levels, these zones are not static and move according to where
the user is looking. The different levels low, medium, high and high-top correspond to the 0-4

levels where 0 is no foveation and 4 is high-top setting.

The goal of the stress testing of the headset is to establish the maximum users it can
handle rendering at what refresh rate. The minimum goal is to support at least 30 users at 72Hz
(refresh rate). Each test is a 5-minute test where the player enters a classroom, downloads a
file, draws and walks around the classroom. During this, the simulated users, if any, are
rendered and going around the room. The player will also then change pages and download
other files to stress the CPU as well. The primary focus is FPS, in addition to FPS, the CPU, GPU
utilization and level are tracked to determine any problems. These are tracked using OVR tool

by Oculus to profile app performance.

First a baseline test with no simulated users will be done at 120 Hz to test the highest
possible refresh rate and max performance with no foveation to see how well it performs just

by itself without extra users.
Testing conditions

e Users:0
e Refresh rate: 120Hz
e Foveation setting: Disabled

Figure 6-2. Graph of refresh rate and FPS over 5 mins. Red line is the refresh rate, pink is FPS.

Display
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In Figure 6.2, the performance is consistently high and at 120Hz. The dips are when
interacting with the Ul and loading text occasionally. Overall, the base application seems to

perform well without any optimization whatsoever and is relatively successful in the test.
Now the original ideal conditions can be tested.
Testing conditions

e Users: 30
e Refresh rate: 72Hz

e Foveation setting: Dynamic with maximum level 2

Figure 6-3. Graph of refresh rate and FPS over 5 mins. Red line is the refresh rate, pink is FPS.

Display

An interesting thing to note is how GPU utilization drops at certain points. This is due to
occlusion culling, which is a rendering optimization to not render objects that are not visible
instead of rendering everything all the time. While the player is not looking at the simulated

users, the GPU utilization drops though the FPS does not decrease.
Figure 6-4. CPU and GPU utilization, pink line is GPU usage and red line is CPU usage.

CPU & GPU

cpu_utilization_percentage ) gpu_utilization_percentage
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This test clearly shows a significant amount of frame drops during certain sections, while
testing, these occurred when the simulated actors were moving. The foveation level switched
from 0-2 during more intense sections to bring some performance back, albeit not enough. The
GPU load is still too high from the utilization graph in figure 6.4. For the next test, ambient
occlusion, shadow related passes are all disabled to lower amount of GPU load. The lightmap
resolution of models like the ceiling has been reduced as well. These will remove unnecessary
passes since shadows are disabled and lower lightmap complexity will lower the demands on
GPU. Lightmaps are a sort of texture that defines how the light should affect the model. Higher
detail lightmaps with more resolution are more performance heavy but look nicer, lower detail
are the opposite. If the next test is unsatisfactory, the number of simulated users will have to

decrease.

Figure 6-5. Graph of refresh rate and FPS over 5 mins. Red line is the refresh rate, pink is FPS.

Display

Figure 6-6. CPU and GPU utilization pink line is GPU usage and red line is CPU usage
CPU & GPU

cpu_utilization_percentage @ gpu_utilization_percentage

From figure 6.5, the performance is significantly better and the GPU load in figure 6.6 has
fallen significantly. At these testing conditions the performance is nearly good enough. In the
next test, the maximum foveation level will be increased by one to compensate for the

performance. In games like Beatsaber, foveation levels go up to 4 from testing, setting a
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maximum of 3 with dynamic foveation should be acceptable and result in a successful stress

test.
Testing conditions

e Users: 30
e Refresh rate: 72Hz

e Foveation setting: Dynamic with maximum level 3

Figure 6-7. Graph of refresh rate and FPS over 5 mins. Red line is the refresh rate, pink is FPS.

Display

In figure 6.7, the FPS is far more stable with only occasional dips while loading new levels
or other one-time actions. At 30 users, 72Hz is achieved and is stable and tested. Now alternate

testing conditions can also be tested to see more dynamic arrangements of classroom.
Testing conditions

e Users: 20
e Refresh rate: 90Hz

e Foveation setting: Dynamic with maximum level 3
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Figure 6-8. Graph of CPU and GPU utilization and Graph of refresh rate and FPS over 5 min, red

line is refresh rate, pink is FPS.

