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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 I 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 I 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, I 

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. I 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, I 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, I explore in more depth the limits of echolocation to 

acquire spatial knowledge of a virtual world. I 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, I found that openings and obstacles were not 

easily detectable. Finally, I found that echolocation could be used to assist in the creation 

of a mental map of a virtual world.  

In study four, I 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. 
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Through the three studies presented in this thesis, I 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, I have witnessed first-

hand the advantages that being able to engage with technology through screen readers 

brings to their lives. 

However, I 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. I 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 I 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 I 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 & Gärdenfors, 

2004). Audiogames provide a source of continuous entertainment for people with visual 

impairment and have spawned a large community of gamers and developers. I 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 & Güldenpfennig, 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 & Güldenpfennig, 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 (Façanha 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 & Güldenpfennig, 2019). For example, Urbanek and Güldenpfennig 

(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 & 

Güldenpfennig, 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—like 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 (Wölfflin, 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 (Martínez 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; Schörnich 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 I 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, I provide a description of my 

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

In this thesis I 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 I articulate the philosophical worldview that underpins this work.  

I was born with congenital cataracts on both eyes. To try to correct this, I had two 

eye surgeries before I 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, I had laser surgery when 

I was three.  The surgery did not return functionality but prevented the development of 

further complications. Finally, when I turned seventeen, I 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 I 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. 

I 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, I have always thought of 

myself as a resourceful person. I pursued an engineering degree and faced some problems 



Chapter 1: Introduction 

 9 

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, I 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 I 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 & Güldenpfennig, 

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 Garcia et al., 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 

I 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 it occurs 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 

I implement a 3D virtual world that provides participants with a first-person perspective, 

similar to what is available in modern mainstream games. Then I 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. I 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, I have 

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

• RQ1: How do people with visual impairment currently engage with virtual 

spaces (digital games and augmented/virtual reality experiences)? 

• RQ2: How can echolocation be implemented in virtual worlds so that it 

supports acquisition of spatial knowledge? 

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

• RQ4: How do the features revealed through echolocation support acquisition 

of spatial knowledge in virtual space? 

• 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, I 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—long 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 I 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 I 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 I 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, I 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 I have also 

suggested the use of echolocation as a novel interaction technique to acquire spatial 

information in virtual worlds. I 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 I describe the work that has been done by previous 

researchers in the areas of acquisition of spatial information, echolocation, and 

accessibility in digital games. 





 

 

 

 

Chapter 2: Previous Work 

 

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

• 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. 

• 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. 

• 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.   

• 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 I 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 

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 & Gärdenfors, 2004). Figure 1. Relationship between virtual 

worlds, videogames and audiogames shows the relationship between virtual world, 

videogame and audiogame. 
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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 I 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:  

• Game developers prioritise implementing “low hanging fruit” features, such as 

colour-blindness accessibility or adding captions to cut scenes.  

• Accessibility needs a champion—accessibility features are implemented in 

games when someone at a company is affected by a disability.  

• There is pressure to adhere to external accessibility standards. 

• Many of the sub-systems used for game-development make it hard to 

implement accessibility features 

• 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 website1, 

“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/ 
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four, where I 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, I 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 & Gärdenfors, 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 

(Sánchez 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 



Chapter 2: Previous Work 

 36 

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 Güldenpfennig (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 

Sánchez 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 Sánchez 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 Güldenpfennig (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 Güldenpfennig (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.  

http://www.audiogames.net/
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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 Güldenpfennig (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 (Sánchez & 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 

http://www.audiogames.net/
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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. I 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 Encyclopêdie, 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 stimulation2” 

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: Martínez Rojas et al. (2009) and Martínez 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.  

 

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; Schörnich 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; Schörnich 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 
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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 participants’ line of sight (i.e. placed at different azimuth 

angles), and found that, although the blindfolded individuals quickly learnt to estimate 

differences in acoustic size with a precision of 17 degrees, the blind subject could detect 

changes as small as 8 degrees at a distance of 75cm. This supports the claim that expert 

echolocators outperform sighted blindfolded control individuals.  

Hausfeld et al. (1982) and DeLong et al. (2007) investigated whether echolocation 

could help identify the material certain objects were made of. DeLong et al. (2007) 

recruited a group of sixteen sighted blindfolded individuals and devised a two-task 

experiment. The first part of the experiment investigated whether participants could 

identify a “standard” hollow cylinder versus a hollow cylinder with walls of ±0.2, 0.3, 

0.4 and 0.8mm of thickness. The second part of the experiment investigated whether 

participants could use echoes to identify the presence of spheres made of: steel, brass, 
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aluminium, nylon and glass. DeLong et al. (2007) found that participants could 

discriminate the standard cylinder from the thicker or thinner cylinders with an accuracy 

of 97.1% and could identify the material of the spheres with an accuracy of 86.6%. These 

results are very positive, especially considering that the participants were untrained and 

sighted.  

The last aspect that has been investigated about echolocation is its usefulness for 

detecting obstacles and immediate collisions. Some of the earlier research on 

echolocation proper, by Supa et al. (1944) investigated this phenomenon. Supa et al. 

(1944) compared a blind individual with two sighted blindfolded controls and found that 

the blind individual could successfully stop before running into a wall and could orient 

themselves to walk in a straight line, whereas the blindfold subjects ran into the wall 

several times and had significant trouble walking on a straight line. However, Supa et al. 

(1944) detected that, after initial errors, blindfolded subjects learnt how to detect the wall. 

Once again, this supports the argument that, even though sighted blindfolded individuals 

can learn how to echolocate, blind subjects outperform them.  

In this section, I have summarised the use of echolocation to detect obstacles and 

collisions, distance, shape, thickness and material of objects. Methodologically, a 

common trend has been the recruitment of a minority of blind individuals together with 

sighted blindfolded individuals. The result is that the blindfolded participants can learn 

to detect the desired feature, but blind subjects outperform them. The findings in this 

section provide a thorough understanding of echolocation in the physical world: what it 

is and how it is used. Building on this knowledge of echolocation, researchers have 

developed implementations of echolocation in virtual worlds. These implementations are 

discussed in the following section.  
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2.4.2. Echolocation in virtual worlds 

The previous sections described how echolocation is understood in the physical world. 

As computers and virtual worlds became more ubiquitous, there have been attempts to 

create computational representations of echolocation. One of the first attempts to recreate 

echolocation with a computer system was developed by Ramos and Arias (1997), who 

implemented ECOTEST. This system combined a 12-bit sound card, a custom software 

written in Borland C++ to interface with the sound card, and the Waveform Generation 

Language (WGL), which was a custom programming language that allowed users to 

create and capture auditory signals. The apparatus created by Ramos and Arias (1997) 

was the first attempt at providing artificial echolocation through the use of differences in 

pitch of artificial sounds. The apparatus was tested by Arias and Ramos (1997) with 30 

sighted individuals and one blind person. Arias and Ramos (1997) found that the blind 

individual performed better than the sighted counterparts when required to identify 

repeated pitches. This may suggest that, even in virtual worlds, blind individuals 

outperform blindfolded sighted subjects.  

Another implementation of echolocation was described by Pelegrin Garcia et al. 

(2014). The authors built a custom-made system that enhanced the existing capabilities 

of the commercial software CATT Acoustic, which is used to model the acoustic design 

of architectural spaces, by letting participants use self-generated sounds captured with a 

microphone, and adding a model of the near-field propagation of the sound from the 

mouth to the ears to the output generated by CATT Acoustic. The resulting signal was 

then communicated to participants via headphones with head-tracking capabilities. The 

approach presented by Pelegrin Garcia et al. (2014) aimed to provide a realistic 
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reproduction of echolocation in a virtual world and found that for expert echolocators, 

“while the system reacts smoothly and has a pleasant sound, it does not reproduce 

accurately the sensations of sound reflections occurring at close distances”. This suggests 

there is an aspect of echolocation that is difficult to capture and replicate in virtual worlds.  

Similar to Pelegrin Garcia et al. (2014), Picinali et al. (2014) used the commercial 

software CATT Acoustic as foundation to model a virtual environment after a location in 

the physical world. In fact, Picinali et al. (2014) offer one of the very few studies 

exploring the use of echolocation in virtual environments to support the acquisition of 

spatial knowledge. Most importantly, the authors trialled their system with a virtual 

reality headset and found the additional head tracking capabilities provided by the headset 

improved participants’ opinion of the overall experience and enabled participants to 

reconstruct the virtual spaces—which was modelled after a real-world location—as 

accurately as if participants had physically explored the virtual space.  

Schörnich et al. (2012) presented a different approach to echolocation in virtual 

worlds. The authors used a microphone to capture clicking sounds produced by 

participants, convolved them with individual HRTFs and played the newly generated 

audio signal back to participants through headphones, thus simulating echolocation as it 

would occur in the physical world. In their experiment with five test subjects, Schörnich 

et al. (2012) found that individuals can be successfully trained to detect changes in the 

distance of an object in an echolocation-enabled virtual space.  

Another experiment involving training of subjects in virtual echolocation was 

conducted by Robinson and Kearney (2016). The researchers’ goal was to create an 

echolocation-enabled virtual environment to train people in echolocation, particularly 

focusing on the detection of walls and the estimation of distances to said walls. To this 
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aim, Robinson and Kearney (2016) used the commercial tool MAX/Msp to convolve pre-

recorded white noise with head-tracking information and customised HRTFs and 

conducted an experiment where 16 participants sat in an anachronic chamber and were 

required to detect direction and distance to the closest virtual wall.  The experiment 

included training. The authors’ results show that participants’ performance in detecting 

direction and distance of virtual walls improved after receiving training.   

Another experiment where the aim was to teach participants how to use 

echolocation was conducted by Wu et al. (2017). In this experiment, Wu et al. (2017) 

used the game-development software Unity and pre-recorded clicks to produce a series 

of two-dimensional maze-like levels. In these levels, participants moved in a grid-like 

pattern, avoided obstacles and were required to find an exit. The pre-recorded clicks were 

processed to simulate them bouncing off the virtual walls. Wu et al. (2017) received initial 

qualitative feedback on their system by six blind individuals who used the technology for 

ten to fifteen minutes and used these comments to inform their final design. Finally, the 

system was evaluated by eight sighted individuals and the results were reported by Heller 

et al. (2017), who ran a pre and post evaluation, asking participants to detect distance to 

a wall in the physical world before and after training with the system. Results showed 

improvement in participants’ ability to detect the presence of walls in the physical world 

after approximately fifteen hours of training, thus suggesting that it is possible to learn to 

use echolocation in virtual worlds.  

