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Abstract

As autonomous vehicles become more common in daily life, developing effective and

intuitive User Interfaces (UIs) for passenger interaction is becoming increasingly impor-

tant. Multimodal interaction techniques, like eye tracking and voice commands, seem like

promising solutions by providing hands-free and intuitive control methods. This thesis

introduces a VR-based simulator designed to explore these interactions on an Augmented

Reality (AR) windshield display (WSD) within a mobile office setting in an autonomously

driven vehicle. The system combines gaze-based interaction techniques, such as eye blink

and dwell-time, as well as voice commands, to offer a hands-free interface for controlling

vehicle functions, such as air conditioning and radio, as well as office tasks, like phone

calls and messaging.

The system uses the HTC Vive Pro Eye with SRanipal SDK for real-time eye tracking,

together with TobiiXR SDK for advanced gaze-based interactions. Built using the Unity

game engine, the simulator enables the users to experience an autonomous vehicle, while

navigating an urban environment. Unity’s Speech and Dictation Recognizers also help

to implement voice command interactions and speech to text writing. This system’s

capabilities were evaluated based on user studies, measuring task completion times, errors

throughout specific tasks, and user preferences across different levels of VR familiarity.

Additionally, the system explores the concept of mobile office, where users can stay

productive, while the vehicle autonomously navigates.

The detailed performance evaluation includes metrics, such as interaction responsive-

ness and error rates for each eye-gaze modality. Usability Testing and User Experience

Metrics evaluation methods were used with 12 participants, providing feedback on the

effectiveness of the interaction techniques. The results show a preference for eye blink

and voice command interactions for speed, though dwell-time demonstrated potential for

improved accuracy with training. The study also emphasizes the importance of user trust

in autonomous vehicles, enhanced by real-time feedback from the vehicle. This work con-

tributes to the evolving field of AR-driven user interfaces in autonomous driving, offering

insights into future interface design and user interaction techniques for highly automated

systems.



Περίληψη

Καθώς τα αυτόνομα οχήματα γίνονται όλο και πιο συνηθισμένα στην καθημερινή ζωή, η

ανάπτυξη αποτελεσματικών και διαισθητικών Διεπαφών Χρήστη (UIs) για την αλληλεπί-

δραση των επιβατών γίνεται όλο και πιο σημαντική. Τεχνικές πολυτροπικής αλληλεπίδρασης,

όπως ο εντοπισμός ματιών και οι φωνητικές εντολές, φαίνονται να προσφέρουν ελπιδοφόρες

λύσεις παρέχοντας διαισθητικές μεθόδους ελέγχου χωρίς τη χρήση χεριών. Αυτή η διπλω-

ματική εργασία παρουσιάζει έναν προσομοιωτή βασισμένο στην Εικονική Πραγματικότητα

(VR), σχεδιασμένο για την εξερεύνηση αυτών των αλληλεπιδράσεων σε μια Οθόνη Επαυξη-

μένης Πραγματικότητας (AR) στο παρμπρίζ, μέσα σε ένα περιβάλλον κινητού γραφείου σε

αυτόνομα κινούμενο όχημα. Το σύστημα συνδυάζει τεχνικές αλληλεπίδρασης με τη χρήση

του βλέμματος, όπως το κλείσιμο των ματιών και ο χρόνος παρατεταμένου βλέμματος, κα-

θώς και φωνητικές εντολές, για να προσφέρει μια διεπαφή χωρίς τη χρήση χεριών για τον

έλεγχο λειτουργιών του οχήματος, όπως το κλιματιστικό και το ραδιόφωνο, καθώς και

εργασίες γραφείου, όπως οι τηλεφωνικές κλήσεις και η αποστολή μηνυμάτων.

Το σύστημα χρησιμοποιεί την συσκευή απεικόνισης HTC Vive Pro Eye με τις βιβλιο-

θήκες SRanipal SDK για την παρακολούθηση των ματιών σε πραγματικό χρόνο, σε συν-

δυασμό με το TobiiXR SDK για προηγμένες αλληλεπιδράσεις που βασίζονται στο βλέμμα.

Κατασκευασμένο με τη μηχανή παιχνιδιών Unity, ο προσομοιωτής επιτρέπει στους χρήστες

να βιώσουν την εμπειρία ενός αυτόνομου οχήματος που κινείται σε ένα αστικό περιβάλλον.

Οι Αναγνωριστές Ομιλίας και Υπαγόρευσης της Unity χρησιμοποιούνται επίσης για την

υλοποίηση φωνητικών εντολών και τη μετατροπή ομιλίας σε κείμενο. Οι δυνατότητες αυτού

του συστήματος αξιολογήθηκαν με βάση μελέτες χρηστών, μετρώτας τους χρόνους ολοκ-

λήρωσης εργασιών, τα λάθη κατά τη διάρκεια συγκεκριμένων εργασιών και τις προτιμήσεις

των χρηστών σε διάφορα επίπεδα εξοικείωσης με την τεχνολογία Εικονικής Πραγματικότη-

τας. Επιπλέον, το σύστημα εξερευνά την έννοια του κινητού γραφείου, όπου οι χρήστες

μπορούν να παραμένουν παραγωγικοί ενώ το όχημα κινείται αυτόνομα.

Η λεπτομερής αξιολόγηση απόδοσης επικεντρώνεται σε μετρήσεις αλληλεπίδρασης χρήστη,

συμπεριλαμβανομένης της απόκρισης και των ποσοστών σφάλματος για κάθε μέθοδο αλλη-

λεπίδρασης μέσω του βλέμματος. Μεθοδολογίες Αξιολόγησης Χρηστικότητας και Μετρή-

σεις Εμπειρίας Χρήστη χρησιμοποιήθηκαν με τη συμμετοχή 12 ατόμων, προσφέροντας ανα-

τροφοδότηση για την αποτελεσματικότητα των τεχνικών αλληλεπίδρασης. Τα αποτελέσματα

δείχνουν προτίμηση για τις αλληλεπιδράσεις με το κλείσιμο των ματιών και τις φωνητικές



εντολές ως προς την ταχύτητα, ενώ ο παρατεταμένος χρόνος του βλέμματος έδειξε προοπ-

τική για βελτίωση της ακρίβειας με περαιτέρω εκπαίδευση. Η μελέτη τονίζει επίσης τη

σημασία της εμπιστοσύνης των χρηστών στα αυτόνομα οχήματα, που ενισχύεται από την

ανατροφοδότηση του χρήστη σε πραγματικό χρόνο από το όχημα. Η εργασία αυτή συμ-

βάλλει στο εξελισσόμενο πεδίο των διεπαφών χρήστη που βασίζονται στην Επαυξημένη

Πραγματικότητα στα αυτόνομα οχήματα, προσφέροντας πληροφορίες για τον σχεδιασμό

διεπαφών και τεχνικών αλληλεπίδρασης για συστήματα υψηλής αυτοματοποίησης.
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Chapter 1

Introduction

1.1 Brief Description

In recent years, Virtual Reality (VR) has gained increased popularity due to the afford-

able prices of Head Mounted Displays (HMDs) in the consumer market. VR is no longer

a technology strictly used in science laboratories, making it possible for every user to

experience the immersion it can offer. Virtual Reality driving simulators are used ef-

fectively for vehicle system development, human factor study, and other purposes. This

is possible by enabling to reproduce actual driving conditions in a safe and tightly con-

trolled environment. VR technology has been widely used in engineering and scientific

visualization due to its ability to create a life like simulation which is needed for complex

systems like Autonomous Vehicles (AVs).

A self driving car is a vehicle that is capable of sensing its environment and move safely

with little to no human input. Self driving vehicles include a variety of sensors to compre-

hend their surrounding environment, such as radar, LiDAR, sonar, GPS, thermographic

cameras, odometry, and inertial measurement units. Compared with human-driven (con-

ventional) vehicles, AVs offer many advantages such as reduction in the number of vehicle

crashes by eliminating human error, increased mobility of disabled and elderly people,

improved traffic flow and fuel efficiency and increased productivity of travel time by al-

lowing the driver to engage in other activities. However, the interaction between humans

and autonomous systems remains a critical challenge. The development of intuitive and

efficient user interfaces (UIs) is crucial to ensure that users can effectively communicate

with and control autonomous vehicles.
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Augmented Reality (AR) displays is a contemporary way of displaying information

about the car and interact with it. AR aims at simplifying the user’s life by bringing

virtual information not only to his immediate surroundings, but also to any indirect view

of the real world environment and enhances the perception and interaction of users with

the real world. By integrating VR and AR technologies, we can design and evaluate

advanced user interfaces in a controlled yet immersive environment. Automated driving

(AD) further increases drivers’ desire for non driving related tasks (NDRTs). When it

comes to AR windshield displays (WSDs) about cars, the driver should have the less

possible distraction. Touching selection conducts to a higher distraction for drivers,

therefore gaze-based interaction is a suggestion.

Figure 1.1: Urban Environment

This thesis explores the development and implementation of a multimodal AR User

Interface for autonomous driving cars, within a VR simulated environment. The core of

this project is a simulator built in Unity game engine, featuring a virtual reality environ-

ment where an autonomous driver navigates the roads of a city. The initial environment
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1.1 Brief Description

1.1 was sourced from GitHub and adapted from a desktop application to a VR version,

with modifications to suit the new platform. The user interface, designed for AR, allows

users to interact with the autonomous vehicle using eye tracking and voice commands,

providing hands free and intuitive interactions. More specifically, the UI can be used for

simple car functions such as radio and A/C as well as for simple office work like sending

and reading messages and voice calling. Additionally, the interface informs users of the

autonomous driver’s actions through warning notifications in order to amplify user’s trust

towards the autonomous vehicle.

Figure 1.2: User’s View in Main Window of the UI

The simulator 1.2 was created with the use of the Unity game engine offering the

programming environment for the development of 3D computer graphics applications

and the associated scripts were written in C#. The challenge of this thesis was the

technical implementation of the VR itself as well as the creation of a user friendly and

intuitive experience. Gaze-based interaction often lacks intuitiveness for every-day users,

thus extensive research is necessary to refine its accuracy and responsiveness. To achieve

a user friendly outcome and an easy to handle UI, it was essential to conduct studies on
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user behavior, interface design principles, and the integration of multimodal inputs to

ensure an effective and natural interaction experience. The final VR simulator presented

in this thesis, can be experienced with the use of HTC Vive Pro head mounted display

(HMD).

The implementation of this project integrates various advanced tools and technologies

for effective and intuitive interaction within the VR environment. For eye tracking, the

HTC Vive Pro headset was utilized, supported by the SRanipal SDK for real-time data

on eye movements, which enables the implementation of gaze-based selection techniques

such as eye blink and eye dwell. Additionally, the TobiiXR SDK was used to enhance gaze

tracking accuracy and interaction processing, as well as the libraries to implement inter-

action functionalities. For voice commands, Unity’s Speech and Dictation Recognizers

were integrated, allowing users to control the system using predefined verbal commands

and text to speech writing respectively, offering an intuitive, hands-free experience. This

integration ensures that both eye tracking and voice recognition work in parallel, creating

a, multimodal user experience in the VR environment.

After the end of the implementation process, the evaluation of the project took place

with the participation of 12 people with difference experience in VR. The evaluation

process includes a brief training of the users in a test scene to get used to the UI layout,

functionalities and interaction techniques, while getting familiar with the experimental

procedure. The experiment included a metric evaluation (errors and task completion

times) about 3 specific tasks with different difficulty, for each of the eye gaze selection

techniques while the AV is navigating around the city environment. After that, users

continued cruising around the city while discovering the rest of the UI functionalities.

Moreover, after the ending of the simulation, the users were given questionnaires to

get their feedback about their experience. Analyzing this feedback, we got results about

the effectiveness of the interaction techniques used in the interface and user preferences.

Also, using this feedback, there was an analysis about the trust they gained towards the

AV and their thoughts on the mobile office concept based on their experience during the

simulation.
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1.2 Purpose of the Thesis

Technology may evolve rapidly and changes it’s course on a frequent basis, but the main

objective remains the same, to make human life easier. Due to the rapid evolution of

AVs that have already entered the market for the past few years, the commercial use will

become affordable in the near future. The aim of this thesis is to show that transportation

time inside an AV can also be productive while maintaining the user’s road awareness

and nurture the trust between users and AVs at the same time. The primary objectives

of this research are to:

� Develop a comprehensive VR environment that accurately simulates urban driving

conditions for an autonomous vehicle.

� Design and implement an AR-based user interface that enables intuitive interaction

through eye tracking and voice commands.

� Research gazeable layouts to avoid collision between gaze-focusable components for

better interaction accuracy and less user fatigue.

� Implement non driving related tasks for simple office-work functions.

� Evaluate the usability and effectiveness of the AR UI in enhancing user interaction

with the functions of the interface.

The thesis aims to prove that gaze-based interaction can become a tool for everyday

use as the AD is cruising the user to the preferred destination. As the safety of the user

is and always will be the highest priority, working with a transparent WSD interface

can guarantee for the user’s road awareness. By integrating AR within a VR-simulated

environment, this research aims to develop the trust between users and autonomous

vehicles, offering insights into the design of future user interfaces that enhance safety,

trust, and user experience in autonomous driving contexts.
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1.3 Structure of the Thesis

Chapter 1 is a brief introduction to Virtual Reality simulators, Augmented Reality User

Interfaces, Autonomous Drivers and a presentation of the developed simulator of this

thesis. Also, there is a brief demonstration of our evaluation process and the direction of

our results.

Chapter 2 describes the research that was conducted in order to better understand

the state of the art of the technologies used throughout this thesis. The chapter starts

with the history of VR along with an explanation why VR is immersive and interactive,

followed by an analysis on state of the Head Mounted Displays (HDMs) and why we

chose this specific device. Then, a brief history of AR applications is showcased along

with an analysis about interaction techniques in AR, concluding to which of them are

used in this project and why. Afterwards, we delve into Autonomous Driving System

technologies, interaction between users and vehicles, and the benefits of VR simulation

and testing in Autonomous Vehicles. In the area of UI design, we explain the key factors

to implementing an effective Interface to be used in AVs, and the ways of evaluating

them. Finally, we explain the importance of improving User Experience in Immersive

technologies and the impact of different evaluation approaches.

Chapter 3 explains the technological requirements used in this thesis. It starts with

a closer look to Unity game engine and its components used for implementing various

project functionalities. Then, Unity’s built in Speech Recognition and Web Requests

are explained, as well as software needed for integrating HTC Vive Pro into the project.

Tobii XR SDK, the eye tracking software used, and the research about its interaction

with the HMD is reported.

Chapter 4 delves into user’s experience navigating through the application and the

available interactions withing the UI. Both starting menus and UIs layout are explained,

while also providing use case diagrams about UI interactions for better visual compre-

hension.

Chapter 5 explains the technical implementation of this thesis, using information and

tools that have been explained earlier. The simulation environment, including scene usage

and loading, and desktop to VR integration are explained. Then, the functionality of

the AV and the integration of eye gaze and speech interactions using Tobii XR SDK and

Unity’s Speech and Dictation Recognizer accordingly are explained. The implementation
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of the User Interface functionalities for each of the UI windows and their interconnection,

as well as the use of Audio and Unity Events is also presented.

Chapter 6 provides the explanation of the evaluation process, the train of thought

behind designing it, and the metric and UX results as well as their combined analysis.

Chapter 7 presents the conclusions of our multimodal UI VR simulator. It concludes

in the results of our work about the effectiveness of the chosen interactions and the

advancement of the future mobile office concept. Last, it refers to limitations deduced

during the implementation and evaluation of our work, and provides suggestions about

the future development of this or similar WSD Interfaces.
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Chapter 2

Research Overview

2.1 Introduction

The development of effective and intuitive user interfaces for autonomous vehicles (AVs)

is a challenge that requires an understanding of various intersecting domains. At the

beginning of this thesis, research on various topics was conducted. The core topics in-

clude the medium, which is Virtual Reality (VR), Augmented Reality (AR), Autonomous

Driving (AD), User Interface (UI) design and multimodal interaction techniques. We also

present a research on the state of the art Head Mounted Displays (HMDs) available along

with a brief history on them and their key characteristics that led upon choosing the right

one.

2.2 Virtual Reality

Virtual Reality is a simulated experience that intends to give the user an immersive feel

of a virtual world through the employment of 3D near-eye displays and pose tracking.

Currently, most VR systems use either virtual reality headsets with a small screen in

from of the eyes or multi-projected environments that consist of multiple large screens

in specially designed rooms. Of course, the generation of realistic environments that

stimulate a user’s physical presence needs 3D sound systems and ultimately, sensory and

force feedback systems through haptic technology. Nowadays VR has many applications

which vary from entertainment (games) and business (virtual meetings) to research (cheap
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and safe simulations) and education (medical or military training).

2.2.1 Brief History of VR

There are plenty of definitions for Virtual Reality today, which all more or less overlap

in key areas. For example, an early cinematic screening that showed a train heading

straight to the camera is considered to be an urban legend of early virtual reality. That

is because people in the attendance had no experience in films and ended up having a

reaction to the footage as if the train was really headings towards them, than just being

a picture. When we use the term VR now we specifically refer to computer generated

experience developed with specifically designed hardware to have a viewing and sound

outcome that is totally immersive. That being said, lets go back to the early attempts

of VR and its evolution over the years 2.1.

Source: https://gdsgroup.com/insights/

article/what-is-virtual-reality/

Figure 2.1: Timeline of VR history
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2.2 Virtual Reality

In 1838 Charles Wheatstone invented the primary version of virtual reality headsets,

the Stereoscope. His research showed that the human brain processes different two di-

mensional images from each eye into a single three dimensional object. The user gained a

sense of depth and immersion by viewing two side by side stereoscopic images through a

stereoscope. Even today, stereoscopic designs are still used, for example for the popular

Google Cardboard as well as for low budget mobile phone VR HMDs.

In 1849, Sir David Brewster, expert in optics, improved the earlier invention of Sir

Charles Wheatstone. His innovation used a single lens cut in half so that two half-lenses

acted as magnifiers as well as prisms when appropriately mounted. His stereoscope was

considerably lighter and smaller than the original Stereoscope of Wheatstone. That being

said, the Lenticular Stereoscope is considered to be his invention. [1]

Later on 1929, Edward Link created the Link Trainer, probably the first entirely

electromechanical commercial flight simulator. Controlled by motors, with a steering

wheel for pitch and roll and with turbulence and disturbance imitation from a small

motor, the Link Trainer was the first ”VR” tool used for human training. Pilot training

is extremely dangerous, thus the US military bought and used many devices to train

more than 500,000 humans for initial training and skill improving.

In 1930s Stanley G. Weinbaum (science fiction writer) derives with the idea of Pyg-

malion’s Spectacles which let the wearer live through a fictional world by wearing goggles

and using holographics, smell, touch and taste. He is called a true visionary of the VR

field because the experience he described to those wearing the goggles is considered to be

very close to the modern and emerging experience of VR.

William Gruber (stereoscopic photographer) and Harold Graves (president of the

Sawyer postcard company) invented the Vie-Master at 1939. It was a hand held stereo-

scopic device that enabled multiple stereoscopic images (seven in particular) to be con-

trolled by one viewer without single image exchanging. The device was designed to be

an improvement of the single black and white image of the stereograph and the inven-

tors hoped it could benefit the entertainment and education market. The View-Master

imagery capitalized on Kodiak’s new color transparency film which resulted in colorful

images, making the device highly attractive. [2]

In the 1950s, Morton Heilig wrote the ”Experience Theatre” that could encompass

all the senses in an effective manner. Morton built a prototype of his vision called the

Sensorama 2.2b, along with six short films, which he shot, produced and edited himself,
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Source: https://martiancraft.com/blog/2023/06/

evolution-of-vr-and-ar/

(a) Telesphere Mask

Source: https://sittinginsideanimage.wordpress.

com/sensorama-telesphere-mask/

(b) Sensorama

Figure 2.2: Morton Heilig’s inventions

in order to be displayed in it while including multiple senses like sight, sound, smell, and

touch. Later in 1960 Heilig also developed the ”Telesphere Mask” 2.2a. The patent

application was the first example of a head-mounted display although it did not include

any motion tracking. [3] As the user’s head moved, the camera would also move thus

providing stereoscopic 3D and wide vision with stereo sound.

In 1961 Comeau and Bryan, two Philco Corporation engineers, developed the Head-

sight, the first predecessor of today’s HMD. A magnetic motion tracking system, linked

to a closed circuit camera, sending the moving image to the incorporated video screen

that was mounted for each eye. Head movements would allow the user to take a look

around the environment by moving a remote camera. The Headsight was originally in-

volved in immersive remote viewing of dangerous military situations and not for virtual

reality applications. It is considered to be the first step in VR evolution HMDs but with

the lack of computer integration and image generation.

Later on, in 1965 Ivan Sutherland, described the ”Ultimate Display” concept which, in

his words, could simulate reality so immersively that one could not tell the difference from

the real world. His paper described VR as we know it today thus it became a blueprint

for later on research on the field. [4] With the help of his student Bob Sproull, Sutherland

created what was widely considered to be the first head-mounted display system for use in

immersive simulation applications. The device was connected to a computer that created

the simulation in real time and allowed the user to actually interact with objects in a
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2.2 Virtual Reality

realistic manner. The first, technically defined, ’Virtual Reality’ Device with the name

Sword of Damocles designed an built by Ivan Sutherland in 1968 was scary looking, heavy

and uncomfortable and was suspended from the ceiling.

In the following years of 1970 - 1987 VR devices have been mainly used for sev-

eral purposes like flight simulations, automobile industry design, medical, and military

training. Shortly, in 1969 Myron Krueger developed Artificial Reality which included

computer-generated environments that enabled people to communicate with each other

despite being miles apart. In 1975 Krueger Invented Videoplace which used Computer

Graphics (CG), light projection, cameras and screens that could measure user’s position.

In 1977 MIT creates Aspec Movie Map which was a virtual sighting experience where

the user walked through Aspen, Colorado which could be called a precursor of Google

Street View. Furness Invents Super Cockpit in 1986 which featured CG and real time

interactivity for pilots between movement tracking and aircraft control.

In 1987 Jaron Lanier, founder of the Visual Programming Lab (VPL), popularised

the term ”Virtual Reality”. The research area now had a name. Through his company

VPL research Jaron developed a range of virtual reality gear including the Dataglove

(along with Tom Zimmerman) and the EyePhone HMD. They were the first company to

sell Virtual Reality goggles and gloves.

In 1989 NASA, along Crystal River Engineering, creates the VIEW Project which

was a VR simulation used to train astronauts. VIEW features gloves for fine simulation

of touch interaction and looks like a modern example of VR.

In the early 90s Skip Rizzo started to work with VR to train people on how to

use prosthetics and help others with rehabilitation. Today this known as Medical VR

Therapy.

In the following years until 2010, a lot of different HMDs were developed and sold on

the market with more and more people starting to engage with VR. Some examples are

Medina’s VR Mars Rover (1991), Sega VR-1 (1994) and Nintendo Virtual Boy (1995) as

it comes to experience and game designed VR headset and then Google brings the Street

View which contains a 360-degree street-level view of the whole planet.

In 2010 the first Oculus was designed and it wasn’t until 2012 that Palmer Lucky

launches a Kickstarter to fund the product that started its revolutionary path. From

that time on, Facebook has bought the Oculus VR HMDs in 2014 and a lot of VR

HMDs have been created and sold. Following the success Oculus had on developers and
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technology enthusiasts, Microsoft, Sony, and Samsung followed up with releasing their

own Virtual Reality HMDs. Google created a cardboard HMD case where users could

put their smartphone inside and enjoy Virtual Reality applications.

After that, everyone turned their focus on VR and unleash products that are ready

for prime time. Oculus Rift and HTC Vive lead the way, but the floodgates have truly

opened and the devices keep on coming.

The cost of VR headsets has dropped dramatically and computer hardware capable

of running VR is common to every-day us, with many headset options on the market.

Today’s HMDs dispose of extremely wide fields of view, hand scanning, eye tracking and

other key developments. That is the reason why this thesis is implemented in a Virtual

Reality environment. It can simulate real life conditions where users are immersed in the

environment and conduct experiments with close, if not the same, results as if they were

held in the real world. Moreover, Virtual Reality can guarantee the safety of the users,

especially in the case of this thesis, where the experiment is held within an Autonomously

Driven car, and the cost reduction of the whole procedure. Today Virtual Reality can be

separated in two categories, Immersive VR and Interactive VR.

2.2.2 Immersion and Interaction in Virtual Reality

Immersion in artificial environments serves the purpose of making participants feel as

immersed as they usually feel in their everyday life. It describes a technology and the

extent to which the computer displays are capable of delivering an inclusive, extensive,

surrounding and vivid illusion of reality to the senses of a human participant. [5] Virtual

Reality offers to users, a unique and immersive experience that cannot be replicated with

standard computer screens. This level of immersion can transform user’s awareness of

their physical self, creating a state of consciousness that feels as though they are truly

present in an artificial world. Through a VR headset users can explore other worlds, be

part of them and interact with them.

