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Abstract 

Project Averroes is an active-walking, omni-directional motion virtual reality (VR) interface and 

platform. It serves as a reliable locomotion device for various VR applications. This is to stimulate 

human-scale engagement and provide better physiological presence in order to advocate for more 

immersive VR experiences.  

The successful implementation of this locomotion device will ensure better training 

facilities, exceptional gaming experiences, and more personalized endeavors in virtual 

environments. This is since the primary goal of this locomotion device is to allow for human-scale 

walking in any flexible direction, without running into obstacles such as objects in the real-world 

environment or any limitation in the motion space.  

Thus, Project Averroes desires to distinguish between motion in the real, physical world 

and motion in large-scale virtual environments. This will allow expanding the potential of virtual 

interactive and immersive environments. Project Averroes recognizes the remarkable potential in 

data visualization, scenario exploration, engaging simulations, and educational facilities that can 

be organized with the aid of a proper locomotive mechanism in place.  

The literature that provided inspiration for Project Averroes is inspected on some bases. 

These bases are the mechanical construction (i.e. hardware), operating characteristics as well as 

meaningfulness in its targeted virtual reality application. 

 

 

Key Words: Virtual Reality, Active Locomotion, HCI, Immersive Virtual Environments, 

Interfaces, Omni-Directional Treadmills
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Project Averroes V.R. 

Chapter 1: Introduction 

Averroes, the title of this capstone project, is a tribute to the influential work accrued by the 

Andalusian-Spanish thinker, philosopher, and meta-physicist Averroes (better known as Ibn 

Rushd). Averroes/Ibn Rushd once uttered that “motion is a passage from non-being to actuality,” 

and this has struck inspiration for building a device that helps users delve into a world wherein 

artifice becomes reality. This shall be a “controller-type” omni-directional, walking-in-place 

(WIP) mechanism that can facilitate as an interface for any virtual reality environment (VRE) to 

provide for a beneficial, uncanny, and hypnagogic user experience and capitalize on the best 

applications that virtual reality (VR) has to offer. 

This chapter outlines the background (Section 1.1) and problem statement (Section 1.2) of 

the research, and its aims and objectives (Section 1.3). Section 1.4 describes the significance and 

scope of this research and provides definitions of terms used. Section 1.5 entails the SWOT 

analysis of the project as a general overview. Finally, Section 1.6 includes an outline of the 

remaining chapters of the thesis.  

1.1 Background 

The problem to be explored is, in general terms, defined as the locomotion problem in virtual 

reality-based environments. The virtual reality industry is a rapidly growing facet of the 

technological sector and research is actively taking place with respect to mitigating VR motion 

sickness, enhancing the user experience, improving VR immersion or “user presence,” and solving 

for the locomotion problem. Trends in recent studies have suggested that these areas of studies 

need to be further investigated, as current data available from test trials of various locomotion 

devices amongst the taxonomy tend to contravene one another. This presents a problem for the 

futurists to predict how society can make the best of virtual reality.  

1.2 Problem Statement 

Virtual reality is a growing field in the industry that is currently garnering attention of globally-

prominent developers, designers and programmers. Perhaps, this is because of the many 

opportunities of innovation, presented by the multitude of challenges that still need to be resolved 

in the field. This is to exponentiate the field’s relevance and harvest the industry’s great potential.  
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Some examples include but are not limited to the vergence-accommodation conflict of 

headset design, large-scale VR environment navigation and the ever-notorious VR sickness (i.e. 

nausea) that many users report on [1].   

Many of the problems pointed out earlier refer to one root cause: bad locomotion 

incorporation techniques. Thus, the focal point of Project Averroes is to attempt to solve the 

locomotion issue in virtual reality environments in an efficient, reliable and practical way. 

Currently, both hardware and software locomotion techniques exist in the market. The modern 

hardware locomotion solutions, however, are either heavy, bulky, expensive, unsafe or 

inconsistent.  

The competing software locomotion techniques are built on the basis that a re-directing or 

teleporting algorithm should be set in place instead of building huge hardware platforms that take 

up space and may not work well. However, these are just as tedious because they defeat the whole 

point of enhancing virtual reality presence and real-time, physiological, human-scale engagement. 

1.3 Aims and Objectives of the Project 

This report hopes to gather information from the latest available literature to serve the following 

objectives: 

• Gain a detailed, lower-level understanding of virtual reality (VR). 

• Infer the need in the market for a VR locomotion product and its relevance with respect 

to virtual immersion. 

• Discuss the triumphs and failures of VR omni-directional interfaces that have garnered 

public attention in crowd-sourced projects and peer-reviewed case studies.  

• Highlight the trends in the VR locomotion industry. 

• Review and investigate gait-based VR studies. 

• Highlight the different virtual reality applications and experiences that the controller 

interface will support. 

• Comment on user motion and system responses as presented in the literature. 

• Present the shortcomings of the omni-directional treadmill systems available in 

literature (such as, but not limited to user tracking system and user tread count). 
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• Investigate how modern virtual-reality locomotion devices deal with unpredictable user 

movements.  

1.4 Significance, Scope and Definitions 

This paper will broadly address, and attempt to solve, the issue of locomotion in virtual 

environments by inspecting the various methods available in recent literature and evaluating the 

effectiveness of results conclusions and culmination strategies.  This paper will also develop a 

taxonomy of locomotion in VR by assessing the current framework of the industry. The generic 

classification (of locomotive VR systems) include interactive locomotive devices that rely on 

generic metaphors to be described. These metaphors include teleportation, leaning, worlds in 

miniature (WIM) and walking in place (WIP).   

Locomotion is the process of moving from one place to another. Locomotion in virtual 

environments is considered a problem with many incomplete or trade-off dependent solutions 

because of the lack of immersion that many mechanical locomotive devices or software algorithms 

provide.  

In VR, locomotion is attributed to the user’s corresponding avatar and the synchronization 

of spatial movement between the user and the avatar. An ideal VR locomotion solution offers 

seamless actions portrayed in virtual environments that mimic the movements in the physical 

environment, and, at the same time, does not put a constraint on the user in terms of physical space 

needed. In other words, navigation of the real-world environment must be put into high 

consideration when curating a viable locomotion process for virtual environments.  

The classification of locomotion in VR has been a rather arduous task, as different 

techniques, methods, analogies and metaphors are created at an exponential rate in an effort to 

capitalize on public infatuation with this new technology. However, VR locomotion, in very broad 

terms can be categorized as either perambulation, teleportation, or, transportation.  

This paper is delimited to the perambulation locomotion mechanism, in which the goal is 

to simulate natural movement in virtual environments, in real time, without reliance on transport.  

Moreover, of all perambulation-related methods, the usefulness, advantages and feasibility 

of kinetic locomotion methods that capitalize on all of the user’s bodily movements (rather than 

artificial methods) are highlighted at length. Artificial methods, in contrast, diminish the 
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immersive experience in VR and only include utilizing controllers or joysticks to move the avatar 

in the virtual realm.  

1.5 SWOT Analysis   

SWOT analysis is used to highlight the core competencies that have the capability to transform 

the theoretical thesis in Project Averroes VR to a reality. The SWOT analysis is a type of strategic 

planning tool that enables project leaders to minimize threats, focus on strengths, eliminate 

weaknesses, and exploit opportunities. Two such analyses are depicted below to regard the overall 

project (Table 1.1-1) as well as the team members (Table 1.1-2). 

Table 1.1-1: Project Averroes SWOT Analysis 

Strengths Weaknesses 

• A motion platform can 

effectively improve 

immersion in VR 

environments and stimuli. 

• Design for restricted 

physical spaces.  

• Allow complete freedom 

of movement (360 degree) 

in VR environments. 

• There may be a rapid delay 

effect in response as the 

controller attempts to stop 

when the user experiences a 

juxtaposition.  

• The controller needs to 

solve for the velocity 

equation.  

Opportunities  Threats 

• Availability of case-studies 

• Rise of investments in 

locomotion-based start-ups 

• High research interest to 

develop the VR industry. 

• Availability of equipment. 

• Availability of feasible 

rapid-prototyping schemes. 

• Sponsorship is vital to 

initiate the major phases of 

developing and 

implementing the project.  

• Scarce resources on campus 

in terms of space.  

• The need to keep this 

design as compact as 

possible for safety.  
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Table 1.1-2: Team SWOT Analysis 

 

Strengths Weaknesses 

• Combined experience in C, 

Java, Python, assembly 

and C# programming 

languages.   

• Diversity in research 

methodology 

• Passion towards a main 

goal, accomplishing a 

milestone and a 

contribution to the VR 

world. 

• Experience in VR 

hardware. 

• An expertise in agile 

engineering methods  

• Networking and PR skills 

• Lack of managerial skills 

• Need in investment, as 

combined funds are not 

sufficient to start and 

sustain a lengthy process of 

rapid prototyping and 

finally perfecting the 

prototype. 

• Management plan still not 

in place for making design 

decisions. 

• Corporate sponsors 

identified but not yet 

certain. 

• Funds dependent on many 

factors and criteria. 

Opportunities  Threats 

• An interest is shown, from 

local entrepreneurs, 

regarding exciting VR 

innovations.   

• Much of the research has 

been premeditated by team 

members as many have 

shown interest in VR 

beforehand. 

• High research interest from 

local institutes to develop 

the VR industry. 

• There is a great 

opportunity to grow and 

share a common skillset. 

 

• Team needs to form a 

consistent pace for 

accomplishing project 

milestones. 

• Looming threat of 

collaboration risks. 

• Time constraints and 

abiding by milestone 

deadlines. 

• Threat of groupthink and 

the urgent need to 

differentiate from 

commercial products 

available and research. 
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1.6 Report Outline 

This report begins with a literature survey (chapter 2) and reviews literature on the following 

topics: Historical Background (Section 2.1). It transcends to talk about methodology that will be 

approached and conducted, as well as the design and analysis procedures that are taken into 

consideration (chapter 3). After that, the report highlights the implementation framework (chapter 

4) through hardware (Section 4.1), software (Section 4.2) and IEEE standards (Section 4.3). 

Chapter 5 discusses an in-depth qualitative analysis of the entire project and the team’s job at hand, 

by means of an array of facets, including economic, business, environmental and ethical facets. 

Finally, chapter 6 presents a fitting conclusion and a prelude about future work.  
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Chapter 2: Literature Review 

This chapter begins with a historical background (Section 2.1) and reviews literature on the 

following topics: VR natural locomotion methods (Section 2.2) which discusses locomotion in 

physical environments (i.e. PE) and virtual environments (i.e. VE), hardware and software 

locomotion techniques which include the omni-directional treadmill and teleportation algorithm 

respectively; pathfinding and navigation in VR (Section 2.3); and, finally, the rise of the VR natural 

locomotion and the public’s appeal with such a solution (Section 2.4). Section 2.5 highlights the 

implications from the literature and develops the conceptual framework for the study. 