Andreasen et al. (2018) tested the feasibility of using freely available software for 

the creation of echolocation-enabled virtual environments. In their experiment, 

Andreasen et al. (2018) explored the concept of “virtual body ownership” by asking 

participants to embody a bat in a virtual world and use echolocation to explore said world. 
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Participants were asked to explore the virtual environment under four different 

conditions—but always embodying a virtual bat: one condition included visual 

navigation of a cave-like virtual space, and the remaining three conditions used different 

aural settings. Andreasen et al. (2018) considered their study to be a prototype evaluation 

and concluded that the use of the freely available software Unity and the plug-in 

SteamAudio provided a level of simulation of sound reverberation over virtual surfaces 

good enough to be used in echolocation scenarios. 

The literature shows that several attempts have been made to use virtual worlds to 

teach echolocation. Learning echolocation in a virtual world is seen as safer than learning 

it in the physical world, and learning this skill is conducive to better orientation and 

mobility outcomes (Connors et al., 2014; Thaler, 2013). However, previous studies have 

had several limitations. Preliminary studies such as those conducted by Wu et al. (2017) 

and Andreasen et al. (2018) suggest that freely available tools such as Unity are adequate 

to creating echolocation-enabled virtual environments; however, due to the preliminary 

nature of these studies, it is not clear how echolocation could be used beyond 

experimental feasibility tests. Experiments that focus on recreating echolocation in virtual 

worlds as accurately as it occurs in the physical world (Pelegrin Garcia et al., 2014; 

Picinali et al., 2014; Schörnich et al., 2012) are limited by the need to use proprietary 

software, the computational complexity of such approaches, and sometimes the need for 

highly specialised equipment or setups that may be difficult to recreate outside the 

laboratory. Although some of these experiments have focused on identifying the presence 

of walls, echolocation has the potential to enable detection of materials (DeLong et al., 

2007; Hausfeld et al., 1982), size of objects (Milne et al., 2015), and other characteristics. 

All these features support people with visual impairment in exploring their surroundings 
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in the physical world; however, the features that can be detected in virtual worlds via 

echolocation remain largely unexplored. Finally, the reliance of these experiments in 

sighted blindfolded individuals makes it difficult to ascertain whether echolocation in 

virtual worlds is useful for people with visual impairment. As Silverman (2015) states, 

the experience of blindfolding a subject successfully replicates the initial shock of losing 

a sense, but it fails to capture the set of unique skills people living with visual impairment 

have developed through their lived experience. 

Hence, very little is known about how echolocation in virtual worlds may support 

people with visual impairment in freely exploring these worlds. A key factor to 

successfully exploring any space, be it virtual or physical, is being able to acquire spatial 

information (Façanha et al., 2020). The following section describes the types of spatial 

information available, and how spatial knowledge can be assessed. 

 

2.5. Acquisition of spatial information  

Spatial information comprises the understanding of one’s surroundings. Acquiring spatial 

information to navigate the world is a critical skill that people with visual impairment 

need to undertake in order to live more independent lives (Kitchin & Jacobson, 1997). It 

has been argued that sight is necessary to acquire spatial information, particularly as brain 

scans revealed that people who become blind earlier in life process non-visual spatial 

information in regions of the brain that are different from those of sighted individuals 

(Thinus-Blanc & Gaunet, 1997). However, this does not indicate that people with visual 

impairment cannot acquire spatial information. Other sensory input, such as auditory 

feedback, may be used to acquire spatial information (Cuturi et al., 2016), and the brain 

may adapt itself to using a different type of stimulus to understand space in a process 
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called cross-modal neuroplasticity (Bavelier & Neville, 2002; Kupers & Ptito, 2014; 

Schinazi et al., 2016). 

Spatial information has been classified into three categories, according to their level 

of complexity: landmark, route and mental maps—also referred to as survey knowledge 

(Kitchin & Jacobson, 1997; Loomis et al., 1993; Siegel & White, 1975). The next sections 

provide a short description of each type of spatial knowledge: landmark, route and survey, 

and how they relate to each other. 

 

2.5.1. Landmark knowledge 

Landmarks are specific objects placed in specific locations that may be used as points of 

reference along a route (Caduff & Timpf, 2005; Werner et al., 1997). Werner et al. (1997) 

argued that the identification of landmarks and its use for navigational purposes is an 

elementary navigation task, as landmarks are minimal elements for representing space 

(Siegel & White, 1975). Moreover, landmark navigation has been found to be more 

effective than navigating the physical world by relying on memorising street names or 

estimating distances (Caduff & Timpf, 2005). When considering how people with visual 

impairment identified landmarks, Werner et al. (1997) argued that stable, fixed and 

persistent objects—such as walls, door openings, lamp posts—may be used as reliable 

landmarks. 

 

2.5.2. Route knowledge 

A route is the union of several static points of information—landmarks—in a fixed, 

sequential set of steps that indicate how to reach a destination. When using routes for 
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navigation, the alteration of any one step along the route may leave a person with visual 

impairment stranded (Darken & Sibert, 1996; Thinus-Blanc & Gaunet, 1997). Moreover, 

people with visual impairment are known to stick to familiar routes to avoid getting lost, 

even if these routes are longer and less efficient, provided that they were easier to describe 

and follow (Caduff & Timpf, 2005; Kitchin & Jacobson, 1997; Thinus-Blanc & Gaunet, 

1997; Werner et al., 1997) 

 

2.5.3. Survey knowledge 

Survey knowledge provides a holistic understanding of the physical environment that 

emerges as the result of encoding several routes and landmarks so that the product of this 

combination provides a more flexible understanding of the environment (Thinus-Blanc 

& Gaunet, 1997). Survey knowledge provides a mental image or a “mental map” of one’s 

surroundings (Cuturi et al., 2016). Forming a mental map is a neurological process, but 

the image that forms in one’s head is not that of a literal map, but rather a series of 

interconnected, more manageable pieces of spatial information (Siegel & White, 1975). 

In order for people with visual impairment to explore the physical world and form 

a mental map of their surroundings, they must rely on a mobility aid. The most common 

mobility aids used by people with visual impairment are white canes and guide dogs, with 

people who rely on guide dogs showing more confidence when exploring their 

surroundings (Clark-Carter et al., 1986). Another aid that helps people with visual 

impairment to acquire survey knowledge is echolocation and its usefulness has been 

described in previous sections of this chapter. However, this technique is used by a rather 

small portion of people with visual impairment (Thaler, 2013). 
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2.5.4. Evaluating spatial knowledge  

Kitchin and Jacobson (1997) have proposed the use of the following techniques to 

evaluate spatial knowledge: route inference; distance estimation; direction estimation; 

completion tasks—where participants may use and complete a map with tactile elements; 

reconstruction tasks—where participants are asked to build a model of the environment, 

be it by drawing or using a specialised material; and recognition tests—where participants 

are given a model of the environment and are asked to identify specific features. Kitchin 

and Jacobson (1997) argue that there are issues of validity surrounding the evaluation 

techniques listed above and that “the utility of someone's knowledge is best assessed 

through tasks that demonstrate it in action, such as wayfinding in a complex environment” 

(p. 367). However, the authors recognise that this may be impractical in certain settings 

and recommend using a mix of the techniques described earlier to ensure spatial 

knowledge is consistent. 

There are several examples of the use of reconstruction tasks in the literature, both 

in the physical world and in virtual environments. In the physical world, Watabe and 

Niitsuma (2013) required sighted blindfolded participants to use a vibrating device to 

detect walls of a particular layout, then remove the blindfolds and draw the layout they 

had explored. Albouys-Perrois et al. (2018) used a combination of foam paper, modelling 

clay and pipe cleaners for the modelling of low-fidelity tactile map prototypes. Holloway 

et al. (2018) used recognition tests, where blind participants were given two models and 

asked about specific features of both models. In virtual spaces, Lahav and Mioduser 

(2008) proposed the creation a virtual environment that provided haptic feedback, and 

Lahav et al. (2012) evaluated said environment by asking participants to perform 
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completion tasks with a kit of pieces representing the layout they had to explore. With 

less emphasis on acquisition of spatial knowledge in virtual worlds, it is hard to know if 

the techniques described by Kitchin and Jacobson (1997) would be as effective as they 

are in the physical world. Darken and Sibert (1996) argued that “survey knowledge is the 

key to successful wayfinding in any environment” and recommended dividing large 

virtual worlds into distinct, smaller parts and providing constant orientation cues. The 

idea of dividing space into smaller parts has been used to provide access to spatial 

information in digital worlds (Ghali et al., 2012). However, regarding the provision of 

constant orientation cues, less is known.  

Existing literature on echolocation in the physical world has described how it can 

be used to learn about discreet—landmark—features of physical space, such as material 

of objects, distance from and presence of obstacles (DeLong et al., 2007; Hausfeld et al., 

1982; Rosenblum et al., 2000; Schörnich et al., 2012; Supa et al., 1944). Moreover, the 

fact that expert echolocators perform better in orientation and mobility tasks in both 

familiar and unfamiliar spaces suggests echolocation is also useful for acquiring survey 

knowledge of space (Thaler, 2013; Wallmeier & Wiegrebe, 2014). However, it is not 

known if this utility is applicable in virtual spaces. 

 

2.6. Research Gaps 

As the previous sections demonstrate, the process by which people with visual 

impairment understand and negotiate their surroundings in the physical world is well 

understood. Landmarks, routes and mental maps are the pieces that enable people with 

visual impairment to make sense of the environment around them. Additionally, 

echolocation, the mechanisms that underpin it and its role in the acquisition of spatial 
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information have been well understood. The literature also describes how people with 

visual impairment engage with mainstream games, text-based adventures and 

audiogames. Despite the clear usefulness of echolocation in acquiring spatial knowledge 

in the physical world, its role in virtual worlds and how it can support the acquisition of 

spatial knowledge in these worlds remains an under explored subject, with research in 

this field focusing on detection of virtual walls and evaluations relying mostly on 

blindfolded sighted individuals. Therefore, I propose to investigate the following research 

question:  

How can echolocation be designed as a means for people with 

visual impairment to acquire spatial knowledge of a virtual space? 

Virtual space is a broad construct that refers to the simulated space where any type 

of digital experience occurs; this includes videogames, and virtual and augmented reality 

experiences. In order to answer the main research question, it is necessary to first 

understand how people with visual impairment currently engage with existing virtual 

spaces. As this chapter demonstrates, there are several digital experiences targeted to 

people with visual impairment in the form or text-based adventures and audiogames. 

However, often times the analysis of these digital experiences focuses on the introduction 

and evaluation of a single digital experience and not much is known about how people 

with visual impairment engage with these experiences “in the wild” outside the context 

of a laboratory evaluation. Hence, I will aim to explore the following sub-research 

question:  

RQ1: How do people with visual impairment currently engage with virtual spaces?  
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A key element to enable engagement with digital experiences is being able to 

explore the virtual space. By looking at the physical world, this chapter argues that 

echolocation is a useful tool to aid in this process of acquiring spatial information. 