Interaction in VR, allows users to move inside the world and interact with objects

inside it using hands (device controllers or gestures), eye-gaze or even their voice, de-

pending on the hardware of the VR device being used. This interaction is not just about

navigation but also about manipulating virtual objects and environments so that real

world physics are represented and user inputs are handled dynamically.
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According to Petersen [6], immersive and interactive VR environments can enhance

the learning procedure by providing multimodal feedback and haptic experiences. This

immersive interactivity can lead to deeper involvement, physically and mentally, which

can result in better outcomes for research simulations. This kind of environments simulate

a VR experience that can bear fruits, as it comes to the feedback for effectiveness, since

the user tends to be more engaged. This is highly important for the research presented

in this thesis, since immersion has a crucial role in the overall user experience (UX).

Simulations that represent real-life situations need to be as realistic and immersive as

possible, otherwise the evaluation results will be much different from what would occur

in a real-life experiment.

Immersion is a highly important factor in VR simulators. Specifically in this project,

users need to be immersed in the environment in order to react and behave similarly

to cruising in an AV in the real world. The more immersed the users feel inside the

environment, the more accurate the results of our simulation and experiment stage will

be.

2.2.3 Head Mounted Displays

Head Mounted Displays are imaging devices, which are meant to be worn on the head and

have smaller or bigger visual display screens either on one eye (monocular HMD) or on

both (binocular HMD). The image display technique may differ from one to another, as

some may display images generated on the computer and others display images from the

real and virtual worlds together (augmented reality-mixed reality). In the second case of

mixed reality (MR), real and virtual worlds are combined, which is done by viewing the

computer-generated image on a partially reflective mirror, through a direct at the real

world. Commercially popular example HMDs of the first case (VR HMDs) are Oculus

Rift S, Oculus Quest and HTC Vive Pro and for the MR HMD is the new Apple Vision

Pro. All of them are commercial and common used headsets, while their prices vary from

low to high price points. In this chapter we are going to analyze the specifications of

each one of these HMDs and conclude on the rationale behind selecting the correct one

for this research.

HMDs have many different use cases some of them being gaming, engineering, sim-

ulators, medical applications and personnel training. Depending on the use that needs

Georgios Protopapadakis 15 October 2024



2. RESEARCH OVERVIEW

to be done, users have to do some research on the key characteristics and features of

each of the devices. The main characteristics of the device as it comes to the display

are resolution, refresh rate and field of view (FoV). Resolution and refresh rate are key

aspects for an immersive VR experience and the FoV (observable area the user can see,

described in angles) needs to be the highest possible in order to get closer to the human

eye FoV 2.3.

Source: https://www.reddit.com/r/

virtualreality/comments/b9lso6/comparison_

of_the_horizontal_fov_of_different/

Figure 2.3: FoV Comparison

Wireless option in HMDs is also crucial when it comes to use cases that include moving

around. The processor used is also highly important, because loading times may take too

long if the use of the headset needs repeatability in high demanding tasks. Lastly, one

of the most important aspects of a headset is the tracking features it provides, especially

when it comes to research and simulators. Position movement, hand gestures, eye-gaze

interaction and even speech may not be available or need extra external purchases if the

headset does not have the tracking capabilities to implement the user’s needs.

The Oculus Quest 2.4 is a popular standalone VR headset developed by Oculus, a

division of Facebook (now Meta). Quest’s wireless feature makes it highly convenient for

users, since the elimination of cables and external sensors makes it a perfect candidate for

use cases that need a lot of moving around. It is renowned for its ease of use, affordability

and wireless capabilities and features a diamond Pentile OLED display for each eye, with

an individual resolution of 1440 Ö 1600 and a refresh rate of 72 Hz (upgradable to 90 Hz
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with software updates). It uses a Qualcomm Snapdragon 835 system-on-chip (SoC) with

4 GB of RAM and has a FoV of approximately 100 degrees. The software uses three out of

the four 2.3 GHz CPU cores of the chip, while the remaining core and its four lower-power

cores are reserved for motion tracking and other background functions. It has an Android-

based operating system (OS) which enhances its performance in VR applications. It

uses the second generation Oculus Touch controllers in order to enable Oculus Insight

tracking. Oculus Touch controllers Gen2 relocated the tracking rings from the back of the

controllers to the top, allowing them to be detected by the headset’s cameras. However

convenient due to wirelessness, its lower resolution and refresh rate compared to other

high-end HMDs might limit the visual fidelity required for some applications, especially

the ones that demand precise eye-tracking capabilities.

Source: https://www.amazon.com/

Oculus-Quest-All-Gaming-Headset-android/

dp/B07PRDGYTW?th=1

Figure 2.4: Oculus Quest

The Oculus Rift S 2.5, is a PC-bound VR headset (relies on computer processor)

that offers improved optics and tracking over its predecessor, the original Oculus Rift. It

has a Fast-switch LCD with a resolution of 1280Ö1440 per eye and 80 Hz refresh rate,

slightly lower than other competitors, which might affect the clarity and smoothness of

the overall visual experience. It’s FoV is approximately 110 degrees. It offers a balance

between high performance and ease of setup, thanks to its inside-out tracking system
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with five built-in cameras. It includes accelerometers, gyroscopes and magnetometers,

thus it removes the need for external sensors. It includes a pair of tracked controllers that

provide intuitive hand presence and give the feeling that the virtual hands are actually

your own. However, the lack of built-in eye-tracking capabilities makes it less suitable for

research focused on gaze-based interaction which is a basic feature needed in this specific

thesis.

Source: https://www.bhphotovideo.com/c/

product/1590675-REG/oculus_quest_all_in_

one_virtual_reality.html

Figure 2.5: Oculus Rift S

The HTC Vive Pro 2.6 is a premium VR headset known for its high resolution,

robust tracking system, and advanced features suitable for professional and enterprise

use. It is PC-bound like Oculus Rift S and has a Dual AMOLED 3.5” diagonal and

features a resolution of 1440 x 1600 pixels per eye (2880 x 1600 pixels combined) and

a refresh rate of 90 Hz. It has 110 degrees FoV, precise 360-degree controllers and

headset tracking, realistic graphics, directional 3D audio and HD haptic feedback. Also,

the optional wireless adapter provides flexibility while maintaining the performance of a

wired connection. Additionally, it has an embedded eye tracker with 120Hz frequency for

gaze data for both eyes (binocular). That is what makes it ideal for applications requiring

detailed visual input and accurate user interaction for developing and evaluating gaze-

based user interfaces.
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Source: https://www.amazon.com/

HTC-VIVE-Virtual-Reality-System-PC/dp/

B07B9WPR7G?th=1

Figure 2.6: HTC Vive Pro

The Apple Vision Pro 2.7 represents Apple’s entry into the high-end AR/VR market,

combining clean design with advanced technology. It is the most recent commercial VR

headset, released in February 2024. It has a 3D Micro-LED display with a resolution of

3660 Ö 3200 pixels (estimated 1800 x 1920 pixels per eye) with approximately 120 degrees

FoV, and a supported refresh rate of 90hz. It is a standalone VR headset powered

by Apple’s highly efficient and powerful M2 and R1 chips and is completely wireless

with optional tethering to other Apple devices. It does not include any hand-tracking

controllers, however it relies on a comprehensive tracking system of external cameras

and sensors, positioned on the headset, for precise spatial awareness and hand movement

monitoring. It also features voice and eye input to navigate its own visionOS operating

system. Other important technologies of the headset is a user authentication protocol

based on the iris of the eye and spatial audio with dynamic head tracking. However, being

a relatively new product, it might have limited compatibility with existing software and

development environments compared to more established HMDs, not to mention the price

range that places it in the high-end market.

HMDs differ from one another due to their specifications with each having both ad-

vantages and disadvantages, depending on the applications it is intended to be used

in. While the Oculus Quest and Oculus Rift S have good features, the HTC Vive Pro

features high resolution, precise tracking, and many software compatibility capabilities

which make it the best choice for this project. The Apple Vision Pro is less established,

much more expensive and might have some software compatibility problems. Specifically,
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Source: https://gr.etoren.com/products/

apple-vision-pro-1tb-us-ver

Figure 2.7: Apple Vision Pro

the HTC Vive Pro was chosen for this research due to its resolution, accurate eye-tracking

capabilities and advanced features suitable for this specific research. After all, a driving

simulator needs to be immersive and realistic, factors that can be achieved with high

resolution, wide-range FoV and a high frequency refresh rate.

This device provides compatibility with many VR development tools and it can ac-

curately track the eye-gaze which were some of the main reasons that we concluded to

this decision. The high refresh rate, resolution and FoV provide an immersive experi-

ence within a VR-simulated environment that looks as realistic as it can, essential for

evaluating how effective the AR user interface can be. Moreover, the HTC Vive Pro’s

wired and wireless capabilities ensure that the setup can be adapted to many different
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needs without lowering the performance. These attributes make the HTC Vive Pro the

most suitable HMD for the objectives of this research, which aims to develop and test a

multimodal user interface for autonomous driving in a VR simulation.

2.3 Augmented Reality

Augmented Reality is an interactive experience that combines the view of the real world

with computer-generated 3D graphics. It can be defined as a system that fuses three basic

features: a merge between the real and a virtual world, user interaction in real-time and

accurate 3D entries of virtual and real objects. The content can affect different sensory

modalities, or combinations of them, like visual, auditory, the sense of smell, haptic and

somatosensory. This content can be either additive to the physical world or mask some

or every aspects of it. An AR experience is perceived as an immersive aspect of the

real environment, as it enhances what appears around us with 3D computer graphics.

Nowadays, it provides users with more interactive and personalized experiences in every

field, spanning its use from education to shopping, travel to gaming. This technology

seems to be misconstrued as too ”high tech” but the reality is that it is already used by

everyday consumers without them knowing it is actually AR.

2.3.1 Brief History of Augmented Reality

Augmented Reality tech dates back more than 50 years, although its evolution has not

come to the level we would expect today. Its history of development may intervene with

that of VR in some cases, although their actual differences make them stand out from

each other. That is because their specific terms have not been coined until the 90s, while

their use case go back at least 30 years from that. To better understand that, let us have

a look at the history of its first use cases and how it evolved until recently, in order to

comprehend with its potential future impact 2.8.

Until the early 90s, the terms VR and AR were essentially the same concept, making it

difficult for them to stand them out. Basically, anything that gave a different perception

to human experience was considered to be virtual, no matter what it would be called

in today’s world. As mentioned in the VR history section, Ivan Sutherland, a Harvard

professor and computer scientist, was the first to create a HMD called ”The Sword of
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Source: https://www.g2.com/articles/

history-of-augmented-reality

Figure 2.8: Timeline of AR history

Damocles” in 1968. This device was enhancing the user’s perception of the physical world

using computer graphics, thus it is considered to be the first AR HMD.

Later in 1974, Krueger built a University Laboratory called ”Videoplace” which be-

came completely dedicated to artificial reality. As a computer researcher and artist,

he developed an interactive yet entertaining experience. He used projection and cam-

era technologies to emit onscreen silhouettes that were surrounding users and could be

interacted with.

In 1990, Tom Caudell, a Boeing researcher, coined the term ”Augmented Reality”.

That separation between AR and VR helped in further future research, and essentially

started transitioning AR out of the lab and into various industries and business applica-

tions.

Later in 1992, Louis Rosenberg, a researcher in the US Air Force Armstrong’s Research
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Lab, created ”Virtual Fixtures”, which is one of the first fully functional augmented

reality systems. It was mostly used for military personnel training and it allowed users to

virtually control and guide machinery and perform various tasks on safer flying practices

[7]. This system was the first time that physical and digital objects interacted with one

another.

In 1994, AR was brought to the entertainment industry for the first time. Julie

Martin, a writer and producer, came up with the theater production titled Dancing in

Cyberspace. The show was featuring acrobats dancing alongside virtual objects on an

actual stage, and the feedback from the viewers was very good.

The next technology is an example of how much AR or some forms of it are used for

years and even today without people even knowing it is considered to be AR. In 1998,

Sportsvision broadcasted the first live NFL game using the virtual 1st & Ten 2.9 graphic

system, widely known as the yellow yard marker or the first down line. This technology

displays a yellow line, overlayed on top of the field, so that viewers can quickly see where

the team just advanced to get a first down. This system is still used until today, although

much more advanced than it used to be in the late 90s, and also got adopted by other

sports like football (or soccer) for the offside replay.

Source: https://en.wikipedia.org/wiki/1st_

26_Ten_28graphics_system29

Figure 2.9: First down line Technology
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In 1999, NASA creates a hybrid synthetic vision system of one of their spacecrafts,

called X-38. The system used AR technology to provide better navigation during their

test flights, by displaying map data on the pilot’s screen 2.10.

Source: https://www.aviationtoday.com/

2012/05/01/synthetic-vision-systems/

Figure 2.10: NASA X-38 Hybrid Synthetic Vision System

In 2000, Hirokazu Kato, developed an open-source software library called ”ARToolKit”.

This package helps other developers build augmented reality software programs and it

was the start to eventually roll out AR to everyday consumers. The library uses video

tracking to overlay virtual graphics on top of the real world and is still used in many AR

applications until today [8].

Later in 2009, Esquire Magazine used AR in print media for the first time, attempting

to make pages come alive. Specifically, when readers scanned the cover, the AR equipped

magazine featured Robert Downey JR. speaking to the readers. During the same year,

ARToolKit brought AR to web browsers.

In 2013, Volkswagen launched the MARTA app (Mobile AR Technical Assistance)

which could give users step by step instructions within the service manual. This was one

of the most groundbreaking AR technologies, as it could be applied to various different

industries to align and simplify many processes.

In 2014 Google unveiled its Google Glass devices, the first commercial pair of aug-

mented reality glasses that users could wear for immersive AR experiences. Users wearing
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the AR glasses, communicated with the Internet via Natural Language Processing (NLP)

commands. NLP is an artificial intelligence (AI) technology that allows computer pro-

grams to understand human text or speech better. Google Glass devices had many

applications, some examples of them are Google Maps, Google+ and Gmail. The device

failed the commercial market, due to high price, safety and privacy reasons.

In 2016, Microsoft starts shipping the wearable AR technology called ”HoloLens”,

which was much more advanced than Google Glass, although expensive too, it was not

an everyday type of accessory. The headset runs on Windows 10 and can be thought of

a wearable computer, with different interactions. The headset became widely known but

due to its price, it was mostly used for research reason. One of the main reasons that

appeared with this device is that its usefulness never grew over time, and that is what

contributed to the device’s commercial failure. Although, it is still used until today in

research departments. Later in 2016, augmented reality was brought to the masses with

Pokemon Go, changing the way an average consumer thought about the the emerging

technology.

Source: https://www.wired.com/story/

ikea-place-ar-kit-augmented-reality/

Figure 2.11: IKEA Place App
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In 2017, retail industry changed forever, when IKEA released its AR app called IKEA

Place 2.11. The app allows customers to virtually preview the potential decoration op-

tions of their house before actually having to decide for objects to be purchased.

Over the past years, the adoption of AR has begun to rise exponentially, and that

became a viable option through our increased dependency on our mobile devices. Every-

day consumers still consider AR as too ”high tech”, while using it constantly on social

media apps through filters, in shopping apps through glasses and clothing fitting and so

on. The biggest shift in AR will have to be how it is delivered to change the perception.

In this thesis, we explore the potential of an AR WSD screen, and the impact it

can have on maintaining the road awareness of the user due to its transparency. Also,

AR provides plenty of hands free interaction techniques, which has great advantages

compared to hand interactions when it comes to lower levels of Vehicle Automation.

2.3.2 Interaction Techniques in Augmented Reality

Interaction techniques in AR is a fundamental aspect in creating an intuitive and im-

mersive user experience. Through the evolution of AR technology, various interaction

methods have risen, with each one of the having unique advantages but also challenges.

The section analysis below provides an overview of the primary and most used interaction

techniques in AR. This interaction techniques analysis includes touch, gestures and voice

interactions, with a detailed analysis of eye-gaze interaction and multimodal interaction

techniques.

Touch Interaction

Touch interaction is one of the most direct and intuitive methods for user interaction

in AR. Its most common use cases involve using fingers or a stylus to interact with virtual

objects overlaid on the physical world. This method benefits from users’ familiarity with

touchscreens and the direct manipulation of objects as research shows [9].

Touch interaction is a highly effective method when it comes to tasks that require

advanced precision. It is commonly used in mobile AR applications in which users can

interact with virtual objects overlaid on real-world environments through their smart-

phones [10]. However, touch interaction’s limits are common when users have to interact
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with objects at a great distance or in 3D environments and are caused by the size and

resolution of the touchscreen [11].

Gesture Interaction

Gesture Interaction allows users to interact with AR environments through hand and

body movements. This interaction technique needs motion sensors and cameras to detect

and interpret gestures, giving the user an immersive experience. Gestures need research

to understand which movements can be natural for users and training in order to get

the users used to them. The more natural and trained the movements are, the more

immersive the experience of the user will be [12].

Gestures range from simple hand movements, such as grabbing or swiping, to more

complex sequences of movements. Over the past years, gesture recognition technology

has advanced significantly, offering accurate interaction methods [13]. Some device ex-

amples that demonstrated the potential of gesture interactions in AR systems [14] are

Microsoft HoloLens and Leap Motion. Gesture interaction also has limitations including

its accuracy in various lightning conditions and the fatigue that is caused to users after

long consecutive usage [15].

In this thesis, touch or gesture interactions have not been implemented in order to

emphasize on eye-gaze interaction. More specifically, most people that use technological

means for their everyday tasks, are used to touch and gesture interactions, meaning it

would be the ones mostly used in the interface if it was a choice, due to user intuitiveness.

Also, in this specific case, the use of hands needs to be as less as possible, due to potential

Autonomous Driving malfunctions, needing the user to take immediate action.

2.3.2.1 Eye-Gaze Interaction

Eye-gaze interaction is a technique in AR that uses eye movements as input. This method

tracks where the user is looking and can trigger actions based on gaze direction and extra

inputs like duration (gaze dwell time) or eye blink. Eye-gaze interaction has unique

advantages, especially for this specific thesis, including hands-free operation and quick

input response, making it suitable for automated driving scenarios where users should

have the less possible distraction from the road view and free hands in order to be able
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to take control of the car at any time [16]. Eye-gaze interaction has many different gaze

selection techniques each of them having its own benefits and limitations.

Gaze-Dwell Time

Gaze-dwell time is one of the most common eye-gaze interaction techniques, in which

selection trigger happens when users focus their sight on objects for a specific duration

of time. This is a method that is considered to be intuitive and easy for implementation,

because it does not require much training and can be quickly adopted by users. Gaze-

dwell time can easily lead to user fatigue [17] as well as unintentional selections (also

known as ”Midas-Touch”) [18] if the dwell time duration is not carefully selected.

According to studies, optimizing dwell time duration can improve user experience.

Short dwell times can speed up the triggering event but may also increase unintentional

selections, while longer dwell times can reduce errors but will possibly slow down the

interaction process and enhance user fatigue [19].

Gaze and Blink

This technique triggers the interaction when the user looks at an object and blinks one

eye intentionally to select it. This technique can reduce the possibility of Midas-Touch

as the user usually has a clear intent to close one eye for selecting an object [20]. The

limitation of eye blinking technique is that it is much less intuitive and may require more

training, as users need to adapt between the differences of natural and intentional blinks

[21].

Gaze and Gesture

Another combination of eye-gaze with another input is gaze with hand gestures. This

method can enhance the user interaction by using gaze for selection and gestures for

handling. For example, a user can look at an object to select it and then user hand

gestures to move, rotate or resize it. This multimodal approach can be precise and serve

multiple actions [22]. The problems that appear for this selection technique is that it

requires additional hardware component for gesture recognition and is more complex to
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implement and use. Also, this technique lacks intuitiveness for users, thus it needs more

training until users get used to the different gesture functions.

Gaze and Voice

Gaze and Voice is another multimodal interaction technique based on eye-gaze. Users

need to look at an object and speak to perform actions from predefined voice commands

like selecting, opening or modifying the object. This method combines the strengths of

gaze and voice input methods, providing a hands-free and efficient interaction experience.

Although, it relies on accurate voice recognition and its interaction ease can be signif-

icantly lowered by background noise and speech variations [23]. Research showed that

Automatic Speech Recognition (ASR) performance is affected by memory and computa-

tional power, showing that it has specific hardware requirements [24].

Gaze and Head Movement

An integration of gaze combined with head movement can also enhance selection

accuracy. In this technique, users need to stare a target and the use a slight head

movement to confirm the triggering interaction. This method can reduce accidental

selections but can also be physically demanding [25] and may not be suitable for all

users, especially those with mobility disabilities.

Limitations of Eye-Gaze Interaction

Eye-gaze interaction may offer many advantages, although there are several limitations

that need to be addressed for an effective outcome. The most important factor for

accurate eye-gaze interactions is the eye-tracking technology. The eye-tracking must be

highly accurate to ensure reliable interaction. Incorrect selections and user frustration

is very often during eye-gaze developing and testing, due to tracking and eye calibration

errors [26].

Unintentional selections is a very often example of what can go wrong in an eye-gaze

based interface. It usually happens with the dwell-time selection technique (Midas-Touch)

but can also happen if the system misinterprets natural eye movement as intentional
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action. Multimodal interactions with eye-gaze as their base can help solve this issue but

require careful fine tuning in order to avoid other issues [27].

Eye-gaze interaction techniques used for a long duration of time can cause eye strain

and fatigue, especially if users need to focus intently for extended periods. Thus, it is

important to design interactions that lower continuous gaze fixation as much as possible

[28].

Lightning conditions and reflections have a big impact in eye-tracking system per-

formance. Ensuring stability under different light conditions is essential for a reliable

interaction system [29]. Thankfully, in the case of this thesis, the eye-tracking procedure

is handled by the HMD, so the light of the virtual environment cannot affect its stability.

Interaction Techniques For this thesis

In this thesis, we chose to implement eye-blink combined with speech recognition,

while also having eye-dwell time as a secondary choice, but not active if the user does not

choose to activate it. Eye-blink and eye-dwell time allow for hands-free control, which is

practically beneficial in immersive environments where hands may be needed for other,

safety-lerated, reasons. These techniques utilize natural eye movements, making them

intuitive and reducing the learning curve for users. When combined with speech recogni-

tion, these methods provide a multimodal interaction that can effectively improve user’s

ease of handling the interface. This combination enhances the usability and accessibil-

ity of the system, ensuring that interactions withing the virtual environment are both

efficient and engaging.

2.3.2.2 Multimodal Interaction

Multimodal interaction techniques in Augmented Reality involve the integration of mul-

tiple input modalities such us eye-gaze, voice commands, hand gestures and touch inputs

to create more flexible, efficient and natural user interfaces. By using the strengths of

different interaction methods, multimodal interfaces allow users to select the most suit-

able method for any task to enhance their overall user experience. Research has shown

that multimodal interaction can highly improve user performance and satisfaction in AR

environments [30].
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Moreover, multimodal interfaces can support more user needs and preferences, making

AR system more inclusive, personalized and accessible. Research shows that multimodal

interaction can improve task performance, reduce cognitive load and improve user satis-

faction. Specifically, study participants [31] using multimodal interfaces completed tasks

quicker and with fewer errors compared to those using single-modality interfaces.

However, multimodal systems face several challenges as it comes to multimodal inter-

action. The multiplicity of the input modalities increases the complexity of the system,

requiring advanced hardware and bug-proof software to accurately capture inputs. As

mentioned above, each of the modalities may have specific limitations, like voice input is

gets worse when it comes to background noise or gaze-based systems from environmental

lighting. Intuitiveness is also a drawback of this kind of systems which means that users

usually need more training than single-modality systems that appear to be more straight

forward [32].

In conclusion, multimodal user interfaces seem to hold significant promise for en-

hancing user experience in AR. More precisely, in applications like autonomous driving,

where flexibility and efficiency are extremely valuable, multiple modalities can provide

a more natural user experience. In this specific thesis, by combining eye-gaze and voice

commands we intend to develop an interface that combines utmost task usability and the

best possible road awareness simultaneously. To make that happen, we need to address

the challenges of integration, user comfort and intuitiveness by designing an effective and

usable multimodal user interface.

2.4 Autonomous Driving

The evolution of autonomous driving technologies marks currently one of the biggest

transformation in transportation research and development. Compared with human

driven vehicles, AVs offer many advantages such as reduction in the number of vehicle

crashes by eliminating human error, increased mobility of disabled and elderly people,

increased productivity of travel time by allowing the driver to engage in other activities,

improved traffic flow and fuel efficiency. Many of the biggest companies in the world,

either from the automotive industry or not, have entered the race of who will develop

the first fully automated driving car. This section provides an overview of the key fea-

tures involved in autonomous driving, the different levels of automation, state of the art
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autonomous driving systems and technologies they use. Moreover, there will be an anal-

ysis which affects the thesis research, which includes the importance of Human-Vehicle

Interaction (HVI) and the role of simulation and testing in advancing AD technologies.

