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Abstract

The creation of virtual worlds started with the very first computers in the sixties and has
been deeply intertwined with the development of digital games. As computer hardware
becomes more powerful, these virtual worlds and the digital games that are developed
within them become ever more realistic. Information in virtual worlds is usually conveyed
visually. For this reason, the digital games that occur within virtual worlds are commonly
referred to as videogames. However, this reliance on the visual sense means that these

worlds are mostly inaccessible for people with visual impairments.

Although the challenges of making virtual worlds accessible to people with visual
impairments are numerous and complex, in this thesis | focus on addressing the issue of
making spatial information of virtual worlds accessible to people with visual impairment
through the use of echolocation—sound pulses and their reflection over surfaces to create
a mental image of one’s surroundings—Although echolocation is a well-understood
phenomenon in the physical world, in this thesis | address the gap in the understanding

of the usefulness of echolocation to convey spatial information of virtual worlds.

This thesis comprises three user studies. Study 1 explores the current practices of
people with visual impairment who engage with digital games. Through this study, |
highlight the significance of digital games to gamers with visual impairments their
opinions regarding accessibility of mainstream digital games and explore the elements

that facilitate access to digital games. | found that although there is a desire from gamers
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with visual impairment to engage with digital games, several factors prevent this from

happening, and one of these factors is how games convey spatial information.

Echolocation is a technique that, according to anecdotal accounts in the literature,
is used by 20-30 percent of the population of people with visual impairment. Echolocation
is used to obtain information about one’s physical surroundings. In the first part of study
two, which is sub-divided into two parts, | first explore whether it is possible to replicate
a sense of echolocation in a virtual world. I found that indeed, it is possible to replicate
echo reverberations in a virtual world and that echolocation contributes to establishing a
sense of presence in virtual worlds. However, the need to provide proper scaffolding and

clear control mechanisms also became evident.

In the second part of Study 2, | explore in more depth the limits of echolocation to
acquire spatial knowledge of a virtual world. | found that people with visual impairment
can successfully detect different materials a virtual room may be covered in, differences
in relative size of virtual rooms, and the presence of 90-degree turns to the left and right
approximately 70% of the time. Moreover, | found that openings and obstacles were not
easily detectable. Finally, | found that echolocation could be used to assist in the creation

of a mental map of a virtual world.

In study four, | follow a participatory design approach to obtain a set of design
recommendations to support the implementation of echolocation in virtual worlds. These
recommendations highlighted the importance of providing support for passive
echolocation, providing support for auditory landmarks, the value of providing precise
direction controls, and the importance of using familiar sounds for echolocating.
Moreover, the implementation of some of these recommendations resulted in an

improved ability to detect openings and obstacles.

Vi
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Through the three studies presented in this thesis, | provide a comprehensive onlook
on echolocation as a new metaphor to support people with visual impairment in the
acquisition of spatial knowledge in virtual worlds. The implementation of echolocation
and the design recommendations presented in this thesis propose echolocation as a new
interaction metaphor with the potential to improve overall accessibility in mainstream
games and potentially support the development of orientation and mobility skills of

people with visual impairment.
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Chapter 1: Introduction

1.1. Context

People with visual impairment rely on assistive technology to engage with computers to
complete everyday tasks such as applying for jobs and learning in schools. Screen-reading
software, the tool that people with visual impairment most commonly use, converts the
contents on a computer screen into spoken text, and through the use of this software
people with visual impairment have access to equal opportunities of employment.
Furthermore, screen-reading software enables people with visual impairment to
participate in the fast-paced communication and knowledge-exchange provided by the
Internet (Lazar et al., 2007; Wahidin et al., 2018). As someone who used to work teaching
people with visual impairment how to use screen-reading software, | have witnessed first-
hand the advantages that being able to engage with technology through screen readers

brings to their lives.

However, | also witnessed how, unlike sighted people, engaging with technology
for entertainment purposes, such as engaging with digital games, is more difficult for
people with visual impairments. | grew up and worked with people with visual
impairment in a developing country; this meant that smartphones were not as
commonplace and access to computers not as ubiquitous. As a consequence, none of the

people | worked with had played any digital games, be it on a gaming console, computer
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or mobile device. Even now, about eight years after | stopped working with people with
visual impairment in my home country, this remains more or less unchanged. In contrast,
most people without visual impairments have become accustomed to consuming digital
content, especially digital games, without the need to stop and question whether this

content is accessible to all.

Digital games are a particular type of content that is becoming ever-more present
in our daily lives. There is an estimate 2.5 billion players worldwide and two in three
Australians play digital games in 2019 (Brand et al., 2019). Moreover, the digital gaming
industry’s net worth has grown from 78.61 billion US dollars in 2017 to an estimated 90
billion US dollars in 2020 (WePC, 2019). For comparison, the movie industry was worth
an estimated 75 billion US dollars in 2020 (Witkowski, 2020). However, the reliance of
digital games on visual stimuli to convey information renders this entertainment medium
inaccessible to people with visual impairment. This is not to say that people with visual
impairment do not engage with digital games—as chapter four will demonstrate. People
with visual impairment engage with mainstream digital games by either playing as much
of a game as they can or by listening to others play mainstream games, otherwise they
engage with text-based games or sound-based games—commonly referred to as
audiogames. This latter type of game has been designed to provide “complete auditory
interfaces so that they can be played without the use of graphics” (Friberg & Gérdenfors,
2004). Audiogames provide a source of continuous entertainment for people with visual
impairment and have spawned a large community of gamers and developers. | will
explain in detail how people with visual impairment engage with digital games in chapters

four and five.
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Gamers with visual impairment who regularly engage with both text-based
adventures and audiogames have expressed their opinions regarding the limitations of
audiogames compared to mainstream digital games. While gamers with visual
impairment have presented their views about the current state of accessibility in
mainstream digital games and praised accessibility initiatives from certain companies
such as Microsoft and its Xbox Accessible Controller (Urbanek & Giildenpfennig, 2019),
they have also voiced their frustration about the inaccessibility of virtual and augmented
reality experiences, which gamers with visual impairment cannot freely explore on their
own (Urbanek & Giildenpfennig, 2019). Further opinions of gamers with visual

impairment are presented in chapter four.

A key challenge to improving accessibility in digital games for people with visual
impairment is the need to clearly convey spatial information (Facanha et al., 2020), This
point is emphasised in chapter five. Sighted people rely on their vision to acquire spatial
knowledge both in the physical world and in virtual environments (Kitchin & Jacobson,
1997). In contrast, less is known about how people with visual impairment acquire spatial
knowledge of virtual spaces. Anecdotal accounts in the literature seem to indicate that the
transition from 2D to 3D graphics in digital games in the mid-nineties alienated a number
of gamers with low vision by adding more complexity to the spatial layout of digital
games (Urbanek & Giildenpfennig, 2019). For example, Urbanek and Giildenpfennig
(2019) present the following quote from a gamer with low vision: “mid ninety’s bang—
everything went 3D, and both my spatial abilities with being able to see what’s on the
screen and the complexity of the images themselves got to be way too much for my level
of sight to cope with”. The development of 3D games affected the “spatial abilities” of

gamers with low vision. This is corroborated later in this thesis.
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A proposed solution to this problem presented in several games targeted to people
with visual impairment is the use of a grid-like navigation system where the player has a
limited range of motion (Ghali et al., 2012). Although this grid-like navigation approach
has led to the development of many enjoyable gaming experiences for people with visual
impairment, this approach fails to provide an experience that is equitably accessible—
that provides comparable levels of agency and efficiency to visually-impaired players—
in comparison with mainstream games (Smith & Nayar, 2018). Agency is lost via the
reduced range of movement afforded to participants, and efficiency is lost as the “content”
of each cell in the grid must be conveyed to the player every time they enter a cell. This
loss of agency may be an unintended consequence of this approach to game design.
Moreover, the use of such alternative navigation options may be one of the factors
preventing audiogames from becoming part of the mainstream gaming culture, as it may
lead sighted players to lose interest in audiogames rather quickly (Urbanek &
Giildenpfennig, 2019). Additionally, although research proposing the use of grid-like
navigation systems has reported improved performance in orientation and mobility tasks
in the physical world (Connors et al., 2014), less is known about whether there are
alternative ways to render navigation of 3D games—Iike the ones introduced in the mid-

nineties—more accessible.