Moreover, this chapter describes existing implementations of echolocation in virtual 

worlds and indicates that the usefulness of echolocation to learn about spatial information 

in virtual worlds remains under explored. With this in mind, the next step of this thesis 

will be to explore if it is possible at all to replicate echolocation in a virtual setting so that 

it supports acquisition of spatial information, thus answering the following sub-research 

question:  

RQ2: How can echolocation be implemented in virtual worlds so that it supports 

acquisition of spatial knowledge? 

This chapter has described how echolocation is used in the physical world to assist 

in the identification of landmark features of space—size of objects, the material and 

object is made of, distance, and presence of obstacles. These features aid people with 

visual impairment in the formation of mental maps. Upon identifying a baseline on how 

to implement echolocation in virtual worlds to support acquisition of spatial knowledge, 

the next sub-research questions aim to expand this knowledge, starting by identifying: 

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

Landmark features of virtual space are used to create a mental map of the space 

being explored in the physical world. Upon identifying the features of virtual space that 

can be revealed through echolocation in virtual worlds, the next sub-research question 

will address:  
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RQ4: How do the features revealed through echolocation support acquisition of 

spatial knowledge of virtual space?  

As previous research has found that not including people with visual impairment in 

the process of designing technologies targeted to them leads to abandoning these 

technologies (Phillips & Zhao, 1993), it is important for the implementation of 

echolocation developed as part of this thesis to be informed by the views of people with 

visual impairment. Furthermore, the next chapter will explain the importance of the lived 

experience of people with visual impairment for this work. With these considerations, the 

last research question to be explored will be:  

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

echolocation in virtual spaces? 

The answers to the five sub-research questions identified above will inform the 

answer to the main research question of this thesis. Moreover, by answering the research 

questions presented in this section, it is my aim to help bridge the gap between academic 

literature and the game development industry by presenting a tool that supports access of 

people with visual impairment to digital games, provides an enjoyable experience, is easy 

to implement, and whose design has been informed by people with visual impairment 

themselves. 

 

2.7. Summary 

In this chapter, I have described accessibility in digital games and how this topic is 

approached from the perspective of the evaluation of a single accessible game. I have 

explained what echolocation in the physical world is, how it supports acquisition of 
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features of space (material an object is made of, presence of obstacles, size of objects, 

distance from objects) and how its use results in better orientation and mobility outcomes. 

Moreover, I have argued that, although current implementations of echolocation in virtual 

worlds exist, how these implementations could support acquisition of spatial information 

in virtual worlds is a phenomenon that remains unexplored. 

As described in the introductory chapter of this thesis, I will focus on the use of 

echolocation to acquire spatial knowledge of virtual space. By doing so, I aim to conduct 

a design exercise that recognises the unique skills of people with visual impairment. In 

the following chapter, I describe the theoretical framework and methodology that support 

the work to be carried out as part of this thesis, starting with the worldview that informed 

this research, then presenting the design of the research and the methods to be used.  

 





 

 

 

 

Chapter 3: Methodological  

Framework 

 

3.1. Introduction 

Chapter two discussed previous work in the fields of spatial information acquisition, 

gaming for people with visual impairment, and echolocation, and highlighted a series of 

gaps that exist in these fields. In this chapter, I present the philosophical orientation that 

will inform the way in which I will address the existing gaps and the research questions 

that emerged from these gaps. I will articulate my views on what exists in the world 

(ontology) and how we gain knowledge about what exists in the world (epistemology). 

My epistemological discussion will centre around the different paradigms that exist to 

understand disability and how HCI has incorporated these paradigms to inform the design 

of assistive technologies. Finally, I will outline the methodology and methods of choice 

to conduct my research, as these stem from my ontological choices.  

This chapter is heavily influenced by the book “Disabilities Rights and Wrongs 

Revisited” by Tom Shakespeare (2013). The first edition of “Disabilities Rights and 

Wrongs” was published in 2006 and was considered controversial, even treasonous 

(Goodley, 2014), as it strongly criticised existing worldviews on disability, called other 

authors to leave behind the rejection of the biological dimension of disability, and 
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exhorted them to operationalise the concepts they had been debating for years so that 

disability could stop being an issue of discourse and become a more practical matter 

(Goodley, 2014). Despite the criticism the book has received, I found that Shakespeare’s 

views on the concept of disability align heavily with my own lived experience of 

disability, and my previous experience working with people with visual impairment, 

which I described in chapter one.  

In this chapter, I describe the four theoretical constructs that act as foundation for 

this study using a research framework outlined by Creswell and Plano Clark (2011): 

worldview, theoretical lens, methodology, and methods. I present a pragmatist worldview 

that leans on critical-realist disability studies as a lens to describe the problem of 

accessibility in digital games for people with visual impairment. I propose the use of 

mixed methods to answer the research questions presented in the previous chapters and 

describe some of the tools used for data collection under the outlined constructs.  

This chapter is structured as follows: I start by defining pragmatism as my 

worldview and describe why I chose this instead of other worldviews more associated 

with qualitative traditions (postpositivism) or with quantitative traditions 

(constructivism) (section 3.2). Then I explain the different lenses under which our 

understanding of disability has been constructed: the medical model (section 3.3.1), the 

strong social model (section 3.3.2), the model proposed by cultural disability studies 

(section 3.3.3), and Tom Shakespeare’s model of critical-realist disability studies (section 

3.3.6). As I describe each lens, I explain how it may be of use to HCI researchers. This 

chapter also includes a discussion about the language I will use throughout the rest of this 

thesis when referring to participants and in general, to people with visual impairment 

(section 3.3.4). I then discuss how the critical realist lens relates to HCI via the “critical 
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realist agenda for assistive technology” proposed by Frauenberger (2015) (section 3.4) 

and explain how my research aligns with that agenda. Finally, I describe the methodology 

that I will adopt to answer my research questions, the methods and tools used to find these 

answers (section 3.5), and how these stem from my theoretical orientation. 

 

3.2. Worldview 

As Creswell and Plano Clark (2011) highlight, “all research has a philosophical 

foundation, and enquirers should be aware of assumptions they make about gaining 

knowledge during their study” (p. 38). Hence the importance of presenting these 

assumptions early on and describing how they impact the development of the research 

endeavour. The first assumption that a researcher must declare is about reality and the 

things that exist within it. This is what is known as ontology. The assumptions a 

researcher makes about reality ultimately inform the methodology that is applied in the 

research enquiry.  

Creswell and Plano Clark (2011) and Denzin and Lincoln (2011) identify three 

worldviews that may inform scientific enquiry: postpositivism, constructivism and 

pragmatism—though these are not the only worldviews that exist. Postpositivism argues 

that reality is objective, measurable and can be known through empirical means. 

Postpositivism has largely influenced the way in which science has been performed over 

the last two hundred years or so (Frauenberger, 2015). Subscribing to a postpositivist 

view means that one believes that, to find the truth about a phenomenon being 

investigated, it is necessary to devise an experiment that provides a quantifiable measure 

about the phenomenon under investigation. This worldview may be more suitable for 

studying phenomena of the physical world.  
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In contrast to postpositivism, constructivism argues that reality is subjective and is 

constructed upon the social circumstances of each individual (Denzin & Lincoln, 2011). 

Furthermore, some thinkers view constructivism as being in total opposition to 

postpositivism, with Denzin and Lincoln (2011) describing constructivism-inspired 

research as “an ongoing critique of the politics and methods of postpositivism” (p. 7). 

The social sciences, arts and humanities are fields with strong constructivist traditions.  

Disability and designing technology in the context of disability is a complex, 

multidimensional problem that does not present a unique solution. With this consideration 

in mind, I would argue for the need of a worldview that allows for the conceptualisation 

of a complex reality that is comprised of both subjective experience and objective factors 

(Creswell & Plano Clark, 2011). This is: to understand the design of technology in the 

context of disability, I believe, like Shakespeare (2013), that there is a need for more 

empirical studies in the field (suggesting allegiance with a postpositivist worldview). 

However, just like Shakespeare (2013), I also believe that the experience of disability is 

unique to each individual—as I expressed in chapter one—with individuals with the same 

impairment and in the same cultural context having an entirely different experience of 

disability (suggesting a constructivist allegiance). Therefore, the work presented in this 

thesis needs to be supported by a worldview that is congruent with my understanding of 

reality. Pragmatism is the worldview that best reflects my position. 

According to Teddlie and Tashakkori (2003), as explained by Creswell and Plano 

Clark (2011, p. 43), a pragmatist worldview recommends abandoning the force-choice 

dichotomy between postpositivism and constructivism, and advises to give primary 

importance to one’s research question(s), observing the methods that would best help 

answer the research question(s). The implications of such a worldview are that 
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methodological choices should be guided by practical considerations as well as 

philosophical theories, and that both quantitative and qualitative research methods may 

be used.  

This seemingly “everything goes” approach encouraged by a pragmatist worldview 

has received criticism. Denzin and Lincoln (2011) argue that a pragmatist worldview 

encourages a more postpositivist way of thinking and discourages the use of more 

interpretative methods. Moreover, Creswell and Plano Clark (2011, pp. 278-280) warn 

that the different approaches followed in studies that align with other worldviews—with 

postpositivist studies barely discussing the philosophical underpinnings of their method 

of choice, and constructivist studies making these philosophical underpinnings key points 

of the studies—may make it difficult for the pragmatist researcher to know how to 

approach the discussion of their worldview. Additionally, Morse and Niehaus (2009) 

warn that the ad-hoc mixing of research methods may be a serious threat to validity. 

Despite these criticisms, I believe that a pragmatist worldview, with its focus on 

“employing ‘what works’, using diverse approaches, and valuing both objective and 

subjective knowledge” (Creswell & Plano Clark, 2011, p. 43) aligns perfectly with my 

own conceptualisation of the world and knowledge in it, hence my choice for a pragmatist 

worldview. Moreover, this worldview provides a solid foundation for the critical realist 

lens used in this work, to be explained in following sections.  

 

3.3. Theoretical lenses to understand disability  

Over time, different lenses have been applied to construct our understanding of disability, 

from the medical model to the strong social model, the cultural disabilities studies, and 

the critical realist model. These models reflect the evolution of the ways in which we 
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think about disability, and in this section, I will briefly describe them. Moreover, I will 

describe how my pragmatist worldview particularly aligns with the critical realist lens, as 

described by Shakespeare (2013), and describe the implications of this alignment for my 

research. 

 

3.3.1. The medical lens  

Our understanding of visual impairment and blindness has evolved over time. During the 

Middle Ages, blindness was seen as a “cruel fate”, as blind people could not participate 

in manual labour, thus remaining isolated, becoming beggars or objects of derision; a 

sector of the population even considered blindness a divine punishment during these 

times (Margo et al., 2013; Weygand, 2009). This view of blindness endured until the 18th 

century. During that century and thanks to the opening of the first schools for the blind 

and the invention of the Braille writing system the blind could start to actively participate 

in society in meaningful ways (Margo et al., 2013). 