2.1 Historical Background 

Popular, modern blockbuster films such as Steven Spielberg’s “Ready Player One,” picture a 

futuristic world as one where people use VR treadmills (hardware locomotion devices) to seek 

refuge from the real world, or rather to enhance it. The virtual world then becomes an “OASIS,” 

(i.e. the virtual reality game referred to in the movie) or a safe haven, in which virtual presence is 

indistinguishable from physical presence.  

Although preparing for a dystopian future seems rather pessimistic, Project Averroes 

wishes to create just that – a hardware locomotion device that can make a virtual simulation or 

computer environment become completely legitimate, comfortable and inhabitable.  

Ultimately, this will advocate for the future of education and training via VR, as it makes 

many of high-risk jobs a lot less tumultuous by forging foresight, preparation, and, aptitude. This 

can be done by allowing participants to feel out what could go wrong in a multitude of scenarios.   

As it can be inferred so far, the issue of designing and implementing a locomotion device 

usually comes with a trade-off. Thus, there are various less-than-ideal designs available in the 

market, but no complete solution is offered yet to be worthy of ubiquity.  

For hardware locomotion devices, such as the Cyberith Virtualizer, KAT Walk VR, the 

InfinaDeck and the Virtuix Omni, the features of motion in virtual environment vary greatly. 

For example, the Cyberith Virtualizer “provides a circular low-friction flat base plate,” and 

thus allows users to sit, crouch, jump, rotate or walk in any direction. However, its downfall is that 

it is restrictive as it ensures the user is kept in a harness in the middle of the small and circular 

platform [1]. Moreover, it can pose a problem to simulations where running is important, as the 
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omni-directional treadmill platform is too small and unresponsive to provide for huge leaps or, 

namely, treads. Figure 2.1 shows a highlight of variations of locomotion solutions available today. 

The Virtuix Omni is similar to the “Cyberith Virtualizer” in terms of the ring-like harness 

contraption that the user is strapped into, but the “Virtualizer” team claims more input range [1]. 

The research to contrast these two locomotion devices is inconclusive as they had not been fairly 

compared in terms to their efficiency with different virtual environments.  

 

 

Figure 2.1: Virtux Omni (left), the WalkMouse (center), and the InfinaDeck (Right) [1] 

 

KATWALK VR is a hardware locomotion device that tries to break-free from the 

restrictions of ring-like harnesses by allowing the harness to stretch in any direction (i.e. moving 

in the direction the user moves in) [1]. Still, the device is bulky, heavy, intimidating and expensive. 

It mimics a laboratory-grade simulation and may attribute to poor user experience in the virtual 

environment. The InfinaDeck allows for the same 360 degrees of movement that the previous 

devices claim [2] but is exposed to various user-safety hazards and weighs a total of approximately 

1The reason for its bulkiness is because it is a treadmill made of treadmills. Figure 2.2 

demonstrates the InfinaDeck’s appearance, usage and scale when compared to the user.  

 

Figure 2.2: InfinaDeck Omnidirectional Treadmill [2]  
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Although the aforementioned devices seem very promising, with the VR omni-directional 

treadmill in full throttle, they are far from offering poised, dignified, pseudo natural-walking 

mechanisms for rapidly evolving virtual environments. Perhaps this is because they are tailored to 

excel in a specific virtual reality simulation and have still not developed appropriate “range”. Our 

aim at Project Averroes is to design for an omni-directional VR treadmill system that does not 

have a steep learning curve, relies on no harness that constrains movement or incites discomfort, 

and enables full, seamless movement in virtual environments – no matter the obstacles presented 

in them. Moreover, our focus also involves providing a natural walking mechanism, with no 

reliance on re-directed walking (RDW), as well as paving the way for a universal, ubiquitous and 

intuitive immersive virtual reality (IVR) system.  

2.2 VR Natural Locomotion Methods 

As VR headsets mature, many companies are experimenting with input controls that complement 

the headset with the aim of increasing immersion and interactivity in the virtual environment (VE).  

This trend in natural input devices has been growing ever since Nintendo released the Wii 

back in 2006; according to Guinness World Records, it’s the fifth most sold gaming console in 

history and the only one on the list that requires the use of motion controls [3]. This sparked a 

major shift in the industry that lead to the creation of the Xbox Kinect and PlayStation Move. This 

laid the groundwork for interaction and movement in the VE that many VR headsets utilize.  

However, a major drawback with these input controllers is they require the use of the user’s 

hand for movement thus limiting the range of interaction they offer. This led VR companies like 

HTC to include “room-scale” sensors that track the user’s movement in the room and map them 

to the VE environment, while this freed the user’s hand, it restricted his movement based on the 

physical environment (PE) he was in, thus creating a problem while addressing a drawback.  

Startups were inclined to implement a “free-flow” device that allows users to explore a 

virtually endless space in the VE while not limiting the user by his PE. While these offer the most 

immersive experience, they are also expensive, and most are still in production or very limited 

rollouts. This section will compare the different locomotion techniques in the PE and their effect 

on motion sickness and immersion in the VE. 

Traditional Gamepads have been used for navigating VEs ever since the days of the 

Nintendo Entertainment System (NES) back in 1983. Even though it was a simple controller that 
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was effective at navigating two-dimensional VEs, the emergence of three-dimensional 

environments and VR gamepads have now evolved with multiple triggers, buttons and joysticks. 

In today’s VR age these joysticks seem like a viable idea as an input device since they are 

omnipresent and come bundled with every game console. However due to their disconnected 

nature these gamepads are not as effective in VR. This can be explained due to the motion sickness 

that is associated with VR, requiring the VE and PE movements to be in sync to prevent nausea 

and dizziness while exploring the VE.  

While this phenomenon is reduced with the use of motion controllers, these new motion 

controllers are an evolution upon the traditional gamepads. They free the hands for motion 

gestures; however, they still imply that the user is seated and thus not in sync within the VE. While 

there are ways to mitigate this motion sickness, these techniques don’t fully eliminate the 

phenomenon completely due to their non-immersive nature. 

Naturally, developers found a way to effectively control the VE while achieving virtually 

unlimited range. Researchers have experimented with techniques to achieve the WIP algorithm. 

This is done by connecting sensors to the legs and mapping the movement of the legs to the VE. 

While this is more effective at reducing motion sickness than traditional gamepads, due to 

limitation in the tracker, it might still feel “unnatural” to the user [4], as it requires the user to lift 

his or her knees above the normal “walking” height, closely resembling a tedious and bizarre 

marching activity.  

Although WIP is successful in reducing motion sickness, “Arm Swinging” can also be 

utilized as a viable input method [4], in which the user swings his arm around to walk forward in 

the VE, however this also feels unnatural to the user since humans utilize legs to walk and not the 

arms.  

Both methods excel in achieving limitless VE boundaries while being constrained in the 

PE, but studies show that WIP made the users more accurately judge distance in the VE [4].  

However, many WIP participants felt obligated and uncomfortable while doing so in the 

simulation. An illustration of the simulation process is shown in Figure 2.3.  

The aforementioned methods also involve safety hazards, which studies usually dismiss, 

as one can easily lose track of the PE while navigating using the WIP technique, this is due to the 

body’s natural tendencies to move forward while marching and since the user’s senses are 
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completely immersed in the VE the user might walk forward without sensing it, leaving him open 

with collisions with objects around him in the PE.  

 

Figure 2.3: Arm-Swinging while Wearing Oculus DK2 Head-Mounted Display (HMD) [4]  

 

Another concern is with falling, as the user might fall face first while WIP which might 

lead to several injuries, some especially fatal, considering that most headsets have glass lenses that 

might shatter with the impact. 

The latest trend in input devices is what we like to call “free-flow” devices. These are 

devices which usually strap the user in a contraption that allows them to walk naturally while being 

held in place. Some require proprietary software for input detection, such as motion controllers 

strapped to the user’s legs or arms.  

Unfortunately, most of these “free-flow” devices do not leave the prototyping phase despite 

many applications and games implementing “natural virtual environment locomotion” which 

induces motion sickness with Traditional Joysticks and Motion Controls, having a “free-flow” 

device would greatly alleviate the changes of obtaining motion sickness while experiencing these 

vast VE worlds.  

We, at Project Averroes, believe that a proper “free-flow” setup will increase immersion 

and decrease motion sickness, while also freeing the hands for more gestures and motion controls, 

this will achieve the ultimate VR experience in which the user can submerge him or herself into 

the VE without worries that the objects in the PE might impact his or her experience negatively. 
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This also allows for “natural locomotion” in both the virtual as well as physical environments, 

producing a harmonious synchronization of the two realms.  

2.2.1 Hardware Locomotion 

As previously mentioned, the purpose of building a hardware device to mimic human natural 

locomotion is to provide an infinite landscape into the virtual reality universe.  

At present, hardware locomotion devices (especially omni-directional treadmills) are 

attracting more public attention due to their cutting-edge outlook. Software locomotion such as 

teleportation algorithms seems like a smarter, more sensible solutions to the locomotion problem, 

however, they greatly discourage user involvement and diminish the user experience. This will be 

discussed further in Section 2.2.2 of this chapter.  

The VR treadmills provide a two-dimensional locomotion interface function for interacting 

an avatar in the virtual environment and the user in the real environment [5]. This is especially 

advantageous in soldier training, VR games, rehab programs, nuclear power plant training systems, 

architectural planning or even medical training facilities. Even so, ODTs are “complex, heavy and 

exhibit low power transmission efficiency” [5], and a required proposal is needed to minimize 

these downfalls.  

The locomotion interface is vital to the advancement of VR as it sharpens the user’s 

awareness, perception and overall presence in the VR realm. 

Case Study 1: A Pilot Study of the VirtuSphere as a Virtual Reality Enhancement 

Nowadays, most locomotion technologies constraint the user in a limited space where VirtuSphere 

on the other hand allows the VR user to move freely in any direction. The VirtuSphere consists of 

12-foot hollow sphere within which the user can stand within and move in any direction by rotating 

the sphere. This study focuses on examining the feasibility and the efficiency of VirtuSphere 

immersion enhancement technology, especially in psychological treatment. It also compares the 

design of the VirtuSphere with the regular game controller. The participants that were chosen are 

soldiers with no psychological disorders. They also had to have previous history of deployment in 

Iraq because the comparison was based on a virtual environment that resembles the Iraqi warzones.  

Ten of soldiers successfully completed the pilot study [6]. Due to the small sample, there 

was no initial evidence that the VirtuSphere compared to the game controller improves immersion 
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or presence. Also, no evidence proved that it increases simulator sickness in comparison to game 

controllers. In addition, the VirtuSphere practice in order to keep one’s balance. Thus, it 

impractical in time limited therapy. The VirtuSphere requires improvement in order to be 

meaningful for clinical therapy. 