In physical environments, people with visual impairment use different strategies to
freely explore their world. These strategies include the use of a white cane, a guide dog
or the use of echolocation. Furthermore, prevalence of the use of different strategies will
depend on the degree of the impairment. (Thaler, 2013). Echolocation is the ability to use
sound and echo reverberations to build a mental image of their surroundings (Kolarik et

al., 2014; Kupers & Ptito, 2014). Although there are no formal statistics on the number
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of blind people who can echolocate, anecdotal accounts in the literature claim that 20-30
percent of blind individuals can use echolocation (Wolfflin, 1909; Lamarque, 1929;
Villey-Desmeserets, 1930; Thaler, 2013). Its use has been correlated with better
orientation and mobility outcomes in unfamiliar places (Thaler, 2013). The physical
properties of echolocation are well understood: sharp tongue-clicks are the most effective
sound for echolocating (Martinez Rojas et al., 2009), with these clicking sounds having
a large spectral content in the range between 6 to 8kHz, and sound levels in the range of
60 to 108dB (Kolarik et al., 2014; Kupers & Ptito, 2014; Schérnich et al., 2012).
Moreover, there have been attempts at producing computational models of the tongue-
click produced by expert echolocators. Thaler et al. (2017) have captured large samples
of clicking sounds produced by expert echolocators and created a computational
representation that takes the clicks from experts as inputs and produces an artificial
soundwave that simulates these clicks. Furthermore, early research has begun to look at
the usefulness of echolocation to explore virtual worlds, albeit with some limitations,
which will be explored in more detail in the next chapter (Pelegrin Garcia et al., 2014;

Picinali et al., 2014; Ramos & Arias, 1997; Robinson & Kearney, 2016; Wu et al., 2017).

In this introduction | have provided a broad description of where gamers with visual
impairment stand and have pointed at echolocation as a means to better understand spatial
information. Before moving on to my framing of the problem to be addressed in this
thesis, and to provide the required context for this work, | provide a description of my

background and personal experience with disability.
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1.2. About the author

In this thesis | am leveraging my own personal experience to inform my approach and
understanding of disability. Hence, to fully understand the motivation behind this work,
it is necessary to know more about the author, not just about echolocation, games, and
acquisition of spatial information. The relevance of my lived experience becomes evident

in chapter three, as | articulate the philosophical worldview that underpins this work.

| was born with congenital cataracts on both eyes. To try to correct this, | had two
eye surgeries before | was one year of age and have used glasses since. The surgeries
were not successful and as a result I lost functionality in the left eye and developed
glaucoma on it. Another result of the unsuccessful surgeries was the development of low
vision in the right eye. To address the glaucoma in the left eye, | had laser surgery when
| was three. The surgery did not return functionality but prevented the development of
further complications. Finally, when | turned seventeen, | had an evisceration—
removal—of my left non-functioning eye and had a prosthesis put in its place. From the
age of three until now I have had no visibility in my left eye and a vision of 20/40, which
means [ must be 20 feet away to see things that people with “normal” vision can see from
40 feet. All these experiences have made me aware of the medical reality of disability,
the importance of diagnosis, and the need for precise measurements when, for example,

prescribing glasses.

| am thankful for the medical resources at our disposal, as these enabled me to
recover some vision, but not having “normal” vision meant I missed out on some social
activities while growing up and relied heavily on family and friends to complete certain
tasks. Despite any limitations that may result from low vision, | have always thought of

myself as a resourceful person. | pursued an engineering degree and faced some problems
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when transitioning to tertiary education, but I learnt to rely on my network of peers to
overcome these difficulties. My lived experience with disability taught me the value of
the subjective individual experience of reality, while my engineering training fostered in

me an appreciation for empirical, practical and replicable solutions.

Finally, while I was completing my undergraduate studies, | was invited to work on
a social inclusion program called “Mis Manos son mis Ojos” (My Hands are my Eyes).
This program was developed by the Library and Information Centre of the University
where | completed my undergraduate studies, and its aim was to teach people with low
vision and blindness technology skills to help them re-join the labour market. I was in
charge of teaching students how to use screen-reading software together with productivity
software and the Internet. I did this for almost four years. By doing this, I learnt about the
realities of others with visual impairments more severe than mine and was glad to

contribute to their lives by helping them develop new skills.

To summarise, a congenital condition has given me an appreciation for the need of
a medical diagnosis, my training as an engineer has helped me develop a logical approach
to problem-solving, while my own limitations while growing up, especially in social
aspects, and my working experience with people with visual impairment, has shown me
that each person internalises disability differently, and thus each one has a unique
subjective experience that is just as valuable. These points will become important when

discussing and choosing a worldview to justify the work presented in this thesis.
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1.3. The problem

Although people with visual impairment have expressed their desire to engage with
digital games and virtual and augmented reality experiences (Urbanek & Giildenpfennig,
2019), these contents remain inaccessible. This is, in part, because it is very challenging
to convey spatial information to people with visual impairments. Few audiogames have
implemented 3D graphics more as a way to engage with sighted players, and most
audiogames use a grid-like navigation system that reduces the ability of the gamer to
move freely in the game world. In the physical world, echolocation is a technique used
by people with visual impairment to acquire spatial information. Although there is
research exploring preliminary implementations of echolocation in virtual worlds
(Pelegrin Garciaetal., 2014; Picinali et al., 2014; Ramos & Arias, 1997; Wu et al., 2017),
little is known about how echolocation may help people with visual impairment navigate
virtual worlds. There is a gap in the way in which spatial information of virtual worlds is
being communicated to people with visual impairment and echolocation may provide a

useful tool to bridge this gap.

1.4. Aim

The aim of this thesis is to address the gap regarding exploration of virtual worlds by
people with visual impairment by investigating the feasibility of using echolocation as a
novel interaction technique to acquire spatial information. More broadly, with this work
| aim to improve accessibility in digital worlds for people with visual impairment and
support the creation of equitably accessible experiences, where the unique skillset and the

lived experiences of people with visual impairment are taken into consideration to
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produce empowering designs. These aims will be addressed through the implementation
of echolocation as an interaction metaphor that may enable people with visual impairment
to engage with fully 3D virtual worlds in equality of conditions to sighted players (Rogers

& Marsden, 2013; Smith & Nayar, 2018; van de Ven et al., 2005).

There have been previous attempts to implement echolocation in virtual spaces by
Ramos and Arias (1997), Pelegrin Garcia et al. (2014), Picinali et al. (2014), Wu et al.
(2017) and others. However, these approaches have focused on mimicking echolocation
as itoccurs in the physical world as accurately as possible, have used pre-recorded echoes,
or have relied on a grid-like navigation system for people with visual impairment to
explore, thus limiting the directions in which the participants interacting with the
proposed technology could move. Moreover, these works have not explored the relation
between echolocation in virtual worlds and acquisition of spatial knowledge. In this thesis
| implement a 3D virtual world that provides participants with a first-person perspective,
similar to what is available in modern mainstream games. Then | propose the use of
echoes generated in real time with the aim to better communicate spatial information to

people with visual impairment.

1.5. Research questions

The aim stated above can be reformulated as follows:

How can echolocation be designed as a means for people with

visual impairment to acquire spatial knowledge of virtual spaces?

This research question presents a complex, multi-faceted problem, where

technology, lived experience, biological realities and other factors influence the problem.
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Although this thesis contributes to knowledge in the Human-Computer Interaction (HCI)
field, it is necessary for me to acknowledge the complexity of exploring the pairing of
technology and disability. | will apply a critical realist lens (Shakespeare, 2013) to answer
my research question with a pragmatist approach that values both experimental results
and the subjective experience of individuals. To better understand the problem, | have

divided my research question into five sub-research questions (RQs):

e RQ1: How do people with visual impairment currently engage with virtual
spaces (digital games and augmented/virtual reality experiences)?

e RQ2: How can echolocation be implemented in virtual worlds so that it
supports acquisition of spatial knowledge?

e RQ3: What features of virtual space can be revealed through echolocation?

e RQ4: How do the features revealed through echolocation support acquisition
of spatial knowledge in virtual space?

e RQ5: How can a co-creation process inform the design and implementation of

echolocation in virtual spaces?