As we moved further into the era of the industrial revolution, advances in medicine 

improved overall health conditions, reduced mortality rates and extended life spans. It 

was into this climate that the medical model of disability emerged. Moser (2000) 

describes this model as being characterised by “normalisation”, where “an able-bodied 

and competent person is thus a body with a set of given functions, skills and properties” 

(p. 205). In this context, disability—in our case visual impairment—is seen as a loss of 

function, or a diminished ability to function and the role of any intervention targeted to 

people with disabilities must be to rehabilitate, recover and normalise their functioning 

(Moser, 2005).  
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Moser (2000) warns that the problem with this approach is that “disabled people 

are destined to be substandard within this normalization regime. They will always be 

constituted in contrast to a norm, they will always be defined as Other” (p. 209). More 

practically, Brisenden (1986) warns that this understanding of disability is detrimental, 

as it undermines the validity of the opinions of people with disability—it undermines the 

validity of the lived experience of disability, in favour of the voices of medical experts, 

who focus on hard facts but overlook the subjective reality of the lived experience.  

It may be tempting for HCI researchers to use the medical lens to justify technology 

interventions aimed at people with impairments, as this lens lets researchers focus on a 

set of requirements for design based on the physical limitations of the individuals 

(Frauenberger, 2015; Mankoff et al., 2010). However, it is necessary to acknowledge that 

such an approach reinforces the idea of positioning people with disabilities as “Others” 

who need to be normalised. As this lens dismisses the value of the subjective lived 

experience of disability, it is not compatible with a pragmatist worldview.  

 

3.3.2. The strong social lens  

The strong social lens is also called the social creationist lens by Oliver (1990). The most 

salient feature of this lens is a clear separation between the concepts of impairment and 

disability. According to Shakespeare (2013), this distinction between the impairment and 

disability was a simple but powerful one, to the point that it was called “the big idea” of 

the disability movement in the 70s (Hasler, 1993). To indicate how important this 

distinction between impairment and disability was, Shakespeare (2013) states that “The 

term social model has become synonymous with progressive approaches to disability, 

while the term 'medical model' sums up everything that is backward-looking and 
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reactionary” (p. 11). Shakespeare’s comments highlight the significance of the social lens 

in the context of how disability was understood.  

The operationalisation of the difference between impairment and disability is best 

summarised with the publication of the policy statement of the Union of Physically 

impaired Against Segregation (UPIAS) in the United Kingdom in the 70s. The policy 

statement read:  

“In our view, it is society which disables physically impaired 

people. Disability is something imposed on top of our impairments, by 

the way we are unnecessarily isolated and excluded from full 

participation in society. Disabled people are therefore an oppressed 

group in society” (UPIAS, 1976). 

This statement has several implications: first, it forces a dichotomy between 

impairment and disability and separates the two ideas, positioning impairment as a 

statement of the body’s function and disability as a function of social norms and biases; 

second, it places the limitations associated with impairments outside of the control of the 

individual; and third, it establishes disabled people as an oppressed group. (Shakespeare, 

2013). Furthermore, the impairment/disability dichotomy can be thought of as a parallel 

to the sex/gender dichotomy presented in the seminal feminist work of Anne Oakley 

(1972), as both dichotomies place an idea—be it “disability” or “gender”—outside the 

individual, and formalise it as a social construct. Future sections explore why it may not 

be wise to extend these parallels too far. 

A consequence of this approach to disability was in the way disabled people thought 

about themselves. According to Shakespeare (2013, p. 13) “rather than feeling sorry for 
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themselves, disabled people could feel angry” because they or their bodies were not at 

fault, but rather society and the exclusive approaches that were followed. A second 

consequence of this approach was a transition away from treatment and rehabilitation—

as mandated by the medical tradition—to a focus on policy and barrier removal, with bills 

such as the Americans with Disabilities Act of 1990 being the prime example of the 

perceived success of this approach (Shakespeare, 2013). 

Similarly, in the technology space, an example of this barrier-removal approach is 

the Web Content Accessibility Guidelines (WCAG), published by the Web Accessibility 

Institute (WAI). These guidelines provide recommendations on how to make websites 

more accessible for everyone, although the majority of these recommendations are easier 

to implement to improve accessibility of people who are blind or visually impaired 

(Frauenberger, 2015). 

Although this strong social lens approach has produced benefits to people with 

disabilities, such as the Americans with Disabilities Act and the WCAG guidelines, 

Shakespeare (2013) makes a number of criticisms to this approach. Crucially for my own 

argument, Shakespeare recognises that no amount of barrier removal can equate the lived 

experience of disabled and non-disabled persons. In the case, for example, of patients 

with chronic pain or who have suffered a stroke, the social model approach fails to capture 

the complexity of the experience of these patients (Lock et al., 2005).  

Although my approach to studying accessibility in digital games for people with 

visual impairment may be considered a way of removing barriers, I do not see it as such. 

A barrier-removal approach to digital games would possibly take the form of guidelines 

and specific features put forward by industry leaders. I argue that I have not developed a 
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feature, but rather I aim to develop a new gaming metaphor for people with visual 

impairment. 

 

3.3.3. The cultural disability studies lens  

The cultural disability studies lens is referred to as the social constructivist model by 

Oliver (1990). This name hints at the constructivist philosophical worldview behind the 

model. The main changes this lens proposed were “a focus on embodiment, awareness of 

the cultural imagery, deconstruction of binary thought in favour of fluidity of all 

categories, and a recognition of the importance of emotion and affect” (Shakespeare, 

2013, p. 47). This means that, under a cultural disability studies lens, there is a shift from 

“cure to care” (Zola, 1983) while at the same time scrutinising the way in which disability 

is portrayed—constructed—in society. This lens highlights the role of discourse in our 

collective conception of disability (Shakespeare, 2013), thus recognising that disabled 

bodies—just like female or dark bodies—should not be seen as incomplete, vulnerable or 

incompetent (Goodley, 2001).  The goal of this lens is to give a minority group “voice in 

academic work that may otherwise be done about them but not necessarily with3 them” 

(Mankoff et al., 2010). This goal highlights the importance of having researchers with 

disabilities, like myself, doing research in the field, and the relevance of engaging with 

and giving voice to people with disabilities. In practical terms, this discourages the 

recruitment of participants without disabilities in studies of technologies for people with 

disabilities; I will come back to the issue of participants in later sections. 

 

3 Original emphasis of the author 
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This view further advances parallels between issues of disability, sex and race. 

However, Shakespeare (2013) warns that extending such parallels too far may be 

detrimental to the life of people with disabilities. According to Shakespeare (2013, p. 49), 

“gender, race and sexuality have minimal biological underpinning. However, disability 

always has a biological dimension that usually entails limitation or incapacity, and 

sometimes fatality and pain”. In other words, if we removed all the socially-constructed 

limitations built around sex, gender or race, these characteristics would become neutral; 

however, no amount of discourse analysis and societal deconstruction will ever negate 

the fact that—unlike sex, gender or race—disability is not neutral: it entails “limitation 

and incapacity, and sometimes fatality and pain”.  

Shakespeare (2013) goes further in his criticism of this model and posits that 

“cultural disability studies writers generally seem much more interested in texts and 

discourses than in the ordinary lives of disabled people” (p. 52) and that these authors 

extend their ideas into potentially dangerous territory. Shakespeare (2013) cites Goodley 

(2011) as an example of an author who places a stronger focus on discourse over the 

practicalities of living with disabilities. Goodley (2014) argues that the cultural change in 

perception of the capabilities of people with Down Syndrome over the last eighty years 

implies that the disease is just “a phenomenon created through signification” (p. 117). 

Shakespeare counters that, although societal attitudes towards people with Down 

Syndrome have changed over time, the disease has always been and continues to be a 

consequence of an extra copy of the chromosome 21.  

Another way in which this lens may result in detriment of the lives of people with 

disabilities is by underplaying the importance of diagnosis and treatment (Mankoff et al., 

2010; Oliver, 2005). Cultural disability authors such as Tremain (2001) argue that 
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diagnosis is something malign, as it attaches a label to a person and their condition: 

“congenital”, “acquired”, “sensory”, “cognitive” impairment, et cetera. Others such as 

Goodley (2011) suggest that disability is “concocted” by schools, hospitals and other 

institutions: if these institutions disappeared, disability would stop being a problem. As 

someone born with a congenital eye condition that needed to be diagnosed before I could 

talk and “engage with discourse”, I see these labels that Tremain (2001) criticises as 

something useful, as they assisted my parents in choosing care options. Moreover, I find 

it hard to believe that my congenital condition may have been caused by societal 

institutions, as congenital conditions are developed while the baby is still in the womb. I 

cannot see how elimination of certain institutions would affect foetal development. 

Hence, based upon my lived experience, I find that I cannot agree with these notions.  

To summarise: the cultural disabilities movements has lofty goals in providing a 

voice in research to an underrepresented group and in analysing how disability is 

portrayed in society at large. However, several of the arguments presented in the context 

of cultural disabilities studies are incompatible with my lived experience.  

 

3.3.4. The language of disability  

As I explained previously, cultural disability studies focus strongly on analysing the 

societal discourse weaved around disability. Although I have highlighted the limitations 

and potential dangers that could arise if such theoretical discussions are taken too far, I 

agree with Mankoff et al. (2010) in that language shapes the way we think about 

disability, so it should be considered carefully. Hence, in this section I will touch on the 

person-first versus identity-first language and provide my position, among other issues 

related to the use of language to describe disability. 
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The American Psychological Association (APA) recommends the use of person-

first language (i.e. person with a disability) and this has become the standard in the USA. 

However, several cultural disability authors prefer the use of identity-first language (i.e. 

disabled person, deaf person), and this has become the standard in the UK (Dunn & 

Andrews, 2015; Mankoff et al., 2010; Shakespeare, 2013). Both camps make strong 

arguments as to why one naming convention should be preferred over the other, and my 

aim here is not to contribute to the discussion of person-first versus identity-first 

language, but just to explain the rationale behind the use of language that the reader 

should expect throughout this thesis.  

As much as possible, I will try to follow the use of person-first language (i.e. person 

with a disability, people with visual impairment). First, this is to align my language with 

the preferred language used in Australia, which is where I am writing this thesis from. 

Furthermore, I will avoid the use of euphemisms such as “differently abled”, “people of 

all abilities”, “disAbility”, “diffAbled”, “special needs”, et cetera, as these are considered 

patronising (Inclusive language, n.d.). Second, I try to use person-first language because 

of the influence of Spanish, my first language, in the way I express myself. Particularly 

in Ecuador, my home country, the convention is to use person-first language. 