 

Figure 2.4: Variation of Presence Scores - VirtuSphere and Game Controller Platforms [6].  

Case Study 2: Natural Locomotion Based on Foot-Mounted Inertial Sensors in a Wireless 

Virtual Reality System 

One of the most convenient locomotion technologies is the usage of inertial sensors due to their 

lower cost of implementation, portability, small size and wireless communication. The main 

objective of the research in [7] is to study the use of foot-mounted inertial sensors to provide a 

natural walkthrough in a wireless VR system. The customized strap is shown in Figure 2.5 below. 

 

Figure 2.5:Foot-Mounted Inertial Sensor [7]  

 



14 

Project Averroes V.R. 

The results of the study in [7] were positive as they provide strong evidence of an increased 

level of presence. Also, registered levels of sickness were low. However, the overall latency of the 

system is more than 50 milliseconds. Still, the maximum reference value for real time applications 

is 16 milliseconds. Figure 2.6 demonstrates the overall experimental system.  

 

 

Figure 2.6:Components of the Experimental System [7] 

 

More difficulties were experienced with body position estimation and frames transmission 

in the wireless video stream. One of the future improvements that could be done to the system is 

by using the sensor that is placed on the shoulder to measure the tilt of the body in order to provide 

more accurate estimation of the body position. Figure 2.7 illustrates the various modules deployed 

to implement such a system.  

 

Figure 2.7: Modules Used to Implement the Real Walking Navigation Platform [7] 
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2.2.2 Designing for Human Ergonomics: Natural vs. Non-Natural vs. Semi-Natural 

Locomotion 

The emergence of VR to the mass public, has brought on varies technological advancements into 

the field. This renaissance was brought on by companies such as Samsung and Google with their 

cheap VR kits that can turn any smartphone into a decent VR experience.  

This newly founded attraction has brought many applications and demos that utilize 

different types of locomotion. Sadly, many developers neglected the fact that different setups 

require different locomotion techniques. This is due to VR’s natural tendencies that inflict nausea 

and dizziness.  

This occurs when the movement in the VE is not in sync with the physical movement of 

the user. Motion sickness -as it’s commonly referred to- has plagued VR developers for a while. 

Naturally, this led developers to experiment with their implementation of user movement, 

improving on past conventions and adding new ones that further suits the advancement of 

technology be it VR or wearable sensors.  

Research indicates that there are three prominent VR Locomotion techniques Natural, 

Semi-Natural and Non-Natural. Each technique has its own benefits and drawbacks; however, it 

is good to note that these techniques are only viable in certain areas as Natural locomotion requires 

the user to have a large open space for walking, which is not a luxury many users have. 

Natural locomotion is when the VE tries to simulate human walking, common sense 

indicates that this is the best way to implement walking in a VE due to its resemblance to reality. 

This technique tends to offer the highest level of immersion, but also the highest rate of motion 

sickness. This motion sickness effect can be reduced with the proper setup. Since motion sickness 

is present when the VE and PE are not in sync, one way to reduce it, is implementing room-scale 

sensors -as done by HTC Vive-; and having the user physically walk around and recreating a one 

to one accurate translation from the PE to the VE, this greatly reduces motion sickness [8] and 

improves immersion. 

However, this limits the area in which the user can freely move about in the VE, methods 

of designing areas and maps that are limited in scope do exist [9] but do not offer the most 

immersion as it virtually locks the player in only one play area to interact with.  

A middle ground between immersion and motion sickness is the use of an omni-directional 

or “free flowing” contraption. This allows the user to physically walk in place which triggers the 
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body’s “movement” state and allows for infinite play space thus reducing motion sickness and 

increasing immersion respectively. “Free-Flow” contraptions allow the user to experience a 

virtually endless VE, while freeing the hands from controlling the movement of the virtual avatar, 

thus can be diverted to adding more interaction with the VE.  

Non-natural locomotion consists of the user looking at the desired destination in the VE 

and pressing a button to instantly teleport to this reference point. This, in theory, should greatly 

reduce motion sickness as there is no motion present, only a sudden change in position and 

perspective, participants in this locomotion defined it as “confusing” [8] and the most difficult to 

understand, they also report a loss in presence and immersion as this movement is purely fictional 

and cannot be experienced in the PE. They also reported that this method inflicted more motion 

sickness than the semi-natural method.  

Non-natural locomotion also renders the use of an omni-directional controller obsolete, as 

all you need is a head sensor or a gamepad to navigate the camera or field of view of the VE, thus 

greatly decreasing immersion and the sense of being in the VE.  

One benefit of this locomotion technique is its ease of implementation as it requires less 

coding effort compared to its counterparts since there is no acceleration, thus removing the issue 

of finding the perfect balance between both the VE and PE movement. 

Still, it is agreed upon that this method is inferior to “Natural Locomotion” as it greatly 

reduces immersion and presence while slightly decreasing motion sickness, this method also 

requires an aiming mechanism which will inhibit the user for utilizing their hands, if they are using 

a gamepad, thus further decreasing the sense of presence in the VE. 

Semi-natural locomotion offers a happy medium between natural and non-natural. This 

locomotion technique is usually implemented as a teleportation system which is limited to pre-

defined areas for the user to pick from, once an area is chosen, the user is then teleported to a 

destination using a path with linear intervals to teleport through, until the destination is reached.  

At first glance this system might seem horrible in terms on inflicting motion sickness, 

however, participants in an experiment reported that this system greatly reduces motion sickness, 

scoring the lowest compared to all natural and non-natural locomotion techniques.  

Semi-natural Locomotion systems have also been implemented in various games released 

on VR like Déraciné developed by FromSoftware and Batman: Arkham VR developed by 
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Rocksteady Studios. Overall this technique has proven its effectiveness in scientific experiments 

and commercial products.  

However, just as in “non-natural locomotion,” this technique excels with the use of a 

controller or head sensors, and in fact renders omni-directional “free-flow” devices useless. This 

mechanism also scored the lowest in immersion and presence, as many users were left totally 

confused with this teleportation method and many states that this pulled them out of the experience 

[8].  

From a programming point of view this technique also requires a lot of effort determining 

where a user can teleport to and requiring the programmers to implements varies interconnected 

“nodes” for the user to explore, thus increasing the workflow while decreasing the user’ freedom 

and immersion.  

This technique also requires the developers to plan out their area some thoroughly, as they 

need to find a perfect balance of what needs to be shown to the user and how the user will interpret 

and locate the nodes with accordance to his/her target location. Overall, this method excels in 

reducing motion sickness but fails in immersing the user into the VE, while increasing the 

manhours and variables required to develop a VE. 

Since our project consists of an omni-directional “free-flow” input device that will increase 

immersion in the VE while decreasing motion sickness, our most viable option is natural 

locomotion in the VE. This is because it maps one to one with our device and frees the user’s hand, 

hence increasing immersion while allowing developers to implement hand controls and gestures   

-that are usually dedicated to movement- into interactive set pieces for the user to experiment with. 

Our aim is to decrease motion sickness by creating a “free-flow” device that will trick the user’s 

body into thinking it’s moving while he or she is physically held in place. 

2.6 Pathfinding and Navigation in Virtual Environments 

One can define navigation, in broad terms, as “the act or process of ascertaining one’s position and 

steering, directing, or finding a way through space” [10]. In virtual environments, this means this 

refers to the controlling mechanisms that the user utilizes in order to go from one place to the next. 

Such controlling mechanisms may encompass a variety of tools: from a simple button, to an 

intricate set of sensors (e.g. head sensors) that enable embodied navigation through immersive 

virtual environments (IVEs). 
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An interesting area of research is how differently these various control mechanisms for VR 

pathfinding influence or engage participants. Particularly, how these locomotion techniques give 

rise to various levels of user perception with regards to VR immersion. Relative to this context, 

immersion, as defined by [11], is “the perception of being physically present in the virtual world”.  

A study [11] was conducted to measure three important parameters relative to VR users: 

immersion, overall quality of experience (QoE), and presence of physical discomfort. Participants 

of the study were to rate these 3 parameters on a scale of 5 – 1, where 5 is “excellent” and 1 is 

“bad”. This rating scheme follows the Absolute Category Rating Scale quality test standard. The 

study [11] depicted four locomotion techniques: controller movement, controller movement with 

tunneling (i.e. an adjustment was made on the user’s field-of-view), teleportation and the human 

joystick technique.  

The controller movement technique is “traditional first-person technique,” in which the 

user simply controls speed by means of the controller, and the direction by tilting the head -this is 

sensed through the head-mounted display, better known as HMD-. This technique will be 

abbreviated as CM. Next, the controller movement with tunneling follows the same premise as the 

except it attempts to get rid of motion-sickness factor by limiting the user’s field of view to tunnel 

vision. This technique will be abbreviated as CMTV. The third locomotion technique is the non-

continuous teleportation technique. This technique is classified as software locomotion and is 

“non-continuous” because the user needs to hit a button on the controller in order to be transported 

from one place to another, and there is a delay (a black screen) within that shift. The teleportation 

approach is abbreviated as TP. Lastly, the human joystick (abbreviated as HJ) approach revolves 

around the user tilting their body to navigate the VR realm.  

The study in [11] involved 29 participants, of whom are either experienced, moderately 

experienced, or very experienced with the virtual reality industry. To reiterate, the participants of 

the trial judged every technique/approach based on the three parameters mentioned before (i.e. 

immersion, QoE and presence of physical discomfort). It was found that the teleportation technique 

received the highest score amongst all other approaches in terms of QoE. This is shown in the 

Figure 2.8 below.  
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To add to that, the teleportation method was also popular with spectators in regard to 

providing the least physical discomfort. This is conveyed in Figure 2.9 below. Overall, the 

teleportation approach gained the highest attraction amongst trial correspondents, as shown in 

Figure 2.10.  

 

 

Figure 2.8: Quality of Experience Mean Opinion Scores per Locomotion [11]  

Figure 2.9: Discomfort Level Amongst Various Locomotion Methods [11] 



20 

Project Averroes V.R. 

 

Figure 2.10: General Ranking of Locomotion Techniques [11] 

 

The results depicted in Figure 2.9 are intuitive and predictable because the teleportation 

locomotion approach does not require the participant to physically move. Rather, the participant 

is more interactive with the VRE when operating the CMTV, HJ, or CM approaches. This metric 

does not indicate whether the mentioned locomotion techniques are “immersive” or not. Instead, 

it highlights the need for user experience enhancement.  

The same can be inferred from the statistics in Figure 2.10. The participants’ ranking of 

the locomotion techniques perhaps was biased, since the traditional software locomotion is what 

most players are accustomed to. In addition, the small pool of participants does not provide for a 

strong survey sample, and results of this study may be completely different depending on a more 

expansive survey -one which encompasses expert gamers and beginners alike along with a 

control group-, as well as depending on the quality of the locomotion provided. In other words, it 

is a possibility that the participants QoE rating may have been higher for interactive CM or HJ 

approaches if these were enhanced accordingly, or if users were provided enough training or 

enough time to experience these technologies. 