CPU & GPU

cpu_utilization_percentage gpu_utilization_percentage

Display

In figure 6.8, both CPU and GPU are consistently not at peak usage and FPS is almost
always at 90 Hz. The application can successfully run at higher refresh rates with lower
classroom size. With dynamic foveation, the levels shifted from 0-2 regularly with occasionally
reaching 3. Not all the simulated users are always visible, hence via occlusion culling the load is
not constant and has peaks and lows. An issue this brings out is that the user avatar design is
too complex and heavy on the rendering, better optimized avatar design would improve

results.

Currently, these results show the application can benefit from a dynamic adjustment
system of refresh rate depending on classroom size. However, this system is out of the scope of
this FYP and will need further development to create a balancing algorithm to dynamically

adjust the rate.
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6.2 Performance Testing of Learning Management System

The performance testing of the learning management system will be testing each
separate APl on how much resources it uses for a single instance, scalability, bottlenecks and
turn-around time when dealing with requests. The website will be judged on how quickly it

loads content and time to interactivity.

To test the APIs, JMeter will be used to simulate multiple users concurrently, set time
limits for each request and response checking to ensure request is properly handled. Both APIs
are hosted online at Fly.io with specific hardware limitations. They can be scaled by either
increasing CPU or RAM, or by increasing the number of instances of the APls managed by a load

balancer to balance number of requests.

For the website, Google lighthouse metrics will be used to judge interaction and available

developer tools to analyze performance.

6.2.1 Admin APl Testing

The Admin API has three types of requests it manages.

e Creating a custom token for teachers,
e verifying if a user is in a certain class or not.

e Getting all the courses a user is in and their name. (Home page for the website)

For testing, the most resource heavy or time-consuming request will be tested. The request
with the most resource usage is in the third request and will be used. It takes most resources
because it needs to query all courses and users for getting teacher names, course names and

user’s name and is used anytime a user logs into the website or the VR application.

Testing conditions:

e RAM: 512 MB, CPU: Single shared CPU
e Each request must be handled within 1000ms or be classified as a failure.

e Each request must return the correct response or be classified as a failure.
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After stress-testing, at 600 requests concurrently over a single instance, the testing setup
cannot create 700 requests concurrently without errors and needs to start spreading requests
over multiple seconds to prevent socket and thread issues. At 600 requests, the single instance

can sufficiently perform and pass without errors.

Table 6-1. Stress testing of Admin API

Requests | Error Percentage | Average Response time 90% response time Max time

600 0% 74ms 84ms 135ms

At 600 requests, 90% of the requests are handled within 84ms, with the longest request
only being 135ms to service. To handle more requests even faster, multiple instances can be
used of the API to balance the requests, but a single API can easily handle 600 requests without
any issues. It is possible for it to handle more but cannot be simulated without errors. For real-
world use, the API can be scaled up in resources as in CPU and RAM or in instances to adjust for
more simultaneous users. The API performs well and can handle reasonable real-world

situations.

6.2.2 VR API Testing

The VR API services four types of requests

e Login
e File List
e File download

e Download page

Login cannot be stress tested because of authorization limits with the Firebase service. If
too many requests originate from the same location, i.e. 100 or 200 in one second it will exceed

allowed quota. The other requests will be tested instead.



Testing conditions: Download file

e RAM: 512 MB, CPU: Single shared CPU

e Request afile

Because node is single threaded, only a single file at a time can be downloaded, hence the

performance of converting one file will be tested. The tested file will be a 73-page pdf of size

4.56 MB to reflect real use cases.

Table 6-2. Time taken to convert file
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Trial 1

Trial 2

Trial 3

Trial 4

Trial 5

Average

888ms

970ms

976ms

843ms

989ms

933ms

This is the time it takes for the APl to convert the file into 73 pngs to let the VR

Application download. With larger files with more pages or pictures this will take longer, but

with stronger hardware that will also be reduced. This establishes a baseline on API

performance; however, concurrency here will be weak since this is CPU-Intensive, node will

optimize the file writing, but the conversion is performed via CPU.