2.4.1 Overview of Autonomous Driving

Autonomous driving technology aims to vehicle operation without the need for human

intervention. In order for that to happen, AVs use various sensors, software algorithms

and machine learning (ML) techniques. Society of Automotive Engineers (SAE) has

defined six levels of driving automation, which range from level 0 (no automation) to

Level 5 (full automation). In that way, SAE provided a framework for understanding the

progression of AV capabilities [33].

Levels of Automation

� Level 0 means the vehicle has no automated assistance and the human is responsi-

ble for driving. More specifically, the driver steers, brakes and accelerates without

the support of assistant systems. Moreover, there are some electronic helpers that,

according to SAE definition [33], exist under level 0. Examples of those helpers are

Electronic Stability Control (ESC) which helps with the vehicle stabilization when

it detects momentary loss of control, and Emergency Brake Assist (EBA) which

detects situations that emergency brake is required by measuring the speed with

which the brake pedal is depressed. These features are not considered to be parts

of automated driving, since they only support the driver in certain situations.

� Level 1 is about driving assistance, which means that the vehicle can assist with

either steering or acceleration/deceleration but not both simultaneously. Adaptive

cruise control (ACC) and lane-keeping assistance (LKA), with which the vehicle

calibrates the speed and its distance from the vehicle in front, are examples of this

level automation. The driver can override these advanced driving assistance systems

(ADAS) at any time or even switch them off if that is an option (differentiates in

each car). These ADAS are available in almost every vehicle class already.
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� Level 2 describes partial automation. Specifically, the vehicle can control both

steering and acceleration/deceleration under specific conditions. Level 2 for ex-

ample, is considered to be a vehicle that includes both LKA and ACC that are

combined in one system. The responsibility for everything the vehicle does still

remains solely with the driver who must monitor the system at all times and be

able to intervene immediately if necessary.

� Level 3 refers to conditional automation, which means the vehicle can perform all

driving tasks under specific conditions. There is a big leap between level 2 and

level 3, because the vehicle temporarily takes over the driving task from the driver

without the constant need for human intervention. In this level of automation,

the driver may pursue other activities withing certain limits. However, the human

must be aware at all times and ready to take over because when the system reach

their limits the driver only has a short amount of time until the intervention is

mandatory.

� Level 4 declares high automation. The AD can operate without human interven-

tion in designated areas under certain conditions but may require a human driver

outside these areas. At level 4, the human being no longer has to be ready to take

control of the vehicle. During this time, humans can work, watch movies and even

sleep. The vehicle may also drive alone, without passengers. However, the auton-

omy of the vehicle at this level is still linked to certain conditions such as defined

routes, driving on the highway or in parking garages.

� Level 5 is about full automation, which means that the vehicle can perform all

driving tasks under every possible condition completely autonomously, without any

human intervention. The vehicle can driver anywhere without limits, in road traffic

and roadways and under all conditions without human beings. That being said,

these vehicles do not need to have a steering wheel, gas or break pedals. At this

stage, humans are turning into passengers.

Key technologies

Autonomous driving in no longer a distant vision of the future, with many examples

of automated systems already on the roads. Moreover, in order to develop an AV there
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are specific complex technologies that need to coexist.

Autonomous Vehicles rely on a combination of sensors, including cameras, radar,

LiDAR and ultrasonic sensors in order to perceive their environment with precision.

These sensors provide the data that the AD needs to detect objects of its environment

in order to under what is surrounding it. The more precise the information about the

environment, the more informed and correct the decision of the AD will be [34].

Afterwards, perception algorithms process these sensor data to identify and classify

environmental objects of the AV. Perception algorithms are also responsible for predicting

the movement of the objects, to fully understand the environment of the vehicle [35].

These algorithms use machine learning (ML), and particularly deep learning, to be able

to advance their perception capabilities. The most common deep learning methodologies

applied to AD are convolutional neural networks (CNNs), recurrent neural networks

(RNNs), and deep reinforcement learning (DRL). Different neural network architectures

are used to detect objects as 2D regions of interest, pixelwise segmented areas in images,

3D bounding boxes in LiDAR point clouds as well as 3D representations of objects in

combined camera-LiDAR data.

The most popular architectures for 2D object detection in images are single and

double-stage detectors. Double-stage detectors split the object detection process in two

parts, region of interest candidates proposals and bounding boxes classification. Thus,

double-stage detectors provide much better performance, but tend to be significantly

slower than single-stage ones. Object detection on raw 3D sensory data, provide the 3D

positions of the objects, however point clouds do not contain the rich visual informa-

tion available in images. To overcome this, combined camera-LiDAR solves the accuracy

problem, however the cost problem emerges. During the pixelwise segmentation process,

the algorithm understands the driving scene using semantic segmentation ??, which rep-

resents the labeling of each pixel in an image. In AD context, pixels can be marked

with categorical labels which represent the different aspects of the environment like the

drivable area, pedestrians, traffic participants, buildings and others [36].

Accurate localization and mapping are also essential aspects of autonomous naviga-

tion. Although this can be achieved with systems, such as GPS, it is mainly integrated

with deep learning localization techniques. Localization algorithms aim at calculating the

pose (position and orientation) of the AV as it navigates. Visual odometry (VO) is one

of the possible localization technique, and is typically determined by matching keypoint
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Source: https://sweta-nit.medium.com/

how-semantic-segmentation-are-used-in-autonomous-vehicles-585d2bf404c9

Figure 2.12: Semantic Segmentation in an Autonomous Vehicle

landmarks in consecutive video frames. To improve the accuracy of VO, deep learning is

used by directly influencing the precision of the keypoints detector. Another technique

is LiDAR intensity maps, who are also suited for learning a real-time localization for

autonomous cars. This method uses a deep neural network to construct a representation

of the driving scene from LiDAR data and intensity maps [37]. These methods belong to

the area of simultaneous localization and mapping (SLAM) [38].

Path planning algorithms come into action then, to determine the optimal path for

the vehicle, considering factor such as obstacles, traffic and other road conditions like

maintenance or events. During the path planning process, a self driving car considers

all possible obstacles that are present in the surrounding environment and calculate a

trajectory along a collision free route. Optimal path planning should operate at high

computational speeds in order to achieve short reaction times, while having specific opti-

mizations [39]. The state of the art literature has revealed increased use of deep learning

technologies for path planning and behavior arbitration and two of the most representa-

tive examples are Imitation Learning (IL) and Deep Reinforcement Learning (DRL). IL

is a technique during which the autonomous driver is trained to imitate the behavior of

a human driver from recorded driving experiences, using CNNs [40]. During the DRL
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technique, the autonomous driver is trained in a virtual environment which is a transform

of a real environment [41].

Both path planning techniques have advantages and disadvantages. IL’s advantage is

that it can be trained with data collected from the real world. However, this means that

this data may no include every possible corner case, making the trained driver’s response

uncertain when confronted with unseen data. One the other hand, the DRL technique

seems to be able to explore different driving situations within a simulated environment.

However, these models tend to have a biased behavior when they have to act and decide

in the real world [36].

Another technique to be assessed in the future is the deployment cooperative driving

through the connection of automated vehicles. For this to happen, the autonomous

driving procedure needs to become a multiagent setting where the host vehicle must

apply sophisticated negotiation skills with other autonomous drivers. The literature finds

that communication through autonomous vehicle can resolve many autonomous driving

problems, although for that to happen, all possible vehicles on the road should be under

the same connection, which is not easily feasible [42].

Lastly, control algorithms ensure that the vehicle follows the planned path safely an

smoothly and aims to the user’s comfort and trust on the autonomous driver. The two

main categories of control algorithms are Learning controllers and End2End learning

controllers. Learning controllers make use of training information to learn their models

over time. They mostly use Iterative Learning Control (ILC) and Model Predictive

Control (MPC) methods to learn a dynamic model. ILC is a tracking control approach

for systems that work in a repetitive mode such as path tracking or car parking. MPC

is an advanced method of process control which is used to control a process though

predicting the future behavior of a system based on a mathematical model. The major

advantage of learning controllers is that they combine model-based control theory with

learning algorithms, which makes a stable and predictive system possible [43].

An End2End control systems ignore all complex sensor data processing or control logic

and process input values brought into images by using DNNs to output the control signals

immediately. End2End learning can also be considered as backpropagation algorithm

scaled up to complex models. An image based End2End autonomous system can be

configured at low cost [44].
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Throughout the whole procedure, a lot of data sources are required for training au-

tonomous driving systems. The use of real world data is a key requirement for training a

testing an effective autonomous system. Data collection on public roads has been turned

into a valuable activity due to the high amount of data needed in the development stage

of autonomous components. Over the past years, many driving data sets have been made

public and documented due to the large and increasing research interest in AVs [45].

In this thesis, the autonomous driver is supposed to be at a SAE Level 3, which means

that it is able to handle most of driving tasks and scenarios, however the user needs

to be constantly aware of the surrounding environment in case of human intervention

requirement. However, the AD does not use some proper technique of AVs as mentioned

above, but on the other hand is developed to cruise around a city environment while

following a predefined route.

2.4.2 State of the Art Autonomous Driving Systems

This section refers to some of the leading autonomous driving systems that exist today.

Each of them uses state of the art technologies to achieve different levels of automation

as defined by SAE.

Tesla Autopilot and Full Self-Driving

Tesla’s Autopilot and Full Self-Driving (FSD) systems are probably the most popular

in the autonomous driver consumer market. Current Tesla’s Autopilot enables the car

to steer, accelerate and brake automatically within its lane under certain conditions,

requiring the constant supervision of the driver. The system can optimize navigate to

the preferred destination, making adjustments so the car does not get suck behind slow

cars, and also features smart summon which makes the car come find the driver even in

complex parking spaces. FSD hardware is installed in every Tesla car but not yet available

due to lack of training and regulatory approval, but software is constantly being updated

automatically whenever a new capability is introduced. Current automation level of

Tesla is SAE level 2. This system uses a suite of cameras, ultrasonic sensors and radar,

without using LiDAR. The system is designed and trained through Deep Neural Networks

for perception and control. [46]
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Baidu Apollo

Baidu’s Apollo is another significant autonomous vehicle candidate in the field. Its

systems provide automation at SAE Level 3 and Level 4 in more than 10 cities in China

with their Robotaxis already working in specific areas for the past year. Apollo uses

a comprehensive sensor suite including LiDAR, cameras and radar, combined with AI

perception and planning algorithms. The company has been testing its systems safety

and effectiveness in various cities and has developed an open-source platform to accelerate

autonomous driving development. [47]

Cruise

Cruise, owned by car manufacturer General Motors, was founded in 2013 to develop

and test autonomous car technology. The company focuses on creating a reliable and

safe driverless experience for consumer ride services in dense urban areas. It now features

SAE level 4 autonomous vehicles designed for urban environments. The company has

received a permit to launch plenty of Robotaxis 2.13 in several states of the US to provide

driverless taxi rides. Due to a barrage of safety concerns in October 2023, the use of

the company’s Robotaxis was suspended for a few months, and activated again after a

thorough investigation has taken place. Cruise’s vehicles are equipped with a full sensor

suite of LiDAR, radar, and cameras. Perception and planning algorithms are handled

and trained by DNNs while prediction is being made by CNNs. [48]

Waymo

Waymo, formerly known as the Google Self-Driving Car Project, operates one of the

most advanced autonomous driving system, featuring SAE level 4 automation. Waymo

offers robotaxi services in Phoenix, Arizona and San Francisco, with plans to expand

to Los Angeles, California. The company manufactures a suite of self-driving hardware,

which includes cameras, sensors, radar and LiDAR and a hardware-enhanced vision sys-

tem. Waymo’s deep learning architecture VectorNet is used as a path planning algorithm

for complex traffic scenarios and it’s graph neural network as a prediction algorithm

which has demonstrated state-of-the-art performance on several benchmark datasets for

trajectory prediction. Waymo Carcraft is the company’s virtual world where Waymo
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Source: https://www.

davisenterprise.com/news/

state-agencies-ground-cruise-driverless-cars-for-public-safety/

article_

9eaf4c6a-7847-11ee-8adb-4bfa927e8ebb.html

Figure 2.13: Cruise Robotaxi

simulates driving conditions to train its autonomous drivers through the navigation of

several existing cities of the US. [49]

2.4.3 Human-Vehicle Interaction

Human-Vehicle Interaction (HVI) is a critical aspect of autonomous driving, especially

at automation levels that human intervention is still required. An effective HVI design

ensures that the driver can understand the vehicle’s actions and intentions, affecting the

trust and psychological status of the driver and take control when necessary.

Trust and Acceptance

Building user trust in autonomous systems is one of the most important factors for

their acceptance and every day use. Research shows that showing the autonomous driver’s

intentions and route information can highly affect user’s trust and mental state through-

out the transportation process. [50] As a matter of fact, the way of displaying this

information as well as the time of displaying it, affect the whole experience. Specifically,

the way of displaying this kind of information should be simple and intuitive, so it can
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be read and understood fast, without the need of training. Also, the study showed that

users mostly prefer to have the information available a little prior to the actual action

compared to real-time, since it can be easily frustrating. Transparency in system ac-

tions and clear communication of the vehicle’s capabilities and limitations are essential.

Driver’s intervention, in situations that are not properly informed, is not optimal in both

time and quality of response [51].

Situation Awareness

Drivers must maintain an adequate level of situation awareness to effectively inter-

vene when necessary. This requires the system to provide relevant information without

overwhelming the driver. The design of the system’s interface can significantly affect

the situation awareness of the user [52]. AR is the perfect candidate for in car displays

when it comes to non driving related tasks, since it enhances perceptual and cognitive

of the natural environment, thus increase continuous awareness. However, that does not

change the fact that the users might take their sight off the road for a few moments,

but unfortunately that is something that could also happen in of the context of manual

driving as well. Research shows that situation awareness, during the time that the AR

display is on or off, is not changed or affected. Familiarity with the interface is a factor

that decreases the awareness of the user, and it can be highly affected by training or age

since it usually decreases the intuitiveness [53].

Handover Process

The transition of control between the autonomous system and the human driver must

be smooth and intuitive. This includes clear cues and sufficient time for the driver to

regain situational awareness and control [54]. Research shows that the analysis of driving

data by the user can reflect the actions he is able to take depending on the situation.

That means that the analysis of the eye tracking data can give clues about what the

driver has possibly detected and analyzed. The result of this analysis can give insights

about how far the driver can understand and anticipate the situation, thus calculate the

needed time for the driver to regain control [55].

Our implementation tries to implement all of the basic aspects of an effective HVI

as mentioned above. The Interface is designed and implemented in a way the integrates
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transparency for user’s constant road awareness, while maintaining the sight of the user

in specific spots like the area that the user would look at if he was driving. Moreover,

the system tries to improve user’s trust and acceptance by informing for every possible

move that is being made, some frames prior to the start of this movement.

2.4.4 Simulation and Testing in Autonomous Driving

One of the most fundamental aspects of developing autonomous driving technologies as

well as interfaces to enrich the experience of automated driving, is the process of sim-

ulation and testing. VR can have a significant role in creating realistic and immersive

environments that represent real world situations and test the effectiveness of the au-

tomated vehicle over a wide range of driving scenarios. Moreover, having user’s safety

guaranteed, testing and evaluating different design styles of AR interfaces can be accel-

erated.

Importance of Simulation

� Safety: Simulation allows for the testing of autonomous systems in a controlled

and safe environment, reducing the risk of accidents during the development phase.

VR can also support the AV’s Verification and Validation (V&V) process safely,

which is a standard procedure for checking if a system meets the requirements and

specifications that fulfills its intended purpose [56].

� Scalability: Developers can simulate endless scenarios, including rare and haz-

ardous situations that would be difficult and dangerous to test in the real world

[57]. Another state-of-the-art virtual test architecture proposes the Collaborative

Virtual Environment concept, in which diverse contributors belonging to different

organizations design and execute tests for autonomous driving software [58].

� Cost: Simulation reduces the need for physical testing and accelerates the iteration

process [56]. Furthermore, there is no need for the construction of physical models,

of the automated vehicles to be tested, solely for the scope of testing. Also, testing

an automated driver in the real-world, always bares the risk of car crashes and

human injuries.
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Role of VR and AR

� Immersive Testing Environments: VR provides immersive environments where

developers can test the interaction dynamics between autonomous systems and

human drivers thoroughly. These environments can be developed with real-world

conditions which gives the chance for detailed analysis of system performance. They

accelerate driver training to interact with autonomous systems confidently, building

trust and reducing hesitation towards AVs [59].

� Augmented Reality Overlays: AR can be used to overlay digital information

on real-world environments, helping with the visualization of sensor data, planned

paths, and potential hazards. Overlaying all type of preferred not only enhances

the understanding of the system behavior, but can also significantly improve and

accelerate the debugging process [60].

2.4.4.1 Mobile Office Concept

The advancement of AVs is not only transforming transportation, but also the NDRTs

that users can go through while navigating to their destination. As mentioned in au-

tomation levels analysis 2.4.1, above SAE level 3, users are able to complete some tasks

without the need for constant awareness of the driver’s actions, and from SAE level 4 and

above, the car does not need user’s attention at all. One implication that emerges with

the increase of SAE levels, is the concept of the ”future mobile office”. In this concept,

AVs serve as workspaces that enable productivity on the move, providing unique benefits

as well as some challenges.

Concept and Potential Benefits

The future mobile office, converts AVs to mobile workspaces equipped with toold

and technologies that implement office tasks. This transformation potentially provides

increased productivity, since travel time is utilized more effectively. AVs can offer flexible

workspace that can be adapted to various professional needs, from individual work to

collaborative meetings. Hybrid and work from home scenarios are very common nowa-

days, so the car could be one more work space for that purpose. Getting some tasks done
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while navigating to your destination could lessen the work hours, since, otherwise, this

transportation time would be wasted, when it come to daily work hours [61].

Technological Requirements

Undeniably, to implement the concept of mobile office, several technological advance-

ments and integrations are necessary. Reliable high-speed internet connection is essential

for communication tasks and access to cloud services, and collaborative tools. The in-

terior of the AV should be designed to support ergonomic seating when it comes to

interactions with an interface, which is supposed to be developed according to the in-

teractions techniques. Furthermore, effective noise cancellation technologies are required

to create a quite environment, so users can be focused on their tasks, especially when it

comes to urban driving.

Challenges and Considerations

Implementing a concept like that presents many challenges, especially since the au-

tomation level of AVs is not yet ready for commercial use, thus the evaluation and testing

are still confined to research departments. A critical factor that will never change in the

concept of AD is the safety of the passengers. Ensuring that office functionalities do

not distract passengers from safety related information coming from the interface, is an

absolutely critical factor. The interface should balance work related tasks and situational

awareness, and make sure that the user is properly informed about the driving state and

conditions. When it comes to accessing sensitive work related information, privacy and

security are mandatory, while using a mobile environment. Lastly, a concept like mo-

bile office differs from traditional office settings and may not be intuitive to users. That

probably means that training may be unavoidable to help ease this transition and adapt

to working efficiently.

In this thesis, some basic functions of the Mobile office concept have been imple-

mented. Specifically, the user can accept and start voice calls, write and read messages

and handle notifications. In this scope, those functions are already enough, due to the

level of the AD not being high enough for the user to engage more complex tasks.
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2.5 User Interface Design

User Interface (UI) design is an important factor of developing effective and intuitive

systems, especially when it comes to VR and AR technologies. In this section there

will be an analysis of the essential principles for UI design, specifics for VR and AR

UI interfaces, design challenges for autonomous vehicle UIs and methods for evaluating

usability and effectiveness.

2.5.1 Principles of UI Design

Effective UI design is based on specific principles that aim to make the user experi-

ence better by enhancing usability, accessibility and user satisfaction. Consistency is

a major factor of effective and user friendly interfaces because it helps users learn and

predict how the system will behave. As a term in design, it refers to uniformity in visual

design and terminology, and interaction patterns across the interface [62]. Similar com-

ponents throughout the interface should have similar looks, uses and operate the same

way. Specifically, the same action should always yield the same result, the function of

elements should not be interchangeable and the position of standard elements should not

change for the aspect of consistency to be intact [63].

Another basic aspect of an intuitive UI is feedback. That is, because providing

immediate and informative feedback to the user, in any form, visual, textual, or even

auditory can help with understanding the results of their actions and maintain a sense of

control [64]. Visual feedback can be provided with many different methods, for example

changing the color, transparency or size of a button when the cursor is hovering it, or

showing the loading icon when a function needs a few seconds for the result to appear,

showing that way that the interface is still working. Textual feedback is a technique that

is mostly based on functional behavior, for example when a search condition is not met

and a text appears to show that there are no results for this specific search keywords.

Some auditory feedback examples are short audios that inform the user that the triggered

action was successful or not with positive or negative tone of music respectively [63].

Simplicity is a fundamental principle of UI design. A simple and clean interface

reduces cognitive load and helps users focus on their tasks. The user interface should be

easy to understand and navigate, with the lowest possible distractions. The simpler the

design, the easier it is for users to accomplish their goals without frustration or confusion
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[64]. This involves minimizing unnecessary elements and using clear, concise language

which also reduces time needed for task performance and minimizes user frustration [65].

The factor of visibility of important information and controls is crucial to an effective

UI and pleasant user experience. Main aspects that the UI needs to show like information

or controls should easily accessible and visible. This ensures that users can find what they

need quickly, without time consuming search or navigation [66]. This can happen either

with toolbars that are always on display, constantly showing important information or

through shortcuts of the most important aspects of the interface.

User-centered design refers to UIs that always put the user’s needs and preferences

first. The design of UIs that try to implement that should be tailored to the target

audience and make the user experience intuitive, enjoyable and efficient. UIs should also

be accessible to all users, including those with disabilities [64].

Lastly, affordance is a main aspect of UIs to improve intuitiveness. It means that the

elements consisting an interface should suggest their functionality. For instance, buttons

should look clickable, sliders should indicate they can be dragged and search inputs should

clearly show the message that they can receive texts [67].

2.5.2 UI Design for VR and AR

Specifically in the process of designing UIs for VR and AR environments extra challenges

and considerations arise, compared to 2D interfaces. Fundamental principle standards

of UI design still need to be met precisely for the effectiveness of the basic functions

of the interface, but there are some extra parameters that appear in order to improve

intuitiveness and user experience.

Immersion and Presence

One of the primary goals in VR and AR UI design is to maintain a high level of

immersion and presence. This involves creating interfaces that feel natural and integrated

into the virtual or augmented environment [68]. Disruptions to immersion, such as hard-

to-handle controls or intrusive UI elements can lead to a worse user experience.
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Spatial Interactions

UI interactions in VR and AR includes users to interact with elements in a 3D space.

This requires to design interfaces that implement spatial interactions such as gaze-based

interactions, hand gestures and spatial audios in order to take advantage of the 3 dimen-

sions. By leveraging this kind of interactions, the accessibility and intuitiveness of the

interface can be enhanced [69].

Ergonomics and Comfort

The use of VR and AR system for a long period of time can lead to physical discomfort

and fatigue. The design of the UI should be considered in a way that it minimizes the

need for extensive head and hand movements which are the most common of fatigue in

extensive UI use. Also, if the interactive elements need some kind of movement to be

interacted with, the design should be implemented that way, so they remain within a

comfortable reach [70].

Visibility and Readability

Ensuring that UI elements are visible and readable in various lighting conditions and

viewing angles is crucial in VR and AR interfaces. For example, the visibility of AR ele-

ments under interior lightning conditions during the daylight is much better compared to

outside conditions. Designers need to use appropriate contrast, text size, and positioning

to maintain readability and reduce eye strain [71].

2.5.3 UI Design for Autonomous Vehicles

The design of UIs for AVs has specific challenges, since the interface has to support

both the operation of the autonomous driver and potentially, human intervention if it is

required.

Road Awareness

User’s road awareness should never be off the road since the current SAE levels of au-

tomation may need human intervention at any time. This is possible when implementing
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an AR UI since the display is transparent enough to be see-through. In the process of

designing the UI, the time needed to complete a task should be they lowest possible in

order to take user’s awareness off the road for the least possible time duration. Also, the

UI components should be placed in a way that the the user’s eyes look in the center of

the windshield for most of the time compared to the corners for example [72].

Situational Awareness

The difference between situational and road awareness is that situational awareness is

a result of driver’s awareness and information coming from the AV through the UI. The

UI should provide relevant information about the driving environment, such as nearby

vehicles, road conditions and navigation updates [52].