It is vital to realize and understand that these locomotion endeavors are rooted in user-

experience design and human-computer interaction architecture. It is noteworthy to mention that 

“Dr. Jakob Nielsen identified five factors that impact usability in human-computer interactions 

(HCI): learnability, efficiency, memorability, errors, and satisfaction”. The learnability factor is 

investigated through a study in which participants were to navigate a maze by means of various 

locomotion mechanisms [10].  
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The study advocated for embodied, natural navigation-based locomotion methods rather 

than the traditional hardware game controllers. The results of the study shockingly antagonized 

this theory/hypothesis. Three standard locomotion techniques were proposed: teleportation, human 

joystick and embodied navigation. The teleportation and human joystick modes were explained 

earlier in this section of the report. Embodied navigation refers to navigation through the user’s 

bodily movements (head tilt, arm swinging, walking, running or gesturing). 

 It was found that “both acclimation and maze navigation times took the longest for 

embodied navigation,” and shortest for teleportation [10].. This pattern of ease-of-use regarding 

the teleportation mode of navigation is striking and noteworthy to model after when building our 

design for Project Averroes. The figure below (Figure 2.11) illustrates the average navigation-

acclimation times with respect to the three mentioned modes of locomotion.  

 

 

Figure 2.11: Average Acclimation-Navigation Times for Various Locomotion Techniques [10] 

 

Yet, it is also noteworthy to mention that even though the teleportation mode had a lowered 

learning curve, it was the embodied navigation mode that averaged well amongst study participants 

with regards to reported immersion of the experience. This is demonstrated in Figure 2.12 below. 

The number ‘10’ is the best score to note, whilst ‘1' is the worst on this scale.  
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Figure 2.12: Reported Immersion by Various Navigation Modes [10] 

 

2.7 The Rise of the Omni-Directional VR Treadmill Control System 

The first VR navigation device, Uniport, was invented back in 1994 by Sarcas Corporation [12]. 

It supported mechanical tracking of the user’s upper body. Movements of the user were tracked 

using pedals instead of locomotion and the direction was determined by rotating the user’s seat. 

Treadport was announced one year after, as a device that offered solutions to some of the problems 

that Uniport had, such as difficulty of small rotations. Treadport allowed walking and running on 

a traditional treadmill instead of pedaling.  

The device supported force-feedback through a mechanical attachment to the user’s waist 

which allows the user to change directions through his rotation. Treadport motivated researchers 

to contribute to the field of locomotion after the concept of pedaling was replaced by walking and 

running which inspired the creation of omni-directional treadmills.  
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Omni-directional treadmills were considered a breakthrough. This is as they allow users to 

move on a two-dimensional plane giving the freedom to navigate the VR environment as desired. 

“The basic principle of the ODT consists of two perpendicular treadmills, one inside of the other. 

The top belt, comprised of an array of freely rotating rollers lies a top a second, orthogonally 

oriented belt also comprised of rollers each belt is made from approximately 3,400 separate rollers, 

woven together into a mechanical fabric.” [12].  

A more detailed explanation would provide as such: “The top rollers are made to rotate 

through contact with the lower moving belt. Essentially, the top belt is made to be mechanically 

transparent to the lower belt. The lower belt rollers are each housed in a cradle that permits rotation 

yet also permits resting the assembly on a low friction support surface” [12] .  

Further still, the lower rollers of an ODT are characterized as “free to rotate and serve as a 

bearing surface for the linear motion of the top belt” [12] .Unlike a typical exercise treadmill, the 

omni-directional treadmill (ODT) is expected to “actively respond” to the user’s motions using its 

servo motors [12]. In many ways the ODT is more complex than a typical treadmill. The most 

obvious differences are as follows: there are two dimensions available (x and y), and the treadmill 

must be, to some extent, autonomous, in order to solve the inertia problem for the user. Any sudden 

jolts or a lag/delay in reaction might pose a serious health risk to the participant. Therefore, the 

ODT must combat this issue by somehow predicting the user’s movements through the VRE.  

During diagonal movement, both the bi-directional top and lower belt are simultaneously 

rotating and translating. The user is able to move freely in any direction. Furthermore, a tracking 

arm is attached to the user via a belt that should be tightly worn so that there can be no relative 

motion between the user and the arm. The belt helps keep a track of the VR user’s orientation, 

location and keep the user centered so that no walking over any of the edge of the platform happens. 

It is also used as a safety mechanism so that of the user loses balance, a kill switch is triggered 

[12]. 

In ODT, two types of movements occur: user-generated movements; where user walks 

away from the center, and system-generated movements; where the system tries to keep the user 

in its center. As the user starts moving, the ODT generates a centering reaction. This requires 
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accurate calculations to minimize the system’s response latency. A direct successor to the Uniport 

and Treadport is the InfinaDeck which consists of a set of treadmills aligned in a perpendicular 

way and turning on a single treadmill.  

In addition, the Space Walker VR is also a traditional treadmill that can rotate 

comprehensively. It supports the user’s stability with a harness. Alternatively, the WalkMouse is 

a treadmill that provides a circular walking area through a surface with wheels that users can move 

on. Low-friction surfaces systems like the Virutuix Omni allows users to slide on them using 

special shoes that are tracked with IMU sensors. It also supports the user to be stable using an 

adjustable harness. A device that is uncanny in similarity is the Cyberith Virtualizer that also 

provides a circular walking area with low friction surface. 

Unlike the Virtuix Omni, no special shoes are required, and the harness is attached to a 

ring that is integrated with sensor. The harness could be moved vertically allowing the user to 

crouch and jump while using it. “Other solutions are KAT WALK, which tries to be as unrestrictive 

as possible by placing the fixation of the harness above the user and WizDish ROVR, which is 

again closer to the concept of the Cyberith Virtualizer” [1]. Furthermore, another platform is the 

RotoVR that allows rotation of the user through a chair, following the ChairIO concepts but does 

not provide much movement freedom. The VRGo interface also follows the same ChairIO 

concepts as it consists of a chair interface that can be connected as a game pad controller. It 

communicates via Bluetooth with the system and is activated by tilting [1]. 

2.8 Summary and Implications 

A locomotion interface provides for a free-wheeling, realistic environment in which the user can 

“sense” virtual space in a way. This focus on enhancing the user’s visual and spatial senses can 

greatly transform the training, gaming, entertainment, tourism, financial and simulation industries. 

We hypothesize, based on the significant amount of research that implies so, that a WIP-

based locomotion interface, which sharpens the user’s senses and capitalize on their motor skills 

can enhance presence. Also, this will relatively progress the immersive VR experience so that 

sector can reap the benefits and harness all capabilities and major competencies of such a 

technology.   
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Chapter 3: METHODOLOGY, DESIGN AND ANALYSIS 

This chapter begins with the proposed methodology (Section 3.1) and highlights research design 

(Section 3.2), along with the different alternatives (Sections 3.2.1 and 3.2.2) in which the most 

viable solutions are suggested and described. The software and hardware that are involved in 

these design respects are also mentioned in detail with proper justification (Section 3.3). An 

analysis of all is depicted out in Section 3.4. Lastly, Section 3.5 illustrates the ethics and 

limitations revolving around or anticipated from implementing the proposed designs. 

3.1 Methodology 

The Averroes project contains an overt element of human-computer interaction. As such, our 

research methodology may be loosely described as being a combination of both ‘action research’ 

and ‘survey’ based research methodologies. This is as the process is mapped to simultaneously 

‘take action’ by building and testing system architecture and perform rigorous research, through 

electing a respondent to examine the efficiency of each phase of the system in order to iterate 

and enhance based on the results of testing. 

3.2 Research Design 

Although recent studies in virtual environment navigation and pathfinding have illustrated that 

users can adequately perform “path-integration” tasks in large areas or immersive environments, 

[13] this ‘experimental’ set-up is not suitable for the everyday consumer. This is because the 

average user is burdened with limited space and cannot account for expensive, bulky and time-

consuming set-up. However, with the recent popularity of virtual reality and the commercial 

availability of VR headsets, a huge need arises for making the costly laboratory VR locomotion 

model more feasible and accessible to all. Our research design revolves particularly around this 

concept. The research design is purely qualitative, as we have conducted careful observations 

throughout all trials and phases of building a VR locomotion system that is optimum for casual 

use and ready to be setup in any workspace or household.  

The design approach taken involved a VR locomotion system that rested on the 

foundation of an octagonal wooden base with a specified slope or depth. This base is to ensure 

that the client or user in question does not trail off when immersed in the virtual world. It is also 
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designed to ease mitigate motion-sickness problems and most importantly, allow the VR user to 

walk ‘infinitely’ in the virtual realm without having to adjust every few steps. Importantly, the 

user’s motion is tracked by high-performance optical sensors placed at the sandal soles and/or 

alongside the edges. An external system, namely, the virtual reality headset system was also 

incorporated. Adding to that component of the system, the microcontroller is an integral part of 

the system, as it ultimately provides the translation between user’s physical motion parameters 

and the VR system’s parameters in synchronization with the involved game engine.  

As can be deduced, the system is carefully calibrated to serve for consumer-oriented 

virtual environments and aims to increase virtual reality immersion, allow for easier virtual 

interaction and physical-virtual movement translation based on natural self-motion cues. 

Videos were recorded of all trials involving use of the VR locomotion system and 

comparisons were made in terms of efficiency, ease of gait movement and level of inertia. The 

comparisons involved two related alternatives of medium for streamlining movement in the 

system (namely, the sandal/shoe used). 

3.2.1 Design Alternative 1 

We have developed a prototype prior to the main concept of our design methodology that 

involves motion tracking of the user through rotary encoders instead of optical sensors. This 

device closely resembles an old computer mouse tracking ball in which two rotary encoders are 

interjected between a rubber ball to detect the ball’s movement accurately. In ideal conditions, 

this design can provide 360-degrees of movement while not intervening with the user’s position. 

This design also eliminated the dead zones or blind spots in gait and movement detection. 

Unlike the VirtuixOmni, mentioned in [13], this design does not depend on resetting the user’s 

motion after the user stops moving, causing a jerking motion which can put the users off balance, 

adding to the risk of them falling off.  

The trackball design also occupies less space than the VirtuSphere [14] and its construction 

uses verticality to eliminate some of the large designs, like the Walk Mouse [15] which uses 

rollers and occupy a large horizontal surface. 
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3.2.2 Design Alternative 2 

Another viable alternative is a hybrid between a traditional treadmill and a traditional roller 

skate, this alternative track the user’s movement in the PE by firstly using a treadmill to detect 

the y -vertical- movements and then using the roller skates to measure the x -horizontal- 

movements. 