RQ1 focuses on the personal experience of people with visual impairment and
digital games. Moreover, further reflection on the findings from RQ1—to be described in
chapter five—helped shape the main research question of this work, shown above. This
process where feedback from participants is incorporated in this work as it progresses is
an important aspect of this thesis. RQ2, RQ3 and RQ4 provide an experimental solution
to the problem posed by the overall research question, and RQ5 brings the focus back to
the lived experience and the expertise of people with visual impairment. These research
questions are addressed through a series of user studies described in the subsequent

chapters of this work.
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1.6. Scope

For the purposes of the studies performed as part of this thesis, | will follow the definition
of blindness and low vision provided by Vision Australia: a participant will be considered
blind if “they cannot see at six metres what someone with normal vision can see at 60
metres or if their field of vision is less than 20 degrees in diameter” (Blindness and Vision
Loss, n.d.). A participant will be considered to have low vision if “they have permanent
vision loss that cannot be corrected with glasses and affects their daily functioning”
(Blindness and Vision Loss, n.d.). These definitions are inclusive of people who are totally
blind. However, relying on these definitions likely excludes a large population with less

severe visual impairments who may also benefit from this research.

Ageing is correlated with a degeneration of vision, particularly in the form of
presbyopia—Iong sightedness caused by loss of elasticity of the lens of the eye, occurring
typically in middle and old age. This condition has a prevalence of 40.3% among people
aged 50 years or older (Bourne et al., 2017). However, in all the studies that comprise this
thesis | purposefully avoided recruiting participants who have acquired low vision or
blindness as a consequence of ageing. This was done to recognise the unique skills that

people with a lived experience of vision impairment would bring into the user studies.

Similarly, a decision was made not to include blindfolded sighted individuals, as
this approach tends to replicate the shock of losing sight without replicating the skills that
a person with visual impairment must learn in order to navigate the world (Silverman,
2015). Additional to these practical considerations, chapter three describes the
philosophical arguments under which it is not acceptable to recruit sighted blindfolded

individuals as suitable participants.
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In this work, a virtual world is the space where a digital game takes place and it
may or may not involve game elements such as lives and points systems (Bergonse,
2017). The user studies conducted in this thesis are performed in virtual worlds, even
though | may draw parallels with digital games or may use the terms interchangeably.
This is because digital games are the most well-known examples of virtual worlds.
Furthermore, as no game elements have been included in the worlds designed for each
user study, these do not qualify as fully-fledged digital games. More detail on the

distinction between virtual world and digital game is provided in chapter two.

Finally, familiarity with virtual worlds or gaming literacy was not required for
participation in the user studies described in this thesis. This decision was made reflecting
on my own personal experience working with people with visual impairments, as none of
the people | worked with had had any gaming experience prior to or after losing their

sight.

1.7. Thesis overview

The content of this thesis is structured as follows: Chapter two provides an overview of
previous work describing how people with visual impairment acquire spatial information,
the approaches taken to make digital games accessible and convey spatial information in
virtual worlds, and a detailed literature review on echolocation, with existing
implementations in virtual worlds. Chapter three presents the reader with the worldview
I have chosen to inform my conceptualisation of the world and knowledge in it, discusses
the different lenses that have emerged to describe disability, outlines the methodology
that informed this work, and defines the methods to be used in subsequent user studies to

explore the different research questions. Together, chapters one, two and three comprise
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the first section of this thesis, called Foundations, and provide a theoretical foundation to

this work.

The second section of this thesis is called People and comprises chapters four and
five. Chapter four aims to provide an understanding of the real-world experience of
gamers with visual impairment, focusing on their habits, opinions and concerns, and
chapter five focuses on describing the elements that expert gamers with visual impairment
have found critical in the development of accessible games. Moreover, one of the key
findings outlined in chapter five is the notion that conveying spatial information is key to

improve accessibility in digital worlds.

Chapters six through nine comprise section three, entitled Echolocation
Implementation. Chapters six through eight present user studies where echolocation is
implemented as a mechanism to explore virtual worlds and chapter nine provides an
integrated discussion of the findings of this thesis. Chapter six describes a feasibility study
to determine whether it was possible to implement echolocation in virtual worlds at all.
Chapter seven describes a user study that builds upon the findings from the previous
chapter and proposes an in-depth analysis of the use of echolocation to acquire spatial
knowledge of virtual spaces. Chapter eight describes a final user study, which focused on
using a participatory design approach to refine the current implementation of
echolocation in virtual worlds by learning from a group of expert echolocators and
incorporating their views into the design of echolocation-enabled virtual worlds. Finally,
Chapter nine presents a discussion of the implications of this work, a summary of the

limitations, future directions and conclusions of this work.
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1.8. Summary of key findings

The aim of this section is to provide a brief overview of the main findings derived from
this work. More details on how these findings were obtained are presented throughout

this thesis, particularly in chapter 9.

RQ1: how do people with visual impairment currently engage with digital games?
This work finds that although many people with visual impairment wish to engage with
digital games in the same capacity as their sighted counterparts, there is a tension between
designing games that are accessible and fun. Moreover, this work also describes the
importance of the relationships with information—particularly spatial information—and
elements of control as key enablers to the development of games that are accessible to
people with visual impairment. More details on these findings are presented in chapters

4 and 5.

RQ2: How can echolocation be implemented in virtual worlds so that it supports
the acquisition of spatial knowledge? This thesis posits that it is possible to create such
an implementation of echolocation. However, this thesis acknowledges the need to help
people with visual impairment develop the proper skillset to use echolocation through

scaffolding. For more details, refer to chapter 6.

RQ3: What features of virtual space can be revealed through echolocation?
Experiments presented in chapter 7 demonstrate that it is possible for people with visual
impairment to identify: (i) the material that a virtual room is made of, (ii) the relative size
across three different virtual rooms, and (iii) the presence of 90-degree turns to the left or

right approximately 70% of the time.
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RQ4: How do the features revealed through echolocation support the acquisition
of spatial knowledge in virtual space? Experiments presented in chapter 7 led to the
conclusion that people with visual impairment are able to successfully integrate discreet
spatial features into a holistic mental image of virtual space. Moreover, findings from
chapters 7 and 8 support the notion that echolocation aids in the development of a sense

of being present in the virtual space.

RQ5: How can a co-creation process inform the design and implementation of
echolocation in virtual spaces? Upon conducting a participatory design exercise with
expert echolocators—described in chapter 8—this work presents a series of design
recommendations informed by the lived experiences of expert echolocators. By devising
these recommendations together with participants, this work aims to ensure their voices

are heard and inform future design.

1.9. Summary

In this chapter, | have presented the problem to be addressed in this thesis: the lack of
mechanisms to convey spatial information to people with visual impairment in virtual
worlds. I have provided a context to this problem as well as background information about
myself and how my lived experience informs this work. In this chapter | have also
suggested the use of echolocation as a novel interaction technique to acquire spatial
information in virtual worlds. | have outlined a series of research questions to be explored,
described the scope of this work, and provided an overview of the contents of the overall
thesis. In the following chapter | describe the work that has been done by previous
researchers in the areas of acquisition of spatial information, echolocation, and

accessibility in digital games.
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2.1. Introduction

Chapter one described how digital games are inaccessible to people with visual
impairment, noting that because these games rely on visual stimuli to convey spatial
information, it can be difficult for people with visual impairment to acquire knowledge
of the 3D space within virtual worlds. Chapter one also identified echolocation as a
navigation tool that people with visual impairment use to negotiate their surroundings in
the physical world. Moreover, chapter one presented the research questions to be

investigated in this thesis and limits the scope of this work.

This chapter delves more deeply into these topics and provides a comprehensive
survey of current knowledge concerning accessibility in digital games. This discussion
centres around three key topics: games and accessibility (sections 2.2 and 2.3),
echolocation and its usefulness in learning about one’s surroundings (section 2.4), and
spatial information acquisition and evaluation (section 2.5). The discussion about
accessibility in games explores physical games as a starting point, then moves on to
describe the current state of accessibility in the digital games industry, and how people
with visual impairment currently engage with digital games, particularly in the form of
text-based adventures and audiogames. The revision of existing literature on echolocation

focuses on what echolocation is, how it functions, what information can be learnt through
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its use, how previous researchers have attempted to implement it in virtual worlds, and
the results they have obtained. Finally, the revision of existing literature on acquisition of
spatial knowledge focuses on three key concepts: landmarks (2.5.1), routes (2.5.2) and
mental maps (2.5.3), with particular emphasis on how mental map formation is evaluated.

As | examine these three topics in this chapter, | will argue that:

e Accessibility in both physical and digital games is a growing field of research
and practice, where industry incumbents have started to play a significant role.

e Although most digital games rely heavily on visual stimuli to convey
information, people with visual impairment have found workarounds to
circumvent obstacles and engage with digital games, particularly through text-
based adventures and audiogames.

e Echolocation is a well-understood phenomenon, to the point that there have
been preliminary attempts to implement echolocation in virtual worlds.
However, these attempts have not explored how echolocation may relate to the
acquisition of spatial information in virtual worlds.

e There is a clear understanding of how people with visual impairment acquire
spatial information in the physical world, and the role of landmarks, routes and
mental maps in spatial information acquisition is well differentiated. However,
little is known about how the ability to acquire spatial information translates to

virtual worlds.