I also feel the need to discuss the use of the words “impairment” and “disability”. 

As explained before, the strong social lens uses these words as a dichotomy and suggests 

that, while the impairment is innate to the individual, disability is created by society 

(Shakespeare, 2013). However, in Spanish both “impairment” and “disability” translate 

to the same word: “discapacidad”. I will try to be mindful of the distinction between 

disability and impairment when relevant, but once again, due to the influence of my first 

language, I might involuntarily interchange them. 
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To conclude this section, I would like to touch on the word “crip” (short for cripple). 

I will not use this word. In fact, I feel strongly against it. The popularity of the word crip 

in academic literature has risen due to the development of Crip Theory by Robert McRuer 

(2006). This theory finds itself at the intersection of queer studies and disability studies, 

as both explore the relationship between the normal and the “abnormal”: straight/gay, 

abled/disabled (Löfgren-Mårtenson, 2013). As I explained in the previous section, this 

view fails to recognise the fact that disability is not neutral and almost always entails a 

limitation (Shakespeare, 2013). Leaving crip theory aside and focusing on the word itself: 

although some authors in favour of its use prefer it because of its “radical edge” and argue 

for its use in order to subvert expectations (Sandahl, 2003), given my lived experience of 

disability and the fact that English is my second language, I find it hard to see past the 

demeaning connotations of the word. Furthermore, and to my surprise, the word has more 

violent undertones, as it is the name of a gang from Southern California and is associated 

with street warfare (Bone, 2017). I believe we do need a more holistic view to understand 

disability; however, I am wary of radical activism, so I would prefer to distance myself 

from the word crip. 

 

3.3.5. Passion and empowerment 

Before describing the next theoretical lens used to conceptualise disability, I would like 

to explore concepts that are relevant for the field of HCI that have been brought forth by 

the cultural disability studies lens. First, I will discuss the four discourses of disability 

identified by Moser (2005), who studied how these four discourses—which she calls 

ordering—reflect in practice. Then I will explain how the discourse of passion correlates 
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with the rhetoric of empowerment developed by Rogers and Marsden (2013), and how 

these ideas have informed the development of future chapters of this thesis.  

The reason why I have decided to describe Moser’s ordering of disability is because 

her theoretical arguments are supported by empirical observations, and this aligns with 

my personal stance on how to approach disability. Moreover, although Moser’s analysis 

started with a strong theoretical grounding, she concluded that disabled is not something 

one is, but something one becomes, and that one becomes disabled due to an interplay of 

different factors, not just due to societal constructs. This conclusion is similar to the 

critical-realist lens described by Shakespeare (2013), which I will explain in the next 

section.  

According to Moser (2005), there are four ways in which disability is ordered. 

There is the order of the normal, disability as lack, the normative of fate, and the order of 

passion.  

• The order of the normal: this ordering is based on the medical lens 

discussed earlier and argues that disability is a characteristic of the 

individual that needs to be corrected—normalised. This normalisation is 

enacted by moving agency away from the person with an impairment and 

into external factors i.e. policy, assistive technologies, et cetera.  

•  Disability as lack: based on empirical evidence, Moser states that 

disability may be understood as the lack of something. In the case, for 

example, of someone with aphasia—inability to understand or produce 

speech as a result of a brain injury, a person may be capable of complex 

thought but lacks the ability to communicate it. 
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• The normative of fate: is the recognition that most things in life—

including disability—are outcomes of circumstances that are, for the most 

part, beyond our control. This order does not see disability as something 

“tragic” or “cruel”, nor as something that needs to be “fixed”, but rather as 

an inescapable dimension of life. 

• Passion: finally, Moser argues that after accepting disability as fate, one 

may strive to regain agency by engaging in activities that produce passion: 

“neither mastery and control nor passive acceptance, but an experience of 

being immersed” (Moser, 2005, p. 682).  

Although these four orderings of disability are distinct, Moser (2005) makes the 

point that the way disability is perceived is fluid and varies across these four orderings. 

Indeed, reflecting on my own lived experience, I can see my own use of glasses as an 

attempt to normalise my vision; however, upon removal of my left eye from its socket, 

no glasses will ever compensate the literal lack of my left eye. Furthermore, I accepted 

from an early age that my circumstances were different from those of others—I accepted 

my fate as someone with diminished visual acuity. That acceptance has led me to live a 

life where I actively and passionately enjoy subverting the expectations of what I can and 

cannot do.  

Beyond my anecdotal experience, Rogers and Marsden (2013) have argued that in 

the field of technology interventions for people with disabilities and akin to the medical 

tradition, technology design has often followed a “third-person vein”, where the focus is 

on designing solutions based on what we as designers think people with disabilities need, 

framing technology as a means to compensate—normalise—for what is lacking. 

Although this approach has certainly led to the development of useful advancements in 
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technology for people with disabilities, Rogers and Marsden (2013) argue it is time we 

moved to the development of solutions that empower people with disabilities and support 

them in realising their passions. Rogers and Marsden (2013) argue that HCI is key to 

facilitating this change in paradigm, given its strong focus on working with people. They 

conclude that HCI researchers should design for “empowering people to engage with 

technology in innovative ways that stretch others’ imagination and tap into their wisdom 

and worldviews”. This is a call to recognise the skills developed by people with 

disabilities through their lived experiences while producing creative solutions that enable 

them to engage with technology in ways not possible before. As it will become clear in 

later chapters, these ideas have informed my own approach to solving the research 

questions posed in the first chapter of this thesis. 

 

3.3.6. The critical-realist lens 

I have explained how the medical and strong social lenses have focused on rehabilitation 

and cure, and barrier removal respectively; however, these lenses undervalue the lived 

experience of disability. On the other hand, I have explained how the cultural disability 

studies lens was created to recognise the importance of the lived experience of disability 

and its portrayal in society, but the extrapolation of some of the ideas proposed under this 

lens have the potential to be detrimental to the lives of people with disabilities. I believe— 

like Shakespeare (2013), that we need a lens that recognises the importance of the lived 

experience of disability while encouraging empirical enquiry, as opposed to following 

theoretical analyses whose practical implications for the lives of people with disabilities 

may be detrimental. I strongly support Shakespeare (2013) when he says: “I am 

unashamedly eclectic and pragmatic in my theoretical allegiances, finding a plurality of 
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approaches beneficial in the analysis of disability” (p. 72). This is not to say that theory 

is irrelevant, but that the priority of the research approaches should focus on what is most 

beneficial for people with disabilities. I suspect that both Shakespeare and I concur in our 

preference for a plurality of approaches because, as disabled persons who have worked 

with other people with disabilities, we are aware that different people with the same 

impediments will follow different strategies to cope with their impediments, so a nuanced 

response is required.  

The critical realist approach to science was first described by Bhaskar (1975), who 

argued that “things exist and act independently of our descriptions, but we can only know 

them under particular descriptions” (p. 250). In the context of disability, this implies that 

there is a biological component of disability that exists “and acts independently of our 

descriptions” but the implications of that biological component can only be known by the 

descriptions we make about it. These descriptions will inevitably be shaped by our 

societal context. This approach recognises the existence of impairments and their own 

experiential reality even if societal assumptions around these impairments change over 

time (Shakespeare, 2013). 

Under a critical realist lens, Shakespeare (2013) conceptualises disability as an 

interaction. In his words:  

“Rather than getting fixated on defining disability as a deficit or 

a structural disadvantage or alternatively a product of cultural 

discourse, a holistic understanding is required. Put simply, the 

experience of a disabled person results from the relationship between 

factors intrinsic to the individual, and extrinsic factors arising from 
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the wider context in which she finds herself… People are disabled by 

society and4 their bodies” (pp. 74-75). 

The factors to which Shakespeare refers may include: the biological element of the 

impairment, a person’s attitude towards it, their abilities and personality, the attitudes and 

reactions of others, and wider societal, cultural, and economic factors (Shakespeare, 

2013). The conception of disability as an interplay is powerful in that it encourages 

research to move beyond discourse and focus on action while at the same time recognising 

the value of both the individual experience of disability and the importance of the social 

discourse around it. 

As I described earlier, it might be tempting for researchers in the field of HCI to 

design technology interventions for people with disabilities following the medical lens, 

as it provides a set of functional requirements to “normalise” the functions of people with 

disabilities (Frauenberger, 2015; Mankoff et al., 2010). However, Shakespeare (2013) 

reminds us that under a critical realist perspective, we should strive to go further. In 

Shakespeare’s words: “enhancing [the] self-esteem and self-confidence [of people with 

disabilities] may sometimes transform their lives as much as providing better facilities or 

access to medical treatments” (p. 82). As digital games become more commonplace in 

society and their positive effects on the psychological wellbeing of individuals are better 

understood (Adachi & Willoughby, 2016; Ingram & Cangemi, 2019), research that seeks 

to make such games more accessible—like the research presented in this thesis—is not 

only justified, but desirable. The ultimate goal of this type of research would be to 

facilitate the integration of people with disabilities who desire to engage with mainstream 

 

4 Original emphasis of the author 
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digital games without attracting any special—undesired—attention, without being 

singled-out because of their disability, and enabling them to mix with others without 

being ignored in social networks (van de Ven et al., 2005). Although this level of 

integration is still a long way away in the context of digital games, the research presented 

in this thesis is a step in that direction. 

 

3.4. The critical-realist agenda for assistive technology 

It is not enough to declare one’s theoretical affiliations, it is necessary to articulate how 

these affiliations inform the design of the research. In the case of the medical, strong 

social, and cultural disabilities lenses, that is clearly determined: normalise, remove 

barriers, and focus on representation. In the section below, I reflect on what it means to 

be a critical-realist researcher in the field of HCI. 

To help with this reflection, my thinking about how critical realism is present in my 

research is informed by the “critical realist agenda for assistive technology” described by 

Christopher Frauenberger (2015). This agenda proposes a series of characteristics that 

researchers should consider in order to ensure their research aligns with the critical 

realism lens. These characteristics are: ensuring a multi-faceted and interactional 

approach; methods; evaluation; ethics and morality; and knowledge. I will provide short 

definitions of these characteristics and explain how they apply to my own research.  

Multi-faceted and interactional: as explained in the previous section, a critical 

realist researcher should consider disability as an interaction of several factors: from the 

biological to the attitudinal to the social. Hence, the role of technology interventions may 

be just as diverse, and the critical realist researcher must be mindful of the interaction of 
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their intervention with these factors. By conducting parts of this research in Australia, 

Ecuador, and online with a range of participants from several countries, this research 

benefits from a global perspective that gives this work unique insights from people from 

different cultural and backgrounds. Additionally, this research has included participation 

from both expert gamers with visual impairment and people who had never engaged with 

digital games. As a result, this work describes a rich range of attitudes regarding 

accessibility and digital games. Finally, the decision to not recruit sighted participants—

to be explored further in the following section—emphasises the importance of 

recognising the value of the biological factor of impairment. All these decisions enable 

this work to present a multi-faceted and nuanced portrayal of the relationship between 

accessibility and digital games. 