A downfall of this is the fact that it’s difficult to hold the user on the treadmill, since the 

user is wearing a VR headset, his vision of the PE is blocked thus having him on a moving 

treadmill is hazardous. If this design is pursued a solid and flexible retention mechanism is 

required to keep the user save from sudden falls. 

A great advantage of this design is its simplicity and part availability, since rotary 

encoders are low-cost, readily available and this alternative is relatively close to the main 

concept of design methodology. This is as the encoders used are, much like the optical sensors 

mentioned in the main design, to be placed in the soles of the shoes in order to detect the 

movement of the user. 

The downside is that the overall cost of this design is greatly severe since a treadmill that is 

not fixed to a motor is usually sold to the “high-end” market, for use in professional gyms. This 

would not be suitable for consumer-oriented virtual environments. As a result, this problem in 

cost, traction, convenience, and feasibility had steered the Averroes team away from this idea 

and instead categorized it as an alternative in the case that the main design did not provide 

sufficient accuracy in allowing the user to perform path-integration tasks through VR. In that 

case, a trade-off should be made. 

3.3 Software and Hardware Design 

3.3.1 System Software 

Despite playing a small role in the project Software is quite important, as the only way to 

interpret the motion of the sensors is to translate it to a Software for data manipulation. This 

project solely utilizes Unity Engine as it is versatile and powerful, providing both as a bases for a 

demo and the manipulation of data required to directly communicate with the Oculus Rift S used 

in order to create an immersive world. 
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 Unity is a game engine that focuses on creating a simple GUI for its user to prototype and 

release a complete game with ease and visual fidelity that matches today’s standard of games and 

computer aided graphics. It boasts a free “Asset Store” that is comprised of a large community 

sharing their code and visual assets either for free or for a set fee, these codes can come handy 

when dealing with complex project as it eases the worry of hiring a 3D graphics designer or a 

musician in order to have a professional looking game. It boasts a very intuitive C# coding 

language that is well integrated with its native GUI programming, thus allowing for complex 

manipulation and integration of codes, like the Arduino and Oculus Rift support required for this 

project to function. 

 Unreal Engine is well established game engine that’s been used in many blockbuster 

games throughout the years, while it excels in presenting high quality graphics it also features a 

“Blueprint” coding system that is convent to use as it utilizes high-level “blocks” that can be 

chained together to create simple logic akin to LabVIEW, this however is trumped by the use of 

C++ as its main coding language, this causes a lot of issues as the “Blueprint” method is 

unoptimized and that further optimizing it can lead to a lot of wasted time trying to figure out the 

source code.  

 Ultimately Unity was chosen for this project as some team members have had previous 

experience with it, it was also chosen for its ease of integration with the Oculus Rift SDK, that 

provides many tools that makes integrating a VR headset, especially the new Oculus Rift S a a 

simple task by providing well documented and free to use assets available from the Oculus 

Foundation through the Asset Store, free and open to use by any developer willing to partake in 

the world of VR. 

3.3.2 System Hardware 

The several hardware components of the system include the foundational base, the choice of 

microcontroller, the choice of VR headset/display, the type of motion tracking sensors utilized 

and the medium of footwear that unto which the sensors are to be placed.  

The user of the system shall stand on a base and primarily use it as a platform to navigate 

the virtual world. The base design consisted of a sturdy wooden, concave, octagonal plate that 

enables freedom of movement in virtual reality as the depression characteristic in the slope 

provides for the ability of ‘boundless’ and natural gait. This design of the base platform of the 
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system has taken inspiration from the Virtuix Omni, as seen in Figure 3.1: Virtual Environment 

Set-up using the Virtuix Omni . A justification of this is that significant evidence is provided in 

[13] that emphasizes how using the Virtuix Omni platform allowed participants to accrue more 

“concise” and “precise” spatial performances.  

The research in [13] also stressed that “it is necessary to develop further studies about what 

are the effects of the [Virtuix Omni Motion Platform’s] walking metaphor,” which is why a 

major part of this project delves into investigating this particular matter. Figure 3.1 below 

demonstrates a snapshot of the study mentioned in [13] where the primary locomotion device 

used was the Virtuix Omni. 

 

The consumer-oriented VR headsets/displays available in the local market are HTC Vive and 

Oculus Rift. Oculus Rift, developed by Oculus VR, is another popular head-mounted display 

(HMD) that is recently gaining more traction due to its “interoperability among different 

personal computer platforms, standard interfaces and well-organized software development” 

[16]. It is also noteworthy to mention that the Oculus Rift is more inclined towards home-use 

than that of its competitors in the area of HMDs, as reported in  [16]. 

Still, the HTC VIVE is a worthy competitor and another viable option to be discussed for 

system design. According to [17] the HTC VIVE has impressive specifications and is said to be 

the best in the market, as it is stated that “[HTC VIVE] requires a high level of computer 

configuration. CPU: i5-4590 or above, graphics card: GTX970 or above, HTC VIVE supports 

motion tracking in space with diagonal length less than 5 meters, and the minimum space cannot 

be less than 2 meters multiplied by 1.5 meters”. The room-tracking technology capabilities 

Figure 3.1: Virtual Environment Set-up using the Virtuix Omni [13] 
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allows the HMD to seem superior to the Oculus Rift. Another interesting trait is that the 

company that produces HTC VIVE has decided to create three categories or models of the same 

main make - ‘gamer,’ ‘enterprise,’ and ‘professional’ [18]. 

 

Although it would seem that the HTC Vive is an attractive choice of VR display, it would 

largely conflict with the control variables during evaluation as HTC Vive has complex, precise, 

embedded ‘room-tracking’ technology capabilities that the Oculus Rift may lack in. It is 

important to remember that we need to highlight advantages of the holistic developed product 

and that the focus must be on the ultimate, final locomotion solution rather the consumer-based 

VR headset device. Therefore, Project Averroes opted for the latest version in the Oculus series, 

the Oculus Rift S HMD in the system, as shown in Figure 3.3 below. The Oculus Rift S HMD is 

built to include improved lifelike and brilliant visuals, with a fitted and “ergonomic” design and 

hand controllers that possess “realistic precision” [19]. 

Figure 3.2: HTC VIVE HMD and Controllers System [26] 

Figure 3.3: Oculus Rift S HMD and Controllers [19] 
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For tracking or motion sensors, we have discussed two types: rotary encoders and optical 

motion sensors. Rotary encoders work well if incorporated with our design alternative (1) and 

not our main design. Rotary encoders are generally electro-mechanical devices that translate 

motion with respect to position into analog or digital signals. A typical rotary encoder is 

illustrated in the Figure 3.4 below. As the shaft in the image is turned, this is detected by the 

rotary encoder device and translated into the respective signal. The rotation counts are boundless 

and not limited, unlike the counter rotating potentiometer [20]. 

 

The optical motion sensor, namely the PMW3360 DM-T2Q, possesses a high velocity of 

up to 250 IPS (inches per second) per 50 grams. It is also compatible with the Arduino SPI 

library, which we used extensively in software development and configuration. The sensor board 

also has a built-in power regulator and a resolution of 100 to 12,000 CPI (counts per inch). 

Overall, two of these sensors were needed to be purchased: one to be interjected in each sandal 

sole of the users. The total cost was roughly 60 $ or approximately 20 KWD.  

Figure 3.4: Rotary Encoder Module [20] 
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Figure 3.5:Top Side View of the PMW3360 

DM-T2Q Motion Sensor [21] 

 

Figure 3.6:View of the PMW3360 DM-T2Q 

Motion Sensor  [21] 

 

As for choosing a microcontroller or single-board computer to be the key conduit 

between the physical and digital parameters of the system, the choice varied between either an 

Arduino or Raspberry Pi board, and the various models developed by both companies. It was 

decided that an Arduino Uno was most suitable to perform the requirements to be achieved by 

the system in question because it is specifications are more than suitable to achieve what is 

needed and manifest Project Averroes as required. 

Below is a comprehensive analysis of all Arduino and Raspberry Pi boards from which we 

have derived our final board of choice to be integrated in the system. 

3.3.2.1 Arduino 

Arduino is a hardware company that develops open source microcontrollers suitable for DIY 

projects, they are programmed using a modified version of C and C++ that makes it much easier 

to program, they also include their own IDE that is used exclusively to program Arduinos and 

their deviants like the “Controllino”.  

Arduinos range from small boards with simple I/O like the Arduino Nano, to boards with 

fifty or more I/O pins for more complex projects, they also have “Shields” which are companion 

I/O boards that fit in the I/O slots on the Arduino that enhances it with features like Ethernet, DC 

& PWM motor control , RFID Scanner and countless other add-ons that increases it’s 
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functionality, this makes Arduino very versatile in its implementation and practically can make it 

useful for any project.  

One of the most important aspects of the Arduino microcontrollers are their huge 

userbase and libraries, most of the Shield’s mentioned, come with a vast and well implemented 

open source library containing every useful function they can perform, some add-on I/O devices 

like Bluetooth Dongles and Keypads also come with libraries that make programming them on 

the Arduino a breeze, since they usually come with very well-documented, open-source libraries 

that are refined by the vast userbase of Arduino devices and the manufactures of said Add-On 

devices. Arduinos come in many shapes and sizes, this section will examine the three “main” 

Microcontrollers, the Arduino Nano, Uno and Mega, which are used for small, medium and large 

projects respectively. 

The Arduino Nano 3x is a small and compact board that contains the ATmega328P 8-bit 

microcontroller like the UNO however the Nano comes in a breadboard friendly design as it 

contains legs(pins) that extrude out of the PCB, making it suitable for attaching to a breadboard 

for ease of implementation and prototyping, it has twenty-two I/O pins of which six are PWM, it 

also contains eight analog input pin compared to the six found in the UNO.  

  

Figure 3.7: Arduino Nano [27] 

Figure 3.8: Arduino Uno R3 Board [28] 
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The main difference between the Nano and the UNO is size and the USB connection used 

to connect and program them to the PC, the Nano uses the USB Micro B connector. 

Unfortunately, due to its form faction the Nano sacrifices the convenience of the “Plug and Play” 

nature of the Arduino Shields, although shields can still be connected to the Nano the procedure 

is slightly more complex that the UNO. 

 

The Arduino UNO R3, is frequently dubbed the “iconic” Arduino microcontroller and is 

basically a more convenient version of the Arduino Nano model. This is because it features 

slightly less I/O than its miniature sibling, yet it also comes with the ease of use and Plug and 

Play nature of the Arduino Shields as many of them are designed to easily plug into the 

Arduino’s I/O layout, it also uses a USB type B connector and features a 5V input jack so it can 

be operated without the need to supply it with power from a PC using the USB cable it is also the 

most used and documented board in the Arduino family, making it really helpful when 

troubleshooting problems with our project since online help is readily available.  