The analysis of previous work described in this chapter highlights the novelty of
the work presented in this thesis and identifies existing gaps that justify the necessity and

importance of the research | have undertaken. Moreover, the diverse literature consulted
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for this chapter—ranging from research in the fields of social studies, neurobiology,
sound engineering, human-computer interaction, and others—demonstrate the
interdisciplinary nature of this research and highlights that this research draws from, and

contributes to, multiple areas of related work.

2.2. Physical games and accessibility

Before focusing on digital games, this section describes existing literature on accessibility
for people with visual impairment in physical games, as some of the lessons that have
been learnt about games in the physical world apply to digital games. Games have
accompanied humanity for millennia, with evidence of the existence of games—
specifically boardgames—as early as the seventh millennium BCE. in the Near East,
where some of the very first large human settlements were located (Sebbane, 2001). This
close historic connection between humans and games may be because play is a

fundamental desire that is rooted in human nature (Sebbane, 2001).

One of the key reasons why games have remained relevant through time is their
materiality (Rogerson et al., 2016). This concept is not limited to the physical nature of
the elements of a game, but also encompasses the affordances provided by these elements
(Gross et al., 2014). However, the physical aspect of materiality has been the main focus
of accessibility efforts in recent game studies (Heron et al., 2018a). Regarding
accessibility in physical games, Heron et al. (2018a) stated that “it’s important that
players know what parts of the game are relevant to them, which parts are relevant to
other players, and what that relevance means for their own future actions and activities”
(p. 85). To communicate this knowledge to people with visual impairment, emphasis has

been placed on the physical elements of games.
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Heron et al. (2018a) and Heron et al. (2018b) provide an excellent overview of
accessibility in physical games for people with different types of impairments. Heron et
al. (2018a) have looked at a list of 116 board games and have identified an extensive list
of common accessibility issues that arise from the physical nature of the components of
the games. Heron et al. (2018a) have developed a series of accessibility categories for
games and a numerical accessibility score. This score indicated how strongly the authors
recommended a game, depending on the accessibility category being assessed. According
to their scoring system, the average accessibility of all 116 boardgames evaluated was
7.04 out of 14 in the category of accessibility for people with visual impairment. This

13

average corresponds to a score between “tentatively recommended” and ‘“not
recommended”. This means that, on average, it is hard to find a boardgame that is
accessible enough to be recommended to people with visual impairment. Moreover, the

authors indicate that this score was artificially skewed upwards due to the fact that many

adaptations that work for people with low vision do not work for people who are blind.

Heron et al. (2018b) propose the following strategies to improve accessibility in
physical games for people with visual impairment: choosing a colour palette that is
accessible to people who are colour blind; ensuring effective colour contrast of the game
elements; choosing fonts that prioritise readability over ornamentation; using font size of
14 or higher; providing tokens that can be differentiated by touch; and being mindful of
elements that are usually inaccessible such as paper money or dice. These
recommendations are indeed useful to improve accessibility in games for people with
visual impairment. However, they are rooted in the physical nature of these games.
Although some of these recommendations may not be hard to translate into digital games,

it is clear that—just like with physical games—they are likely to benefit people with low
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vision over blind people. As Rogerson et al. (2016) indicates, affordances are an
important part of the appeal of games, and they may provide an opportunity to tackle

accessibility in digital games beyond focusing on their physical nature.

In the second half of the twentieth century the development of computers enabled
the development of digital games, a new type of game that takes place “in a digital
environment... and [involves] no physical interaction with the game itself” (Rogerson et
al., 2016, p. 3956). Digital games were initially developed and played by hobbyists.
Engaging with these games was a niche activity, as access to computers was limited and
technical knowledge was required (Heron, 2012). However, nowadays digital games have
become a ubiquitous cultural phenomenon and an industry worth billions of dollars
(Brand et al., 2019; WePC, 2019). As these games rely heavily on visual stimuli to convey
information, people without a “normal” level of sight struggle to engage with these games
(Clarkson et al., 2015). By being unable to engage with digital games, people with visual
impairment are excluded from participating in the broader cultural discourse and from

establishing social connections through shared activities.

2.3. Digital games and accessibility

This section explores how people with visual impairment engage with digital games and
the approaches the mainstream gaming industry has taken to improve accessibility in their
games. The discussion focuses on specialised games for people with visual impairment:

text-based games and audiogames.
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2.3.1. Virtual world or videogame?

Before moving forward with the discussion about accessibility in digital games, it is
necessary to clarify some of the vocabulary to be used. It is particularly important to
understand the difference between terms such as virtual world, videogame or digital
game. Kruger and van Zijl (2014) define virtual worlds as constructs where “software is
used to simulate reality by defining objects, and rules on how these objects should behave
and react” (p. 1). Moreover, Kruger and van Zijl (2014) explain that virtual worlds are
used in different contexts, including gaming, education and communication. This
definition of virtual world presents them as a foundation that determines basic interactions

between the simulated world and the elements that reside in it.

Bergonse (2017) builds on the idea of virtual worlds presented by Kruger and van
Zijl. According to Bergonse (2017), a videogame is defined as a mode of interaction that
occurs in an environment, is subject to the rules of said environment, and involves one
(or more) players. Bergonse acknowledges the need for the environment to precede the
game and agrees that the elements of the game must be subject to the rules of the
environment. In other words, a videogame occurs within a virtual environment.
Additionally, Bergonse (2017) argues that a videogame may or may not involve
gameplay. The difference between videogame and digital game is more difficult to
pinpoint, but for the purposes of this thesis, the terms may be used interchangeably.
Finally, audiogames—explored in more detail later in section 2.3.6—are a subset of
digital games that rely on auditory feedback to convey information about the state of the
game and its world (Friberg & Gérdenfors, 2004). Figure 1. Relationship between virtual
worlds, videogames and audiogames shows the relationship between virtual world,

videogame and audiogame.
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Digital game
Videogame

Audiogame

Figure 1. Relationship between virtual worlds, videogames and audiogames

In this thesis, I will favour the term “virtual world”, as the virtual world precedes
the gaming experience and | believe that it is best to address accessibility at a broader
level. Additionally, the technology solutions that are described in section three of this
thesis do not include any discernible gaming element such as enemies, story or obstacles
and can be easily applied to different settings such as desktop computers or virtual reality
headsets, so they can be categorised as virtual worlds. However, the related work
presented in this chapter centres around digital games because these are the instances of

virtual worlds with which we are more familiar.

2.3.2. How people with visual impairment engage with digital games

Some people with visual impairment are interested in engaging with digital games.
Anecdotal pieces appear from time to time on mainstream media about blind gamers
playing Nintendo Switch games (Cloutier, 2017), accumulating more than 7,500 deaths
in the game Call of Duty, WWII (Lumb, 2018) or acing online matches against sighted

players in fighting games such as Mortal Kombat (Welch, 2019). Despite this interest,
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not much can be found in academic literature about how people with visual impairment
engage with mainstream games. Instead, academic literature that explores how people
with visual impairment engage with digital games is usually limited to the introduction

of a custom-made gaming experience and its evaluation.

Porter and Kientz (2013) highlight the disconnect between academic literature, the
mainstream gaming industry, and the experiences of gamers with visual impairment. In
an empirical study consisting of an online survey with 55 gamers with different
disabilities and in-depth interviews with six people involved in different roles in the game

development industry, the interviews revealed that:

e Game developers prioritise implementing “low hanging fruit” features, such as
colour-blindness accessibility or adding captions to cut scenes.

e Accessibility needs a champion—accessibility features are implemented in
games when someone at a company is affected by a disability.

e There is pressure to adhere to external accessibility standards.

e Many of the sub-systems used for game-development make it hard to
implement accessibility features

e It is particularly challenging to implement accessibility features in console
games due to limitations in input hardware and the “closed-wall garden” nature

of such consoles.

Findings from Porter and Kientz (2013) describe the state of accessibility in the
gaming industry from the point of view of game developers. Most of the findings made
by Porter and Kientz (2013) hold true to this day (Aguado-Delgado et al., 2020) This
description highlights issues regarding the attitudes of developers and the limitations of

existing development tools. In the case of developers, for example, they suggested the
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need for an accessibility champion, instead of incorporating accessibility thinking as a
default. In the case of development tools, the closed wall nature of game consoles may

discourage developers from creating accessibility features in the first place.