Trust and Transparency

A UI implemented in an AV display should try to gain user’s trust which is an essential

factor of user acceptance. For that to happen, the UI has to communicate the vehicle’s

current status and intentions, and any required actions from the user. The user has to feel

comfortable and in control of the situation which can only happen through transparent

information about the vehicle’s decisions and behavior [50].

Handover Procedures

Effective handover procedures are critical in situations where control transitions be-

tween the autonomous system and the human driver. When it is required, the AV should

inform the user that he needs to take control, but not in the last possible moment, while

it would be even better to have given some hints before having to completely pass the

control to the user, ensuring a smooth and safe transition [73].

Interaction Modalities

The way of interacting with the interface is the most fundamental factor that affects

effectiveness, task completion speed, less need for training and user satisfaction in a

system. The design of the interface needs to be according to the input modalities that

are allowed. Multimodal interaction methods, such as voice commands, touchscreens,
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eye-gaze and physical controls, can enhance the usability and flexibility of a UI developed

for an AV. Combining different modalities allows users to interact with the system in the

most convenient and effective manner [32].

2.5.4 Evaluation of User Interfaces

Evaluation of a system designed for commercial use in general, affects its scalability

and accelerates the evolution of the end product. Particularly in UIs, evaluating their

usability and effectiveness is essential to make sure that they implement what users need

and support their intended interactions. There are several methods that can be used to

evaluate UIs in VR, AR and AV scenarios.

Usability testing

Usability testing is a method to get feedback through observing real users interaction

with an interface. This method helps designers to identify usability issues, and understand

how users perceive and interact with the interface. Identifying areas of improvement

through experiments with real users can be harder than it seems, because the way of

designing the experiment can affect the quality of the results. User-based studies should

employ user tasks that are representative but not so specific that the findings cannot be

applied to the target interface. The experiments should be conducted using the equipment

and the environment that is most likely to be used in the actual application setting.

Evaluation process should be quick, as it is quicker to design, develop and run but also

easier to analyze, which helps designers to focus on the most important factors of the UI

[74].

Heuristic Evaluation

Heuristic evaluation involves experts reviewing the interface using established usabil-

ity principles in order to identify potential problems. This method is quick and cost-

effective and can identify issues that may not be found in user-based testing. Another

advantage of heuristic evaluation is that it does not require advanced planning and that

most of the times, it can be conducted in the early development stages. One factor that

makes heuristic evaluation not so common to use is that, in order to have accurate results,
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the more the evaluators, the best are the results, and they should probably conduct it

independently [75].

User Experience Metrics

Quantitative UX metrics, refer to task completion time, error rate, and user satisfac-

tion scores and provide an objective and accurate view of the UI’s performance. These

metrics can be collected during the usability testing or through extra surveys and are

very helpful to improving the interface. They are used to measure user’s behavior and

capability while interacting with the interface and their outcomes can extensively improve

the system and user experience when they are solved [76].

Cognitive Walkthrough

A cognitive walkthrough involves a detailed walking through the interface, in order

to understand the user’s perspective and identify potential usability issues at each step.

This method focuses on understanding how new users learn and navigate an interface

they have not used before. The results of this method intend to make the interface

more intuitive for new users. A cognitive walkthrough has two phases, preparation and

evaluation. In the preparation phase, the evaluators come up with tasks that represent

some basic functions of the interface. For each of the tasks, they describe the initial state

of the interface, the action sequence used to accomplish the task and the user’s initial

goals. During the evaluation phase, the interaction between the user and the interface is

analysed in depth [77].

In this thesis, we test the effectiveness of the UI using User Experience Metrics evalu-

ation for task completion speed and error rates for both of the available eye gaze selection

techniques. Then we conducted a Usability Testing study through letting the users test

every aspect of the UI and answer the questionnaires which analyse their preferences be-

tween interaction techniques, and their trust towards the AV as well as the productivity

within the mobile office concept.
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2.6 Human Factors and Usability

In the context of technologies like VR, AR and AVs, it is crucial to research the human

factor and usability, in order to develop interactive systems. The following section ex-

plores user experience (UX) design on user satisfaction and performance, techniques and

metrics for usability testing, along with factors that need to be considered for immersive

autonomous systems.

2.6.1 User Experience (UX) in Immersive Technologies

UX design is an essential factor for the success of VR, AR and AV systems. UX aims to

create meaningful and satisfying experiences, by combining all of the aspects of the user

interacting with the system.

Impact of UX Design on User Satisfaction

An interactive system that combines intuition and enjoyment in use with accurate

responsiveness, enhances user satisfaction and can be considered as a well-designed UX.

The key factors of such experiences in immersive technologies, need to keep the funda-

mentals of UI design as standard 2.5.1. Specifically, immersion and presence are crucial

factors for a realistic experience, and the feedback and responsiveness of the system helps

users navigate intuitively and maintain their engagement in the whole experience. Fur-

thermore, intuition can not only be obtained through a good feedback because, in the first

place, a system needs to be easy to learn and use to minimize the cognitive load of the

user which highly contributes to a positive UX [78]. A system that about commercial use

should be accessible by everyone. People with disabilities should be able to go through

the whole experience without having to skip parts or go through high physical or mental

fatigue. This involves considerations about visual, auditory, and physical impairments.

Impact of UX Design on User Performance

UX design can also impact user performance, especially in task-oriented applications

like AR interfaces found in AVs. One of the key considerations user task performance is

about task efficiency. A system should be able to have its tasks efficiently completed by
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providing clear directions to achieve goals. The steps between the completion of a task

should be minimized as much as possible [78].

Effective UX design should try to minimize user errors, or the possibilities of their

appearance, and provide easy ways to recover from user mistakes. Some ways for the

implementation of that is error messages, so users are aware of the error and try to

recover from them, and undo functionalities in order to continue their navigation prior

to the error. Moreover, focus on the task completion is mandatory for the effectiveness

improvement of the system, so the cognitive load should be reduced as much as possible.

Simplifying the visual appearance of the interface elements and the complicity of the

interactions should be enough to reduce the mental capacity needed, and result to a

satisfying UX [64].

During the implementation of this project, there has been a big section of research

over the placement of the interactable components throughout the UI. Through research,

trial and error, and think aloud methodology with other Experienced VR users of the

SURREAL team lab, we concluded in a layout that minimized the error rate and task

completion speed as much as possible. Having pointed out the drawbacks and weak

points of the hardware and the tools used, we build a UI based on them, by trying to

minimize their effect.

2.6.2 Usability Testing

It is essential to evaluate the effectiveness and user-friendliness of interfaces, especially

those in VR and AR environments or AV interfaces, and that is something that can be

done by usability testing. There are various techniques and metrics used to achieve the

evaluation of usability, identify issues and end up to design improvements.

Techniques for Usability Testing

� Think-Aloud Protocol: Users are asked to express their thoughts and actions

while interacting with the system. This can help to identify usability issues while

understanding the thought process of the user simultaneously. Thinking aloud

to understand the end users’ thought processes in interaction with a system can

support the development of usable systems by identifying system deficiencies. One
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drawback of this testing technique is that it might disturb the cognitive process of

the user [79].

� A/B testing: It is a method during which, different versions of the interface are

tested with users to compare performance and preferences. This method can help

determine which design version is more effective. One important drawback of that

technique is the large amount of possible version that are needed to be thought and

implemented in order for the testing to take place [80].

� Remote Usability testing: In this testing technique, users interact with the

system in their own environment, and their actions are recorder for later analysis.

This method can provide information about how the system performs in real-world

settings and is very effective for intuition evaluation. [65]

� Eye tracking: Eye-tracking technology can be used to analyze where the users look

on the screen during their interaction with the system, which helps in identifying

the areas of interest and potential issues with visual navigation. The continued

growth of eye-tracking and its use in Human Computer Interaction (HCI) studies

seems to continue as the technology is more affordable, less invasive and easier to

use [81].

Metrics for Usability Testing

The metrics that play a crucial role during usability testing and highly affect the final

UX are specific and need to be fine tuned as much as possible. Task completion rate

is the percentage of the tasks that are completed successfully by users, reflecting the

effectiveness of the interface. Furthermore, completing a task successfully is essential,

but the time on task completion also matters. In fact, the amount of time users need to

complete tasks, reflects the efficiency of the interface. While doing tasks, there may be

some errors during the process. The error rate, is about the number and types of errors

made by users, and the higher it gets, the more possible for users to feel fatigued. Error

rate is a valuable metric during usability testing, because it can highlight areas where the

interface may be confusing or misleading, thus needing more fine tuning. Lastly, since

the purpose of UIs is user centered, subjective measures of user satisfaction are necessary
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to improve UX. The most often way of obtaining feedback for user satisfaction is through

surveys or questionnaires [76].

Human Factors in VR and AR

Human factors in VR and AR experience involves understanding how users inter-

act with immersive environments. There are some unique considerations that need to

be taken into account for human factors, especially when it comes immersive and au-

tonomous systems. These considerations need to ensure that users interactions and ex-

perience is comfortable, intuitive and effective.

When it comes to VR and AR interfaces, the interaction in 3D environments seems

to be inherently difficult. Therefore, during the design process needs to be very careful

for the correct interaction. Users must be able to maintain a sense of spatial awareness

to navigate and interact with 3D environments effectively. This involves clear visual

feedback and consistent spatial mapping for an overall satisfying UX [69].

Motion Sickness

A troublesome problem that appear since the early stages of VR development is

the tendency for some users to feel symptoms for classical motion sickness during and

after their experience in the virtual environment. This type of cybersickness, is distinct

from motion sickness because the user remains motionless but has a continuous sense

of moving through the visual moving inside the virtual environment. While designing a

UX, developers should consider factors like frame rate, latency and FoV to minimize the

effects of sickness. Unfortunately, there are is no foolproof method for eliminating the

problem, since every virtual environment is built under different circumstances [82].
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Chapter 3

Technological Background and

Definitions

3.1 Introduction

This chapter provides an overview of the technological components and tools used in

the development of this thesis. It delves on software and hardware technologies like

the technological platform used in the thesis, Unity 3D and the components needed to

implement project functions. We take a closer look to various Unity components that are

needed to create a 3D application, like prefabs, scripts, scenes and audio. Afterwards,

the structure and the architecture in Unity is analyzed, which explains basic components

needed as a starting point in development. Afterwards, Unity components that are used

for the implementation of this specific thesis needs, like speech recognition and dictation,

and API web requests, are covered. Lastly, a closer look to HTC Vive Pro HMD’s

connection to Unity through OpenXR, and its eye tracking system as well as the software

needed to connect it with Unity, are presented. The goal is to provide information about

the technologies used and their roles in the project, setting the stage for the terminologies

that will be used in implementation Chapter 5.
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3.2 Unity Game Engine

Unity is a powerful cross platform Game Engine, offering a complete 3D programming

environment for developers and creators. It is a versatile development platform that

provides many tools to develop 2D, 3D, VR and AR environments and interactive ex-

periences. The wide range of tools and features in Unity, give developers the chance

to create games and interactive experiences in its integrated development environment

(IDE). Some are these tools include unity’s physics engine, scripting tools, and an exten-

sive library of assets and external plug-ins that can be implemented.

3.3 Basic Structure of Unity

Unity’s workflow builds around the structure of its components. Games or applications

build in Unity, called projects, consist of the Assets that are being used, and one or more

Scenes. The Scenes consist of GameObjects and Prefabs, and each one of them has one

of more Components and Scripts attached to it.

3.3.1 Assets

An asset is any item that someone can use to create a Unity 2D or 3D project. It can refer

to any file that will be used to create a game such as models, textures, sounds, scripts,

etc. Assets can be bought or used for free, and they are found from many sources, such

as unit’s asset store or other external sources. Assets can also be created using various

applications like Blender and others.

3.3.2 Scenes

In Unity, the Scenes function as individual levels for the environment and game objects.

Some developers create entire games in a single scene, such as puzzle games, loading

dynamic content through code. Building a game in many scenes, gives the developer the

choice to allocate loading and testing times separately. Scenes can be used to organize

and manage different parts of a project, like in this thesis case, the development of the UI

mostly took place in a test scene where only the car existed. That happened because the

end-scene, with the city environment, was much more demanding in processing power so
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the process of the UI developing would be much slower. At any time there is only one

Scene that can be open, which is the one we are working on, as it is not possible for two

scenes to work simultaneously.

3.3.3 GameObjects

Every object in the scene is called a GameObject. All GameObjects contain at least one

Component which is the Transform Component. The Transform component includes the

position, rotation and scaling of an object and each of them is described by the Cartesian

coordinates X, Y, Z. The component can determine or change the coordinates of the

object through code.

3.3.4 Components

Components have many different forms and are attached to GameObjects. They are used

to create behavior, determine appearance, and affect other aspects of the operation of

an object. By placing Components in an object, its functions can be changed. Common

components of the game come integrated with Unity, such as the Rigidbody component,

lights, cameras and more. Scripts, are also treated as components that extend or modify

the existing functionality of the GameObject.

3.3.5 Scripts

A scripting language is a programming language that gives to opportunity to control one

or more applications. Every game or app needs scripts to implement the user’s desired

input and handle gameplay events, that need to take place. Beyond that, scripts can be

used to create visual effects, control the physical behavior of objects, or even implement

a custom AI system for game characters or even environment animals.

Scripts in Unity are Components that extend or modify the behavior of GameObjects.

They allow developers to implement game logic, handle user input, and interact with the

Unity API. They are created and placed as Components in GameObjects, and they do

not have any restrictions on how many Scripts can be used. For instance, scripts are used

to manage the 2D UI, handle speech recognition, and control the car’s movement. Unity
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also offers a scripting code editor, Visual Studio, allowing developers to program using

C # programming language.

3.3.6 Prefabs

Prefabs are prefabricated and stored versions of an object that can be reused in various

parts of the game or app as assets. They allow users to create, configure, and store

a game object complete with all its components and properties. Prefabs are useful for

creating repeated elements, such as UI buttons, cars, and buildings, ensuring consistency

in appearance and functionality while also saving development time.

3.4 Unity Architecture

Unity’s architecture is based on its Components. In order to use these Components,

it is necessary to understand the architecture on which it was built and the way it

uses these Components. The most important Component is the Transform, determining

the coordinates either Local or in World Space. Then there is Mesh Component and

Rigidbody Physics, which are used to replicate real world collisions and gravity. To

determine the way an Object is rendered, Textures, Materials and Shaders are used. For

Menu and 2D interfaces, we need the User Interface (UI) Components. Lastly, all these

are rendered in the computer screen (or VR headset in our case) by using the Camera

Component and to accompany the image with sound, Audio Components are used.

3.4.1 Coordinates - Transform

The way of representing the coordinates varies on if the component is placed in 2D or

3D. At a 2D, each point is described by a pair of numerical coordinates X (horizontal

axis), Y (vertical axis). In 3D Unity applications there is a third axis, Z, which represents

the depth. This format is known as the Cartesian coordinate system. All objects have a

transform component, which is used to store and treat the position, rotation and scaling

of an object. Every transform component can have a parent, which allows the developers

to move the object, rotate it, and scale it hierarchically.
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3.4.2 Local Space vs World Space Coordinates

In any 3D environment, there is a point of origin which is represented in position (0.0.0).

All positions of the objects in the 3D worlds have zero as their reference point. However,

to make things simpler, we use local space to define object positions relative to other

objects.

3.4.3 Mesh Component

3D Meshes are the main graphics of Unity Components. They define the shape of an

object and contain the visual information of the objects, like colours and textures.

3.4.4 Rigidbody Physics

Rigidbody component controls an object’s position through physics simulation. Unity’s

physics machine allows developers to simulate real-world responses to objects. Unity

uses the Nvidia’s PhysX engine, which is a popular and accurate physics machine. In

Game Engines there is no assumption that an object should be affected by gravity, firstly

because it requires a lot of processing power and secondly because there is no reason to do

so. The physics machine uses the Rigidbody dynamic system to create realistic motion.

This means that instead of objects being static, they can have properties such as mass,

gravity, velocity and friction. As far as processing power increases, so the Rigidbody

physics system applies to games, as it allows for more realistic simulations.

3.4.5 Materials, Textures & Shaders

Materials define how a surface should be rendered, by including references to the Textures

it uses, tiling information, Color tints and more. The available options for a Material

depend on which Shader the Material is using.

Textures are bitmap images. A Material can contain references to textures, so that the

Material’s Shader can use the textures while calculating the surface color of a GameOb-

ject. In addition to basic Color (Albedo) of a GameObject’s surface, Textures can repre-

sent many other aspects of a Material’s surface such as its reflectivity or roughness.
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Shaders are small scripts that contain the mathematical calculations and algorithms

for calculating the Color of each pixel rendered, based on the lighting input and the

Material configuration.

3.4.6 Camera

The camera is one of the most important elements in a 3D game. Cameras are the devices

that capture and display the world to the user. The number of cameras in a scene can be

unlimited, but in most of the cases only one camera can render per time. They can be

set to render in any order, at any place on the screen, or only certain parts of the screen

letting the the participants see the game world from different points of view.

3.4.7 Audio

Audio components in Unity are used to add sound effects, background music, and voice

feedback to the project and it consists of two basic components which are described

below:

� Audio Source is the source of the sound and reproduces an audio clip which can

be either 2D or 3D. This component contains settings for volume, repeatability, tone,

priority over other sources, and a variety of other settings and effects.

� Audio Listener works like a microphone device, receiving input from the audio

sources of the scene and playing sound from the computer speakers or headphones. There

should always be a Listener activated per time. It is usually placed on the main camera

as the participant hears and sees from there.

3.4.8 User Interface (UI)

Unity’s User Interface (UI) system allows the developers to build interactive interfaces.

The User Interface system consists of a Canvas, in which all UI elements are placed.

These include buttons, text fields, sliders, panels and others. In this project, the 2D UI

within the car uses these components to create an interactive and user-friendly interface

which can be handled through voice and eye inputs.
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3.5 Speech Recognition

Speech recognition functionalities are implemented to allow users to interact with the

system using their voice. These features have many ways of implementation but in

this specific thesis we take advantage of built-in Unity phrase recognition and dictation

systems.

Phrase Recognition system enables users to issue commands and interact with the

UI without using their hands. It is responsible for managing phrase recognizers and

dispatching specific events on them. Specific phrases need to be predefined in order for

the system to be able to understand them and implement the dedicated event.

Dictation allows users to dictate text, which is not included in the predefined phrases.

It is particularly useful for writing messages, notes, or entering data while driving. Dic-

tation recognizer listens to speech inputs and attempts to determine what phrase was

uttered.

At its core, speech recognition software works by breaking down a speech recording

into individual sounds. This technology then analyses each sound and uses an algorithm

to find the most probable word fit for that sound.

3.6 Unity Web Requests

Unity provides a modular system called UnityWebRequest, which is used for composing

HTTP requests and handling HTTP responses. The goal of this system is to allow unity

games and apps to interact with back-ends of the web browser. It is also able to support

high demand features such as handling of large data transfers, full control of request

settings and streaming data uploads. The systems consists of two layers of external

API requests. A Low-Level API (LLAPI), which provides maximum flexibility (for more

advanced users), and a High-Level API (HLAPI), which wraps the LLAPI and provides

a convenient interface for performing more common operations.

The architecture of UnityWebRequest ecosystem divides an HTTP transaction into

three operations. Those operations include the supply of the preferred data to the server,

receiving the corresponding data from the server, and controlling the HTTP flow like

error handling or redirecting 3.1.

Georgios Protopapadakis 61 October 2024



3. TECHNOLOGICAL BACKGROUND AND DEFINITIONS

Source: https://docs.unity3d.com/Manual/

UnityWebRequest.html

Figure 3.1: Unity Web Request System Architecture

In order to provide a better interface for advanced users, each one of these operations

are controlled by their own objects which consist of an UploadHandler, a DownloadHan-

dler and a UnityWebRequest. An UploadHandler object is responsible for the transmis-

sion of data to the server. DownloadHandler objects obtain, buffer and postprocess the

data that are received from the server. UnityWebRequest objects are responsible for

the management of the other two objects, while also handling HTTP flow control, which

means that errors and redirect information are stored there. Also, this is the object where

the URLs of the server as well as the custom headers are defined.

3.7 VR Integration with HTC Vive Pro

The HTC Vive Pro is a high end VR headset used in this project for its advanced

features and compatibility with eye-tracking technologies as mentioned in HMDs analysis
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in Section 2.2.3. In order to create or transition a unity project into a VR experience,

specialized tools, libraries and VR interaction components are needed. These components

include VR-specific libraries and tools, which enable VR input and spatial interaction in

3D space, and and facilitate VR rendering and performance.

The necessary components for seamless VR experience and interaction, manage vari-

ous aspects of VR integration. Some of those aspects include headset tracking, controller

interaction, user interface optimizations and interaction systems, specialized for immer-

sive VR experiences. Specifically in this thesis, the HMD (HTC Vive Pro) integration

with Unity environment, plug-ins like OpenXR and SteamVR platform have been used

used and will be analyzed below.

3.7.1 OpenXR

OpenXR is an open-source plug-in, developed by Khronos Group Inc that provides access

to XR platforms and devices. It aims to simplify AR and VR development by allowing

developers to access a wide variety of AR/VR devices. Unity OpenXR, as a set of tools

and APIs provided by Unity, helps developers to create immersive experiences in AR and

VR by connecting the platform with the devices. This plug-in provides an API that helps

developers create XR applications and be able to use them in various XR devices and

platforms. Essentially, OpenXR allows developers to make their applications compatible

with various XR hardware, like HMDs and AR glasses, without the need of integration for

each one of the devices or platforms used separately. It promotes collaboration between

XR ecosystems, by providing a common framework that handles XR features such as

tracking, input handling, device interactions and rendering.

3.7.2 XR Plug-in Management

In order to be able to use OpenXR, developers need to upgrade a project, since it is a plug-

in in Unity’s XR plug-in architecture. Unity XR plug-in Framework is a unified framework

that enables direct interactions for multiple platforms. It consists of an API that exposes

common functionality across the platforms that Unity supports and enables XR hardware

and software providers to develop their own Unity plug-ins. Unity recommends using the

XR Interaction Toolkit, easily downloaded from Unity Package Manager, which is used

for input and interactions in AR/VR applications.
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The XR Interaction Toolkit package, is a high-level interaction system, which provides

a framework that makes 3D and UI interactions available from Unity Input events. The

core of this system is a set of base Interactor and Interactable components, along with an

Interaction Manager that merges the two components together. This toolkit is specifically

developed for VR applications, which allows developers to use a wide range of tools

and components essential for implementing VR interactions. These tools include a wide

range tasks that allow user interactions, like object manipulation and menu navigation,

as well as engaging spatial experiences like initiating VR animations. This system allows

developers to use a wide range of pre-arranged prefabs, scripts and other resources to

implement features like hand gesture recognition and object interaction.

3.7.3 SteamVR

Developed by Valve Corporation, SteamVR provides a platform for a wide range of

immersive VR experiences. SteamVR is a full-featured, 360-degree room-scale VR expe-

rience that provides a VR interface (SteamVR Home) 3.2, as a desktop Home page, for

many HMDs. Essentially, it is an API, or a suite of systems that allow VR headsets to

play games and other VR applications. It allows users to navigate through a VR graph-

ical interface to access any apps or options the user needs. SteamVR is also responsible

for the connectivity between the HMD and its bases, or controllers. It displays when the

bases are able to see the HMD and its controllers, to show the users when a connection

problem appears. Also, users need to set up their position inside a game or app through

SteamVR’s Room setup, in order to be able to navigate with more accuracy about the

height of their head, and their movements. Lastly, in order to implement eye-gaze inter-

actions, users need to calibrate their eye movements, via VIVE Pro Eye, to make sure

they have accurate eye-tracking.

3.7.4 XR Origin

XR Origin in Unity is an essential component used in XR Interaction Toolkit designed

for VR and AR applications. It provides a setup for position and orientation tracking of

the player in virtual environment, and can support both stationary and room-scale expe-

riences. This component, manages the player’s head and hand tracking by maintaining
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Source: https://www.uploadvr.com/

steamvr-update-1-7/

Figure 3.2: SteamVR Home

a reference point for the XR camera. It ensures an accurate and consistent spatial re-

lationship between the user’s movements in the physical and virtual world, enhancing

immersion and minimizing motion sickness. Using XR Origin, developers are able to

align the user’s physical location and orientation with that in the VR environment and

create effective movements and interactions during the VR experience.

3.8 Eye Tracking Software

Applications that enable eye-gaze interactions need to implement eye-tracking accurately

for a better user experience, effective UIs, and less user fatigue. In order to achieve that,

software that has been used include TobiiXR SDK and VIVE SRanipal SDK, to achieve

eye-tracking integration into Unity.
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3.8.1 Tobii XR SDK

Tobii provides tools and libraries for integrating eye-tracking capabilities into Unity appli-

cations. It calculates gaze direction and fixation points, allowing for precise interaction

based on where the user is looking. TobiiXR API is used to access eye-tracking data

through script in order to implement gaze-based interactions. Interaction logic based on

gazed data can also be implemented, like checking if the gaze ray intersects with a virtual

object in order to perform actions like highlighting or selecting the object.