Methods:  should support answering the following question: “how can we design 

technology that is multi-faceted and interactional?” In this thesis, I have chosen a 

combination of qualitative experiential interviews and laboratory-based evaluations to 

explore different aspects of the gaming experience of people with visual impairment and 

the effectiveness of echolocation to improve their ability to explore virtual worlds. This 

choice of methods highlights the importance of the lived experience of persons with 

disabilities. Furthermore, insights gained from this diversity of methods are integrated 

during each step of this research, contributing to the development of a multi-faceted 

solution. Additionally, the last study of this thesis uses participatory methods to ensure 

that the technology developed truly responds to the needs of people with visual 

impairments.  

Evaluation: this refers to answering the question: what does it mean for technology 

to work for people with disabilities? In line with Shakespeare (2013), I have sought to 
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incorporate a critical realist approach by holding the view that the best way to find out 

what works for people with disabilities and conduct meaningful evaluations, is to ask 

them directly. Therefore, all evaluations conducted as part of this research have been done 

with people with visual impairments. Another important consideration for evaluation in 

a critical realist context is remembering that interventions in virtual worlds do not have 

to necessarily mimic interventions in the physical world. If, for example, an 

implementation of echolocation in virtual worlds created with off-the-shelf components 

works for people with visual impairment, asking how similar this implementation is to 

echolocation as it occurs on the physical world might be best answered by research guided 

by a medical lens. The focus of evaluation should be on finding what it means for 

something to work for people with disabilities, not on how an intervention compares to 

other. 

Ethics and morality: all research conducted on human participants entails an 

inescapable ethical dimension. Moreover, research projects involving human subjects 

must adhere to the “National Statement in Ethical Conduct in Human Research5” in 

Australia, and at The University of Melbourne “human ethics approval is required for all 

research conducted with or about people6”. The ethical aspect of research is particularly 

relevant for the critical realist researcher, who must constantly reassess the ethical and 

moral considerations tied to the research project, as their understanding of interactional 

nature of the disability with the proposed technology intervention expands (Schön, 1984). 

This project is no exception, and although I received ethics clearance from the University 

 

5https://www.nhmrc.gov.au/about-us/publications/national-statement-ethical-conduct-

human-research-2007-updated-2018  
6 https://staff.unimelb.edu.au/research/ethics-integrity/human-ethics  

https://www.nhmrc.gov.au/about-us/publications/national-statement-ethical-conduct-human-research-2007-updated-2018
https://www.nhmrc.gov.au/about-us/publications/national-statement-ethical-conduct-human-research-2007-updated-2018
https://staff.unimelb.edu.au/research/ethics-integrity/human-ethics
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of Melbourne Ethics Committee (Ethics ID 1851274 and 1749810), my ethics 

applications received several amendments as my understanding of the problem grew or 

as circumstances and potential risks for participants changed: I had to ensure that the 

ethics application I submitted reflected my understanding of the issues at hand and 

protected the best interest of participants, reflecting what Guillemin and Gillam (2004) 

call “ethics in practice” as a means to account for development that could not have been 

foreseen when developing the corresponding ethics application.  

Knowledge: research should lead to an improved understanding of the 

phenomenon of disability, and this understanding should be “translated into a shared body 

of knowledge by the virtue of being re-used, re-interpreted and built upon” (Frauenberger, 

2015, p. 93). I have taken a twofold approach to addressing this point: from the point of 

view of design, I have chosen to use already existing off-the-shelf components to conduct 

my experimental studies, in hopes that this will make it easier for others to build on top 

of the technologies I have used; from the point of view of ensuring the knowledge I have 

generated is available to be re-used and re-interpreted, I made the conscious decision from 

the beginning of my PhD to write a thesis with publication, whereby peer-reviewed papers 

become part of the final thesis. This will make it easier to disseminate the findings at 

different stages of progress of my PhD.  

To summarise: I will align my research with the critical-realist agenda proposed by 

Frauenberger (2015): to ensure my research is multi-faceted and interactional, I will 

explore the social dimension of playing digital games as a person with visual impairment, 

with gamers and non-gamers with visual impairment who come from a variety of 

countries and cultures; my methods are a combination of laboratory-based evaluations 

with experiential interviews to explore different aspects of the problem I am studying; 
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evaluation will be conducted only with people with visual impairment and it will focus 

on finding “what works best”; the ethics requirements of the project will be constantly 

assessed and updated to reflect changes in my understanding of disability and changes in 

potential risks for participants; and knowledge will be shared through the writing and 

publication of several academic articles during the length of the PhD, and through the use 

of freely available technology. This approach is not perfect, as I, for example, do not 

cover the economic and social factors of disability and their relationship with access to 

technology during my evaluations, but as Shakespeare (2013) argues, my project speaks 

to the need to have more empirical studies to understand a complex problem, in this case, 

that of ease of exploration of virtual worlds by people with visual impairment. 

 

3.4.1. Critical realism and participant selection  

There have been debates about what constitutes a valid sample size in an HCI study, with 

a median sample size of 12 at the Conference of Human Factors in Computing Systems 

(CHI), one of the most prestigious in the field (Caine, 2016). Despite this median sample 

size, Caine (2016) acknowledges that the nature of the project and the constraints 

associated with it affect the sample size attained. In my case, the biggest constraint I have 

self-imposed on my study, as a critical realist researcher, is the recruitment of people with 

visual impairment. I believe, like Shakespeare (2013) and Frauenberger (2015), that the 

best way to find out what works for people with disabilities is to ask them directly. 

Moreover, I concur with the argument that employing sighted blindfolded participants is 

not a valid substitute for people with visual impairment, as this approach does not recreate 

the experience of disability, but rather the initial shock associated with the loss of a sense 

(Silverman, 2015; Silverman et al., 2015). Furthermore, echolocation studies involving 
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sighted and blind individuals have consistently found that blind participants outperform 

their sighted counterparts (Kolarik et al., 2014; Kupers & Ptito, 2014; Rosenblum et al., 

2000). For all these reasons, I’m committed to working with people with visual 

impairment to conduct the user studies outlined in the following section. 

 

3.5. Methodological approach and study structure 

This thesis investigates the problem of acquisition of spatial information in virtual worlds 

by people with visual impairment by using echolocation. My pragmatist worldview has 

enabled me to choose the methods that would best help answer the research question(s) 

beyond answering to the postpositivist/constructivist dichotomy. Moreover, the critical 

realist lens that has informed this research has encouraged the use of methods that support 

a holistic understanding of the relationship between disability and technology and 

recognise the importance of both the lived experience of people with disabilities and the 

need for empirical evidence. To investigate the problem described above, I have 

conducted three user studies, where each user study addresses one or two of the research 

questions posed in chapter one. To recapitulate, the main research question I explore in 

this thesis is: how can echolocation be designed as a means for people with visual 

impairment to acquire spatial knowledge of a virtual space? To address this question, the 

following sub-questions have been formulated:  

• RQ1: How do people with visual impairment currently engage with virtual 

spaces (digital games and augmented/virtual reality experiences)? 

• RQ2: How can echolocation be implemented in virtual worlds so that it 

supports acquisition of spatial knowledge? 
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• RQ3:  What features of virtual space can be revealed through echolocation? 

• RQ4: How do the features revealed through echolocation support acquisition 

of spatial knowledge in virtual space? 

• RQ5: How can a co-creation process informs the design and implementation 

of echolocation in virtual spaces? 

 

 

 

 

 

 

 

 

 

 

 

The research questions described above will be answered through three different 

user studies that are presented in this thesis in chapters four through eight, comprising 

sections II and III of this work. Figure 3 shows the relation between each study, the data 

collection method used (interviews, lab-based evaluations or participatory design), the 

general goal of the study with the research question it addresses, the methods used 

Figure 3. Studies conducted and methods used 

Study 1 
Interviews 

1. Current state 
(RQ1) 

Mixed methods: 
basic statistics and 
thematic analysis 

2A. Feasibility  
(RQ2) 

2B. Mental maps 
(RQ3 & RQ4) 

Mixed methods: 
logistic models and 
thematic analysis 

Study 2 
Lab-based 
evaluation 

3. Improvement 
(RQ5) 

Study 3 
Participator

y design 

Mixed methods: 
basic statistics and 
thematic analysis 

Qualitative 
methods: thematic 

analysis 
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(qualitative, quantitative or mixed) and the tools used for data analysis. The following 

sections provide an overview of these three studies. 

 

3.5.1. Study 1  

Study 1 reflects the critical realist nature of this research by providing a holistic view of 

the habits, opinions and concerns of gamers with visual impairment from different parts 

of the world. Study one also presents a reflection on the elements that, according to expert 

gamers with visual impairment, enable access to digital games in the first place. 

Furthermore, by studying the relationships between digital games and people with visual 

impairment, this study speaks to the interactional nature of critical realism (Frauenberger, 

2015; Shakespeare, 2013).  

Study 1 follows a mixed-methods approach and an explanatory sequential design 

(Creswell & Plano Clark, 2011) where quantitative data are first collected and analysed, 

then qualitative data are collected to provide richer insights into the initial quantitative 

findings. In it, empirical data on the habits of gamers with visual impairment—the types 

of games they play, for how long they play, et cetera— are collected via an online survey. 

These survey data are analysed with simple descriptive statistics. Afterwards, this study 

explores the experiences of a group of gamers with visual impairment via in-depth 

interviews. The interviews are analysed using thematic analysis, as described by Braun 

and Clarke (2006) and Braun and Clarke (2012). Study 1 provides a snapshot of how 

people with visual impairment engage with virtual spaces and answers RQ1. The results 

from study 1 are synthetised in two peer-reviewed papers and presented in chapters four 

and five. 
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3.5.2. Study 2 

Study 2 introduces the use of off-the-shelf tools to create echolocation-enabled virtual 

environments that support the acquisition of spatial information. This study is divided in 

studies 2A and 2B. Following the critical realist approach described in this chapter, this 

study addresses what it means for technology to work for people with disabilities. 

Furthermore, the design decisions taken in study two—particularly in study 2B—are 

informed by the findings from study one and 2A. This approach effectively supports my 

critical realist perspective and the empowerment approach to HCI promoted by Rogers 

and Marsden (2013), where the unique skills that people with disabilities develop through 

their lived experience are leveraged to design technologies that allow enable them to 

engage more seamlessly with technology and foster passion. 