As digital games have become part of mainstream culture, it is important to ensure
that everyone can access them regardless of physical ability. The charity AbleGamers is
an example of an organisation committed to this goal. According to their website?,
“AbleGamers gives grants of assistive technologies to people with disabilities in need of
financial aid enabling them to play video games just like anyone else”. Although
providing financial support to that people with disabilities can engage with digital games
is a remarkable action, it is necessary to ensure that games accessible by default. To work
on this front, AbleGamers also supports research by pairing researchers with people with

disabilities who have expressed interest in participating in research projects.

Beeston et al. (2018) conducted a demographic survey with 230 gamers with
disability with the support of AbleGamers. Approximately 24% of Beeston et al. (2018)
participants self-identified as being blind, colour vision deficient or having low vision.
Based on their findings, Beeston et al. (2018) argue that the gaming preferences of people
with disabilities are no different from that of non-disabled digital game players. Their
findings also suggest that people with disabilities enjoy playing multi-player games.
Although the results from Beeston et al. (2018) are not categorised by disability, they are
a good reference point to understand the profile of gamers with visual impairment.

Moreover, these results coincide with the findings from the study I will present in chapter

1 https://ablegamers.org/

27



Chapter 2: Previous Work

four, where | explore the habits, opinions and concerns of a group of gamers with visual

impairment.

Finally, there is an economic argument to be made in favour of including
accessibility measures in digital games: it is easy to assume that the sector of the
population that may benefit from accessibility enhancements in games is small when
compared to the overall population who engage with digital games. However, in the
United States alone there are 33 million gamers with a disability (Moreno, 2017), and
recent research conducted in Australia has uncovered that designing for everyone may
increase the number of intended customers by a factor of four (Brand et al., 2019). As
Porter (2014) argues, the attention that accessibility in mainstream games has received in
recent years “lacks adequate consideration of the real-world context of the mainstream
gaming”. It is time for mainstream game development companies to look at accessibility
as an opportunity to reach a larger sector of the market instead of as a task that is limited
to grabbing the “low hanging fruit” and depends on accessibility champions instead of on
industry standards. It is the aim of this thesis to demonstrate that new modalities of
interacting with digital games, such as echolocation, enable mainstream game developing
companies to improve the accessibility of their games, thus enabling to grow their market

share by making games more accessible to all.

2.3.3. Accessibility trends in the gaming industry

Porter and Kientz (2013) have broadly described the opinions of people involved in the
game development industry regarding accessibility in digital games and Aguado-Delgado
et al. (2020) indicate that although more research has been conducted in this space, not

much has changed. These opinions have been translated into concrete actions taken by
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the game development industry, such as using colour palettes that are accessible for
colour-blind people or including subtitles in cutscenes (Porter & Kientz, 2013). These
actions coincide with some of the recommendations made by Heron et al. (2018a)
regarding accessibility of physical games and aim to make games more accessible.
However, Mut (2019) argues that, in practice, the responsibility for improving
accessibility in games has fallen on the gamers themselves, who have had to create
custom hardware to engage with digital games. Mut (2019) recognises that this has started
to change over the last four or five years, and cites the following examples as
demonstrations of changes in the industry: Microsoft’s Xbox Adaptive Controller, a
device with large programmable buttons aimed at people with limited mobility; the Tobii
eye-tracking peripheral, which allows players to move the game camera with their eyes;
implementations of text-to-speech interfaces—especially in the Xbox console; the ability
to remap buttons in games and at system-level, and text augmentation features in the Sony
PS4. Porter and Kientz (2013) and Mut (2019) agree that accessibility should be the
default consideration taken by the mainstream gaming hardware and software producers.
Accessibility needs to be addressed by the industry as a whole in order to deliver
experiences that are equitably accessible to all, regardless of physical ability (Smith &
Nayar, 2018), and the role of research is to provide knowledge to guide the development
of these experiences. This is especially relevant when exploring new and emerging

technologies, such as virtual and augmented reality (VR/AR) experiences.

Despite the progress being made in the gaming industry towards the development
of more accessible games, specialised games outlets such as Polygon have noted that
there has been a recent pushback against accessible games by a small but loud part of the

gaming community (Parlock, 2019). This pushback comes from the inclusion of “easy”
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modes in recent videogames. The use of these modes is perceived as either cheating or
going against the original artistic vision of the game designers (Fahey, 2019; Parlock,
2019). However, this argument lacks substantive weight: the inclusion of an easy mode
does not force players to use it, easy modes are just one of many tools available to improve
accessibility in games, and most importantly, the goal of including easy modes is to
deliver equality of outcome. That is, enabling anyone to engage with a game regardless

of ability (Fahey, 2019; Powers et al., 2015).

2.3.4. Accessibility in virtual and augmented reality (VR/AR)

Virtual reality

Virtual reality refers to the perception of elements “in an environment other than that in
which [the user] physically exists” (Ellis, 1995, p. 324). Although this is a broad
definition, Ellis (1995) clarifies that the most advanced virtual environments—what we
now associate with VR experiences—include a series of visual tricks such as first-person
motion parallax, depth-of-focus variation and a wide field of view. These optical tricks
are usually achieved by using head-mounted displays and if they are convincing enough,
they can deliver the illusion of telepresence—of being part of the simulated environment
(Ellis, 1995). Additionally, these virtual reality experiences may involve high-fidelity
sound and haptics. However, the computational power required to create real-time
convincing auditory output is high, and haptics are usually possible within very specific
applications (Sanchez-Vives & Slater, 2005). Despite the complications associated with
high-fidelity sound and haptic feedback, these have been the main techniques utilised

when trying to make these inherently visual virtual experiences accessible.
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Examples of virtual reality experiences that rely on auditory feedback to improve
VR accessibility are presented by Gonzalez-Mora et al. (2006) and Tiponut et al. (2008),
who have created a VR experience where the objects in the virtual environment emit
sounds to alert users of their presence. Another example is provided by Seki and Sato
(2011), who used binaural audio and individual listening profiles via the use of head-
related transfer functions (to be explored in more detail in section 2.4) to simulate cars
passing by and in so doing train participants in orientation and mobility. Regarding the
use of haptic feedback, this is used to simulate the experience of using a white cane and
is usually delivered through desktop-mounted force feedback devices that simulate the
tactile sensation provided by a white cane (Lecuyer et al., 2003). Although these desktop-
mounted systems provide feedback regarding the presence of objects and their texture,
they require the user to remain stationary. A more complex cane-like device that can be
used to explore VR experiences is presented by Zhao et al. (2018), who provide the users
with a brake mechanism that prevents physical movement of a physical cane when it
collides with objects in a virtual world, vibrotactile feedback to simulate the cane hitting

virtual objects or being dragged, and sounds simulating real-world cane interactions.

The approach of adding sounds and objects to existing systems has limitations:
objects that emit sounds may seem unrealistic to participants and break the effect of
immersion (Gonzalez-Mora et al., 2006; Tiponut et al., 2008); creating individual
listening profiles is computationally expensive and requires dedicated equipment (Seki &
Sato, 2011); the use of haptic feedback requires the use of hardware that may not be

available outside the laboratory (Lecuyer et al., 2003; Zhao et al., 2018).

Augmented reality
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Augmented reality (AR) is defined as “a real-time direct or indirect view of a physical
real-world environment that has been enhanced / augmented by adding virtual computer-
generated information to it” (Carmigniani et al., 2011, p. 342). As augmented reality
overlays the physical world with digital images or text, making AR accessible for those

with reduced vision is a challenge, especially for people who are blind.

Researchers have looked at the use of augmented reality glasses as accessibility
devices by studying the ability of people with low vision to identify objects or read text
in commercial AR glasses. These experiments have revealed that people with low vision
can identify large shapes and read short phrases with large and thick fonts using AR
glasses (Zhao et al., 2017). AR glasses have been used to compensate for colour blindness
(Langlotz et al., 2018) and to provide assistance in reading signs to people with low vision
(Huang et al., 2019). Despite the potential applications of AR glasses as assistive tools,
research on how to design accessible AR interfaces remains largely unexplored. This is
reflected in the inaccessibility of mainstream AR experiences. Chapter four provides a
reflection on the inaccessibility of mainstream AR applications—specifically of the
popular game Pokémon Go, which reached 800 million downloads, amassed almost $2
billion in revenue in 2018 and brought AR to the attention of mainstream audiences.

(Chamary, 2018).