The Arduino Mega 2560 can be seen as the company’s flagship model, featuring the most 

numbers of I/O and UART ports, the Mega has fifty-four digital I/O pins of which fifteen can 

provide a PWM signal and sixteen analog inputs, more than doubling the UNO’s fourteen and 

six respectively, it also boasts four UART ports for increased serial communications this model 

is used for large projects which require a lot of digital and analog I/O and projects which requires 

the use of more than serial device communicating though UART, it also supports every shield 

made for the Arduino UNO with Plug and Play compatibility, this model is only useful for 

Figure 3.9: Arduino Mega 2560 [29] 



35 

Project Averroes V.R. 

projects which require large digital and analog I/O since the increase of price makes it the lesser 

option for small I/O projects. 

3.3.2.2 Raspberry Pi 

While the Raspberry Pi is described as a microcomputer, its uses can be very similar to a 

microcontroller, Raspberry Pi is a small credit card sized single board computer, that was 

developed with the purpose of lowering the entry point of programming, since it’s a computer it 

needs an Operating System(OS), the official Pi OS runs a fork of Debian Linux, while Windows 

10 and other OS’s are also available to download. Raspberry Pi runs on Python 3 which 

automatically makes it compatible with the PyPi library which includes thousands of libraries 

that can aid in programming the Pi, these libraries range from sensor read-outs to complex 

algorithms. What makes the Raspberry Pi like a microcontroller is it’s GPIO pins, which stands 

for General Purpose Input/Output. These I/O pins can be used to communicate with countless 

devices due to their versatile nature.  

 

The Pi also boasts some serial ports which can be programmed to several standards to fit 

the user’s needs. Unlike the Arduino however the new Raspberry Pi’s run on ARM 64-bit CPU 

which makes them significantly more powerful for computations and feature a display out so that 

it can be connected to an external monitor and be programmed through a GUI (Graphical User 

Interface) desktop environment, it can also be accessed remotely using an SSH (Secure Shell) 

connection and a CLI (Command Line Interface). While there are many revisions of the 

raspberry Pi board the focus will be on the latest revision the Raspberry Pi 3 Model B+ and the 

miniature Raspberry Pi Zero W. 

Figure 3.10: Raspberry Pi Model B+ [30] 
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The latest Raspberry Pi revision, Raspberry Pi 3 Model B+ is a single board computer 

with an impressive Broadcom BCM2837B0 SoC running at 1.4Ghz running a quad-core CPU, 

1GB of RAM, 2.4 and 5Ghz Wireless networking, Gigabit Ethernet, four USB ports and a 40-pin 

GPIO connector is a small and powerful computer that can used for almost every type of task a 

computer can produce, this makes the Pi 3 Model B+, a very versatile and power 

microcontroller-like single board PC that can easily outperform the Arduino despite the overhead 

present in the OS, which the Arduino lacks. This is clearly the obvious winner at first glance 

however, using the Raspberry Pi as a microcontroller requires more steps than the Arduino, 

adding extra layers of inconveniences along the way, like updating the OS, downloading the 

required libraries and installing them, messing around with the sys-config settings to activate SPI 

capabilities for serial communication, all these and more creates multiple layers of 

inconveniences and points of failure.  

The Raspberry Pi Zero is a smaller more compact model of the Raspberry Pi, with 

resembles the Arduino Nano in appearance, it boasts a modest single-core CPU running at 1Ghz, 

512MB of RAM, wireless communications (depending on the model) and a 40-Pin GPIO 

connector which requires a header to use. This version of the PI sacrifices a lot for the sake of 

size reduction, which makes it somewhat obsolete, as the OS overhead alone is enough to make 

it slow and cumbersome to operate. This is due to the drastic reduction in both CPU power and 

RAM capacity, clocking in at roughly one-fourth of its Pi 3 Model B+ sibling. This version of 

the Pi offers no advantages over the Arduino as they can both be used the same way, except it is 

more cumbersome to operate the Pi OS with such slow specifications. Making it so far, the least 

appealing “Microcontroller” for use in the project. 

Figure 3.11: Raspberry Pi Zero Board [31] 
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3.3.2.3 PIC Microcontrollers 

PIC microcontrollers are the cheapest option compared amongst the other microcontroller and 

microprocessor types mentioned. However, with their reduced price comes some sacrifices, 

while Arduino provides a high-level language, the I/O ports and the libraries, the PIC is a 

barebones package that is hard to program to compared to the Arduino, libraries are scarce, and 

support is basic or minimal. This is due to Microchip designing a no-frills Microcontroller that 

demands the user to be well educated in the architecture and capabilities of the microcontroller to 

use.  

To elaborate, the PIC microcontroller series are programmed using either assembly or 

machine language, and the instruction set, and related capabilities of the microcontroller vary 

between their wide range of model they offer, while PICs can technically be programmed in 

C/C++, it is still a barebones package that offers little compared to the Arduino. This does not 

mean the end for PIC, their size and price can be a major advantage when it comes to large scale 

manufacturing of a product for example a TV remote or a Microwave, however for a prototype 

the inconvenience and difficulties they present outweighs their price and performance. 

 

Table 3-1: Comparison of Microcontrollers 

Microcontroller Microcontroller

/ SoC Unit 

# of I/O # of Serial Price 

Arduino Nano ATmega328P 22 Digital I/O 

(6 PWM) 

8 Analog IN 

1 UART 

1 USB Micro B 

3KD 

Arduino UNO 

R3 

ATmega328P 14 Digital I/O 

(6 PWM) 

6 Analog IN 

1 UART 

1 USB Type B 

3KD 

Arduino Mega 

2560 R3 

ATmega2560 54 Digital I/O 

(15 PWM) 

16 Analog IN 

4 UART 

1 USB Type B 

5KD 

Raspberry Pi 3 

B+ 

Broadcom 

BCM2837B0 

  

40 GPIO 

2 UART 

4 USB 

18KD 

Raspberry Pi 

Zero 

Broadcom 

BCM2835 

  

40 GPIO 

2 UART N/A in local 

market 
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3.4 Analysis 

Data was acquired from extensive testing of the prototypes in incremental phases and once again 

when the complete system was assembled, and all components were integrated harmoniously. 

The data was both acquired and analysed through tools provided in the Unity Game Engine. 

Empirical observations regarding metrics of user comfort, spatial performance, ease of 

movement, and game tracking were also monitored by assigning a control subject to participate 

in key game activities of the VR software and engaging with the VE via our customized 

locomotion solution. 

3.5 Ethics and Limitations 

A possible ethical concern of the proposed VR locomotion device may focus on superfluous 

immersion that detaches the subject from the PE and instead allows them to be completely 

engrossed with the VE. Although the general goal of the proposed system is to boost immersion, 

the possible consequences of such still stand. Still, this can be mitigated as our system focuses on 

both semi-natural and natural motion cues, so it does not quite replace the boundless flexibility 

of the real world yet. Instead the proposed locomotion device aims to cooperatively balance 

between two such realms – the PE and the VE – by exploiting the best features in both of these 

realms.  

It can be said that humanity is still learning to ‘fly’ in VR. If we take the analogy of the new-

born baby, and humanity represents that infant, we can safely say that we have learned to ‘crawl’ 

and ‘stumble’ in VR but we are still learning to ‘walk,’ ‘jump,’ and ‘sprint’. Our solution allows 

for walking but is limited with respect to other more complex actions such as sprinting. 

Moreover, limitations of the locomotion device, as mentioned before, relates to the user 

expectancy or preference towards semi-natural versus natural walking cues. The device 

implements the semi-natural motion mnemonics effectively but may not be able to completely 

mimic all other actions and translate them from the PE to the VE. This is a delicate trade-off that 

was required in order to reap some value of the ‘walking metaphor’ in the VR industry. 
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3.6 Budget 

Table 3-2: Total Budget Breakdown 

Item Cost (KWD) Quantity Total Cost (KWD) 

Omnidirectional Wooden Platform 250 1 250 

PMW3360 DM-T2Q Motion Sensor  10 4 40 

Sandals 6.5 3 19.5 

Arduino Uno 3 2 6 

Wires 1 5 5 

Wooden Sole 4 2 8 

Carpet Sliders 1 10 10 

Oculus Rift S 180 1 180 

Miscellaneous (Screws, Services, etc.) 30 1 30 

Total 
  

548.5 
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Chapter 4: Implementation 

This chapter details the implementation of our simplified prototype, which follows appropriate 

rapid-prototyping doctrines and techniques. The final product developed consists of an Arduino 

Uno interfaced with two specialized, high-performance optical sensors for user motion detection. 

The aim is to precisely identify and anticipate direction of movement, in real-time, of the 

user’s continuous gait, as they walk on a concave, rigid, wooden and circular platform that will 

facilitate navigation in the virtual environment. The final implementation and iterations included 

the concept of constructing a solid, reliable and durable base that will not limit the user’s 

motions. After the base was tested to provide for acceptable natural walking cues with the correct 

balance of inertia and bearing fluidity levels, its spatial performance metrics were evaluated, 

recalibrated, and refined.  

The system then encompassed more key components such as wearable technology – this 

involves sensors inserted in soles of regular sandals modified to work in synchrony with the 

wooden base. Moreover, the system includes an Oculus Rift S HMD in addition to a desktop 

monitor for integration between the software demo and the tangible hardware moving parts.   

In contrast, in a very nuanced prototype we implemented the system components 

involved a small rubber ball, using an old computer mouse tracking ball, and the deployment of 

rotary encoders instead of high-performance optical sensors. The goal of that system was the 

same as the final product’s goal. The prototype was miniscule, and we later realized that 

scalability was an issue (it would be expensive, impractical and not ideal for consumer-oriented 

virtual environments). Therefore, this design was then categorized as an alternative and put on 

the backburner, since it did not meet spatial performance, feasibility and durability criteria. 

4.1 Hardware Implementation 

The hardware used in our final product includes a round, sturdy, concave, octagonal and wooden 

foundational base. This is further illustrated in below. In this section, we will discuss how the 

final version of this particular system component came to be in terms of planning, schematics, 

choice of materials, as well as cutting and assembling. 
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The architecture and design of this final product was derived from rough schematic plans 

shown in Figure 4.1. The height is 1.25 m, width is 1 m and the depth or concavity is 20 cm. 

These measurements are generic and calibrated to suit any person’s spatial performance in the 

VE.  

  

Figure 4.1: The Final Base Product without Carpet Inserts 

Figure 4.2: Design Schematic of the Base and Harness Components 
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This wooden base then, would constitute the platform where the user will be able to 

safely interact with the VE. Carpet inserts were glued on top of the octagonal foundation to 

integrate the ‘VR sandal’ component of our wholesome concept into the system. The final 

product with the harness and carpet inserts can be seen in Figure 4.3.  

 

To encapsulate a quick glimpse of how the final product manifested itself, the following 

images below depict the journey from beginning to end- from a slab of sturdy wood to an artful 

and elegant locomotion platform. 