Testing conditions: Download Single Page

e RAM: 512 MB, CPU: Single shared CPU

e Request individual png (pages of a pdf)

e Each request must be handled within 1000ms to not be a failure.

Table 6-3. Stress testing of download page request

# of Requests

Error %

Average time

95% line

Median Time

600

0

130ms

405ms

33ms
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The strength of managing |I/O operations in Node is clear here. Up to 600 classrooms can
request a single page to change in their file and download a png in half a second. This is

acceptable latency and good enough to manage concurrent classrooms.

Testing conditions: File List Request

e RAM: 512 MB, CPU: Single shared CPU

e Request list of files in a class

Table 6-4. Stress test of file list request

# of Requests | Average time | 95% line | Median Time | Maximum time

100 784ms 1182ms | 697ms 1466ms

This request is slower than the file download request, it relies on a query answered by
firebase which is the cause of the delay. However, with all requests being served under 1.5s,
and that it only runs when a classroom is started, or if refresh files is clicked (infrequently), it is
not a major issue and cannot be sped up due to firebase limitations. None of the requests

returned error other than being slow to execute.

6.2.3 Website testing
Chrome devtools will be used to analyze load times of each page. However, there is
discrepancy due to different internet speeds of users. Hence average speeds can be tested over

multiple trials and will be used to establish an estimated baseline performance.

Table 6-5. Trials for website load speeds

Page Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average
Login 572.6ms 463.9ms 461.1ms 472.2ms 459.4ms 485.84ms
Home 1438.2ms 642.2ms 595.3ms 625ms 624.3ms 785ms

Class 965.1ms 904.6ms 892.5ms 850ms 904.8ms 903.4ms
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These tests are not definitive due to the nature of network connections. On slower
connections they will take longer to load because requests will be processed slower and have to
wait. These numbers are a baseline indicator of the website’s performance. Different actions
now such as uploading, downloading, logging in will be tested now. A pdf of 4665 KB size and

73 pages was used to test file download and upload speed.

Table 6-6. Trials for actions on website

Action Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average
Login to home | 812ms 828ms 865ms 789ms 794ms 819ms

Upload file 549ms 754ms 652ms 615ms 546ms 623.2ms
Download file | 288ms 245ms 507ms 264ms 209ms 302.6ms

These numbers show on average, most actions on the website will take under a minute.
Uploading and downloading a large file may take more time, but the website performs
satisfactory overall. The ideal goal was to have every action be under a second which has been

achieved.

6.3 Quality testing of VR Application

Testing a 3D VR application through automation requires tools that do not exist. The
complexity of creating an Al to test and attempt to stress and break and expose bugs in 3D
application like this, is not worth the effort. The current approach to test games and similar
applications is through Q/A testing. Testers receive special builds of test, try to break it, then
report any bugs found. This is usually in two stages, alpha and beta testing. Alpha testing is
internally testing the application and beta is testing it publicly through either a closed or open
beta with volunteers. Through Q/A testing, different bugs in the application were found and
fixed. Some of the bugs found are noted here for example. The general methodology was to try

all the features in creative ways and try to break them.
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Table 6-7. Bugs found in Q/A testing

Bug found Result

Teleporting through the whiteboard Setup a blocking volume covering the wall
Teleporting onto the computer table Setup a blocking volume covering the area
Teleporting and moving during Ul only Fixed the movement disability and

levels redo-ing the movement

Snap movement rotating too quickly Added a minimum cooldown period

between snap rotations

Hovering on the whiteboard with one Created system of recognizing which hand
hand created the line from the other hand | is hovering and only showing pointing

to show target lines appropriately

Not all bugs in application will be caught but a significant majority at least have been

caught and exposed by alpha and beta tests.

6.4 Quality Testing of Learning Management System
All the APIs and the website need to be tested for reliability and accessibility. Each API will

have a series of test cases that must be passed to validate correctness.