Analysis of gaming trends suggests that AR and VR are about to increase in
popularity. According to the report on gaming trends by ESA (2017), one in three “of the
most frequent gamers said they were ‘likely to buy VR in the next year’ (p. 9). As
current trends seem to suggest that VR and AR currently sit at a point of near-maturity
and mass market adoption (ESA, 2017; Mott et al., 2019), it is critical to ensure that these

technologies consider accessibility as an integral part of their design (Mott et al., 2019).
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Furthermore, | will demonstrate in chapter four that people with visual impairment desire
to engage with these technologies but are prevented by their lack of accessibility. Finally,
VR/AR experiences, just like digital-game experiences, occur within virtual worlds

(Figure 1), so the findings of this work will also be relevant for AR/VR.

Apart from initiatives from mainstream game development companies and the later
developments in VR and AR described above, there have been other initiatives that have
resulted in games specifically targeted to people with visual impairment. Text-based
games and audiogames are games that provide an accessible interface and aim to deliver
an enjoyable experience to gamers with visual impairments. The following sections

describe these types of games.

2.3.5. Text-based adventures

Adams and Rollings (2006) define text-based adventures as a type of adventure game
where the entire interface can be text only, with static images or sounds being optional
elements, and where the interaction with the game world is driven by typing text
commands. These games first appeared in the mid 1970s (Bartle, 2010). Some of the first
titles in this genre, and some of the first videogames ever created for that matter, include
Colossal Cave Adventure, Zorg and MUD1. MUD1 stands for Multi-User Dungeon. The
MUD1 text-based adventure was developed by Roy Trubshaw and Richard Bartle, and
started a new type of text-based adventure where several players could simultaneously
interact in the game world, thus becoming a true predecessor of MMOs (Massively Multi-

player Online) (Bartle, 1996, 2010).
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Despite the text-based nature of MUDs, Bartle (1996) argued that a large number
of MUD players engaged with these games due to their interactive nature and the players’
desire to explore the virtual world. This suggests that graphics are not necessary to engage
with digital games for exploration purposes. Moreover, the fact that the content in these
games is delivered through text makes them accessible to screen readers, a type of
assistive technology that converts computer text input into auditory output (Wahidin et
al., 2018). Despite these advantages, MUDs also have limitations: they force players to
learn a set of commands to interact; in several cases these commands need to be typed
verbatim and without the possibility to replace keywords with synonyms. More
importantly, as computer graphics and the Internet have become more widespread since
the mid 90s, MUDs failed to become as popular as other gaming experiences. Particularly,
MUDs were “replaced” by Massively Online Multiplayer Role-Playing Games
(MMORPGS), such as Second Life and World of Warcraft (Bartle, 2010). Chapters four
and five re-visit the fact that, to this day, people with visual impairment continue to
engage with MUDs, despite them being based upon pieces of technology that appeared
decades ago. This demonstrates the accessibility challenges that continue to impact on

gamers with visual impairment.

2.3.6. Audiogames

Audiogames are an alternative for people with visual impairment to engage with digital
games. These games aim to deliver auditory experiences that are as close as possible to
mainstream games and can be played without the need for graphics (Atkinson et al., 2006;
Friberg & Gardenfors, 2004). To deliver an entirely auditory experience, audiogames

must rely on voice, earcons and auditory icons. Voice has been used for driving the
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narrative of the game and to provide feedback rather than as an interaction mechanism.
Interestingly, even though voice has been identified to be easier to process than other
auditory alternatives (Sanchez-Vives & Slater, 2005), voice interfaces are seldom used in
mainstream games (Allison et al., 2017) or in games for people with visual impairment

(Sanchez et al., 2015).

Gaver (1986) and Blattner et al. (1989), who conducted seminal research on the
use of earcons and auditory icons in computer interfaces, explained that earcons are
artificial tones that are used to convey actions—such as the ringing sound of a phone, or
in the case of a game, a sound that indicates game progress has been saved; while auditory
icons are sounds that emulate sounds from the physical world to indicate an action—such
as the sound of crumpling paper when emptying the Trash Bin on a computer, or in the

context of a game, the use of various environmental sounds such as the chirpings of birds.

Problems with sound-based games include the non-persistent nature of sound and
the limited approaches to support exploration in audiogames. By nature, sounds are lineal
and fleeting. Hence, the information that is available to players at any given time is
constrained by the temporality of sound and players need to have sounds repeated to them
if they want to access information that has already been conveyed (Kirke, 2018). This is
in opposition to visual scenes, where players can gain information about the state of the

game world at a glance.

Regarding exploration options available in audiogames, a common approach
described by Ghali et al. (2012) is the use of a grid-like system that allows players to
move in pre-determined directions. Popular audiogames such as Castaways and Swamp
(Kaldobsky, n.d.) use this approach to exploration. This provides a simplified approach

to navigation that is not on par with what is available in modern games, where players
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can explore fully tridimensional environment from a first- or third-person perspective.
Smith and Nayar (2018) have criticised this limited approach to audiogames and have
argued for games that are “equitably accessible”, where even if interaction patterns are
different, players with visual impairment receive the same level of agency and efficiency
as sighted players who engage with mainstream games. Moreover, Smith and Nayar
(2018) identified complexity as a critical element to delivering an engaging gaming
experience for people with visual impairment. This is later corroborated in research
presented by Urbanek and Giildenpfennig (2019) and in chapter four of this thesis, where
expert gamers with visual impairment support the idea that complexity is a key factor for

the development of engaging audiogames.

Examples of audiogames

One of the first appearances of audiogames in scholarly literature is in the work of
Sanchez and Lumbreras (1999), who developed AudioDoom, an audiogame for children
who are blind where they explored a virtual environment through the use of binaural
sounds and were asked to reproduce the in-game environment with modelling materials
after finishing interacting with AudioDoom. Similar to Sanchez and Lumbreras (1999),
there have been several other academic articles where researchers introduce an
audiogame and evaluate it with a group of people with visual impairment. For example,
Lahav et al. (2012) proposed the use of haptic feedback to help people with visual
impairment to build a mental image of virtual spaces and used a completion task, where
participants were given blocks to replicate the virtual environment. Other researchers who
developed an audiogame to assist with development of orientation and mobility skills are

Connors et al. (2014), who developed the AbES (Audio-based Environment Simulator),
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a tool that uses a grid-like navigation system to model virtual environments based on real-
world locations. Connors et al. (2014) found a positive correlation between success in

using the AbES and satisfactory navigation of unfamiliar environments.

Audiogames have been used to teach people with visual impairment to learn Braille.
BVGhost, developed by Milne et al. (2013), is a smartphone game that uses audio and
haptic feedback to reinforce Braille concepts. Expanding on their own work, Milne et al.
(2014) present a collection of mobile games to encourage Braille literacy in a fun way.
Another popular example of an audiogame developed for educational purposes is
PowerUp, by Trewin et al. (2008). This is an educational virtual environment that
included a series of features that made it accessible to children with a diverse range of

disabilities, including low and no vision.

The literature also shows examples of audiogames developed for the sake of
developing an enjoyable experience for people with visual impairments. Such examples
include Terraformers, developed by Westin (2004). This 3D game provides a series of
accessibility features, including a sound compass, a sonar, a high-contrast mode and the
possibility to turn off the graphics completely. Another audiogame developed purely for
entertainment purposes is AudioQuake, by Atkinson et al. (2006). It proposes a series of
accessibility adaptations to the classic first-person shooter Quake in order to make it
accessible to people with visual impairment by using binaural sounds and a carefully
crafted collection of earcons and auditory icons. Finally, a third example of an audiogame
designed for hedonic purposes is Blind Hero, by Yuan and Folmer (2008). This game was
inspired by the popular Guitar Hero, a game where players used a fake guitar to simulate

that they play along popular songs. In Blind Hero, participants used a glove that provided
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haptic feedback as a replacement of the visual feedback provided by the original Guitar

Hero.