              

Figure 4.4: Dividing Equally Sized 

Sections of the Base’s Bedrock 

      

Figure 4.5: Outlining the Base and Formation of 

Depth 

  

Figure 4.3: Final Base with Carpet Inserts for Inertia 
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Figure 4.6: Building the User Standing 

Platform 

      

Figure 4.7:The Finished Standing Platform 

 

The microcontroller used to control and manage the entire integrated system is an 

Arduino UNO R3, which was chosen because of its availability and ubiquitous nature in local 

markets, as well as its suitability for rapid-prototyping and continuous testing as well as 

evolution. In addition, two PMW3360DM-T2QU high-end gaming sensors were used to 

interface with the Arduino microcontroller. There are eight pins on each optical sensor board. 

These are as follows: Vin (Voltage In – up to 5.5 V), MISO (Master In Slave Out), MOSI 

(Master Out Slave In), SCK (Serial Clock), SS (Slave Select), MOT (Motion), GND (ground) 

and RESET.  

The connections schematic between the pins on the two optical sensors and the Arduino 

UNO R3 microcontroller are based on the Serial Peripheral Interface logic (SPI) and is shown 

clearly in Figure 4.8 below. 

  

Figure 4.8:Fritzing Schematic of Arduino Interfaced with two Optical Sensors 
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The optical motion sensors are to be inserted in the soles of customized sandals that are 

embedded with carpet sliders. The carpet sliders help the user smoothly navigate about the base 

platform, which is appropriately covered with carpet material. Figure 4.9 below depicts a pair of 

placeholder ‘test’ sandals that have optical sensors and carpet sliders inserted at their soles. We 

should also mention that several types of sandals were tested and evaluated accordingly in 

chapter 5 of this report. 

 

The assembly and integration of all these hardware constituents allowed for the development 

of a solution that advocates for mobility in VE and the translation of movement from PE to VE 

with ease, intuition and motion cues.  

The successful implementation of an amateur prototype by using design alternative (1) and 

the prior concept of rotary encoders in the beginning of our capstone journey lead to the proof of 

concept of our VR locomotion ideation process. This motivated us to build a better, durable and 

intelligent VR locomotion product which happened to revolve around high-performance VR-

compatible optical sensor.  Future work of improving this product’s user-related metrics and 

ergonomics are detailed in Chapter 6, Section 6.2. 

4.2 Software Implementation 

The software aspect of the project is split into two sections, a section for the Arduino connection 

and processing and a section for Unity and its handling of the Arduino’s data. This is due to the 

vast differences in coding a microcontroller compared to coding a game engine. 

  

Figure 4.9: Sandal Soles with Optical Sensors and Carpet Sliders 
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4.2.1 Arduino Software Implementation 

The code for the Arduino is quite simple in nature however some difficulties arose in the 

implementation, the PMW3360DM-T2QU sensors used for this project came with a set of 

example codes that contain the register-setup needed to apply the necessary settings for the lasers 

i.e. CPI, lift-cut off and Serial Data connectivity, this code was then used as a basis for two 

implementations the first using Polling, and the other interrupts. Polling would consume all the 

Arduino’s clock cycles by checking the sensors registers every clock cycle, this renders the to be 

used exclusively as a “register reader” that reads the output of the sensor while not allowing for 

any cycles to be utilized somewhere else. 

Interrupt used the Motion Interrupt pins located on the sensors and Arduino to send an 

“interrupt” signal that will halt the Arduino’s processing in order to read the inputs, this allows 

for the Arduino to be used for other processing needs, whoever interrupting requires some 

overhead, as the Arduino needs to save it’s instructions, read then sensor then resumes normal 

operation. This saving and loading adds some unwanted processing lag, that will hinder the 

performance of the system, as the key is to lower the processing lag to a minimum. Polling was 

used for two main reasons, the first being that the Design of the system itself requires no 

additional Arduino processing, and that low input lag is a key design characteristic of the project. 

Communicating the sensors with the Arduino UNO proved to be challenge, as the sensors 

utilized the SPI protocol, many design considerations needs to be in place first is the 

initialization of the sensors, considering that both sensors needed to be firstly initialized with 

their unique register and settings, the provided library was used to in conjunction with our own 

custom code, to initialize the first sensor, wait for the acknowledgment, then proceed to initialize 

the second sensor, this does add up start-up time however this pause is only present at the 

beginning of the communication with the Arduino, thus it can be considered neglectable as the 

start-up time is then that of Unity Engine boot up. 

Reading from the sensors is done my first examining the motion interrupt pin embedded 

in the sensors. When the sensors detect motion, the pin is SET informing the Arduino that the 

values are ready to be read from the sensors, these values are 16-bit, for both the x and y axis, 8-

bits each, of the detected motion, the quantity of the number is evaluated using the Counts Per 

Inch(CPI) setting provided during initialization, which is set to 100CPI. These values represent 
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the change in the direction detected by the sensors, ranging from [0,255], which are then 

outputted serially through the USB-COMs port of the Arduino, thus can be read into Unity and 

through the dedicated Serial Monitor provided in the Arduino IDE. 

Appendix A showcases a flowchart that visualizes and further explains the overall 

concepts. This will be referred to as a “blueprint” to the prototyping phase. 

4.2.3 Unity’s Software Implementation 

The software design of unity was quite simple to integrate, with the Arduino made, using a Serial 

Controller called “Ardity” available for free in the asset store. Ardity allows for easy 

communication between Unity and the Arduino using it’s provided COMs port for serial 

communication; this allows for anything outputted to the Arduino’s serial COMs port to be 

interpreted in Unity as a String. This Sting is then used to manipulate the actions of any game 

object that is programmed to be a “Listener”. Using some custom scripts, we were able to modify 

ab object’s X and Z position with the X and Y positions of the sensor respectively, this gave us 

the freedom to map the user’s movement on a near one-to-one scale. 

While Ardity allowed for simple X and Z axis manipulation, full 360 degree rotation was 

achieved by using the Oculus Rift’s native SDK, using the Oculus Rift SDK provided by the 

Oculus foundation, we were able to create a VR camera in-game that maps to the user’s height, 

and rotation, this allows for seamless motion for the user as now all aspects of the motion are 

covered. Two virtual hands were also added with the ability to use Oculus’s recommended 

movement with is a non-natural locomotion that simply allows the user to move according of the 

joystick’s position, while rotation is kept at a near 15-degree intervals. This was implemented to 

showcases the radical difference between natural locomotion and non-natural locomotion’s 

motion sickness allowing for the user to experience both whenever they please. 

4.3 IEEE Standards 

On May 9th, 2017 the IEEE announced eight standards projects for virtual reality and augmented 

reality, in a new P2048™ standards family. The IEEE P2048 [22] eight standards projects 

include different areas of critical work. Averroes may utilize some of the listed standards below: 
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4.3.1 IEEE P2048.1™—Device Taxonomy and Definitions 

This standard specifies the definitions as well as the taxonomy of the VR and AR devices. With 

the advancing technology and the market growth, more companies are developing VR and AR 

devices, that may or may not remote controllers, head mounted displays, sensor stations, etc. The 

aim of this project is to reduce the confusion in many of these devices that can have misleading 

or redundant names but completely different functionalities. By putting the VR and AR devices 

into different categories, this standard will guide users to choose the right devices they need, 

facilitate the development of cross-platform content and services, and contribute to a healthy 

growth of the VR and AR industry. 

4.3.2 IEEE P2048.2™—Immersive Video Taxonomy and Quality Metrics 

The taxonomy and quality metrics for immersive video are specified in this standard. Recently, 

many variants of immersive video which are different in several aspects exist: viewpoint 

movable or not, stereoscopic or not, 360 degrees or 180 degrees, focus adjustable or not, etc. 

This project aims to reduce the confusion among the different types of immersive video. 

Dividing it into different categories and levels is more efficient to users, producers and market. 

4.3.3 IEEE P2048.3™—Immersive Video File and Stream Formats 

This standard however specifies the formats of immersive video files and streams, functions and 

interactions enabled by the formats. This standard identifies existing applicable video coding 

standards and defines the integration of these standards into immersive video. 

4.3.4 IEEE P2048.4™—Person Identity 

Distance education, meetings, or simulation and training will rely on maintaining a meaningful 

representation of yourself that can travel across multiple servers. In this standard, the 

requirements and methods for verifying a person’s identity in virtual reality are specified. This 

will allow a virtual reality user to identify themselves to a site or service through several identity 

authorities; authenticate singular pieces of information without needing to trust the site with 

additional information; present themselves with specific visual assets; while having the 

visualization of their appearance certified. 
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4.3.5 IEEE P2048.5™—Environment Safety 

The rise of popularity of digital/analog reality products in consumer electronics, as well as in 

commercial/industrial fields is requiring a balanced approach to designing a safe environment for 

developers and consumers. Recommendations for workstation and content consumption 

environment for VR, Augmented Reality (AR), Mixed Reality (MR) and all related devices 

where a digital overlay might interact with the physical world, potentially impacting users' 

perception are specified here.  

This standard focuses on setting quality assurance for qualifying products in said 

environments, achieving satisfactory safety levels for creation and consumption environment for 

all or majority of related products available for consumer and commercial purposes. Virtual 

Reality and AR enable new levels of productivity and speed up the training and content creation, 

yet standardization is necessary to provide a safe zone around the device and its operator.  

Standardization is viewed as the most efficient way to remove obstacles which operators 

or consumers might encounter, potentially including mandatory detection of objects near and 

releasing a warning if the interaction is deemed potentially hazardous. By providing necessary 

recommendations, we can reduce or eliminate potentially negative impacts which the industry 

faces. 

4.3.6 IEEE P2048.6™—Immersive User Interface 

The industry has recognized the necessity of immersive user interfaces in VR applications and 

has put lots of efforts in designing and developing various prototypes or component 

technologies. This project is needed to unite these efforts and specify the baselines of immersive 

user interfaces to help facilitate the development of cross-platform content and services and 

promote a healthy growth of the VR industry.  

This standard specifies the requirements and methods for enabling the immersive user 

interface in VR applications, and the functions and interactions provided by the immersive user 

interface. Most of the VR applications are supposed to provide fully immersive experiences, 

which could be spoiled by non-immersive user interfaces such as the ones enabled by 

conventional keyboards, mice, and touchscreens. 
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4.3.7 IEEE P2048.7™—Map for Virtual Objects in the Real World 

In many scenarios, virtual objects are supposed to be perceived as real objects so that they should 

have their own coordinates and orientations in the real world like real objects do. This standard 

specifies the requirements, systems, methods, testing and verification for AR and MR 

applications to create and use a map for virtual objects in the real world. AR and MR 

applications add virtual objects on top of the real world. 