6.4.1 Admin APl Testing

The Admin APl is developed in Java using Spring and Gradle. These tools and Java offer
methods to create Junit Test cases to verify correctness. Junit cases are made for every request
type using Junit library and Springboot Test. The difficulty in testing is simulating a firebase id
token which is used by all requests. These tokens are only valid temporarily and would need to
be recreated each time a test is done. To overcome this, a new request can be made to an
exposed firebase endpoint to create id tokens at runtime for testing. The exact format of this
request is specified in the documentation and properly configured HTTP requests are needed.
These tokens are then used to simulate users and test the end points of the API. An additional

issue with testing was that certain functions in firebase, specifically authentication related, are
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not available in the Admin SDK on Java. But only available on the client SDK on platforms such
as JavaScript and Node. To test custom token functionality and verify it working, a testing client
in JavaScript and Node is developed since that cannot be verified in the Admin SDK and hence
the VR APl was made. With all these considerations, testcases that generate id tokens are

created and an extra testing JavaScript APl is made.

Table 6-8. Unit Tests written for Admin API

Request being tested Test types

Home Request Incorrect Request Type

Valid teacher user id token

Valid student user id token

Blank id token

Invalid id token

Teacher verification request Valid teacher user id token

Valid student user id token

Blank id token

Incorrect request type

Verify Membership to a course request Valid student user id token with correct class

Valid student user id token with incorrect

class

Valid teacher user id token with incorrect

Class

Valid teacher user id token with correct class

Valid user id token with class invalid class

Incorrect Request type

Blank id token

An important point to note, is due to how requests are handled in Spring and the method of

reading request, if the request content or URL is improperly formatted, then an error will
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automatically need to be returned. This includes cases such as incorrect request verb or routes

or more. The testcases only need to consider blank and invalid fields and similar errors.

6.4.2 VR API Testing

The VR APl is the API developed in JavaScript with Node and handles all the requests
coming from the VR Application running off the Meta Quest 2. It handles Auth, FileList, File
Download and File convert requests. Similar to the Admin API, id tokens are needed for some
requests and need to be dynamically generated. The same method as the Admin API does not
need to be used for this, since as a client application, directly signing in is possible. For
downloading the files, they will be downloaded pngs that can be compared with the same page
of the original pdf. To test this, a JavaScript testing framework called chai will be used. It can be
added into the npm module list as a testing framework and ran from command line. With it, it

can directly connect to the APl and can simulate a client.

Each request has complications that must be accounted for. For the authentication
request, the course details need to be tested. There is no clear way to compare the entire
object, so going field by field is necessary. The generated id token does not need to be included
since it is directly created by firebase. For the file list request, id tokens could directly be
generated from firebase to simulate users. For file conversion request, there were issues with
timeouts as conversion took too long and the test timed out and id tokens again had to
generated dynamically to ensure proper testing. For all requests, the expected object was
compared with the actual object; this could be a single message or a JSON object. For the final
request of image download, the byte array of the received file could directly be compared to

the previously converted file to verify success.
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Request

Test case

Auth

Test student account

Test teacher account

Test false user

Test invalid user password

Test invalid user email

File list Request

Test Teacher account

Test student account

Test incorrect id token

Test incorrect class

Test no id token

Test no fields

File conversion request

Test valid file path for student user

Test valid file path for teacher user

Test invalid path

Test invalid payload —id token

Test invalid payload —file

Test missing payload —id token

Test missing payload — file

Image download request

Test Valid Image

Test Invalid image

Test Invalid route

All these tests ran successfully with appropriate error messages to reflect the problem.

Similar to the Admin API, any URL or route or incorrect verb usage is automatically handled by

the framework to return an error html page and status code.
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Website quality testing will occur through testing with selenium. Selenium allows

simulating user inputs. Testing will focus on trying out edge cases or incorrect inputs.