3.8.2 VIVE SRanipal SDK

The VIVE SRanipal SDK is designed to work with the HTC Vive Pro eye-tracking

hardware, in order to provide eye-tracking data to enable intuitive interactions. SRanipal

API is used to access eye-tracking data, such as gaze direction and origin, as well as eye

opening and closing. These eye-tracking data output are a combination of hardware and

software in order to accurately track user’s gaze.

3.8.3 Tracking the eye-gaze

Source: https://www.researchgate.net/figure/Using-the-corneal-reflection-pupil-centre-method-to-determine-point-of-regard-when-the_fig1_

322406088

Figure 3.3: Corneal Reflection

Hardware components include infrared illuminators which emit invisible infrared light

to illuminate the eyes and cameras that capture high-speed images of the user’s eyes

reflecting the infrared light. Afterwards, the images are processed in order to identify

key features like the center of the pupil and reflections of the corneal. Pupil detection

happens through detecting the dark circular shape of the pupil which helps to determine
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the center of the eye. Corneal Reflections are visible by detecting infrared light on the

cornea, which appears as bright spots in the images 3.3.

Furthermore, a 3D eye model is created in order to estimate the eye-gaze. This

model calculates the gaze direction, which accounts for properties of eye anatomy, like

the curvature of the cornea and the position of the pupil 3.4 (Figure A). The system then,

calculate the gaze vector through analyzing the relative positions of the pupil center and

corneal reflections 3.4 (Figure B). Then, a point of gaze is determined, by finding where

the gaze vector collides with a surface (2D or 3D) in the VR environment 3.4 (Figure C).

Source: https://www.researchgate.net/figure/Coordinate-system-of-HTC-VIVE-Pro-Eye-based-on-the-manual-of-SRanipal-SDK-A_fig1_346058398

Figure 3.4: (A) Coordinate system of eye tracking on VIVE Pro Eye. (B) Coordinate

system of pupil position data from user’s view. (C) Coordinate system of gaze direction

vector from user’s view.
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3.8.4 3D collision detection

To mathematically check if a gaze ray penetrates an Axis-Aligned Bounding Box (AABB),

a typical technique used is called the Ray-AABB Intersection. A bounding box is simply

a bounding parallelepiped whose faces and edges are not parallel to the basis vectors

of the frame in which they’re defined. This test determines whether a given ray inter-

sects with the bounding box by calculating the intersection along each axis (x, y, z) and

checking if the intersection intervals overlap. The given ray is defined by an origin point

O and a direction vector D and an AABB is defined by minimum Bmin and maximum

Bmax points. The mathematical equation of the ray can be represented parametrically

as R(t) = O + tD, where t is a scaling parameter that moves the point along the ray.

The Intersection Intervals need to be calculated for each axis. The key idea is to find the

values of t where the ray intersects the segments of the AABB, which refers to the space

between the min and max boundaries for each axis. The equations for t values for each

axis are:

For x-axis: tminx = Bminx−Ox

Dx
tmaxx = Bmaxx−Ox

Dx

For y-axis: tminy =
Bminy−Oy

Dy
tmaxy =

Bmaxy−Oy

Dy

For z-axis: tminz =
Bminz−Oz

Dz
tmaxz =

Bmaxz−Oz

Dz

If the direction component Di (i is for x,y or z) is zero, the ray is parallel to the

corresponding axis and if the origin O lies outside the AABB segment, the the ray

intersect the collider. The ray intersects the AABB if there exists an overlap in the

intersection intervals across all axes. This overlap can be found by computing the

tmin = max(tminx, tminy, tminz) and tmax = min(tmaxx, tmaxy, tmaxz).

The condition for intersection is tmin ≤ tmax and tmax ≥ 0. If tmin > tmax the intervals

do not overlap, and the ray dot not intersect the AABB. If tmax < 0, the intersection

happens behind the ray’s origin, so there is no visible intersection.

This method is computationally efficient and works well for real-time applications like

gaze-based object interaction in VR/AR systems, where it’s critical to quickly determine

if the user is looking at an object within the 3D space.
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Chapter 4

Users View

4.1 Introduction

In this chapter, the view of the user’s experience 4.1 within the application will be

presented, along with the interaction capabilities during playtime. Specifically, the main

menu will be explained, and the various interactions, available to the user, through the

UI, will be illustrated through diagrams, and shown through pictures.

Figure 4.1: User’s View

Georgios Protopapadakis 69 October 2024



4. USERS VIEW

4.2 Application Main Menu

When the application starts, a dark screen with 2 interactable buttons appears 4.2. In

this panel, the user has to interact using the mouse of the computer. These options,

both initialize the main scene of the project, with the difference that the first option is

the default application simulation. The second option simulates the evaluation process,

which compared to the default scene, initializes some extra elements that help with metric

evaluation.

Figure 4.2: Application Main Menu

When user chooses one of the two options, the view is directed to the next panel, which

only has one option, to start the simulation 4.3. The use of this second panel, between

the choice of the preferred simulation and its runtime, is to set all of the simulation

parameters ready, and load the scene. Once the Start Simulation Button appears, the

scene is set and the preferred parameters are ready to continue with the simulation after

the button is pressed.

Figure 4.3: Start Simulation Panel
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4.3 Interconnection between Windows

The interface includes many different windows, each one containing multiple interactive

elements. In this section, the potential interactions in each one of these windows, and the

interconnection between them, will be described. The UI consists of the main window

and 6 additional windows, each serving its own purpose and functionality. The diagram

below 4.4 shows the possible interactions between the windows.

Figure 4.4: Interconnection between UI windows

4.3.1 UI Main Window

The main window of the UI, which is the menu of the interface, consists of 2 informative -

non interactable- widgets and 6 interactable buttons 4.5. Those widgets include a weather

forecast interface, right side of the main window, which is designed to show the live

weather forecast for the capital of Greece, Athens. Also, there is an informative widget

on the left side of the main window, which includes information about the vehicle, like
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the traveling speed (in km/h), the remaining fuel range (in km) , and if the vehicle is

driving autonomously or not.

Figure 4.5: User Interface Main Window

The interactable buttons in the main menu can access every possible window of the

UI. They are placed in the bottom side of the screen and they include a Settings Button,

a Phone button, a Message Button, a Car Button, an A/C button and a Music Button.

The possible interactions in each one of those windows will be explained below. On the

top side of every window, there is a tool bar for quick access and information about many

different aspects of the application.

4.3.2 Settings Window

Settings window consists of some main features that handle the way the user can interact

with the interface 4.6. More specifically, it includes 3 toggle switches, 2 of which affect

the choice of the eye selection technique. First toggle is about the dwell time selection

technique which is deactivated by default. The user can activate it, through the Settings

window or a by using the corresponding voice command. Activating that toggle will allow

the user to interact with the interface through staring in any interactable object of the

scene for half a second.

The second toggle activates and deactivates the eye blink selection technique. It is

activated by default and can be deactivated through this canvas or by using the corre-

sponding voice command. The third toggle is also activated by default and is the toggle
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Figure 4.6: Settings Window

responsible for the activation and deactivation of voice commands. It can also be deac-

tivated using a voice command but the only way to activate it is through the Settings

window. Last, there is a single button on the right side of the settings window, which

is responsible for minimizing the UI, when pressed. When that happens, a small button

appears in the bottom left side of the windshield, leaving the car windshield viewing area

empty of virtual elements 4.7. The UI can also be minimized by the voice command

”screen off”, and maximized by saying ”screen on”.

Figure 4.7: Minimized Interface
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4.3.3 Phone Window

This window is responsible for the user’s interaction with contacts and calls 4.8. It

consists of 2 different panels, one for Recent Calls and one for Contacts. The user can

choose the panel to interact with from the left side of the window. The chosen panel is

highlighted with a white outline, so that the user can constantly be informed about the

panel in used.

Figure 4.8: Phone Window. Contacts Panel

In the Contacts panel, the user can add new contacts by selecting the button ”Add

Contact”. Then, an Input field appears, along with a Save Button 4.9.

Figure 4.9: Contacts Panel. Add New Contact

The user needs to speak in order to write a name for the new contact and then press

the Save Button. Then, a new contact is added to the Contacts Panel. Users can call,
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message or delete any of those contacts through the contact panel. If the user calls

a contact, a calling panel appears in the bottom left side of the Phone window and a

new outgoing recent call appears in the log of recent calls panel. The Contact Panel is

initialized with one contact by default.

The Recent calls panel 4.10 saves the incoming and outgoing calls during the UI usage.

Whenever the user makes a phone call, a new outgoing call is added in the recent calls

panel. In each recent call instance in the panel, the user has the choice to call or message

the appearing name of the Recent call.

Figure 4.10: Phone Window. Recent Calls Panel

The user can also make a phone call by saying the keyword ”call” and then the name of

the contact to be called. This can only happen with already existing contacts, otherwise

no call can and will take place.

4.3.4 Message Window

In this window, users can receive and send messages to and from others. This window

has two different panels, one for inbox messages and one for outbox messages 4.11. Users

can change panels from the inbox and outbox buttons appearing in the left side of the

window, and they know with which of those two panels they interact at any moment

since it appears highlighted with white outline.

In both of those panels, there is a button on the top middle part of the screen which

users can select to send new messages. When a user selects the ”New Message” Button,
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Figure 4.11: Messages Window. Inbox Panel

the new message panel appears and the user has to select one name from the contact

list, as the receiver of the message. If the contact list is empty, the user cannot send a

new message through the Message Window, but only through the recent calls window.

That is possible, because from the recent calls, users can directly send messages to the

contacts that appear, without the need for the contact choosing step, during the new

message procedure.

When the users have chosen the contact they want to send their message to, the

receiver’s name is registered in the receivers position, and the send button appears. After

that, the Message Input Field is activated, and the user is called to speak in order to write

down the context of the message. Then, the user just has to select the ”Send Message”

Button in order for the message to be sent. When that happens, the new message panels

closes and the outbox panel appears, showing the new sent message.

Each message, either in the inbox or the outbox panel, has a button that can open

it. Opening a message gives the user the choice to either forward or delete it. Deleting a

message leaves the open message panel and goes back to the panel that the message was

opened from (inbox or outbox), without this specific message existing anymore. When

a user forwards a message, the same contact choosing procedure as in the new message

case starts. If the are no contacts available, the user is informed about it with a warning

and cannot continue in the forwarding procedure. If the contacts are more than zero,

the users has to choose one of the as the receiver of the forwarded message. Then the

name of the contact appears in the receiver spot and the send button appears. If the user
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selects the send button, the message is being sent and the view is being directed back to

the panel it came from.

While writing or forwarding a message, the user has the choice to leave the panel. If

this is done, the UI is developed to hold the receiver and message context information

as a draft message. The next time the user opens the new message, the previous unsent

new message will be intact, as long as the contact still exists.

4.3.5 Car Window

The car window is responsible for some specific information about the car. Specifically,

it includes 3 different panels, the Preset panel 4.12, the Tire Pressure panel and the Car

Maintenance panel. Each of the panels can be chosen by selecting the corresponding

button in the left side of the Car window, and the panel being used is highlighted.

Figure 4.12: Car Window. Engine Presets Panel

The Preset panel consists of 3 different buttons, Eco, Normal and Sport. By default,

Eco mode is chosen, but the users can change that through the Car Window. In the Tire

pressure panel, a 2D model of the car with the number in each of the four tires appears.

This number corresponds to the pressure of each tire measured in BAR. The Maintenance

panel consists of a button which checks the car for malfunctions and informs the user

with the search results.
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4.3.6 A/C Window

This Window is responsible for handling the air conditioning unit of the vehicle 4.13. The

window consists of an on/off toggle switch, 2 Buttons for higher or lower temperature.

The temperature can also be controlled through voice commands. Also, there are 2

buttons that control the air flow, one of them letting the air come from the outside of

the car, and the other one recycling the air inside the car. Last, there are five buttons

that control the direction of the air as shown in the image below.

Figure 4.13: A/C Window

One of the two air flow buttons is always highlighted so the users are constantly aware

where the user is coming from. Also, one of the five air direction buttons is highlighted

whenever the A/C is on. If one of the five buttons is selected, the A/C is activated and

the buttons gets instantly highlighted. If the On Button is pressed, the first of the five

air direction presets is selected and highlighted by default.

4.3.7 Music Window

The music window is responsible for handling the music played inside the car 4.14. In

this window, there is a On/Off Toggle Switch that opens or closes the music. On or off

can also be handled through voice commands. On the right side of the music window

there are two buttons that control the volume of the music, which can also be handled

by using voice commands.
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Figure 4.14: Music Window

In the bottom side of the window, there are five buttons that represent five radio

stations. By pressing one of these buttons, it is highlighted and the music of that station

starts playing. If the On button is pressed, the default radio station is FM1, if it has not

been changed. If the radio station is changed, the next time the on button is selected,

the system will remember which was the last selected station. This can also be controlled

with voice commands if the user say ”next” or ”previous station”. Last, there is the mute

button which mutes the volume if it is on, or unmutes it if it is off.

4.3.8 Toolbar

On the top side of the screen, there is a horizontal, thin toolbar screen, working as an

informative top side bar. This toolbar is open in all windows and all panels, always

showing the preferred information to the user.

On the left side of the toolbar, the first information shown, is the car engine Preset.

Set default at Eco, but can be changed through the Car window, it is an important

information to be constantly shown on the toolbar of the UI. Next, there is a an empty

space, serving as a calling panel. This panel is used whenever a call takes place, informing

the user if the call is incoming or outgoing, writing the name of the caller or receiver of

the call. In this panel, there also is an ”end call” button which the user can select in

order to end both incoming and outgoing calls.

Next, in the middle of the toolbar, there is a clock which is constantly writing the

time of Athens (UTC + 3). On the right side of the clock, there is another empty panel
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which serves as a notification panel. More specifically, this panel sends notification of

incoming messages to the user, writing the name of the sender and a small part of the

message context. Also, this is the panel that warnings coming from the actions of the

AV appear. Whenever the car is about to turn or break, a respective message appears in

this panel, to warn the user for the action that the AV is about to do.

On the right side of the notification panel, there is a panel that shows information

about the music inside the car. Specifically, it shows if the music is on or off and if it is

on, which radio station is currently streaming. Also, it shows the volume of the music,

either if it is on or not, and lastly shows if the sound is muted or not.

4.3.9 Help panel

Outside of the UI screen, there is a panel on the right side of the steering wheel, men-

tioning the available voice commands 4.15. This panel can be opened and closed using

voice commands, saying ”help” or ”close help” will open or close it respectively. It is

activated by default when the application starts.

Figure 4.15: Help Panel
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Implementation

5.1 Introduction

Chapter 5 focuses on explaining the implementation details of the project, providing

insights of how various components of the project were developed and integrated to create

the final application. From the implementation of the immersive Virtual Environment

to the developing of the User Interface, and all the in between stages, this chapter offers

a thorough technical analysis of the project aspects. Most of the script will analyzed in

detail as well as screenshots of some script will be provided.

The project analysis consists of a break down of 5 stages, each one implementing a

crucial aspect of the application’s functionality. These stages include the Creation and

Loading of the Simulation Environment, the Autonomous Vehicle integration, the Eye

Gaze Interaction, the Voice Recognition and the User Interface Implementation. Each

of these processes will be addressed individually, explaining their development stages, as

well as their interconnection with the rest of the project.

The project to be explained has been entirely developed within the Unity Game

Engine using C# scripting. From loading the virtual environment to interacting with

the UI, most of the functionalities of the project have been implemented through scripts.

These scripts are responsible for implementing the preferred behavior of each virtual

element or interaction between elements withing the application. Even though Unity’s

Scene Editor plays a crucial role in the interconnection between project components,

scripting allows for parameterized elements which open the door for future updates with

less changes.
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5.2 Simulation Environment

As explained in the Research Overview Chapter 2, the Virtual Environment of a Simulator

that scopes for realistic behavior and testing, needs to be as immersive and realistic as

possible. That being said, the creation of the environment, including every aspect of the

scene, need to surpass a standard level of visual resolution and high-quality 3D graphics in

order to seem realistic. That can happen by choosing and combining detailed 3D models

for every visible virtual component, including the buildings, roads, cars, pavements, lights

and everything. Scenes filled with many virtual components tend to be heavy computing

tasks, so loading needs to be handled efficiently.

5.2.1 Scene Creation

Figure 5.1: Main Scene Virtual Environment

The main scene of the project, is one of the most important factors when it comes
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to fidelity in realistic simulations. Each part of the virtual environment needs to be of

high quality in order to combine into a realistic outcome. That is the reason why a

predesigned driving simulator ??, already used for research in the past, has been found

online 5.1. The simulator includes a realistic city design with different buildings, roads,

traffic lights and car prefabs. The change needed, towards using this environment for the

project needs, was converting it to a VR ready environment, specifically using the HTC

Vive Pro HMD.

The first step to converting a desktop simulation to a VR ready environment is to

change the rendering camera. Having the XR package installed, Unity offers the option to

create an object called VR Origin. This object, essentially represents the player when the

application is running. This object includes a camera with an offset to enable stereoscopic

rendering and ensure an immersive and realistic VR experience. Additionally, XR Origin

aimed to be used for devices like the Vive Pro HMD that implement eye tracking, contain

the object EyeGazeOrigin. This GameObject represents the place of the user’s eyes and

needs to be initialized in the position of the XR Origin camera, since that is where the

head and eyes of the user will be initialized inside the virtual environment.

The XR Origin’s camera also implements tracking options from the HMD, allowing

the camera to move in sync with the user’s head movements. This ensures that the

virtual environment updates in real-time, providing a seamless and immersive experience

as the user navigates through the application.

AI Car Circuit

The Autonomous driver of the project is programmed to follow a specific circuit

within the roads of the city, through following a predefined route of waypoints placed

on the city roads. This route is created by placing waypoint objects in the main scene

of the project which are automatically inserted in a list of waypoints. These objects

need to be placed in a way that their order within the list (from first to last) reflects

the order that the car needs to follow in order to complete the circuit. These waypoints

are empty gameObjects without a mesh renderer, only having a box collider and a script

named SpeedSettings attached 5.2. SpeedSettings script has public variables like speed,

acceleration, causeToYield boolean and others that describe the behavior of the vehicle

after it touches each waypoint.
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Figure 5.2: SpeedSettings Variables

The collider of these objects essentially calls the OnTriggerEnter() method 5.3 when-

ever the vehicle touches any of these waypoints. Then, the AICar script which will be

explained later, derives information held by the waypoint that has just been touched,

which holds information about the target speed and acceleration of the vehicle, in case

the causeToYield boolean is false. If this boolean is true, the car is set to perform a

full stop, gradually setting its speed to 0, and setting the target speed and acceleration

to a specific value that will be used after finishing Yield coroutine that counts the time

interval between the full stop and resetting vehicle’s speed.

Figure 5.3: OnTriggerEnter() method
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5.2.2 Loading the Environment

The first two OnGui screen layouts that appear during project runtime, as explained in

Chapter 4 4, are responsible for setting the simulation parameters. More specifically,

when the application starts, two OnGui buttons (”Start Simulation” and ”Start Experi-

ment”) 4.2 appear on the screen. Both buttons initialize the same main scene with the

difference that the experiment option sets the value of experimentOn boolean true. When

that boolean is true, the simulation experiment takes place. This experiment initializes

some visual indicators that guide users to select specific buttons in a specific order, com-

pleting tasks that measure the time needed until completion, while counting the total

errors during that procedure. The experiment procedure will be explained thoroughly in

the next chapter of the thesis.

When the user selects one of the two OnGui buttons, the main Scene of the project

starts loading along with the predefined circuit. When it does, another black screen

with an OnGui button ”Start Game” appears, which immediately starts the game when

pressed. This way of loading the scene allows the project to initialize without immedi-

ately loading heave assets or running complex scripts. When one of the two buttons is

pressed, the main scene is loaded asynchronously, allowing the application to load nec-

essary resources without freezing the UI or causing noticeable frame drops. The second

black screen ensures that everything in the main scene is fully loaded and ready before

starting the simulation.

Gradual loading scenes in a staged manner prevents Unity from overwhelming the

system with asset loading, initialization of scripts, physics, and other heavy processes

all at once. This approach avoids Unity’s typical synchronous loading, which can cause

the application to freeze temporarily, especially if the main scene has a lot of assets or

complex scripts as it does in this project. When a complex scene starts loading, user might

experience initial stutters, low frame rates, or see assets appearing into view as they load.

This can be prevented with asynchronous OnGui load. Also, all scripts, including those

triggered in Start() and Awake() methods, execute as soon as their objects are loaded. If

loading takes longer, scripts might start running with missing references or uninitialized

states. By splitting the loading process into stages, it is ensured that all resources are

loaded gradually, optimizing memory usage and processing power. Scripts that control

the simulation will only start once all dependencies are loaded, reducing runtime errors.
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Once the ”Start Game” button is pressed, the simulation starts, placing the car in a

predefined position, heading to the first waypoint, which is already initialized.

5.3 Autonomous Driver

The functionality of the Autonomous vehicle derives from the combination of 3 scripts

that set up the circuit the car will follow, check for the correct progress while following

it, and integrating the movement of the vehicle between the waypoints of the circuit.

These 3 scripts are WaypointCircuit, WaypointProgressTracker and AICar that handle

the described functionalities respectively.

During the spawn of the car prefab, Awake() method of WaypointCircuit script is

triggered, which checks if there are waypoints in the waypointList. If there are more

than one waypoints, CachePositionsAndDistances() method 5.4 is called. This method

stores the positions of the waypoints and the distances between them in arrays in order

to optimize lookup speed during runtime. The number of the waypoints is also recorded,

which is essential for looping through waypoints during the AV’s operation, through the

WaypointProgressTracker script. After the initialization of the waypointCircuit, Reset()

method of WaypointProgressTracker script is called in order to reset the waypoint tracker

to its initial state, setting the car’s progress along the route.

Figure 5.4: CachePositionsAndDistances() method
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Update() method of WaypointProgressTracker script is called every frame and updates

the car’s progress along the waypoints based on its speed and position. The speed is calcu-

lated based on the distance traveled since the last frame (lastPosition-transform.position)

divided by the time elapsed. Math.Lerp is a linear interpolation function that is used to

gradually adjust the speed to match the given speed by the current waypoint smoothly.

Next, to determine the waypoint target position and rotation, GetRoutePoint() method

of WaypointCircuit script is called.

GetRoutePoint() method 5.5 is used so the AV can follow the route by retrieving

specific route points and positions based on the distance traveled along the route. This

method calculates the current position of the vehicle (p1) and a position slightly ahead

of p1 (p2, which has an offset of 0.1 units). These variables (p1 and p2) are returned by

GetRoutePosition() method, which calculates the exact position on the route for a given

distance. Specifically, the method smooths the route using linear interpolation between

waypoints using the Mathf.Lerp function. Finally, the GetRoutePoint() method returns

a RoutePoint object, which includes the position p1 and the direction from p1 to p2.

Figure 5.5: GetRoutePoint() method

Returning to WaypointProgressTracker’s Update() method 5.6, the position of the

target is calculated using GetRoutePoint() method, based on the progressDistance plus

some additional factors. These factors handle the number of the substeps needed between

the waypoints, in order to smooth the vehicle’s movement, based on the current speed

of the vehicle. Also, using GetRoutePoint(), the rotation of the target is calculated, so

the vehicle’s rotation aligns the forward direction to match the path’s direction at the
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calculated point. The purpose of this calculation substeps is to ensure the car rotates

smoothly along the path, aligning itself with the intended direction of travel.

Figure 5.6: WaypointPogressTracker Update() method

Afterwards, the progress point of the route is calculated, with the use of progressDelta

variable, which continuously checks if the current position of the car has surpassed the

target position of the next substep. Constantly updating the lastPosition variable with

the current position of the vehicle, can inform the AD if the current position of the vehicle

has surpassed the progressPoint so the process described above starts again for the next

substep.

Figure 5.7: AICar FixedUpdate() method

In AICar script, FixedUpdate() method 5.7 handles the AI car’s behavior including

steering, speed adjustments, braking and resetting its state when it comes to a stop.
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FixedUpdate() methods are crucial in Unity’s physics engine because it is called at a fixed

time interval, making it ideal for handling physics-related calculations such as velocity,

rotation and forces. In this specific script, it uses the car’s current position and speed

relative to target point to determine the necessary adjustments.

First, the target’s world position is converted into the car’s local coordinate system.