4.3.8 IEEE P2048.8™—Interoperability Between Virtual Objects and the Real World 

This standard specifies the requirements, systems, methods, testing and verification for the 

interoperability between virtual objects and the real world in AR and MR applications. AR and 

MR applications add virtual objects on top of the real world. In some scenarios, virtual objects 

are not only perceivable as real objects, but also supposed to interact with real objects and the 

real world. This project is needed to define different categories and levels of the interoperability 

between virtual objects and the real world and specify the systems and methods that enable these 

categories and levels.  
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Chapter 5: Evaluation 

The chapter shows profound evidence of qualitative and quantitative analysis and technical 

assessment of Project Averroes. Evaluation of Project Averroes can be explained in two parts: a 

community survey which asked locals about the traction rate of such an idea, and a formal 

evaluation that involved rigorous testing of the developed prototypes as well as the final working 

product.  

A communal virtual reality survey was shared amongst the local university students’ 

population in Kuwait. The survey queries, results, analyses and respondents are detailed in 

Section 5.1 below, and can be referred to in appendices B to K. The Business, economic, 

marketing, ethical, social, and other related aspects are also included as subsections and 

discussed below in Sections 5.2 to 5.5.  

5.1 Discussion, Analysis and Communal Survey 

The final product of our integrated locomotion solution, as discussed in Chapter 4, was 

assembled together and tested by one of our members – Ghareeb Thiab. The test subject wore the 

sandals (which are inserted with two carpet sliders and an optical sensor per sandal sole), stepped 

into the tailor-made VR base platform, placed the Oculus Rift S HMD harness accordingly and 

strapped the Arduino UNO R3 with Velcro fastener and proceeded to play the developed VR 

game. The test subject described an adequate level of immersion when compared to traditional 

VR gaming experiences. Figure 5.1 showcases a snapshot of the experience set-up. 

  

Figure 5.1: Project Averroes VR Experience Set-Up 
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A local, communal survey, revolving around virtual reality, was distributed around local 

campus and the local communities of university students in the country. A total of 70 responses 

were accrued.  

The survey was designed to encompass only ten questions and the queries were crafted so 

as to ensure no biases in results.  

The questions are as follows: 

1) What is the biggest obstacle to mass adoption of VR technology? 

• User Experience 

• Cost  

• Quality Content 

2) To what extent do you agree with the following statement: Over the next year, 

developers will focus on creating more collaborative and social experiences in VR? 

• Strongly agree 

• Agree 

• Neither agree nor disagree 

• Disagree 

• Strongly Disagree 

3) How would you describe your last Virtual Reality experience? 

• Immersive and dynamic 

• Satisfactory 

• Unsatisfactory 

• Below expectations 

• I did not experience VR 

4) How important are the quality 3D graphics in virtual environments to you? 

• Extremely important 

• Very important 

• Somewhat important  

• Not so important 

• Not important at all 
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5) Which VR peripheral are you most familiar with? 

• Oculus Rift 

• HTC VIVE 

• Neither 

• Both 

6) What should developers design for VR systems? Tick all that apply. 

• Games and Entertainment 

• Training Simulations 

• Cyber Security 

• Education 

• Scientific Data Visualization 

• Healthcare 

7) In a full VR system, what are the most important factors to account for? 

• Full body tracking 

• Freedom of movement 

• Field of view 

• Synchronization 

• Speed detection 

8) Assuming you had access to a state-of-the-art VR system, would you actively use it? 

• Yes 

• No  

9) How strongly do you agree with the following statements: 

• Virtual Reality is cutting-edge technology 

• Virtual reality will be very important in the future 

• Virtual reality can be informational/educational 

• Virtual reality gaming is more entertaining than using traditional controllers or PC 

• Virtual reality is exciting 

• Virtual reality has the potential to evolve in the near future 
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10) How interested are you in using VR for the given situations: 

• Play an immersive game of Battle/Combat/Action/RPG 

• Visit a virtual store (E.g. Zara, H&M, TopShop, Chanel) 

• Watch a music concert 

• Watch a sport event 

• Travel virtually to anywhere in the world (E.g. Paris/London/France) 

Data rendered from the survey was broadly in favor of seeking new innovations for 

pursuit of development in the VR industry. Statistics showed that 78.6% of participants 

announced that they would actively deploy (and therefore find useful) a state-of-the-art VR 

system (please refer to appendix I).  

Additionally, the survey interpreted the factors and faults that the general student body 

find in current VR systems. Approximately 75.7% of responders confirmed that “freedom of 

movement” is a crucial factor in a VR-operated system. Additionally, 31.8% of surveyors said 

that the “biggest obstacle to the mass adoption of VR is user experience,” (Appendix B), whilst 

the majority opted that the cost is the most obstructive factor. This provided a guidance for us as 

well as design direction, to perhaps consider building for a low-cost, inclusive, and, intuitive 

ODT system. 

5.2 Business and Economic Perspective 

It is now well-understood that “VR is an exciting tool that offers benefits to a wide range of 

industries and its market size is also rapidly increasing” [23]. From an economic perspective, 

much global investment is saturated with respect to start-ups that want to solve for problems in 

the realm of the virtual reality industry.  

That being said, even though VR is a multi-billion-dollar market, a significant amount of 

investment is required for facilitating even the simplest of advances. Our solution, Project 

Averroes, proposes a practical, low-cost system which totals to a cusp of up to 300 KWD only 

(an equivalent of about 985 USD). This pricing excludes the VR HMD which is assumed to be 

already owned. This low-cost model in our solution makes it very attractive to the market and 

incredibly consumer-oriented, as it already competes with other alternative locomotion ODTs in 

the market that begin pricing at 3000 USD. 
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5.3 Market Perspective 

It can be deduced from the extensive literature surveyed in Chapter 2 that traditional game 

controllers reign supreme in respect of VR gaming. Therefore, introducing a WIP, avant-garde, 

bulkier solution may be difficult to popularize or socially integrate. This challenge has been 

overcome from the first iteration of our preliminary prototype. Our final product for Project 

Averroes encapsulates a solution that mitigates adiposity, leverages flexibility and adaptability 

and is adequately designed to cater towards consumer needs, concerns, desires and expectations. 

5.4 Ethical Perspective 

From an ethical standpoint, there may be issues with VR and safety logistics concerning user 

trials and testing of our system as the prototype increases in scale and complexity. Several 

factors such as the participants’ weight, height, visual perception, depth perception, and 

VR/gaming expertise are put forth. Moreover, the level of immersion that our system 

accommodates may be controversial in pure ethical terms, as it may detach the participant from 

ordinary life experiences and instead engage them with superfluous VE interactions. 

5.5 Social Perspective 

The results in “Appendix J” show that many people agree with the statement that “virtual reality 

is exciting,” and even define the virtual reality industry to be “cutting-edge” technology. This 

hype amongst popular and/or mainstream opinion can be very useful in the process of developing 

and growing the VR industry, as more and more people show interest in the questions raised, and 

more demands are being made to ensure that these curiosities are quenched.   
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Chapter 6: Conclusion and Future Work 

6.1 Conclusion 

This paper has delved into the focus of locomotive systems with regards to VR and the 

importance and implications of developing and deploying such a system. Throughout this paper 

we have surveyed relevant literature, developed a well-concocted research methodology and 

thorough regimen to build a working plan, and probed the process of implementing the software 

and hardware components of the system. We have also evaluated the system in an objective way 

using a test subject to play a developed VR demo using our locomotion-enabled solution and by 

conducting surveys to understand the public’s unbiased opinions and thoughts on such a 

proposed system. 

In this paper, several VR locomotion as well as pathfinding techniques were investigated, 

analysed and interpreted with respect to the following factors: 

I. Natural, semi-natural and non-natural categories 

II. The length of the study 

III. The biases, limitations and discrepancies present in the study 

IV. The study sampling pool and assessment of respondent engagement with the proposed 

solution 

V. The feasibility of testing these proposals rapidly and on both a small-scale and large-scale 

implementation schemes 

Project Averroes models after the Virtuix Omni, seen in Figure 6.1, but it goes above and 

beyond in the sense that our solution is holistic and conjecturing.  

It also mitigates cost, adiposity, stringency and leverages immersion, natural gait, and 

visceral motion cues to follow up with user movements and anticipate future movements at an 

appropriate pace, in real-time. 
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Figure 6.1: Virtuix Omni Set-Up [24] 

An alternative design route suggests a two-dimensional, infinite pathway system must be 

concocted to serve as a flexible and functional free-movement panel. An example of a prevalent 

conceptual framework of a typical ODT that is prevalent in case studies and readily adopted by 

nuance companies and start-up accelerators depicts the existing technology as being “heavy, 

complex and exhibit low acceleration due to power transmission inefficiency” [23]. Figure 6.2 

shows the concept of a motorized ODT as a VR locomotion platform that allows the user to 

move on the X and Y plane and translates that motion. 

 
Figure 6.2: A Motorized ODT Concept [23] 

Figure 6.3 illustrates the structure of the InfinaDeck [25], which inspired the concoction 

of a Fast ODT system in [23]. 

 
Figure 6.3: InfinaDeck Motorized ODT Set-Up [25] 
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6.2 Future Work 

The current accrued research and implementation of our holistic locomotion solution is adequate 

for current mainstream use, but of course there are refinements with respect to enhancing wear 

ability, improvements on human-system interaction and the user stride can be improved further 

to allow for an even more realistic natural walking mechanism. Future research also includes 

studying the effects of spatial performance under more extenuating circumstances in the virtual 

environment, and perhaps a probing of cognitive, perceptual and visuo-spatial ability of the 

participant when performing activities in the virtual environment that involve multi-tasking and 

the utility of more than one sense.  

One of the major challenges faced was devising a way to prevent flex in the sandals, due 

to the optical laser’s functionality it needs to be approximately 1-2mm above the ground at all 

time in order to track movement accurately. This was tackled in two ways, first by adding a 

wooden support underneath the sole of the sandals in order to prevent the sandals from flexing at 

all, this however added another challenge in which the sensor would be levitated above the 

threshold when the foot comes in contract with the edge of the base, the sensor was then moved 

to the upper region of the sole, just below the toes, which allowed it to track more accurately 

Another solution to this problem was adding a third carpet slider in the mid-sole which 

helps prevented enough flex in order for the sensors to track. However, in some cases where the 

user’s step is slightly heavier the sensor might track inaccurately, however these instances 

happened rarely when testing, this implementation was deemed more comfortable during long 

term user, due to the sandal used being well cushioned and due to the flex accommodating the 

user’s foot naturally.  
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Appendix B 

 

Survey Question 1 – Results:  
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Appendix C 

Survey Question 2 – Results:  
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Survey Question 3 – Results:  
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Survey Question 4 – Results:  
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Survey Question 5 – Results: 
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Survey Question 6 – Results: 
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Survey Question 7 – Results: 
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Survey Question 8 - Results: 
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Survey Question 9 - Results: 
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Survey Question 10 - Results: 

 

 