Study 2A 

Study 2A addresses RQ2. It presents an exploratory laboratory-based evaluation to 

establish how to implement an echolocation-enabled virtual environment by using off-

the-shelf components. This study uses a range of mixed methods and an explanatory 

sequential design (Creswell & Plano Clark, 2011). In this study, quantitative data related 

to participant performance are collected and analysed with simple descriptive statistics, 

and rich qualitative data about participants’ subjective experience are collected via semi-

structured interviews. The findings from study 2A were presented in a peer-review paper 

and appear on chapter six of this thesis.  

Study 2B 
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Study 2B addresses RQ3 and RQ4. This study builds upon the findings from study 2A 

to improve on the initial design of the echolocation-enabled virtual environment and 

focuses on using echolocation to learn spatial information. More specifically, this study 

explores whether echolocation can be used to detect the following features: the “material” 

a virtual room is made of, the relative size of different virtual rooms, the presence of 90-

degree left and right turns, the presence of door openings, and the presence of obstacles. 

Afterwards, this study explores whether this knowledge can then be used and combined 

to create a mental map of virtual space. This study uses a mix of both quantitative and 

qualitative methods in an explanatory sequential design pattern (Creswell & Plano Clark, 

2011). Quantitative data related to participants performance when detecting each of the 

features described earlier are automatically collected and used to create a statistical 

regression model. This model allows me to answer RQ3 with a statistically significant 

level of confidence.  

Participants subjective perception about their ability to detect spatial features of 

virtual space and their ability to create a mental map of the space they explored are 

captured via interviews and the use of a reconstruction task. In this task participants have 

to recreate the space that they explored using modelling clay. The interviews and the 

reconstruction task address RQ4. Data from the interviews are analysed using thematic 

analysis, the findings were presented in a peer-reviewed paper and appear on chapter 

seven of this thesis. As of the time of writing this thesis, the paper is currently under peer 

review. 
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3.5.3. Study 3 

The importance that a critical realist lens places on the lived experience of people with 

disabilities to build a holistic understanding of the relationship between disability and 

technology means that participatory approaches are encouraged (Frauenberger, 2015). To 

conclude this thesis emphasising the importance of learning from the experiences of 

people with disabilities to design empowering technologies, this thesis concludes with a 

participatory design exercise that seeks to describe how to design an enjoyable 

echolocation-in-virtual-worlds experience, informed by expert echolocators. 

Study 3 addresses RQ5 via a focus group session with three expert echolocators 

followed with two prototyping and evaluation cycles. The participants had experienced 

the echolocation-enabled virtual environment built for study 2B, so they have had 

experience with echolocation in virtual worlds before the focus group session. All data 

captured for Study 3 are qualitative and are analysed using thematic analysis. This 

analysis led to the design of seven design recommendations to successfully implement 

echolocation in virtual worlds. As of the time of writing this thesis, the findings from this 

study have been condensed into a paper. This paper has not yet been submitted for peer 

review, as it references the paper presented in chapter seven, which is under peer review 

at the time of finalising this thesis. 

As I have indicated before, the use of mixed methods has been criticised because 

many mixed methods writers either: are not clear about their worldview, or tend to lean 

more towards a postpositivist worldview and understate the importance of subjective 

views (Creswell & Plano Clark, 2011; Denzin & Lincoln, 2011). It is my hope that the 

description of pragmatism and critical realist studies that I have provided, together with 

the plan I have outlined in this section, be sufficient to dispel those criticisms. As I have 
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said before, the choice of methods has been based upon what would work best to answer 

the research question at hand, instead of focusing on sticking with either quantitative or 

qualitative methods. This is necessary to obtain an in-depth understanding of the 

interactional nature of disability proposed by critical realism. Furthermore, HCI is the 

perfect field to bring diverse theoretical and methodological perspectives. Indeed, the 

field is seen as “a discipline that has often proceeded with something of a mix-and-match 

approach, liberally and creatively borrowing ideas and elements from different places” 

(Dourish, 2014, p. 2). Hence the suitability of my approach to research. 

 

3.6. Summary  

In this chapter, I have described different worldviews and explained why I hold a 

pragmatist worldview. I have then described the different lenses that have emerged to 

understand disability—the medical lens with its focus on normalisation, the strong social 

lens with its focus on barrier removal, the cultural disability studies lens with its focus on 

discourse, and the critical-realist lens, which conceptualises disability as interactional, 

and I have argued in favour of the latter. Then I proceeded to describe the critical realist 

research agenda proposed by Frauenberger (2015) and described how my research aligns 

with it. I dedicated a few paragraphs to discussing the importance of language when 

talking about disability, articulated my choice of person-first over identify-first language, 

and conceptualised passion and empowerment in the context of designing assistive 

technology. Finally, I concluded by presenting an outline of the three studies to be 

performed to answer my proposed research questions and the methods used in each study.  

More broadly, the end of this chapter indicates the end of the first section of this 

thesis. This section has provided an overall view to this entire thesis, discussed the works 
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of previous authors, and outlined the theoretical foundations of this work. Future chapters 

move towards the application and implementation of the theoretical foundations outlined 

in this chapter, starting with the second section of this thesis, which focuses on exploring 

the interactional nature of disability by voicing the habits, opinions and concerns of 

gamers with visual impairment, and identifying the game elements that, according to 

expert gamers with visual impairment, make games accessible.  



  

 

 

 

 

 

Section II: 

People 

 





  

 

 

Chapter 4: Understanding Gamers 

with Visual Impairment 

 

4.1. Introduction 

The first section of this thesis provided the theoretical foundations for this work. Chapter 

one provided an introduction to this work, chapter two presented a survey or relevant 

literature, and chapter three outlined the importance of constructing a vision of disability 

that is holistic, multi-layered and interactional. Moreover, in chapter three I argued that, 

to provide such a view, it is necessary to recognise the importance of the lived experience 

of persons with disability and their unique skillsets (Rogers & Marsden, 2013; 

Shakespeare, 2013). The aim of Section II is to help construct a holistic vision of how 

people with visual impairment engage with virtual spaces. To achieve this goal, section 

two presents the results of Study 1. Particularly, chapter four presents a set of insights 

into the habits, opinions and concerns of a group of expert gamers with visual impairment, 

while chapter five describes the elements that, according to expert gamers with visual 

impairments, enable access to digital games. The expert gamers’ experiences were 

collected through the use of a survey and a series of interviews. Exploring these issues 

is—according to a critical realist approach—a crucial first step in designing a new 

metaphor to improve how people with visual impairment engage with digital games.  
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The survey and subsequent interviews with gamers with visual impairment used in 

study 1 that are summarised in this chapter revealed the gamers’ gameplay habits, their 

opinions regarding the importance of digital games in their lives, and their concerns 

around new and emerging technologies. The two chapters that comprise section II contain 

a publication each. As I have discussed in chapter three, the aim of producing a thesis 

with publication supports a critical realist view values sharing information so that others 

can build on and benefit from it.  

This chapter presents a conference paper entitled “Playing Blind: Revealing the 

World of Gamers with Visual Impairment”. The paper was rigorously reviewed by three 

anonymous7 reviewers and a meta-reviewer and was accepted for publication in the 

Proceedings of the 2019 CHI Conference in Human Factors in Computing Systems. The 

paper is added to this chapter “as is” with no modifications. References included in the 

paper are presented as part of it instead of in the References section at the end of the 

thesis. The paper presented in this chapter provides a valuable resource for researchers 

and game developers, as it highlights a series of issues that are relevant for gamers with 

visual impairment.  

 

4.2. How this paper contributes to the thesis 

This paper presents parts of the findings from Study 1 and focuses on exploring the 

gaming experience of gamers with visual impairment from the gamers’ point of view 

based on empirical data—as opposed to presenting the researcher’s theoretical 

 

7 I will not use the term “blind reviewers”, as I find it inaccurate 
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perspective on the topic—and directly addresses RQ1: how do people with visual 

impairment currently engage with virtual spaces? This paper demonstrates that there is 

an active community of gamers with visual impairments who engage with games in 

similar ways as sighted gamers do, despite having to face particular challenges.  

More importantly, this paper addresses the need to conduct research that is 

interactional, according to a critical realist lens (Frauenberger, 2015; Shakespeare, 2013). 

That is, this research recognises that there are a series of factors that affect the experience 

of people with visual impairment who engage with digital games. By working together 

with expert gamers with visual impairment, this research uncovers some of these factors. 

Furthermore, this paper embraces the concept of empowerment described in chapter 

three, and argues that although people with visual impairment see new and emerging 

technologies such as augmented and virtual reality (AR/VR) as a threat, these 

technologies provide an opportunity for HCI research to design empowering experiences 

that foster passion and recognise the unique skillsets of people with visual impairment 

(Moser, 2005; Rogers & Marsden, 2013). 

 

4.3. Data collection and analysis methods  

The study presented in this paper follows an explanatory sequential design (Creswell & 

Plano Clark, 2011, pp. 53-106), where a quantitative data collection and analysis phase 

is followed by a qualitative data collection and analysis phase. The role of the qualitative 

phase is to follow up from the first phase of the study to provide depth, richness, and a 

way to interpret the initial quantitative results. The first stage of the study consisted of an 

online survey posted in a site that hosts a community of gamers with visual impairment. 

Quantitative analysis tools used during the first stage of this study were descriptive 
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statistics, such as frequencies and averages. The goal of the survey was two-fold: first, it 

aimed to explore the habits of gamers with visual impairments—the types of games they 

play, for how long they play, with whom they play, et cetera. Second, it worked as a tool 

to invite gamers with visual impairment to participate in the second—qualitative—stage 

of the study.  

The second stage of this study consisted of in-depth online interviews with 

participants recruited through the initial survey. This qualitative stage provided a richer 

view on the habits, opinions and concerns of gamers with visual impairment. Data 

collected through interviews were analysed using thematic analysis, as described by 

Braun and Clarke (2006) and Braun and Clarke (2012). These interviews revealed several 

aspects of the relationship between gamers with visual impairment and the games they 

engage with. Particularly, the results focused on: the reasons why gamers with visual 

impairment engage with digital games; the importance of story and narrative in games; 

the tension of having games that are accessible and challenging at the same time; the 

social trajectories built around gameplay; gamers’ desire for in-game self-representation 

that moves away from pre-conceived stereotypes; gamers’ opinions about accessibility in 

mainstream gaming platforms, such as Xbox or Steam; and gamers’ encounters with 

virtual and augmented reality experiences. 

 

4.4. The paper 

A PDF file of the paper can be found at: http://go.unimelb.edu.au/kd9j. 

http://go.unimelb.edu.au/kd9j
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4.5. Discussion 

The paper presented in this chapter explores the following issues regarding the 

relationship between gamers with visual impairment and digital games: 

• It identifies trends regarding how gamers with visual impairment engage 

with digital games. Particularly, it highlights that more than half of 

participants engage with digital games every day or every other day; the 

length of their playing sessions is usually of two hours or more; they play 

mostly audiogames by themselves and use the screen-reading software 

NVDA to access digital games. These trends had not been uncovered 

before.  