The target is not the next waypoint but the next substep which has been calculated by the

Update() of the WaypointProgressTracker script. Then, psi variable is calculated, which

is the steering angle that the car needs to adjust towards target. It measures the angle

between the car’s current forward direction (new position.z) and the line connecting the

car to the target. This line is Euclidean distance (hypotenuse) from the car to the target

position using the Pythagorean theorem. Then, in every iteration of the FixedUpdate(),

the rotation of x and z axes are reset, keeping the rotation only around the y-axis (yaw).

Then, the angularVelocity of the rigidBody is set in order to control how quickly the

car rotates towards the target waypoint, to ensure that the car can smoothly follow the

circuit.

Figure 5.8: AICar Driving State

If the boolean braking and reset are set to false 5.8, it means that the car is driv-

ing normally, in which case the script adjusts the acceleration and jerk (the rate of

change of acceleration) and the car’s speed is updated according to the set acceleration

variable. To smoothly accelerate the car towards its target speed, the speed is in-

creased by the set acceleration value multiplied by the time step between physics updates

(Time.fixedDeltaTime). When the vehicle accelerates, the localRotation of the model is

gradually adjusted so the car’s pitch (tilt) changes to visually simulate the change of
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speed. More specifically, a higher acceleration, causes the front of the car to tilt upwards

and braking cause it to tilt downwards, with boundary values of -0.5 to 0.5.

If the braking boolean is true while reset boolean is false 5.9, the cars starts braking,

eventually coming to a full stop. Delta distance variable is calculated as the absolute

difference between the car’s position and braking triggerLocation. This variable measures

how far the car is from a braking trigger point in order to set the descending speed value

until the full stop. Based on Newton’s 3rd equation of motion, v2 = u2 + 2as, where v

is final velocity, u is initial velocity, a is the acceleration and s is the distance covered

(delta distance), the speed is calculated in order to smoothly decelerate the car as it

approaches the target stop distance. Also, the pitch is gradually changing based on the

car’s speed and distance to simulate the car’s nose dipping when slowing down or leveling

out when speed is low or zero. The boolean shouldYield is set to true in this case, since

the waypoint that causes the car to break enables it. In this case, when the car stops

completely, the Yield coroutine is called and the timer counts the time needed to pass in

order to start speeding again. This time interval comes as an input from the waypoint

collider which starts the process of braking.

Figure 5.9: AICar Braking State

If the braking boolean is false and reset value is true 5.10, it means that the car

starts accelerating after a full stop. Again, using Newton’s 3rd equation of motion, but

this time without the initial velocity term (u), the speed is calculated based on the car’s

acceleration. Specifically, if the car’s speed is less than 2f, the script makes sure to gain

sufficient speed (2f) when it starts moving again, gradually increasing the speed until it

is back to the cruising speed.
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Figure 5.10: AICar Reset State

5.4 Eye Gaze

Eye gaze interaction using Tobii SDK involves tracking where a user is looking in a

virtual environment and using that information to enable interaction with the UI or

objects within that environment.

5.4.1 Setting Up Tobii SDK

To start using eye tracking, integrating Tobii SDK into the development environment is

needed. In Unity, this typically involves installing and configuring the SDK. Installing

the SDK can be done via Unity’s Package Manager or by downloading the SDK from the

Tobii Website.

Configuring the SDK involves setting up the necessary Tobii component inside the

Unity Scene including the TobiiXR Initializer component, which manages the eye track-

ing data and TobiiXR TrackingSpace, which defines the coordinate space for tracking.

Withing TobiiXR Initializer component, G2OM Layer Mask can be set 5.11, which de-

termines what layers should be searched for focusable candidates.
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Figure 5.11: Tobii XR Initializer

In this project, objects intended to be focusable are given the EyeGazeFocusable

layer input along with the G2OM Layer Mask value. Active objects that belong in this

layer will be searched within the scene and become gaze candidates. This decreases

computational power needed, since the objects to be searched for eye gaze interaction are

much less than the existing objects in the scene.

TobiiXR TrackingSpace refers to the space being tracked to report eye tracking data

in. The tracking space can have two different versions, local and world space. World

tracking space corresponds to the cartesian coordinates that consider the center of the

environment as point zero. Local tracking space point zero is the center of the parent

object that the component belongs to.

5.4.2 Initialization Parameters

The core of eye-gaze interaction lies in capturing and interpreting the eye-tracking data

provided by the Tobii SDK. The SDK provides a GazeRay object, which contains in-

formation about where the user is looking. The GazeRay has two main properties, its

Origin, which is he starting point of the gaze in world coordinates and the direction vector

indicating where the user is looking. The Origin point is determined by the coordinates

of a GameObject named EyeGazeOrigin, strategically placed exactly where XROrigin

camera is.

At the start of project runtime, TobiiXR Initializer prefab initializes the layer to be

checked for gaze focusable objects inside TobiiXR Initializer script, and then calls Start

function 5.12 of TobiiXR script. Start function configures the settings, loads any required

licenses, and establishes the connection with the Tobii eye tracker. Afterwards, it creates
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the G2OM (Gaze-2-Object-Mapping) object which is a machine-learned selection algo-

rithm, accurately predicting what the user is looking at, during TobiiXR SDK runtime.

Additionally, TobiiXR Updater object is created, which is responsible for constantly up-

dating the data input for G2OM.

Figure 5.12: Tobii XR Start method

5.4.3 Eye Tracking Data

TobiiXR.Tick() 5.13 function is called every frame to update and process eye tracking

data. This method Calls Internal.Provider.Tick() to update the eye-tracking provider and

then fetches new eye-tracking data in local space to transform it to world space. Then,

it applies filters to smooth or refine the gaze data and that is how G2OM DeviceData

structure is created. Lastly, it calls Internal.G2OM.Tick(), giving the G2OM DeviceData

previously created as input, to process the gaze data against the scene and determine

which objects are being focused on.

G2OM is responsible for refreshing the gaze focusable candidates at a given refresh

rate, determined by the value of DefaultCandidateMemoryInSeconds variable which is set

at 1 second by default. More specifically, in every cycle of refresh, the function GetRele-

vantGazeObjects 5.14 is called, which finds relevant objects in the active scene, that the
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Figure 5.13: Tobii XR Tick method

user could potentially focus on based on gaze direction, by calling the FindObjects func-

tion. FindObjects determines which of the active scene components can be distinguished

as focusable through Unity layer compatibility. Afterwards, it adds new candidates to

the list of potential gaze targets and removes old ones that are no longer relevant. This

method always ensures to shrink the list to fit G2OM capacity by giving each one of

the components a timestamp and an id, and then removing the objects with the oldest

timestamp by their corresponding id, if the list exceeds the predetermined capacity.

Figure 5.14: G2OM Tick method

The G2OM PostTicker 5.15 script is responsible for handling the logic that occurs
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after the G2OM system has determined which objects are being focused on. It man-

ages gaze focus changes and triggers appropriate actions on gaze focusable components.

TickComplete() method is called after the G2OM system has completed its processing

for the current frame and it updates the focusedObjects withing the FocusedCandidate

list, representing the objects currently being focused on. UpdateFocusableComponents()

method handles the logic for when the focus shifts from one object to another. If the

focused object is different from the previous frame, it calls GazeFocusChanged(false)

on the components of the previously focused object to indicate that the object has lost

focus. It then clears the list of focusable components and adds the components of the

newly focused object.Lastly, it calls GazeFocusChanged(true) on the new components to

indicate that they have gained focus.

Figure 5.15: G2OM PostTicker method

5.4.4 Object Colliders

The UIGazeCollider script is designed to create and manage a BoxCollider component

for UI elements in Unity. This collider is essential for detecting when a user is gazing at

a UI element, enabling gaze-based interactions. This script is designed to ensure that UI

elements have correctly sized and positioned colliders for gaze interaction. It is particu-

larly useful in scenarios where gaze-based selection or activation of UI elements is needed.

The Update() of the script, ensures that the collider is correctly initialized and updated

based on the UI element’s properties. InitComponents() method initializes the required
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components (RectTransform, Graphic, and BoxCollider) if they are not already set. If

the BoxCollider does not exist, it generates a new one using GenerateRectCollider(). Up-

dateCollider() adjusts the collider’s size and position based on the UI element’s current

state. It uses the CalculateCenter() and GetSize() methods to compute the collider’s size

and position.

More specifically, GenerateRectCollider() creates a new BoxCollider and sets its size

and position based on the UI element. CalculateCenter() method, computes the center

position of the collider, taking into account the UI element’s pivot, offset, and depth.

GetSize() computes the size of the collider based on the RectTransform and padding of

the component.

The G2OM ColliderDataProvider script is part of the Gaze-2-Object Mapping (G2OM)

system. It provides collider data for game objects that can be focused on by the user’s

gaze. This data is used to determine which objects are being gazed at in the scene. By

supporting various collider types, it ensures that a wide range of objects can be tracked.

GetColliderData(), the main method of this script, retrieves collider data for a list of

game objects. The method checks for different types of colliders and computes their axis-

aligned bounding boxes (AABBs). For each collider type, it calculates the minimum and

maximum bounds in local space. The method retrieves the object’s localToWorldMa-

trix and worldToLocalMatrix to transform the bounds from local space to world space.

Lastly, it calculates the collider data to be stored in the G2OM Candidate structure,

which is then used by the G2OM system to detect gaze focus.

5.4.5 Visual Feedback

The implementation of visual feedback scripts demonstrate an approach to handling gaze-

based interactions in the VR environment. By providing real-time visual feedback, these

scripts make the virtual environment more responsive and intuitive. The UIGazeBut-

tonGraphics script offers a complex and customizable interaction experience, while the

UIHighlightAtGaze script provides a straightforward but effective way to highlight UI

elements. These scripts manage the visual feedback of UI elements in response to the

user’s gaze, enabling a more immersive and intuitive interaction experience.

The UIGazeButtonGraphics script is responsible for handling the visual feedback of

a UI button when it is interacted with through the user’s gaze. This script handles how
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the button looks when it is in different states: Idle, Focused, and PressedDown, which

are the enumerations of the ButtonState. Idle is the default state of the button, when it

is not being interacted with, Focused is the state when the button is being gazed at and

PressedDown is the state when the button is clicked while being gazed at. The button’s

appearance changes based on these states to provide the user with visual cues about their

interaction with the UI.

The script handles the visual feedback of the buttons through several methods.

Awake() method initializes the button’s default color, scale, and other properties. This

method stores the original appearance of the button so that it can be reverted after

the interaction. AnimateButtonPress(ButtonState currentButtonState) triggers the but-

ton press animation by starting a coroutine that changes the button’s scale and color

based on the currentButtonState which comes as an input. AnimateButtonVisualFeed-

back(ButtonState currentButtonState) handles the visual feedback when the button is

focused or loses focus, similarly to the AnimateButtonPress() method.

Figure 5.16: AnimateButton method

AnimateButton(float duration, AnimationCurve animationCurve, ButtonState cur-

rentButtonState) 5.16 is the coroutine that handles the actual animation of the button’s
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appearance. It changes between the start and end values of the button’s color and scale

based on the given animation curve. The animation runs for a specified duration and

smoothly transitions the button between different states. Put more simply, while the

button is at Focused state, the coroutine sets its scale and color values to the preferred

ones, until it changes to Idle or PressedDown state, in which case these values change

back to normal.

During the simulation runtime, if a gameObject gets deactivated, the execution of its

methods stop immediately. Thus, in some cases, when there is a UI canvas change, a

Focused button might get deactivated before it changes its focused state back to Idle,

in which case the color and scale will not change back to normal. For that reason ,

AnimationReset(GameObject canvas) 5.17 method checks each one of the button objects

of the newly opened canvas and changes their color to the original if they are not focused.

Figure 5.17: AnimationReset method

5.4.6 Selection Techniques

After tracking the eye correctly, and giving feedback where the user is looking at, UITrig-

gerGazeButton script was designed to manage a gaze-aware button’s input methods to

trigger actions withing the VR environment. Triggering actions include button presses,

and have two different selection techniques, as explained in Chapter 2 2.3, dwell-time and
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eye blink. An object of this script is set as a component in each of the focusable buttons,

checking the state of the button constantly in the Update() method. If a button is fo-

cused, ClickButton() method 5.18 is called. Both selection techniques are implemented

within ClickButton() method.

Figure 5.18: ClickButton method

During the initialization of the script 5.19, OnButtonClicked event is initialized to

avoid null reference errors.

Figure 5.19: UITriggerGazeButton script Initialization
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Also, an object of UIGazeButtonGraphics class is initialized in order to be able to in-

teract with a button’s color and scale when it is pressed. BlinkCoroutine and GazeTrigger-

Helper are also initialized, which are used as helper scripts. More specifically, GazeTrig-

gerHelper holds the information of the previous focused button and the time that each

button is Focused continuously. Finally, BlinkCoroutine helps with a problem that occurs

with eye blink technique which will be described in the next paragraphs.

Dwell-time selection technique relies on focusing on a single button for a specific

duration of time which, in this project, is 0.8 seconds. The script constantly checks if

the focused button changes, through GazeFocusChanged() method 5.20, updating the

previously focused button object in GazeTriggerHelper script every time it changes, and

updates the focused duration on the script’s timer, until it reaches the threshold of 0.8

seconds. If the focus changes, the timer, which is a different object for each one of the UI

buttons, set its value back to 0. If the timer reaches the threshold while the button is still

Focused, the timer gets zeroed and the functionality of the pressed button is invoked.

Figure 5.20: GazeFocusChanged method

Eye Blink selection technique refers to selecting a button when the users blinks with

one eye. Specifically in this project, when a button is Focused, the user can blink an

eye to press the button. This is possible, since TobiiXR.GetEyeTrackingData can give

the information about a blinking eye in real time. In this project, the user can click a

button by looking at it and closing one eye, no matter if it is the left or right. After

the eye blink, BlinkStallCoroutine(Button pressedButton, Boolean blinkOrNotBlink) of

BlickCoroutine script 5.21 starts. In this script, if the boolean blinkOrNotBlink is true,

the button is clicked and its functionality is invoked. If that happens, the boolean sets its

value to false for 0.4 seconds and then back to true. That is happening because TobiiXR

cannot recognize if the user just closed one eye or if the eye was already closed, which can

lead to significant selection errors, if the user close one eye for more time than needed.
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BlinkCoroutine makes sure that the user has enough time to open the closed eye after

the button press. This is taking place in a different script, because UITrigerGazeButton

script is a component in each one of the UI buttons, which means that its methods will

stop executing after the button is pressed, if it gets deactivated. Thus, BlinkCoroutine

is only set as an object in one UI component that never gets deactivated.

Figure 5.21: BlinkCoroutine Script

5.5 Voice Recognition

Voice recognition features in this project include voice commands, which implement spe-

cific functionalities of the UI, and speech to text recognition for writing contact names

and message content. It allows for interaction with the Unity environment through spo-

ken commands and dictation, primarily using the Unity Windows Speech API. The main

script that implements the functionality of voice recognition is SpeechRecognition, which

is a component of the main UI object in the hierarchy. That is mainly happening because

voice commands need to be available at any given moment, no matter in what window

the user currently is, which is only possible if the script is a component of an object that

never gets deactivated.

5.5.1 SpeechRecognition Initialization

During the initialization of the script 5.22, the set of available voice commands need

to be declared in a dictionary list of strings that maps spoken keywords to specific ac-

tions. Then, the keywordRecognizer is initialized and started, since voice commands

Georgios Protopapadakis 101 October 2024



5. IMPLEMENTATION

are available when the simulation starts. The dictationRecognizer is initialized but not

started, since keywordRecognizer and dictationRecognizer use the same resource, which

means that they cannot work at the same time. Finally, the automated stopping of the

dictationRecognizer (InitialSilenceTimeoutSeconds and AutoSilenceTimeoutSeconds de-

activating dictation if there is silence at the start of the dictationRecognizer or after the

user has spoken) is set to 30 seconds. That is a long period of time, but the dictation is

deactivated in the methods which use it after its use has ended his task, so the automated

deactivation works just as a reassurance in case the user stops interracting with the UI.

Figure 5.22: SpeechRecognition Initialization

5.5.2 Keyword Recognition

OnKeywordsRecognized 5.23 method is called when a keyword is recognized. It checks

if the recognized phrase exists in the keywordActions dictionary and invokes the corre-
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sponding action if voiceCommandsBool is true. Available voice commands include music

and volume handling, interaction techniques handling, ending calls and also one voice

command for phone calling. More specifically, if the keyword ”call” is recognized, the

keywordRecognizer stops, and the dictationRecognizer starts in order to listen to the

given contact name. If that spoken name exists in the contacts, an outgoing call to the

specific contact starts.

Figure 5.23: OnKeywordsRecognized method

5.5.3 Dictation

Dictation implements speech to text functionality when the user wants to write a new

message or give a name to a new contact. StartDict() 5.24 method is called every time

the dictationRecognizer is needed. This method checks if the keywordRecognizer is cur-

rently running, to stop its runtime, since phrase recognition and dictation recognition

cannot work at the same time. After stopping the keywordRecognizer, it shuts down

the phraseRecognition system in order to be able to start dictating. Normally, when

stopping the keywordRecognizer, the dedicated resources need to be disposed for less

memory allocation and less computational power, but in this case, these resources are

still needed for the dictationRecognizer. After PhraseRecognitionSystem.Shutdown() the

StartDictationRecognizer coroutine starts. In this routine, the first step is to wait until

the PhraseRecognitionSystem.Status is Stopped, otherwise the dictation cannot start.

When that happens, the dictation starts and the user can talk and write when needed.
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Figure 5.24: Start Dictation methods

OnDictationResult method 5.25 gets the dictated phrase, trims the extra empty spaces

and the writes the result on the corresponding InputField.

Figure 5.25: OnDictationResult methods

Specifically, this method checks which window is activated in order to write the dic-

tated phrase to the correct gameObject. There are 3 cases, either to call an existing

contact by saying the word ”call” and the name of the contact as described above, write

the name of the new contact entry, which happens if the system detects that the con-
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tactTextInput is activated, or write the message content if the newMessage Window is

activated.

OnDictationComplete() method 5.26 is triggered when the system considers that the

dictation needs to stop, which varies by the DictationCompleteCause which is the in-

put of the method. The possible caused include successful dictation session completion,

failure by bad audio quality, cancelled dictation session, timeout caused by the variables

explained above, network failure or unavailable microphone. When the session is over,

the dictation status is checked, and if it is still running, RestartKeywordRecognizer()

method handles the resources used. Otherwise, StartKeywordRecognizer() coroutine is

called which immediately starts the voice commands operation.

Figure 5.26: OnDictationComplete method

5.5.4 Recognizer Management

StartKeywordRecognizer() coroutine 5.27 simply waits until the PhraseRecognitionSys-

tem status is running and then starts the keyword recognizer.

Figure 5.27: StartKeywordRecognizer coroutine
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If the keywordRecognizer gets started without the system status running, the voice

command functionalities do not work correctly.

RestartKeywordRecognizer() method 5.28 has the main difference that it is mostly

called after using dictation, in order to enable the voice commands again. This method

starts by checking if the dictation recognizer is running, and then calls OnDisable method.

Figure 5.28: RestartKeywordRecognizer method

OnDisable method 5.29 can be called either for stopping dictation to start keyword

recognition or the opposite. That is the reason why this method checks which of the

speechRecognition systems is running to stop it. If the keywordRecognizer is running, it

stop its process and calls StopSpeechRecognition() coroutine. If the dictationRecognizer

is running, it starts by stopping it and the calls StopDictation() coroutine.

Figure 5.29: OnDisable method

These coroutines 5.30 are used in order to wait until the corresponding speech recogni-

tion system has stopped running, otherwise the other system would not start its function

correctly.

Georgios Protopapadakis 106 October 2024



5.6 User Interface

Figure 5.30: StopPhraseRecognition and StopDictation coroutines

5.6 User Interface

During the implementation of the UI the primary focus was towards the design, in order

to facilitate intuitive interactions through eye-gaze. During research and testing, the

outcome was that the eye-gaze interactions were easier with buttons closer to the eye

origin point. Specifically, buttons on the top side or the right side of the UI were not

as easy to select, ending up in frequent selection errors. As described in Chapter 4 4,

the UI consists of the main window which includes one weather widget and some vehicle

information and 6 buttons at the bottom side of the window which lead to the other 6

windows when selected. In this section, the process of the UI implementation will be

described, starting with the thought process of its content.

The content of the UI includes basic functions of the vehicle that can be found in

infotainment systems, like the speed and mileage that appear in the main window, tire

pressure, maintenance and engine presets that appear in the car window. Also, there is a

window to handle the music playback and another window to handle the Air Conditioning

unit. Most cars nowadays can also connect with the user’s phone in order to use the

vehicle’s systems for calls, so the phone window can also be considered as a part of a

normal car’s infotainment system, but also a step towards the mobile office. The message

window is an essential part of a mobile office, since the user needs to be able to interact

through phone messages or mails. Undoubtedly, even in an automated vehicle, the hands

of the user need to be unoccupied, which leads to the use of text to speech algorithms

for inserting texts either in messages or during contact adding.
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5.6.1 Main Window

The main window includes 6 interactable buttons, belonging in the gazeCandidate layer as

described earlier. Selecting one of these buttons will lead the user’s view to a new window,

depending on which one was selected. The background color chosen was light blue, which

is a color that does not strain the eye (e.g. red) and does not cover elements from the

external environment. That is also possible, because the opacity of the color (value of

a in RGBA color values) was set to 200. The alpha parameter is a number between

0 (fully transparent) and 255 (fully opaque). After experiments and research, 200 was

found to be an appropriate value for the UI opacity. Lower values would lead to more

transparency than needed, making the interactable elements harder to be distinguished

inside the UI, while higher values lead to lack of transparency, making users unable to

maintain road awareness.

The informative panel in the main window includes information about the cars func-

tions. More specifically, this panel holds information about the autonomous driver, being

active or not. It is set to active by default, beucase in this project there is no need

for manual driving. Next, there is a text indicator which constantly updates the speed

of the vehicle so the user does not have to watch the speedometer. The speed text is

constantly updating its value since it is held in the Update() method of the main script

of the UI functionality UIPrinter(). The value is received directly from the speedometer,

converted to km/h (multiplied by 1.6) and then converted to an integer 5.31. Last, there

is a mileage counter which refers to the number of kilometers the car travel with the

current level of fuel. The number written is 405, and is set by default, since the car does

not actually have fuel consumption.

Figure 5.31: Main window vehicle speed

On the right side of the main window, appear a weather widget which informs the

user about the weather conditions and temperature of Athens. This panel shows real-time

data about the weather in Athens, received from openweathermap.org API, a function-

ality handled in WeatherWidget script. WeatherWidget is a script which handles the

communication between the application and the API server. During its initialization, the
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apiUrl and apiKey are important information in order to communicate with the correct

server and get access to it. Then, the city name needs to be given as input, and during

the script’s Start() the coroutine GetWeatherData() is called.

This coroutine starts by creating a string.Format by the name url, inserting the in-

formation to be sent to the server, which include the initialized url, apiKey and city

name. Then, using UnityWebRequest, it sends an HTTP GET to the server, using the

specified url, and waits for its response. When the server responds to the request, if it

does not result to connection or protocol error, it calls the ProcessWeatherData method

5.32 which gets as an input the bytes from data interpreted as a read-only UTF8 string.

This method processes the JSON response from the weather API, by parsing the JSON

string into the WeatherInfo object, which is a custom class that represents the structure

of the weather data returned by the API. The temperature is extracted from the Weath-

erInfo.main.temp and then cast to an integer to be displayed in the UI as a string. The

weatherCity text is the name of the city displayed on the UI and the weatherDescription

text is also extracted from WeatherInfo object and displayed in the UI.

Figure 5.32: Weather Data retrieved from the API

The coroutine GetWeatherIcon 5.33 is responsible for fetching and displaying the

weather icon image from the internet using the icon code provided by the API. A string

named iconUrl constructs the URL for the weather icon using the iconCode. The icon is

fetched from OpenWeatherMap’s image repository with the ”@2x.png” suffix indicating
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a higher resolution version of the icon. Another UnityWebRequest is used again, but

this time to download a texture from the constructed iconUrl. When the request is

complete, the newly created Sprite is assigned to a UI Image component weatherIcon,

which displays the weather icon in the user interface.

Figure 5.33: Weather Icon retrieved from the API

5.6.2 Settings Window

The settings window handles the interaction techniques input. It consists of 3 compo-

nents for activating and deactivating dwell selection, blink selection and voice commands

each of them including a set of On and Off toggle buttons. By default, the blink se-

lection technique and the voice commands are activated, and the dwell time selection is

deactivated.

If the user clicks the Off button for eye blink, the EyeBlinkSelectionTechnique()

method 5.34 is called, which deactivates the Off button and activates the On button,

for later change of the selection technique. Also, a boolean called eyeBlinkBool is set

to false, which does not allow for blink selection, since the implementation of Click-

Button() method in the UITriggerGazeButton script checks if the eyeBlinkBool is true

in order to Invoke the button functionality. The eyeBlinkBool is a boolean component

of the BlinkCoroutine script which, as mentioned previously, is a script attached to a

gameobject that never gets deactivated.