Table 6-10. Test cases for Website

Test cases

Result

Incorrect password/email

Website alerts to incorrect email/password

Upload non-pdf

Alert saying non-pdf upload

Upload over 50 MB

Alert saying reduce file size

Accessing non-registered class

Message showing no permission

Log out button clicked

Returns to login page

Student logs into see class

Cannot upload or delete files, normal table

loads for downloading file

Google lighthouse, a tool from google to judge performance, accessibility and best

practices was used. All pages resulted in passing marks. These tests ensure good coding

practices and accessibility features such as labels on forms, heading formats, page titles and

more. They also confirm security, checking vulnerable libraries used, HTTPS security, non-

decerpated APIs and more. This ensures the website is up to standard in form as well as

functionality.
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Figure 6-9(a), Figure 6-9(b), Figure 6-9(c). Results of google lighthouse audit on login (index) (a),

home(b) and class pages(c) respectively

ﬁ https://vrapplication.netlify.app/index.html

100 98 100
Performance  Accessibility Best
Practices

a https://vrapplication.netlify.app/html/home_html

Performance Accessibility Best
Practices

ﬂ https://vrapplication.netlify.app/html/classhome.html?class=CS2204

oJoXo

Performance  Accessibility Best
Practices
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7 Final Results

7.1 Results of VR Application

The VR Application is ready to be delivered and attached to the networking subsystem
developed by my group mate. The application runs at a stable FPS and is stress-tested. It allows
teachers to download files and draw on the whiteboard. The movement and design of the

classroom is all finished and sufficient with the original requirements.

7.2 Results of the Learning Management System

The learning management system is a complete full stack website with database and APIs
that are all hosted. It is secure and can handle errors and restart automatically instead of
needing manual input. Performance and quality tests have been performed successfully and
passed and the system is designed in a scalable manner. It is functional and the VR Application

can sign in users, download files, view courses and more.

8 Conclusion

This project is an extremely ambitious goal that was achieved through many technical
difficulties and research. VR development is still far from being easy for the mainstream and
user acceptance is still not ideal for large scale revolutionary applications but might be soon.

There are also many extensions that can be built upon the project to improve it.

8.1 Issues

The project had many technical issues and considerations that were not clear at the start of
the project. The VR development process itself is not straightforward and not documented
clearly. Setting up the pipeline to develop on, which version of software to use, Unreal engine
5,5.1 or 4.27, which headset to develop on, managing android packaging and specific versions
of SDKS and NDKS. Older versions of unreal engine had marginally more support, but they
lacked features that the newer ones had, but newer builds were untested and had to compiled
from developmental branch of Meta and Epic for developers. The setup for the project took
more time, research and testing than expected. Combining this with the rendering

optimizations such as Foveation and lighting management which had to be understood and
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applied. Understanding the rendering process of how pipeline of Application -> Geometry ->

Rasterization in the context of VR can always be improved and researched deeper.

On the VR Application side, designing the entire movement system to be smooth was a
technical challenge, discussed in Section 4. Designing the movement required understanding
the vector calculations that go into calculating user location and differentiating between
direction and position. For teleporting, projecting a line and testing if it hit a valid location and
can be teleported. Fixing all the edge cases of showing the line when it can be teleported,
teleporting when it is close to a valid location, and catching every case to prevent the user from
being teleported when they shouldn’t, and required testing to design a logical algorithm of

when, where and if to teleport.

Due to the nature of unreal engine, using C++ to make web requests including setting
appropriate headers and json body, callbacks and memory management on a ‘mobile’ device
needed testing to ensure reliability to prevent leaks or overwrites and crashes. C++ is a low-
level language and manipulating the memory, reading objects as bytes to process responses or

files were all different challenges to go through.

Learning the specifics of VR development when designing Uls, how interacting with widgets
work since they cannot just be attached to the screen like in PC. Attaching meshes to controller
locations and rotate them accordingly to make it match where the hands are in real life. Then
attach other components or actions like line traces to that location to properly setup user
interaction. While building quality of life features, many small technical challenges that
required specific knowledge, such as haptics or algorithms to efficiently show lines when

pointing at something interactable and so on.