The list of audiogames presented so far is by no means extensive and is only used
to illustrate different goals considered when designing and evaluating audiogames in
academic literature. For detailed literature reviews on the evolution of audiogames over
time, refer to Westin et al. (2011), who summarised 20 papers (published between 2005
and 2010) that studied the implementation and evaluation of games that were accessible
to people with visual impairment. Yuan et al. (2011), who listed the most popular games
for people with visual impairment found on the website www.audiogames.net in 2010
and identified common accessibility strategies available in these games. Mangiron and
Zhang (2016), who identified that gamers with visual impairment either play mainstream
games assisted by sighted players, play adapted versions of mainstream games, or play
games specifically designed for people with visual impairment. Kirke (2018), who
provides a historical review of the development of audiogames both in mainstream
consoles, and as niche games that target people with visual impairment specifically.
Finally, the most recent and ambitious review on audiogames in academic literature is
presented by Urbanek and Guldenpfennig (2019), who conducted a systematic search of
the literature in top research databases to identify articles related to audiogames published
over the last twenty years. Upon manual curation, Urbanek and Giildenpfennig (2019)
identified 128 relevant papers, and through the use of grounded theory methods, identified
four constructs that support accessibility across these games: ways of crafting the user
experience, a focus on user experience and evaluation, a link between technological
progress and audiogames, and different input and output technologies used in

audiogames.
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Audiogames have also appeared outside academic publications. The website
www.audiogames.net. provides a large database of over 500 audiogames that includes
commercial software, free software (freeware) and software whose development has
ceased (abandonware). This site also hosts a large community of gamers with visual
impairment that engage with audiogames as both players and creators, and actively
participate in discussions about their games through forum posts. Furthermore, Urbanek
and Giildenpfennig (2019) describe the community found in audiogames.net as a
Community of Practice, as per the definition provided by Wenger (1999), where the
members of the community share a domain of interest, build strong relationships that
allow them to learn from each other, and are practitioners with a wide array of resources.
Future chapters of this thesis leverage this community of practice to provide a better

understanding of the characteristics of gamers with visual impairment.

In summary, implementations of audiogames have been developed with a set of
various goals in mind: from helping people with visual impairment to developing
orientation and mobility skills (Sdnchez & Lumbreras, 1999) to learning Braille (Milne
et al., 2013) to just having fun (Yuan & Folmer, 2008). Moreover, the existence of a
community of practice around audiogames demonstrates their importance. However, little
is known about what types of audiogames members of the audiogaming community
currently engage with and what makes audiogames enjoyable from the point of view of
gamers with visual impairments. These questions will be addressed in chapters four and

five.
Design patterns in audiogames
Some authors have proposed patterns to guide the design of audiogames. Trewin et al.

(2008) recommended the following to make the graphical user interface (GUI) of a digital
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game more accessible: allowing for text customisation in elements of the GUI, such as
menus; providing keyboard navigation for all the elements of the GUI; providing point-
and-click control, this is, ensuring all elements of the GUI respond to the cursor, and
providing an on-screen keyboard when necessary; providing self-voicing capabilities to

the elements of the GUI; and providing sounds and captions when needed.

When making 3D worlds accessible, Trewin et al. (2008) recommended: providing
the possibility to enlarge all the visuals, as this may be useful for people with low vision;
translating the visuals into audio by describing the direction the player is going and
notifying them of collisions through sound; providing different modes of navigation for
the player’s character, particularly, Trewin et al. (2008) proposed the use of a “find”
command that tells players about nearby elements and a “controlled walk” command to
walk towards a target identified via the “find” command. The suggestion of including
these commands highlights the importance of providing exploration mechanisms in

virtual worlds to people with visual impairment.

Atkinson et al. (2006) focused on guidelines to design meaningful earcons and
auditory icons. Atkinson et al. (2006) prioritised the creation of earcons that: are time
efficient, or as short as possible; are naturally grouped based on their function so that
similar earcons convey similar actions and earcons that are distinctively dissimilar convey
different actions. Additionally, Atkinson et al. (2006) argued that auditory icons could be
used to increase fun through immersion and to imply information based only on the sound

effect of choice, such as the use of gun sounds to convey danger in a shooter game.

In a twist to the approach of providing design guidelines for audiogames, Urbanek
et al. (2018) proposed a series of “anti-rules” for audiogame design. These “anti-rules”

are effectively things to avoid, and included: using sounds that are “painful to hear”;
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punishing failure with loud sounds; using low-quality generic stock sounds; using sound
that does not fit the in-game context; providing lengthy tutorials not accompanied by
gameplay; using distracting music or ambient sounds or incomprehensible voice samples;
not utilising the capabilities of sound for enabling the player to estimate spatial
information, such as distance; mixing descriptive narration—the story-telling part of the
gaming experience—with experiential narration, or the reading of in-game commands or
controls; not being careful with the volume levels in the sound mix; and using auditory
icons that are not related to the in-game action that triggers them, such as using the sound

of a phone ringing when the player rings a doorbell.

Finally, Darin et al. (2017) studied how to conduct evaluations of multimodal
games targeted to children with visual impairment. Darin et al. (2017) present a Standard
Usability problem list describing the most common pitfalls faced when conducting this
type of evaluation. The researchers identified that problems could be related to: usability
(learnability, satisfaction and errors), audio (difficulty understanding earcons, poor
relationship between sounds, actions and objects), adaptability (being unable to change
the GUI of the games) and mode and feedback (difficulties using controllers and haptic
devices). Interestingly, there is overlap between the problems identified by Darin et al.
(2017) and the design guidelines presented more than ten years ago by Atkinson et al.

(2006) and Trewin et al. (2008).

The design patterns described above focused on making the GUI of a game
accessible, the design of earcons and auditory icons, and recommended the use of sound
to convey spatial information. In this particular aspect, Trewin et al. (2008) suggested
“find” and “controlled walk” commands. Although this approach certainly facilitates

navigating virtual worlds, it does not provide a gaming experience that is equitably
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accessible to that of sighted players (Smith & Nayar, 2018), as restricting players to
navigate to specific targets only limits their agency and ability to wander around the
virtual world. Hence, it is necessary to find a different alternative to use sound to convey
spatial information. | propose looking at the physical world, particularly at echolocation,
a technique some blind individuals already use in the physical world, to explore virtual

environments.

2.4. Echolocation

Echolocation is a phenomenon that has been observed in several mammals, including
dolphins, bats and some humans. Echolocation refers to the ability of these animals to use
sound and echo reverberations to aid in the formation of a mental image of their
surroundings to aid with exploration (Kolarik et al., 2014; Kupers & Ptito, 2014; Thaler,

2013).

Echolocation has fascinated scholars for hundreds of years. The first recorded
account of an individual using echolocation dates back to 1749 and was made by Denis
Diderot, chief editor of the French Encyclopédie, who wrote a letter entitled “Letter on
the Blind for the Use of Those Who Can See.” (Margo et al., 2013). In it, Diderot
described the life of Nicolas Saunderson, a blind mathematician, and argued that visual
imagery is not fundamental for abstract thinking (Margo et al., 2013), while describing
Saundersons’s ability “to perceive the presence of objects but also to judge accurately of

their distance from him” (Supa et al., 1944).

In his letter, Diderot suspected that his acquaintance could perceive obstacles and

estimate distance based on the change of air pressure around his face and increased
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sensitivity in his facial nerves, hence echolocation was labelled “facial vision”. This name
was accepted without question by the then-emerging scientific community and was used
throughout the nineteenth century. Supa et al. (1944) provides the following summary of
the understanding of echolocation—or rather, of facial vision—throughout the nineteenth

century:

“Zeune (1808) claimed that the blind used their cheeks and
foreheads as "feelers;" Knie (1821) regarded air pressure as the
stimulus; Sergel (1868) concluded from the results of his own
experience, that "the distance sense™ was clearest around the eyes
and ears, weaker at the temples and on the forehead, still weaker on
the cheeks, and almost lacking on the lips. Levy (1872) named this
ability "perceptio facialis," and described some remarkable feats that
he himself could perform by means of his heightened facial sensitivity

to minimal pressure stimulation?”

Although the presumed stimulus that enabled blind people to detect obstacles was
not what earlier scientists thought, the above paragraph demonstrates that the idea of
“facial vision” captured the imagination of many. Moreover, the earlier accounts of
“facial vision”, particularly Diderot’s original letter, helped change the perception
Western society had of blind individuals, whom during the Middle Ages were seen as

useless and perceived to be receiving divine punishment (Margo et al., 2013).

2 The original sources for Zeune (1808), Knie (1821), Sergel (1868) and Levy (1872) are hard to
find. They appear in Supa, M., Cotzin, M., & Dallenbach, K. M. (1944). "Facial Vision": The Perception
of Obstacles by the Blind. The American Journal of Psychology, 57(2), 133-183.
https://doi.org/10.2307/1416946 but are attributed to Burklen, K. (1924). Blinden psychologie. In Blinden
psychologie (pp. 334-334).
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After centuries of using the term “facial vision”, a series of experiments at Cornell
University, reported by Supa et al. (1944), Worchel and Dallenbach (1947), and Cotzin
and Dallenbach (1950) demonstrated that blind people listened to the echoes of their own
footsteps in order to detect obstacles. Thaler and Goodale (2016) explain that “the term
echolocation was coined in 1944 by Donald Griffin, a physiologist at Harvard who was
studying how some bats are able to avoid obstacles in the dark”. Even though the ability
of blind people to avoid obstacles has been known for centuries, it is only over the last

seventy years that we have begun to understand how this ability works.