Georgios Protopapadakis 110 October 2024



5.6 User Interface

Figure 5.34: EyeBlinkSelectionTechnique() method

If the user click the Off button for voice commands, the method VoiceCommandsEn-

abler() 5.35 is called, which deactivates the Off button and activates the On button, so

the user can later enable voice commands again, if needed. A boolean called voiceCom-

mandsBool, which also is an object of the BlinkCoroutine script, is set to false. Whenever

a voice commands is recognized by the SpeechRecognizer, the OnKeywordsRecognized()

method in SpeechRecognition script checks if the voiceCommandsBool is true, in order

to invoke the use of the spoken voice command.

Figure 5.35: VoiceCommandsEnabler() method

If the user clicks the On button for dwell time, the DwellTimeSelectionTechnique()

method 5.36 is called, deactivating the On button and activating the Off button. A

boolean from BlinkCoroutine script, called eyeDwellTimeBool is set to true, and the
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user is able to press buttons by dwelling on them for 0.8 seconds as mentioned earlier.

ClickButton() method in the UITriggerGazeButton Script checks if this boolean is true

every time the user tries to achieve a selection through the dwell time technique.

Figure 5.36: DwellTimeSelectionTechnique() method

Also, settings window includes a button with the label minimize UI. If this button is

pressed, the method MinimizeUI() is called and the component of the UI is deactivated

and another canvas, which appears on the bottom left side of the windshield. This button

maximizes the UI and if the user selects it, the method MaximizeUI() is called and the

view of the user is directed back to the main window of the UI.

All of these interactions can also be achieved through the corresponding voice com-

mands, as long as voiceCommandsBool value is set to true. If the system recognizes one

of these commands, the method of the keyword is invoked, which directs to the methods

mentioned above to implement their functionality. The methods mentioned above, are a

part of UIPrinter script.

5.6.3 Phone Window

The phone window appears if the user selects the phone button from the main window.

Then, the canvas of the main window gets deactivated and the phone canvas is enabled.

This canvas consists of two different panels, one for recent calls and one for contacts. By

default, the recent calls panel is activated when the user first enter the phone window.

In order to implement the functionality of phone canvas, two new prefabs were made,

one for recent calls objects and one for contacts objects. Both of these prefabs include
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a name (for contact or recent call), a call button and a message button. The difference

between those prefabs is that the contact prefab also includes a delete button so the

user can delete a specific contact, while that is not available for recent calls. A script

called ContactsType with the attributes of name, call, message and delete button is a

component of both of these prefabs in order to save the information of for each one of

their instances. By default, the recent calls button has an instance of a recent call prefab

with the name Panos and the contacts panel has an instance of a contact prefab with the

name George. That serves the purpose of being able to write messages without having to

create a new contact first, because as mentioned before, a new message cannot be written

if there are no existing contacts.

Either in the recent calls or the contacts panel, the user can press the call button of

the instances of the prefabs that appear there. When that happens, the MakePhoneCall()

method of the UIPrinter script is called, and the calling procedure starts. A calling dial

panel appears in the bottom left side of the phone window, with the name of the contact

or recent call appearing there. Also, a calling dial appears in the top side of the screen,

within the Toolbar, writing that there is an outgoing call, the name it calls, and also has

a red ’end call’ button. The call dial panel of the phone window has two different labels,

one for outgoing and one for incoming calls. That appears to be the the only difference

of this panel, while the name remains to be the name of the caller or the contact to be

called, and the red ’end call’ button is always there if the user wants to end it.

When a call is taking place, whether it is incoming or outgoing, the recent calls log

needs to be updated. Inside the recent calls panel, 4 empty gameobjects were created,

with names recent calls 1-4, which serve as local positions that the recent call prefab

instances can take. When the user makes the call, the MakePhoneCall() checks if one

of the 4 positions is empty 5.37. A gameobjects called positionsChild was created and

attached as a compoment for each of these 4 positions. If the position is not empty, the

positionsChild gameobject takes the value of the prefab that appears in that position.

So, when the method check the positionsChild of each of the 4 positions, it is aware of

which one is empty. Those positions start from the upper side of the panel and end up

in the bottom from numbers 1 to 4 respectively. Each time a new recent call object is

saved in the log, if there are more recent calls, they slide down by one position. So, each

time the method checks for available positions, it starts by searching position1, and if it

is empty, it saves the prefab there instantly. If not, it checks for the rest of the positions
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and slides each of them by 1 position, and then saves the recent call in position1. Since

there are only 4 positions, if number 4 is not empty, it is deleted, by destroying the prefab

of this spot, and delete it from positionsChild gameobject.

Figure 5.37: Recent Calls position logic in MakePhoneCall() method

The instantiation gets the recent call prefab as an input, the position1 and the world-

PositionStays: false which means that it appears in local position, because it needs to

be instantiated in this specific position of recent calls panel. After the method manages

the positions, it instantiates an object of the recent calls prefab in position 1, with the

correct name from the ContactsType script. Since unity prefabs cannot get values in the

inspector, if these values are not also prefabs, the values of the new recent call instance

are initialized in the script.

If the user presses the Contacts button located at the left side of the window, the

view is directed to the Contacts panel of the phone window. There, the user can add new

contacts by pressing the respective button which calls the NewContact() method 5.38

of the UIPrinter script. This method, deactivates the add contact button and activates

the save button. Also, it shuts down the phraseRecognizer and activates the dictation-

Recognizer so the user can write the wanted name of the new contact. After the user

speaks the preferred name, the script activates the input field to write it, and also selects

it, otherwise it will not accept the input. Then, the user can select the save button, if

the input field text is not empty, which calls the SaveContact() method and the oppo-

site procedure starts, deactivating the input field and dictationRecognizer, restarting the

phraseRecognizer, deactivating the save button and activating the add contact button.

Using the same procedure as in recent calls, the method searches the contactPositions

and instantiates the contact prefab in position 1, in local coordinates. A list of strings
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called contactList is also updated every time a new contact is added, saving the name of

the new contact to the list.

Figure 5.38: NewContact() method

Deleting a contact calls the DeleteContact() method, which removes the name from

the contactList, destroys this contact prefab and sets this positionChild to null. Delete-

Contact() method searches the below positions of the deleted contact and if they are not

empty, it slides their contents one position up.

5.6.4 Message Window

The message window consists of 2 main panels, one for inbox and one for outbox messages.

Inbox panel is active by default when the user is opening the message window for the first

time. There are 2 time of message prefabs, one for inbox messages and one for outbox

messages. Both have a name attribute (receiver or sender), a message content part and

a button to open the message. A script called OutboxMessage was created to hold the

information for each one of these prefabs instances. This script has the attributes of

receiver name, message content, open button, and unreadSign for inbox messages. By

default, the inbox contains one instance of a message.

When the user presses the new message button, OpenNewMessageCanvas() method

is called. In this method, the inbox or outbox canvas gets deactivated and the new

Georgios Protopapadakis 115 October 2024



5. IMPLEMENTATION

message canvas is enabled. The method checks the contactList for available contacts

and if it is empty a text gameobject ”No available contacts” appears, without being able

to proceed to message writing. If the list is not empty, it retrieves the names of the

contacts and places them in instantiations of a button prefab that appears so the user

can choose in which contact he wishes to send the message. After choosing the receiver,

the ChooseMessageReceiver() method is called and sendMessage button is activated, and

the text to speech procedure starts by calling the WriteMessage() method, with the user

being able to talk to write the wanted message. When the sendMessage button is pressed,

if the message content is not empty, the message is sent, saving an instance of the outbox

message to the outbox panel, and directing the user’s view back to it. Saving the instance

of the message happens with the same procedure with the gameobject positions as in the

contacts and recent calls.

The user is able to open a message to view its content by clicking the open button

on its object. When that happens, the openMessageCanvas is activated, showing the

information of the OutboxMessage script, within the openMessageCanvas prefab. There,

the user has the choice to forward a message by pressing the corresponding button, which

calls ForwardMessage() method, which instantiates the prefabs for the receiver choice as

explained in the new message procedure. When the user chooses the receiver, the send

button appears and the message can be send by calling the SendForwardMessage() which

handles the positions that the new forwarded message will appear in the outbox panel.

Also, in the openCanvas, the user has the option to delete the opened message. In this

case, the message is deleted from the corresponding canvas with DeleteMessage() method

implementing the same procedure as deleting a contact. Inside the message window, the

user can choose the inbox or outbox panel from the left side of the window, each of the

calling OpenInboxCanvas() and OpenOutboxCanvas() respectively. In these functions,

except for activating and deactivating the panels, a sprite which appears around each of

these panels is handled. This sprite is made as a button wrapper so the user is constantly

aware of the currently activated panel.

5.6.5 Car Window

The car window holds information about basic functions of the car and is divided in 3

main panels. As mentioned before, those panels include Engine Presets, Tire Pressure
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and Maintenance. Users can change panels through selecting their respective buttons

from the left side of the car window. Each button has a white wrapper gameobject which

is activated when the each of the buttons is selected 5.39, and serves as an indicator of the

panel currently working. When a button is pressed, one of the methods ShowEngineP-

resets(), ShowTirePressure() and MaintenanceUI() is called, and the respective wrapper

gets activated, and deactivates the previously enabled one. By default, engine presets

panel is enabled when the user opens the car window for the first time.

Figure 5.39: Car Window panels

Engine presets panel has 3 available engine presets that can be chosen (Eco, Normal

and Sport). By default, eco mode is on. Each of these presets also has a wrapper so
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the enabled one can be distinguished. The difference between these wrappers are that

they are not white but colored. When one of the preset buttons is selected, ActivateP-

reset() method is called, which enables the colored wrapper for the chosen preset, and

updates the preset text indicator below the buttons. Also, it updates the value of the

activeEnginePreset text which is the text value shown in the toolbar.

If the tire pressure button is pressed, ShowTirePressure() method is called, which

activates a picture showcasing the pressure of the tires. Maintenance button, calls Main-

tenanceUI() method which deactivates the TirePressure or EnginePreset panels if needed,

and activates Maintenance panel. In this panel, appears a button that detects car mal-

functions if pressed. By pressing DetectProblems button, ProblemDetection() coroutine

is called, which activates a rotating Cog for 3 seconds, as an indicator of searching car

problems. After 3 seconds of rotating, the Cog is deactivated and a message appears,

showcasing the malfunctions detected in the car.

5.6.6 A/C Window

Selecting the A/C button from the main window, directs to the Air Conditioning window.

There, the user can handle various functions of the air conditioning unit, including the air

flow direction, air origin and temperature, handled in the AcPreset and AirFlowPreset

scripts. Specifically, the air origin has 2 options, one for air coming from the outside of the

car and one for recycling the air existing inside the car. Pressing one of those buttons calls

ChangeAirFlow() method from AirFlowPreset script, which highlights the pressed button

with a white wrapper. As it comes to air flow direction, there are 5 options: head, legs,

head and legs, head and windshield, windshield. By choosing one of those A/C presets,

ChangeAcPreset() method of AcPreset script is called, which highlights the chosen preset

with a white wrapper and deactivates any other activated wrappers from the rest of the

4 presets. Also, if the A/C was previously closed, ChangeAcPreset() deactivates the On

button and ativates the Off button, so that the user can deactivate the air conditioning

unit at any time. The set of toggle buttons for opening and closing the A/C unit, call

the methods OpenAc and CloseAC respectively. If On button is pressed and the air

conditioning unit starts working for the first time, the air flow origin coming from the

outside environment is chosen by default, as well as the first air flow direction which

stands for air flowing towards head and legs. If a different preset has been chosen either
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for origin or direction of air, when the on button is pressed, the previously chosen presets

are maintained. When the user selects the Off button, CloseAc() method deactivates the

wrappers around the enabled A/C presets. Last, there is a set of buttons that handle

the air temperature. The user can handle the temperature through selecting the Plus

(+) or Minus (-) buttons to increase or decrease the temperature, invoking TempUp()

or TempDown() method of UIPrinter respectively. Those methods increase or decrease

the temperature of the air by 2 Celsius degrees, updating the text value shown inside

the A/C window. The default value of the temperature is 20 Celsius degrees, the lowest

temperature is 12 Celsius and the highest 28 Celsius degrees.

5.6.7 Music Window

The music window can open through pressing the Music button in the main window.

It consists of 5 presets of FM radios, a set of On/Off toggle buttons, a set of volume

handling buttons and a mute button. Selecting one of the 5 FM radio buttons invokes

PlayClip() method 5.40 of UIPrinter script, which enables the audioSource, and feeds it

with the audioClip component that the pressed button has as an object (.wav file) in

UIPrinter.audioClip variable. Then, the audioSource is set to Play() and the music play-

back starts. Each of the buttons has a different audioClip attached, and the audioSource

is set to stream them on loop, if the user does not stop it.

Figure 5.40: PlayClip() method
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If the audioSource is already playing music and the user chooses a different FM

radio button than the one already streaming, PlayClip() changes the audoClip attribute

of the audioSource, and starts playing the new .wav track. In case the On button is

pressed, StartMusic() method is called, which sets the audioSource on play mode, and

activates the Off button, to give users the option to stop the music. When on button

is pressed and music starts playing for the first time, the default clip playing is the one

attached to FM1 radio button. If it is not the first time, the last chosen FM track

starts playing. Either in StartMusic() or PlayClip methods , when the clip to be played

is chosen, the name of the FM station playing is saved in toolBarTrackPlaing variable

to be used for informing which station is currently playing in the toolBar. Pressing

the Plus (+) or Minus (-) buttons increases or decreases the music volume by invoking

VolumeUp() and VolumeDown() methods respectively. VolumeUp() increases the volume

of the audiosource by 0.1 (since an audiosource volume is a value from 0 to 1), or by

1 in the integer form, and then Math.Truncates the value multiplied by 10, in order

to keep its integer value and print it in the music window, as well as in the toolBar

through the volumeLevel text variable. VolumeDown() uses the same logic to decrease

the volume by 1 unit in integer values. The volume has a high value of 10 which is also

the default, and a low value of 0 which mutes the playback sound. There is also a mute

button in the left side of the screen, which sets the value of the volume to 0 using the

audioSource.mute=true boolean given by unity, or unmutes it if pressed again, setting it

back to the previous value. All of the functions toggling music functionalities mentioned

above can be accomplished through voice commands. ”Play music” voice command set

the audiosource on play mode, ”stop music” stop the music playback and ”volume up”

and ”volume down” invoke the respective functionality. There are 2 more music related

voice commands, ”next track” and ”previous track”. NextTrack() method 5.41 from

SpeechRecognition script searching which is the track currently playing, or even chosen

without playing, and changes the track to the next radio station. For example, if FM1 is

playing, NextTrack() sets FM2 to play, and since there are 5 FM radio stations in total,

if FM5 is playing when NextTrack() is recognized, the next track to be played is the .wav

of FM1 button. With the same logic, PreviousTrack() method starts playing the track

of the previous FM station than the current one.
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Figure 5.41: NextTrack() method

5.6.8 Toolbar Logic

The toolbar of the UI is an informative panel which is always on display, no matter

what window the user is currently in. It displays basic information about the UI and car

functions that need to be available for the user at any given time. More specifically, it

displays information about the active engine preset, a digital clock showing the real time
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(UTC+3), and information about the music playback 5.42. Moreover, there are 2 empty

panels, one for phone calls, showing the type of the call (incoming or outgoing), the name

of the caller, and an end call button, so the user can handle phone calls at all times. The

second empty panel is set to show notifications about incoming messages, and warnings

from the AD, informing the user for the AV actions. The logic of this toolbar is handled

within the UIBarLogic script.

Figure 5.42: Tool Bar Layout

The digital clock is showing the actual UTC+3 time through the UpdateTime() corou-

tine, which gets the time from Unity’s System.DateTime.Now and prints it with the

today.ToString(h:mm tt) format, showing the Hour:Minutes of DateTime.now.

In UIBarLogic Update() method, the engine preset currently enabled is showed on

the first spot of the toolBar, getting the value through the activeEnginePreset variable

which updates its value every time the user changes the preset, as explained in the car

subsection. The phone call notification panel in the toolBar gets the name of the name

to be displayed through the contactName.text variable in MakePhoneCall() method of

UIPrinter, when it comes to outgoing calls. Also, MakePhoneCall() method is only

invoked for outgoing calls, printing ”outgoing” in the call dial panel of the toolbar.

The incoming notifications are handled by Unity’s events. Given specific time stamps

handled by coroutines, they delay the event functionality. Specifically, the incoming

call and incoming message events are triggered by IncomingCall() and IncomingMes-

sageEvent() coroutines of UIBarLogic script. The delay for those events can be set

parametrically as an input during their call in the Start() method of the UIBarLogic

script.

IncomingCall() 5.43 coroutine is set to take place 15 seconds after the starts of the

simulation, if there is no outgoing call taking place at the moment. Otherwise, it waits

until the outgoing call is ended, by checking if the dial panel is deactivated, and then

the incoming call takes places. When that happens, the dial panel appears, both in the

phone window and the toolbar’s phone call information section. The ”incoming” label
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is enabled, and the name ”Anna” is set as the callers name, which can be changed in

the IncomingCall() coroutine. Then, the IncomingPhoneCall() method of the UIPrinter

script is called with the callerName as an input, in order to set the call prefab in the

recent calls panel, as explained in the phone window section.

Figure 5.43: IncomingCall() coroutine

IncomingMessageEvent() 5.44 coroutine is set to take place 5 seconds after the simu-

lation starts, if there is no pop-up message coming from the autonomous driver.

Figure 5.44: IncomingMessageEvent() coroutine

This section of the tool bar is shared between message and autonomous driver notifi-

cations, and in the case of an incoming message, it displays the name of the sender and a
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part of the message’s content that fits in this space. The coroutine then, sets the name of

the sender and the context of the message, and then sets the messageReceived boolean to

true. In the Update() method of the UIBarLogic script, if the messageReceived boolean

is true, the unreadInboxCounter integer is increased by 1, which sets a notification bubble

5.45 on top of the message icon in main window, informing the user for the number of

the unread inbox messages.

Afterwards, IncomingMessage() method of UIPrinter script is called, in order to set

the inbox message prefab in messages window. This prefab’s difference compared to those

of the outbox messages, is the sign ”Unread” which is written on top of the message ob-

ject, in red letters. If the user opens this specific message, this sign gets deactivated and

the notification bubble decreases its value by one, or even deactivates itself if unreadIn-

boxCounter’s value is 0, in the OpenMessageCanvas() method.

Figure 5.45: Unread Message notification

The notifications coming from the autonomous vehicle, always have priority to be

displayed in this shared message/AV notifications section of the tool bar. The waypoints

are categorized by the behavior of the vehicle when the car’s collider hits them. There are
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5 categories of possible moves, left, right, slight left, slight right and breaking. Depending

on the category of the waypoint that the vehicle hits, PopUpMessages() coroutine 5.46

of UIBarLogic script is called from OnTriggerEnter() method of AICar script, with the

corresponding input. PopUpMessage() then activates the correct if statement, depending

on the waypoint category, in order to display the corresponding message for the vehicle

movement and calls WarningAudio() coroutine so that the user is informed on time.

Figure 5.46: PopUpMessages() coroutine

In the last spot of the toolbar, music information is displayed so the user can be

aware if it is on or off, which radio station is playing, and the volume of the music.

That is really helpful, since these are all components that can be handled by using voice
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commands, so having an immediate visual feedback can accurately inform the user if the

voice commands input was correct. The Update() method of the UIBarLogic script is

always checking the volume of the audioSource so it can update the value displayed in

the tool bar. The mute or unmute icon is also changing through this update method by

checking if the volume of the audioSource is muted or not. Also, it displays the words

”On” or ”Off” which shows whether the radio is playing or not, as well as the name of

the radio station that is currently playing, if the radio is On.

5.6.9 Audio Events

Audio Events is a script that has 6 different .wav audioClips saved for auditory feedback

when specific events take place. Another audioSource named Auido Source - Events was

made to be able to play clips of 2 different audiosources at the same time, in case an

event takes place while music playback is activated through the radio. Those 6 audioClips

include buttonClickAudio, outgoingCallAudio, incomingCallAudio, incomingMessageAu-

dio, messageSent audio and warningFromAV audio. Each one of these .wav audios has

been chosen for this specific purpose and is considered to be appropriate for giving the

user the correct feedback. Since audioSource-Events is only meant to be used for event

triggers, the sounds of the clips is only played one time through audioClip.PlayOneShot(),

and not on loop like the general audioSource playback.

The audio for buttonClickAudio is meant to be triggered every time the user clicks

a button. Specifically, ClickButton() method of UITriggerGazeButton script uses but-

tonClickAudio right before invoking the functionality of the button, which means after

dealing with all of the checks either for dwell time or eye blink selection technique. out-

goingCallAudio is used when the user is make a phone call in recent call or contacts panel

of phone window, or using the voice commands for calling an existing contact. In the

same way, when an incoming call is taking place through IncomingPhoneCall() method,

incomingCallAudio is activated so the user can listen to the incoming phone call ringtone

and realise there is a call to be answered. Audio for incomingMessage is activated when

there is an incoming message event, and messageSent is the sound playing when the user

is pressing the sendMessage button (either in new message or forward message panels).

Last, warningFromAV is an audio to let the user know that there is a notification coming

from the AV to inform him about the vehicle’s actions to be made soon.
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Chapter 6

Evaluation & Testing

6.1 Introduction

After finishing the implementation of the application, there needs to be an evaluation

to task the effectiveness of the UI. Except for the effectiveness, this testing needs to

check the intuitiveness of the interface, and the overall user experience. As mentioned

in the evaluation subsection 2.5.4 of Research Overview chapter, testing an interface can

be approached with many different methods. In this specific project, the main focus of

the evaluation was to test the intuitiveness of the interaction methods, especially the

interactions using the eye gaze, as well as the impact of the usability of such an interface

in the physical world. More specifically, it includes user experience metrics evaluation to

measure task completion speed and error rate, and usability testing evaluation through

questionnaires.

6.2 Evaluation Method

The evaluation process starts with a brief training which is accomplished by placing the

user in the test Scene which places the car in an empty scene. The purpose of that is to

insert the user in the logic of eye gaze and voice command interactions, and get used to the

layout of the interface. While browsing the interface and realizing the functionalities of

the existing windows, users describe their experience, pointing out ideas about potential

functions of the UI and future work, while also mentioning errors that may come up.
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The described procedure can also be considered as think aloud evaluation method of the

interface. After having enough familiarity with the interface, users are described of the

metric evaluation process that will take place when they enter the main scene of the

project.

When the main scene of the project starts and the user selects the ”Start Experiment”

OnGui choice in the first screen of the simulation, experimentOn boolean value is set to

true, which activates several gameObjects inside the simulation. More specifically, to

obtain the user metrics evaluation results, an experiment that measures task completion

speed and task error rate has been implemented. This experiment includes measuring

the time needed to accomplish 3 specific tasks within the UI, for each of the eye gaze

selection techniques. Each of these tasks contains the selection of a sequence of 5 buttons.

The first sequence takes place in the message window, the second in the car window and

the third in the music window. Each of these sequences of 5 selections is guided through

visual hints that appear in black circles, containing the numbers 1 to 5 to showcase the

correct button to select. When the first button of the sequence is pressed, a counter

named to represent each of the 3 tasks accordingly, starts calculating the time passed

until the 5th button of the sequence is pressed. During that time, the user is told to

press the space button of the keyboard for every false interaction that takes place. False

interactions include pressing buttons that the user did not meant to, or trying to select

a button without being able to do it when intended.

When each of the 3 tasks is completed, the user is guided to the Settings window,

where he needs to deactivate the eye blink interaction technique (which is enabled by

default), and activate the dwell time interaction technique through their respective toggle

switches. Afterwards, the same procedure of completing the same 3 tasks needs to be

completed again, this time with a different eye gaze interaction technique. The time

needed for each task completion is counted separately, as well as the errors made for each

of the 3 tasks in total. Completing these tasks, the user continues cruising the roads of

the city while the AD navigates in the predefined route, interacting with the the UI using

their preferred eye gaze selection technique.

When the experiment comes to an end, the users are given a set of questionnaires.

These questionnaires are separated in 2 different sections. The first section includes

questions derived from The System Usability Scale questionnaire which is a standardized

version that is used to reliably evaluate interactive products and applications to asses

Georgios Protopapadakis 128 October 2024



6.3 Evaluation Results

quality and user experience. This section of the questionnaire got enriched by questions

that turned it into a user experience questionnaire with a strong focus on VR applications.