As said in Section 5, the showing of files in VR required creating a process that does not
exist and has no solution, much less a correct one. This process was developed from testing
other approaches such as converting files on upload, create a large png that can be scrolled
from or create a pdf viewer in unreal engine which would take too much time to build. To
design a png to texture method in C++ required understanding of how unreal engine assets are

designed and how to read raw bytes through memory to create the texture and input it into a
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dynamic material built from a material with a texture parameter. This entire process required a
wide domain knowledge of how firebase works, efficient APl design in Node and trying to
integrate firebase with the application directly. Converting pdf to pngs in node was also a
challenging process because of dealing with third party library solutions to process pdfs.
Different libraries had different problems from security vulnerabilities from old, deprecated
dependencies, slow execution time, or required external, unsupported programs that could not
be added to the environment. The original intention was to create a massive scrollable png of
different pages and make a scrollable material in unreal engine. But, due to how pdf-to-png
process worked by generating pngs for every single page, stitching the pngs into one large
image would be too large. Instead, every single png needs to be sent individually, which
required stronger error catching on managing requests on the VR Application side because of
the increase in number of requests. Because of the request and response being lightweight, the
process time of the request is extremely low and feels instant and successfully created the

entire process.

For the learning management system, the design of the website and loading resources was
challenging. Every page required loading firebase services, scripts and other dependencies.
These had to be loaded in an async manner to increase concurrency and decrease time.
Navigating the exact order and managing authentication states for firebase to access all the
services. The learning management system is an open-ended problem which had multiple
solutions. Picking the correct stack to create the entire system based on which benefits and
downsides offered by each framework. In addition to selecting the frameworks, managing
network issues such as security, performance, and configuration of requests. This required
research, testing and building an understanding of how to make different moving pieces align

to create a robust, fast and efficient system.
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8.2 Analysis of the results and future extensions

8.2.1 Learning Management System

The learning management system is functional and extendable infrastructure that can
have more features added to it. Currently, it is a complete full-stack website that functions but
lacks features compared to other systems such as canvas, google classrooms, etc. The main
benefit of this LMS is how it ties to the VR Classroom. The file uploading and downloading
system, authorization, and database leave easy room for expansion. Features such as
assignments, quizzes, groups, profiles, and more. The addition of third-party tools, calendar
systems, and methods to contact classmates and teachers are all features this is lacking
compared to other LMS. These features fall out of the scope of this FYP but would be an
important addition to make it match other systems. If the LMS reaches feature parity with
other popular systems and includes features such as a 3D avatar designer and other VR
features, it could be better than other offerings. However, this is dependent on the use of the
VR Application since the main benefits it offers over other LMS rely on it. Only if the VR
Application is successful can this be successful. In the future, to scale up, if more custom
services and design is needed, then a database and a complete backend can be set up instead

of the APl infrastructure currently used with firebase.

8.2.2 VR Application

The VR Application is currently ready for production but has room for improvement. The
classroom is fully functioning and can be used in a real classroom setting with multiplayer
added to it. The classroom can be improved in terms of visual quality and design, and the
models and materials can be improved. The material design of the walls and models can be
reworked to be better optimized for lower quality and better performance. A different art style,
such as low-poly or an overhaul in visual quality to lead to a more unified style instead of off-
the-shelf materials for the most part. Concerning the models, custom-built models/meshes
would also be nice to increase the visual quality of the application. In terms of functionality,
fine-tuned and more quality-of-life upgrades, such as feedback on actions from sound or
haptics or cues, would improve the user experience. On the other side, Ul design can also be

improved in terms of the design of the buttons, hover effects, images, and more. Lastly, the VR
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Application could also be improved with some interactable tools or objects in class to use for
class-related purposes such as drawing in 3D or more. The VR Class could also be extended with
accessories such as VR pens or other tools to make it easier to write in VR. Additionally, a
system for desk recognition or AR tools can also be added to enhance the experience. Hand
tracking is also possible and has not been used in this project but can be leveraged in endless
ways. On the rendering side, a system to dynamically adjust the refresh rate based on current
performance would be a good improvement as well. The VR Classroom is a basic application
right now with strong foundations, but there is no end to the potential for improvement and
use cases it can be applied. The application is built in an extendable way to make improvements
and integrations easier. To this end, a general interactable object class has been created with
different actions for hover, interact, grab, and other actions. The entire application code is split
into separate sections, such as the firebase subsystem, which is created to hold all the request-
related code and functions. Different systems are built separately and compartmentalized into

their own classes that can be built upon future expansion.

8.3 Achievements

Learning Management System

e Created robust, efficient, and extendable infrastructure.
e Stress and performance tested the system to accommodate more than hundreds of

users for most actions.
VR Application

e C(Created a novel method of converting pdfs to pngs to show in classes
e Created production-ready, stress-tested VR application.

e Built in an extendable way to make future upgradability possible.