The physiological mechanisms underlying echolocation have been studied and
understood. Figure 2 depicts the process of echolocation, which is comprised of two
stages: in the first stage, the echolocator produces a sound, usually with their cane or with
their tongue. This sound travels and collides with nearby objects. Then, in the second
stage, the echolocator listens to the reflections of the sounds they produced (Kolarik et
al., 2014; Rowan et al., 2013; Thaler et al., 2017). Studies using fMRI have shown that
the regions of the brain that process vision activate when an echolocator uses
echolocation, thus supporting the theory of cross-modal neuroplasticity, which suggests
that parts of the brain—specifically the parts in charge of processing images—are
repurposed to process auditory signals in the brains of blind subjects (Kupers & Ptito,

2014; Thaler & Goodale, 2016).

There is a distinction between active and passive echolocation. During active
echolocation, the individual actively produces sounds with their tongue, shoes, cane,
fingers or by clapping, and listens to the reverberations produced by these sounds. During
passive echolocation, individuals listen to the reverberations of sounds that occur

naturally in the environment. For example, a passive echolocator may use the echo of a
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ventilation fan in an office to gauge its size and the presence of obstacles (Ashmead et
al., 1998; Stroffregen & Pittenger, 1995). It is not clear whether echolocators prefer to
use active or passive echolocation, or under what circumstances one would be more
effective than the other. However, research has been conducted on the effectiveness of
different sounds for active echolocation: Martinez Rojas et al. (2009) and Martinez Rojas
et al. (2010) evaluated the usefulness of different sounds produced with the mouth and
with one’s fingers and found that a short and sharp clicking sound produced by hitting

the tongue against the palate is the most effective sound for echolocation.

HUMAN ECHOLOCATION: HOW IT WORKS

Clicking noise creates

\

/

Sound bounces off object.
Returning echo activates
the visual processing area
(circled) in the brain of an
experienced echolocator.

Figure 2. The process of human echolocation, Marlow and Brogaard (2015)

The physical characteristics of the sound wave generated when expert echolocators
produce clicking sounds with their tongues has been thoroughly analysed and described.
Unlike bats, who use sounds in ultrasonic sound frequencies above 20kHz, humans use
sounds within the normal hearing range of 20Hz to 20kHz, as expected. However, there
is evidence indicating that the sounds produced by echolocators contain strong frequency
components in the higher part of the hearing spectrum (Rowan et al., 2013; Schérnich et

al., 2012). Earlier studies suggested that the clicking sounds used by expert echolocators
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have a duration of about 10ms, sound levels in the range of 60 to 108dB and maximum
energy in the range of 6-8kHz (Kolarik et al., 2014; Schérnich et al., 2012). Kolarik et al.
(2014) and Thaler and Goodale (2016) provide detailed spectrograms showing the

frequency contents of mouth-clicks generated by expert echolocators.

Echolocators obtain information about their surroundings by processing minuscule
differences in pitch and volume as the sound reaches each ear (Kolarik et al., 2014).
Particularly, Schenkman and Nilsson (2011) found that pitch information may be more
important that volume information for echolocation. A mathematical function that
describes the minuscule differences in pitch and volume as sound reaches the ears is
called a head-related transfer function (HRTF). HRTFs are dependent on the head, torso
and ear geometry of each individual, and it is possible to obtain individualised HRTFs in
an anachronic chamber with a HRTF measuring apparatus (Mehra et al., 2016). In
contrast, generic HRTFs can be obtained by using a dummy head and two microphones
on the side of the dummy head. The goal of using individualised HRTFs in virtual worlds
is to provide a more realistic experience by providing a more accurate representation of
how sound is perceived in the physical world. However, there are no studies analysing
the use of individualised HRTFs and the use of echolocation in virtual worlds, and studies
by Berger et al. (2018) and Poirier-Quinot and Katz (2018) suggest that the use of generic
HRTFs is sufficient to perform auditory tasks that require precision, such as using sound

to aim at a target in a first-person shooting game.

Both sighted and blind people can learn to echolocate. However, blind individuals
outperform sighted blindfolded counterparts (Kolarik et al., 2014; Kupers & Ptito, 2014).
Moreover, there are differences in echolocation capabilities within groups of blind

individuals. For example, children born blind may develop echolocating skills without

46



Chapter 2: Previous Work

the need for training (Ashmead et al., 1989; Kolarik et al., 2014), and people who lose
their vision at a younger age show better performance than those who lose their sight later
in life (Kolarik et al., 2014; Teng et al., 2012). This difference in echolocating abilities is
one of the reasons why recruiting sighted individuals and blindfolding them will be

avoided in this thesis.

2.4.1. Uses of echolocation

According to Thaler (2013) and Wallmeier and Wiegrebe (2014), people with visual
impairment who can use echolocation have shown improved mobility and orientation
skills in familiar and unfamiliar environments. Thaler and Goodale (2016) explain the
features that echolocators can perceive that may give them an objective advantage when
exploring their surroundings: “Blind echolocation experts can sense small differences in
the location of objects, and can also differentiate between objects of various sizes and
shapes, and even between objects made of different materials, just by listening to the
reflected echoes from mouth clicks” (p. 382). Thaler and Goodale (2016) continue to
argue that the ability to perceive these elements enable blind people “to do things that are
otherwise thought to be impossible without vision, potentially providing them with a high
degree of independence in their daily lives and demonstrating that echolocation can serve
as an effective mobility strategy in the blind” (p. 382). As the advantages of being an
echolocator become clear, researchers have produced physical aids that use a combination
of sound and haptic feedback to allow non-echolocators to detect nearby obstacles (von

Zabiensky et al., 2018; Watabe & Niitsuma, 2013).

An early study of the ability of echolocators to detect distances from objects was

performed by Kellogg (1962), who conducted an experiment using a 30cm-wide wooden
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disk. In his experiment Kellogg (1962) moved the disk closer or further from participants,
and found that a blind expert echolocator could detect changes in distance as small as
10cm and that sighted blindfolded individuals responses were not consistent enough to

not be attributed to chance.

Rosenblum et al. (2000) also studied the use of echolocation to estimate distance of
moving and stationary objects. In the experiment devised by Rosenblum et al. (2000),
sighted blindfolded participants were required to “(a) echolocate a wall while either
remaining stationary or moving; (b) stand motionless with occluded ears as the wall was
moved away; and (c) walk to the position where the wall had been during their
echolocation” (p. 185). Participants underwent a training stage where feedback was
provided, and they were encouraged to try different echolocating sounds. Rosenblum et
al. (2000) found that participants were comparatively more successful at echolocating a
wall when they were allowed to move. The findings made by Rosenblum et al. (2000)
support the idea that sighted individuals can learn to echolocate, that moving may provide
additional spatial cues when compared to remaining stationary, and update previous
findings by Kellogg (1962), who had found that sighted blindfolded individuals’

performance in detection tasks was attributed to chance.

A study conducted by Milne et al. (2015) investigated the ability of a blind expert
echolocator to consistently identify the size of objects perceived through the use of
echoes. Milne et al. (2015) conducted their experiment with a blind expert echolocator,
ten blind individuals and ten sighted blindfolded subjects, using both groups as controls.
To estimate size of objects, participants were presented with either a small, medium or
large wooden circle, or a small, medium or large rectangle, positioned at a distance of

80cm from the participant. Milne et al. (2015) found that the expert echolocator
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performed significantly better than the control groups when discerning the size of objects.
The ability of expert echolocators to identify size of objects, Milne et al. (2015) argue, is
valuable when a blind individual explores an unfamiliar space, as it may help avoid

collisions.

While Milne et al. (2015) shed light on the ability of an expert echolocator to judge
the “real” size of an object, Teng and Whitney (2011) compared the ability of a group of
eight sighted blindfolded individuals versus a blind expert echolocator to differentiate
“acoustic” size of objects. Thaler and Goodale (2016) explain that acoustic size “can be
defined as the acoustic angle an object subtends” (p. 385). Hence, acoustic size refers to
the position of an object relative to the horizontal line of sight (or haring) of a person.
This angle is also known as azimuth. Teng and Whitney (2011) conducted an experiment
where participants sat 33cm away from a set of two round disks that were placed at
different heights from the participan