The second section of this set, delves on more specific aspects of the UI functionality and

simulation specifics. More specifically, it includes questions that get a grasp of the user’s

view on the interaction techniques used in the project, and their preferences between

them. Also, it tries to derive information from each of the user’s point of view about the

concept of the mobile office, their road awareness during the experiment and the trust

they developed towards the AD through the notification messages. These questionnaires

aim to gather information regarding the usability and effectiveness of the application,

while also comprehending user’s view about the usage of such interfaces in autonomously

driven vehicles in the physical world.

6.3 Evaluation Results

The results of the experiment have been derived after a number of 12 participants (N=12)

went through the process. Those participants had big deviations in experience with VR

technology and headsets, varying from those who have never used a headset before to

those who use VR headsets every day. This difference between experience with VR can

give useful insights about the usability of the application and the intuitiveness of the UI,

leading to the comprehension for the need of training. More specifically, the first section

of the results shown is about the metric evaluation process, displaying the errors made

for each of the eye gaze selection techniques compared with the VR experience of the

users.

Analyzing the results shown in chart 6.1, it is clear that the errors for the Eye Blink

technique are lower, with most of users making fewer errors. However, results seem to

vary in the ”Regularly” and ”Every day” categories, where some users still make a few

errors. Eye Dwell Technique generally shows a higher number of errors compared to Eye

Blink, especially in the lower VR experience categories (”Never” and ”Once”). As VR

experience increases the errors seem to decrease, but there are still notable errors even

in the higher experience categories.

Users who have less VR experience show worse results with the Eye Dwell technique,

resulting in more errors. This shows that users have a harder time with this technique

or a need for increased training. On the other hand, users who have more prior VR
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Figure 6.1: Errors made by users compared to their experience with VR, for each Eye

Gaze Technique

experience perform better with both techniques, although Eye Dwell still shows a higher

error rate than Eye Blink.

The visualization of the boxes show tight concentration for Eye Blink, indicating

consistent performance with this technique. For Eye Dwell, the larger spread indicates

more variability in performance, which could be due to the technique’s known difficulty

(popular problems like Midas Touch) or user preference. However, although Eye Blink

technique show more consistent results, Eye Dwell technique shows lower absolute value

of errors in Never and Once VR experience categories. This could be considered an

anomaly since it also shows higher absolute values in the same categories (in fact has the

highest absolute value in errors in all categories).

Next we are going to analyze the task completion time needed for each of the 3 tasks

comparing both technique with the VR experience of the users. But before that, there

needs to be a worthy detail mention for each of the 3 tasks. Those 3 tasks have been

specifically designed for the use of this experiment, after many observations through-
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out the implementation process of the project. More specifically, while developing this

project, there were clear observations about the difference of accuracy and speed of the

eye tracking efficiency considering vertical transitions of the eye compared to horizontal

ones. Tracking the eye close to the edges of the UI has always been more difficult, which

affects vertical transitions much more than horizontal ones because the UI is much smaller

vertically than it is horizontally (ratio 1:2). That concludes in much more frequent in-

teractions close to the edge of the UI when it comes to vertical interactions, compared to

horizontal ones. Having that in mind, the 3 task have been designed accordingly. First

task (message) had smooth transitions in all axes, second task (car) had more intense

transitions in the vertical axis and the third task (music) had more intense transitions in

the horizontal axis.

Figure 6.2: Message Task Completion Time compared to VR experience, for each Eye

Gaze Technique

The performance in the Message Task 6.2 shows faster completion times and fewer

errors in general. This is consistent for all levels of VR experience levels which shows
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that the smooth transitions in this task make it easier for users to interact with the

UI, regardless of their chosen eye gaze technique. The eye dwell technique seems to be

slightly slower, but it also performs relatively well in this task. Less violent transitions

seem to reduce the difficulty for users, making the difference between Eye Blink and Eye

Dwell techniques less observable in this task.

The smooth transitions in the Message Task seem to minimize the challenges that are

affected by vertical or horizontal movements. This explains why both techniques perform

similarly, with a slight advantage for Eye Blink due to its general ease of use.

Figure 6.3: Car Task Completion Time compared to VR experience, for each Eye Gaze

Technique

Observing the results of Car Task 6.3, the eye blink technique seems to have more

variability in performance, especially in terms of completion times. Users with less VR

experience might struggle more with the intense vertical transitions, especially because

of the UI’s proximity to the edges, where eye tracking is less accurate. The Eye Dwell

technique shows worse performance in this task. Vertical transitions seem to challenge
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users more while using this technique, which results in longer completion times and more

errors.

The vertical transitions in the Car Task, especially those near the UI edges, seem to

lower performance, especially for the Eye Dwell technique. This is expected according

to the observation that eye tracking is less accurate closer to the edges of the UI. Users

with less VR experience might find this task challenging, leading to bigger performance

differences between the two techniques.

Figure 6.4: Music Task Completion Time compared to VR experience, for each Eye Gaze

Technique

The performance of eye blink technique is better in this task 6.4 as well, resulting

in fast completion times and low error rates. Horizontal transitions appear to be easier

for users, as they involve less interaction near the UI edges. While there are still some

challenges, the Eye Dwell technique performs better in this task compared to the Car

Task. The horizontal transitions seem to be easier, allowing users to achieve better

completion times than in the more vertically intense Car Task.

Georgios Protopapadakis 133 October 2024



6. EVALUATION & TESTING

The design of the Music Task, with its focus on horizontal transitions, seems to fit

better with the strengths of both eye gaze techniques. The lower impact of near the edge

interactions seems to contribute to the improved performance, especially for the Eye

Dwell technique. This shows that horizontal movements are less demanding on users,

especially when using less intuitive techniques like Eye Dwell.

The results from the System Usability Scale standardized questionnaire show the

user’s level satisfaction while using the application. There is a specific approach to how

to derive to those results. It includes subtracting 1 from each of the odd numbered

questions and subtracting the value of the even numbered questions from 5. Then, these

10 values need to be added and multiplied by 2.5. After this process, the results for our

experiment was the number 78.3 out of 100. The average System Usability Scale score

is 68 which represents C mark, and the A mark is above 80.3 points. According to that,

78.3 points is a very good score for our project, which means that with a few alternations

it could have an A mark, but is already very close.

Afterwards, question considering the User Experience (UX) have been conducted.

The results showed will compare the UX evaluation of the users about the application,

compared on their level of experience 6.5 and how that might affect their overall experi-

ence.

Eye strain is seems to be at low levels across all VR experience categories, mostly

around the 1-2 range. There is little to no decrease in eye strain with increased VR

experience, suggesting that users did not feel discomfort in this aspect, regardless of their

prior experience with VR. The mean values have a slight decrease as the VR experience

increases which is normal since experienced VR users probably also have experience in

eye gaze interaction, leading to more intuitive moving of the eye which conducts to less

eye strain.

Motion sickness is also reported at low levels in most of the VR experience levels.

There is a slight increase in motion sickness for those who experienced VR ”A few times”

but the levels remain low. This result shows that motion sickness was not an important

issue for the participants.

Fatigue seems to be more unstable across VR experience levels. Participants who

had experienced VR ”A few times” showed higher levels of fatigue (around 2-3). This

probably suggests that users who are a bit more familiar with VR might still find long
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Figure 6.5: User Experience results about the application compared to user’s experience

with VR

sessions tiring. That result is normal, since they are not as used to using VR for long

periods of time as more experienced users.

Engagement scores are showed to be high enough, especially in users with more fre-

quent VR experience. Users who use VR ”Every day” report high engagement (around

4-5), showing a high involvement with the VR experience. This suggests that more fre-

quent users are not only more comfortable but also more engaged with the experience.

Engagement is lower and more varied among users with less VR experience, indicating

that the unfamiliarity of VR might not fully capture their interest or that they might

find it less immersive. Also, the struggle to interact with ways that are not used in every

day life probably affects users to concentrate more on the interaction part, than this of

the general simulation.

In Figure 6.6 we can see the preference of the users between the two eye gaze tech-

niques, based on the metrics derived during the experiment, and analyze if lower task

completion times and error rates of one technique necessary lead to being the preferred
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(a) User Preference of Eye Gaze Techniques

compared to Task Completion Time

(b) User Preference of Eye Gaze Techniques

compared to User Errors

Figure 6.6: Preferred Eye Gaze Technique according to User Metrics

one. In the first plot 6.6a, Eye Blink users completed tasks with a bigger variability in

completion time, especially for the Car Task, but the mean completion times are con-

siderably lower, and the lowest task times are performed in less than half compared to

Eye Dwell lowest times. Eye Dwell users had more consistent but generally slower task

times across all tasks. Figure 6.6b shows that users who preferred Eye Blink experienced

a wider range of errors, with some of them achieving low error values while some others

had a significant number of higher errors. Users who preferred Eye Blink seem to have

made consistently more errors.

In general, Eye Blink offers higher variability in both errors and task times, but also

offers the lowest completion times and errors by absolute values. This allows for potential

better performance when mastered, while Eye Dwell results in more consistent yet slower

performance with more errors. Considering those results, it is clear why 9 people chose

Eye Blink technique over 3 choosing Eye Dwell. Even users who completed the Car Task

much slower using the Eye Blink technique compared to their Eye Dwell task time, chose

Eye Blink, showing that the potential of the technique is clearly better once the users

get used to it.

After the experiments, while discussing the results and the process with the users, like

a think-aloud method added to the usability testing, we got a lot of feedback considering

the Eye techniques. Most of the users, no matter their VR experience levels, preferred the

Eye Blink technique due to the speed and accuracy it could offer when getting used to it.

Nevertheless, some users found Eye Dwell better, either because it suited their personal
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preference no matter the effectiveness, or because of having a hard time blinking. More

specifically, some people are not used to blink their eyes as easy as others, making this

technique seem less intuitive and natural, advancing their eye strain and physical fatigue

while using it, especially after a prolonged use of the simulator.

Figure 6.7: Voice Commands interaction results & comparison with Eye Gaze interaction

Figure 6.7 shows the feedback of the users about the interaction with the interface

using voice commands. The feedback includes the overall interaction experience as well

as comparisons between interactions through voice commands and eye gaze techniques.

Starting with the overall experience of the users using voice commands (green box), we can

clearly see that most of the users had a good interaction experience using voice commands

with mean values around 4 out of 5, while we also see there is a big range in answer,

since there are people that answer even the low rate of 2 out of 5. However, the score is

more than satisfying, which is to be expected due to the easy and fast task completion

voice commands can offer. More specifically, voice commands like previous/next track

for example, save valuable time since 2 words can replace the opening of Music window

and pressing the preferred radio station, which can be much more times consuming.
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However, voice commands are not always accurately working, since the Unity engine

voice recognizer is not at a state of the art level like commercial technologies. Accent or

talking speed may affect the accuracy of the voice commands. Also, the set of available

voice commands cannot implement all of the available interactions within the UI which

was expected to affect the overall experience negatively, but apparently users did not find

them less than needed, ending up in a mean score of 4.5 out of 5.

Comparing the interaction using voice commands against eye gaze, the users answered

about their preference between the two interaction methods as it comes to interacting

with the UI in general (purple box), in terms of easy of use (red box) and considering

the effectiveness they experienced (blue box). Those questions had a rating from 1 to

5, implying that 3 was the middle, which means that they found voice commands and

eye gaze interactions the same, above 3 shows preference in voice commands and below 3

shows preference in eye gaze interactions. Starting with the overall comparison of the 2

techniques, we can see that the interquartile range spans from a bit below 3 to 4, resulting

in a mean value of approximately 3.5. This shows that there is a slight preference over

voice commands, but values appearing below 3 indicate that some users also liked the

eye gaze interaction methods better, with a small percentage of user ratings appearing

clearly below 3.

Easy of use and effectiveness show a wide range of variability with users rating from 2

to 5 in both categories. Ease of use shows an interquartile range starting below 3, which

implies that there is a decent amount of users preferring eye gaze techniques, however the

mean value lies at 3.5 which shows a slight preference over voice commands. Effectiveness

also shows quite a variation, with fewer users preferring eye gaze technique this time. Its

interquartile range starts a bit above 3, with a mean value of 3.5, showing that users

found voice commands a bit more effective than eye gaze techniques.

After receiving feedback from the experiment users, there was a clear liking over voice

commands, due to the task completion speed they could offer. However, the accuracy

seemed to be a bit less than expected, because of the accent of the users and the input

microphone quality, making the overall experience slightly worse. Also, we have been

told that many people may feel awkward speaking in English in front of others, making

the interaction through voice commands tougher and more stressful.

Figure 6.8 shows the rating of the users about the rate of recovering after interaction

errors while using the UI, and their thoughts on how their interaction and experience
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Figure 6.8: Recovery rate after errors & Thoughts on Interaction after long term use

would change after a long period of using it. Error recovery seems to have a big variability

in answers, with people rating it from 2 to 5. However the mean value is close to 4 out

of 4 which is a very good grade considering that error recovery is very important in UIs.

It shows that designing the UI that way has a good an intuitive way of recovering from

errors made by users that have never used it before. Rating the change of the UX after

a longer period of using the UI seems to have no variability at all, since there is single

horizontal line at 4, suggesting that almost all of the users had the same high (4 out of

5) rating. There are only 3 users that rated otherwise, on of the rating higher, at 5, and

2 of them rating lower, with 2 and 3. This shows that there needs to be a bigger training

session for users to get used to the UI, but if that happens, they can see the potential of

interacting with the UI as it comes to improving effectivness and ease of use.

The next part of our evaluation focused on the trust towards the AV and the mobile

office concept. More specifically, users rated their thoughts on the concept of mobile office

in general while also rating the trust towards the AV considering their road awareness

and how the notifications coming from the vehicle affected them.
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Figure 6.9: Road awareness & Attention to AV notifications of users compared to their

Experience with VR

In figure 6.9 we can see the user rating of their road awareness and the attention

they paid to the warning notifications coming from the AV, compared to their experience

with VR. Road awareness seems to not have been affected by VR experience according

to the first 3 levels (Never, Once and A few times). The levels of road awareness are

considerably low for all categories expect those who have never experienced VR before,

and those who experience it every day, which is not the expected result. However, we can

see that there are plenty of users that had more than a decent level of road awareness.

As it comes to attention to AV notifications, it seems that the overall level was much

higher, while also it was affected by the VR experience of the users. This can be seen,

since the results show lower variability in users answers as long as their VR experience

advanced, concluding an absolute rating of 5 for participants with the most experience

in VR.

Figure 6.10 shows the trust of the users affected by the warnings compared to their

attention to the notifications. The chart shows clearly that users who were paying more

Georgios Protopapadakis 140 October 2024



6.3 Evaluation Results

Figure 6.10: How Trust of users towards the AV was affected fromt their attention to AV

notifications

attention to the warnings, advanced their trust towards the AV by a lot. This indicates

that clear and timed-correctly notifications coming from the AV, informing the user for

their the actions, can positively affect the trust of the user towards the decision making of

the AV. This is an important fact, since implementing mobile office functionalities, need

users to trust the AV, otherwise complex task completion time and overall productivity

would be highly decreased.

Figure 6.11 show the user response about mobile office possible functionalities, com-

pared to their thoughts on the mobile office concept. Users responded positively to their

thoughts on productivity inside the mobile office concept, showing a little variation for

those who have rated the mobile office concept with 3 or 4, nevertheless having an av-

erage score above 3.5 and 4.2 respectively. Users seems to trust the vehicle without any

supervision with an average score of 4 for the first 3 groups (mobile office thoughts grades

Georgios Protopapadakis 141 October 2024



6. EVALUATION & TESTING

Figure 6.11: Mobile office functions compared to Thoughts of users on mobile office

concept

of 2,3 and 4), however, the answers had big variability. The score for this question seems

to improve as long as users’ answers towards mobile office concept improved, with users

grading the concept with 5, having a medium rating of 4.5 as it comes to AVs without

supervision. Last, users also responded well to how comfortable they would be in AVs

while doing complex tasks. There is a slight increase to this answer, as long as users were

more positive to the mobile office concept, with some advanced variability in the middle

categories of 3 and 4. However, the overall medium score is above 4, showing that the

mobile office concept is highly accepted by users.

Figure 6.12 shows user response towards mobile office functionalities, depending on

their trust levels towards the AV. Both answers seems to improving in mean values as

long as the trust of the users is improved. Specifically, trusting the vehicle without

supervision, seems to improve by a lot which is normal, improving the mean values from

2.5 to 4 and ending up with an impressive 4.5, across the responses of the users for

trust towards AV. Also, users responded that they would be more comfortable in doing
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Figure 6.12: Mobile office functions compared to Trust of users towards the AV, affected

by the warning notifications Response

complex tasks as long as their respective trust towards the vehicle would improve, with

mean values varying from 3 to 4 and ending up with 4.3 across the 3 categories.

The overall analysis of the mobile office concept shows that the users responded with

positive feedback. However, according to the evaluation, users need to improve their

trust towards the AV which can be achieved through notification coming from the AD.

These notifications needs to meet plenty of criteria such as concise phrases signs, both

visual and auditory, while also being correctly timed. For that to happen, users need to

be more aware of those notifications, either through training, or through finding a more

intuitive way of displaying them.

A problem worth mentioning accrued during the evaluation process. People wearing

contact lenses were not able to complete the evaluation, since they could not use eye

tracking at all, or had aggravated performance. After research, we concluded that this

happened because of the HTC Vive Pro eye tracking capabilities, which has a difficult

time locating the eye accurately through some specific type of lenses, sometimes leading
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to internal errors without being able to locate it at all.
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Chapter 7

Conclusion & Future Work

7.1 Conclusion

In this thesis, we created a VR simulator designed to test and evaluate interaction tech-

niques for windshield display User Interfaces in a vehicle that automatically navigates

around a city scape. The simulator includes an immersive VR environment depicting city

roads with different formats, a fully functional Autonomous Driver that cruises through

predefined routes and a WSD UI that can be handled through 2 different eye gaze selec-

tion techniques (Eye Blink and Eye Dwell) and voice commands. Through this simulator,

we managed to provide a safe and engaging environment for users to explore the con-

cept of mobile office in an autonomously driven vehicle, and handle the interface through

hands free interactions. The experiment, designed after the end of the implementation,

offers valuable insights into user preferences, performance, and comfort when interacting

with the UI comparing the available selection techniques. The evaluation of the experi-

ment also focuses on the impact of the VR experience of users and how that affects their

performance, comfort and preference results as well as the trust they showed towards the

AD.

Our findings show that, based on the experiment, Eye Blink outperformed the Eye

Dwell and resulted in the lowest mean completion times and error percentages at all

VR experience levels compared to Eye Dwell. This essentially shows how important

intuitive and user-friendly interaction methods are in improving user experience and that

known drawbacks for this technique, like Midas Touch, are affecting its performance.

However, Eye Dwell still proves to be promising, especially for users that have more VR
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experience, thus pointing out that designing the UI based on the interaction techniques

that are available is essential to meeting the needs of users with varied technological

experience. Also, voice commands were proven to work very well, more especially on

the tasks that require higher speed or in tasks that the eye gaze techniques appeared

hard to use due to the complexity of the task. This means that a multimodal approach,

combining voice commands with eye-tracking interactions, will be most helpful to create

an efficient user interface.

We also explored users’ trust in the AV and their comfort with the mobile office setup.

Results showed that detailed feedback regarding the decisions of the AD significantly

improved the trust of users. Further, we saw that trust in the AV significantly influenced

user engagement and performance. Users more comfortable with the UI due to a greater

amount of trust have produced a better outcome from tasks. This shows how important

trust is within the successful operation of autonomous driving technologies. An example

could be in the so-called mobile office scenario, where a user can work while the vehicle is

autonomously driven. However, in this case, comfort depended on previous VR experience

and the familiarity of the users with the autonomous systems. Those users who were more

comfortable with the mobile office setup indicated better performance. User adaptation

was therefore an important guideline in the design of such spaces, which should have

features promoting comfort and reduction of cognitive load.

Overall, our research takes a look on the importance of developing interaction systems

for autonomous vehicles that are flexible and effective. By integrating and optimizing

different interaction techniques our study provides an understanding of how users might

interact with future interfaces in vehicles. According to the results, those interfaces need

to consider trust factors and enhance comfort within the mobile office concept. This

will pave the way for future innovations in creating autonomous vehicle experiences that

concentrate around the user. It shows how important it is to build systems that are

adaptable and can of earn user trust.

7.2 Future Work

While the project developed in this thesis seemed to provide a realistic and accurate

simulation for developing User Interfaces that can be interacted with eye gaze and voice
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commands, there are several areas where further research could be conducted to improve

its effectiveness and usability.

One limitation of the simulator is the hardware used and specifically the HTC Vice

Pro HMD. Specifically, while this HMD is easy to use and has high quality for an under-

graduate study, it is heavy for long time use, and the software used for the eye tracker

is specific enough to not be able to transfer the project to other HMDs. Other HMDs

like Pimax Vision 8k, offer much bigger image resolution and FoV that affects the im-

mersion of the simulation. Additionally, newer HMDs like Apple Vision Pro have much

more accurate eye gaze detection, resolving errors that might have occurred during our

experiments. Using edge of technology hardware HMDs could contribute in even better

experimental results in both eye gaze selection techniques, or even in new techniques

that are easier to implement with more accurate tracking of the eye. Another important

addition to interaction techniques that could be added with new hardware is hand inter-

actions. Using hands for touch interactions could be used in a SAE level 5 environment

that hands would not be needed even in malicious scenarios for the autonomous driver.

Touch interaction is the most common and intuitive interaction for most users, and that

is the main reason why it was not implemented in this project. Otherwise, the eye gaze

interaction would not be the primary way of selecting interactable objects.

One addition that could really benefit the field is dynamic simulation. Making a

simulation different every time it runs, with infinite different scenarios ultimately, would

test the trust of the user towards the AV more thoroughly. Specifically, this concept

includes having an AD that would almost never collide, except for edge cases, and try

out scenarios that includes something appearing in front of the vehicle (pedestrians,

animals etc), or inappropriate behavior of other vehicles on the road. In this case, the

AD should try to avoid collision while informing the user. Evaluating user’s trust in

this kind of scenarios can be really constructive towards improving the concept of mobile

office.

Another area for future work is the development of more functionalities within the

UI. These functionalities can include GPS, applications that can be used in desktop

environments, like games, web and social media browsing and even video playback. While

these functionalities are considered to be the mostly used by an every day technology user,

they require much more attention and focus, thus decreasing road awareness which is still

important in today’s level ADs and mobile office concept. An important functionality
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that could be implemented in the interface is Android and Apple CarPlay. This addition

will allow users to have the data of their phone (contacts, messages, mails etc) linked

with the interface, contributing to more personalized and pre-customized UIs with less

effort and connection problems. Essentially, such an interface could serve as a bigger and

more comfortable screen for completing tasks that otherwise would require the use of

phone or computer. Inserting the use and familiarization of eye gaze techniques on top

of touch and voice interactions that already exist in UIs, could potentially speed up the

process of task completion and multitasking. Additionally, most of the operating systems

in today’s phones and computers already have powerful AI based voice interactions, that

could potentially eliminate the problem of predefined voice commands with dynamic voice

interactions.

One of the most important additions that can be made in this interface is user collabo-

ration. Specifically, in terms of VR/AR technology, VR collaboration is about coexisting

with your colleagues in the same simulation while experiencing virtual contents. In the

context of such a UI, collaboration could be a result of two users (driver and front passen-

ger), using the same screen to complete tasks. Those tasks could either be productive, in

which case two users could potentially speed up their completion and multiplayer gaming

sessions. Another approach to collaborative UIs could be for the passenger to use a small

area of the WSD screen, like the bottom right part of it that appears in front of the

passenger, or even divide the screen in two equal parts for the driver and passenger to

use respectively.

The limitations of such an interface to appear in real world vehicles has many aspects.

First of all, the level of vehicle automation only reaches SAE level 4, and even that appears

to be in specific areas of the world, which means that such interfaces could not be tried

out everywhere. Another important reason is that holographic screens are not in the

desirable level for such an interface to exist in the real world. The light conditions affect

the visualization of such screen and it cannot appear to be accurate or visually appealing

enough. However, the eye tracking capabilities in the physical world seem to be in a good

level to be able to implement such interfaces. The solution to these problems, are AR

HMDs that can realistically visualize user interfaces in real world conditions accurately.

They implement eye, voice and hand tracking with big accuracy and can be programmed

to implement holographic UIs in most light conditions. The only drawback is that the
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7.2 Future Work

law still does not allow to use such HMDs in driving environments, even in most of the

places that SAE level 4 driving automation is already achieved.

Overall, while the multimodal UI in car WSD developed in this thesis represents a

significant step forward in the concept of mobile office, there are still several areas where

further research could be conducted to improve its overall effectiveness and usability. By

addressing the limitations identified in this chapter, the simulator could become an even

more powerful tool for advancing the field of mobile office and even transfer it to the

physical world if several conditions are met.
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