Overall

e Researched the market and came up with a niche to target.
e Planned, designed and executed an end-to-end system and complete feature set

e Overcame technical difficulties and lack of documentation and work to build from
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8.4 Learning experiences

This project required an immense amount of planning and consideration and contained
many technical challenges. While working on a large-scale project with multiple moving parts,
planning, and research was crucial to its success. Many times, researching for alternate ways,
documentation, and other examples helped devise new solutions. The development process
had many technical challenges that, at points, seemed impossible, but through continuous
effort in trying out different approaches, it was possible. Many times, documentation was not
clear or available, and | had to manually bridge the gap between different software or figure
out bugs in the official libraries and more. This is especially true for the file downloading feature
or while designing the LMS infrastructure while being plagued with networking problems. There
was a considerable amount of personal growth in terms of technical skills, planning, and

attitude toward large projects.
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Appendix: A Monthly Logs

A.1 March

71

Focused on performance and quality testing in VR and LMS systems. Dealt with issues in

rendering and exporting and learned a deeper understanding of rendering in VR. Added small

features in VR classroom that were on to do list if there was extra time.
Worked on the final report.

A.2 February
e Focused on finishing the VR classroom
e (Created system of showing files in VR

e Finished most of final touches of VR Classroom

A.3 January

e Created a node server to act as in between the VR app and database.

e Setup access to database and VR communication

A.4 December

e Created basic website, authentication, and authorization process.

e C(Created database and file management system.

e Managed hosting and setup

A.5 November

Not much could be accomplished due to coursework. The focus was on seeing different

rendering techniques, research, and optimization of VR performance.

A.6 October

This month was focused on developing a working version of the VR application. | started

developing the first version of a classroom using simple assets to quickly test my design. |
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moved on to the basics of movement, adding some animations. Lastly, | focused on making a
beta of the whiteboard tool. The tool will allow teachers to draw on the whiteboard with
different colors, sizes and more. | worked on another feature for scrolling through pdfs, as a
first version it still has improvements in setting up the pipeline of how pdfs will become jpgs
and integrate with the website. | also setup up a workflow for packaging and running the
application purely on the headset. The interfacing between android SDK, unreal engine, visual

studio, and android studio has been set up and a pipeline for future deployment.
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Appendix: B Screenshots of Website

Figure B-1. Screenshot of the login page

VR Application
Login

Email address

Password

Figure B-2. Screenshot of Home page; note username is ‘Teacher 1’

Teacher1 VR Application

C52204 CS3342
Teacher: Teacher 1 Teacher: Teacher 1
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Figure B-3. Screenshot of Class Page for a Teacher

CS3342

Teacher 1

Iplead fil Choose File | No file chosen Upload file

Filename Upload time size (MB) Delete
HW_1_(1)pdlf March 6, 2023 620
Privacy_and_Ethics__GEI356_SDSCI001_Introduction_to_Data_Scienc March 24, 2023 oz
vi.pdf February 13,2023 466
GEIS01_Chinese.C on_4_Crigins_: fal_Traits peif February 11, 2023 W4T

Logout

Figure B-4. Screenshot of Class Page for a Student

CS3342

Student 1

Filename Upload time Size (MB)
HW_1_(1).pdf March 6,2023 620
vrpdf February 13,2023 466
GEI501_Chinese_Civilisation_4_Origins_and_Special_Traits.pdf February 11, 2023 147
March 24,2023 022

Privacy_and_Ethics__GE1356_SDSCI001_Introduction_to_Data_Science_(1).pdf

Logout
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Appendix: C Screenshots of Final VR Classroom

Figure C-1. In-application screenshot of VR classroom with a file open. Note brightness and

other visuals may look different than in VR.

Ryrsan WH Lea

Next Page Class- cs22
- 04 5
[ ] Computing e Refresh Fileg
Architectures for VR Previoys Page S
B

Mute Studentg
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Figure C-2. In-application screenshot of VR classroom while sitting down. Note brightness and

other visuals may look different than in VR.

(GE1501 Chinese Civilisation