• It establishes the importance of games in the lives of people with visual 

impairment by describing the reasons why gamers with visual impairment 

engage with digital games in the first place. These reasons include: because 

people with visual impairment enjoy the game narrative and the ability to 

affect the story; because they were curious about games in general; and 

because they liked the “engaging” experience. Moreover, the paper 

highlights the social interactions afforded through digital games.  

• It highlights a tension between making a game that is accessible but at the 

same time challenging. This suggests that people with visual impairment 

are craving for the development of experiences that are equitably accessible 

(Smith & Nayar, 2018). In such experiences, gamers with visual impairment 

would not be singled out because of their disability and would be able to 

participate in gaming experiences with others without being excluded (van 

de Ven et al., 2005). 
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• It determines a perceived two-fold threat to gamers with visual impairment 

related to new and emerging technologies: on the one hand, gamers with 

visual impairment still rely on decades-old technology such as text-based 

adventures, as in many instances this technology is accessible by default. 

On the other hand, gamers with visual impairments fear that new 

technology, such as virtual and augmented reality, would prevent them from 

accessing games, as these new technologies are perceived to be inaccessible. 

In their own words, gamers with visual impairment fear to be “left in the 

dust even more”. 

Overall, these findings provide unique insights in the habits, opinions and concerns 

of gamers with visual impairment. Rather than conceptualising visual impairment as a 

loss that needs to be compensated for (Shakespeare, 2013), the findings presented in this 

chapter recognise the resilience and unique skills developed by gamers with visual 

impairment as they engage with digital games. More broadly, this paper provides a series 

of themes informed by expert gamers with visual impairment that are relevant to future 

researchers and game developers when designing games that are accessible.  

Months after the publication of this paper, its methodology was replicated by 

Urbanek and Güldenpfennig (2019). Their study corroborated some of the findings 

presented in this chapter. Urbanek and Güldenpfennig (2019) made similar findings 

regarding the social aspect of the gaming experience of gamers with visual impairment, 

the tension between making games that are accessible but challenging at the same time, 

and the concerns about new and emerging technologies. This highlights the newfound 

interest of the research community in the experience of gamers with visual impairment. 
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In the next chapter, I continue to present more results from study 1 and continue to 

explore RQ1: how do gamers with visual impairment currently engage with digital 

games? However, the focus of the analysis in the next chapter will be different. While 

this chapter is concerned with the gamers, the next chapter explores the elements that, 

according to expert gamers with visual impairment, make games accessible.





 

 

 

Chapter 5: A Framework to  

Understand Accessibility in Digital 

Games 

 

5.1. Introduction 

In this chapter, I present a second paper based on data collected as part of the semi-

structured interviews that comprised study 1. This paper continues to explore how people 

with visual impairment engage with digital games (RQ1) as a means to construct a 

holistic understanding of the relationships between people with visual impairment and 

digital games. While the previous chapter focused on the habits, opinions and concerns 

of a group of expert gamers with visual impairment, the analysis of this chapter focuses 

on the common key elements that gamers with visual impairment identify as necessary 

for games to be accessible. These key elements have been ordered into the Gamer 

Information-Control (GIC) framework. Just like chapter four, this chapter aims to foster 

a discourse of empowerment (Rogers & Marsden, 2013), by giving voice to an 

underrepresented group in academic literature and by recognising the unique skills that 

gamers with visual impairment have developed through their lived experience.  

This chapter provides a new analysis of the data first presented in chapter four and 

incorporates parts of the data set that did not fit in the previous analysis. This new focus 
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of the analysis revealed that relationships with in-game information and relationships 

with elements of control are key to accessibility in digital games for people with visual 

impairment. These two relationships and specific instances where these are salient have 

been condensed in the GIC framework. Moreover, these two relationships are present 

both when gamers are acting as players or as creators. This framework provides a novel 

way to discuss accessibility in digital games by not focusing on individual games—as is 

the case with a large portion of research in accessibility and digital games—but rather 

learning from expert gamers with visual impairment about the elements they consider 

most important when making accessible games.  

The paper presented in this chapter is titled “Introducing the Gamer Information-

Control Framework: Enabling Access to Digital Games for People with Visual 

Impairment”. The paper was published in the Proceedings of the 2020 CHI Conference 

in Human Factors on Computing Systems. Although the conference was cancelled due to 

the COVID-19 health crisis, the paper was published in the Association for Computing 

Machinery Digital Library (ACM DL). Prior to its publication, the paper underwent 

rigorous review by three anonymous reviewers and a meta reviewer. The paper is 

included in this chapter following the format of the publisher. Similar to the paper 

presented as part of chapter four, the references cited in the paper are included within the 

paper instead of in the References section at the end of this thesis.  

 

5.2. How this paper contributes to the thesis 

The paper presented in this chapter continues to explore RQ1: how do people with visual 

impairment engage with digital experiences? The analysis of the paper focuses on the 

games people with visual impairment play, and the elements that, according to the 
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players, make these games accessible. The main contribution of this paper is the 

introduction of the Gamer Information-Control (GIC) framework. This framework 

emerged by focusing on the key relationships that enable people with visual impairment 

to engage with digital games. Similar to the paper presented in chapter four, the paper 

presented in this chapter encourages an interactional understanding of the experience of 

visual impairment and digital games, where the presence or absence of specific game 

elements may prevent people with visual impairment to engage with these games 

(Shakespeare, 2013). Key to this thesis is the finding that conveying spatial information 

is critical to ensure accessibility in digital games for people with visual impairment.  

Similar to the paper presented in chapter four, this paper fosters a discourse of 

empowerment by relying on expert gamers with visual impairment to identify key 

enablers to their gaming experience (Rogers & Marsden, 2013). This paper provides an 

opportunity to reflect on existing affordances that people with visual impairment have 

found useful, and elicit new affordances to mediate the acquisition of in-game 

information and the interplay between different control elements.  

 

5.3. Data collection and analysis methods  

The paper presented in this chapter follows a qualitative methodology, with in-depth 

semi-structured interviews used for data collection, and thematic analysis used for data 

analysis. While chapters four and five draw from the same interview data, none of the 

raw data—in the form of interview quotes—presented in this paper was used for the paper 

presented in chapter four. This is because, upon analysing the interview data, it became 

evident that participants’ comments could be categorised into two overarching categories: 

their general opinions about being a gamer with visual impairment—discussed in chapter 
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four—and their opinions on what makes games accessible in the first place. Once that 

distinction became clear, it was necessary to analyse these two overarching categories 

separately; hence the need to produce two separate publications based on the same 

dataset. Moreover, the production of several academic articles to broaden the 

understanding of how gamers with visual impairment engage with digital games aligns 

with the notion that in a critical realist context knowledge should be made available to be 

shared, as explained in chapter three.  

The raw data from the interviews were analysed using thematic analysis, as 

described by Braun and Clarke (2006) and Braun and Clarke (2012). This analysis 

revealed that the elements that enabled gamers with visual impairment to engage with 

digital games included: comprehensible representations of 3D space; metaphors for 

representing real-world objects and phenomena; elements external to the game itself, such 

as screen-reading software or alternative hardware accommodations; the prevalence of 

text as a way to convey information and allow for game control; and the role of gamers 

as creators. Further reflection on these themes led to them being regrouped as functions 

of key relationships between gamers and the games—relationships with information 

provided by the game and relationships with elements of control—and became the Gamer 

Information-Control framework presented in the paper.  

 

5.4. The paper 

A PDF file of the paper can be found at http://go.unimelb.edu.au/3d9j. 

http://go.unimelb.edu.au/3d9j
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5.5. Discussion 

This chapter introduces the Gamer Information-Control (GIC) framework. The 

framework is one of few existing attempts to look at digital games for people with visual 

impairment without focusing on individual games as research artefacts (Wobbrock & 

Kientz, 2016), but instead finding common elements that make games accessible. These 

elements are not the result of a post-mortem analysis of existing games targeted at people 

with visual impairment, nor are they the result of theoretical assumptions made by the 

researcher. Instead, these elements are backed with empirical evidence and have been 

elicited via in-depth interviews with expert gamers with visual impairment. By working 

together with the gamers, this work advances a rhetoric of empowerment that recognises 

the unique skills of people with disabilities (Rogers & Marsden, 2013). 

The framework identifies the importance of the relationships that exist between 

gamers and digital games, particularly regarding the way in which information is 

conveyed in-game. It also acknowledges the internal and external elements of control that 

govern interaction with games. Moreover, the framework recognises that these 

relationships exist both when the players engage with digital games as players and as 

creators.  

Regarding how information is conveyed in-game, the framework identifies two key 

areas of particular interest to gamers with visual impairment: how spatial information is 

conveyed, and how information is conveyed through objects and phenomena. Previous 

research in the field of orientation and mobility has established that people with visual 

impairment use different mechanisms to form a representation of spatial information 

(Cattaneo et al., 2008; Thinus-Blanc & Gaunet, 1997). Therefore, it is critical to 

understand how this affects interaction with digital games. Importantly, the interviews 
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revealed that people with visual impairment are aware their spatial thinking may be 

different from that of their sighted counterparts, and that several “3D games” for people 

with visual impairment simply allow for the use of the four arrow keys—up, down, left, 

right—as opposed to just left and right. This is exactly what had been described by Ghali 

et al. (2012), who explain that games for people with visual impairment provide a grid-

like system for participants to explore the game world. Although games that are widely 

played by people with visual impairment—such as Swamp— may follow this approach, 

the grid-like navigation pattern fails to deliver an experience that is equitably accessible, 

where people with visual impairment engage “in an ordinary way without getting special 

attention or being singled out” (van de Ven et al., 2005) and with the same degree of 

agency and efficiency as sighted players would do in modern mainstream games (Smith 

& Nayar, 2018). 

The second aspect participants highlighted regarding how information is conveyed 

in games is the use of metaphors to represent real-world phenomena and objects. Of 

special interest for this thesis is participants’ description of how games have implemented 

echoes as signifiers of different elements—in some games, echoes are used to convey the 

presence of walls, in others, the presence of gaps. As a significant group of people with 

visual impairment use echolocation to acquire information about physical space (Thaler, 

2013), defining a consistent approach to the use of echoes in digital games may provide 

an experience that is consistent. Moreover, this finding motivates further investigation on 

whether echolocation can be used in virtual worlds to facilitate learning about the layout 

of virtual spaces.  

Regarding control, the interviews revealed that this is conveyed via elements that 

are both internal and external to the game. Screen-reading software is a clear example of 
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an external element that mediates control—without the screen-reading software the 

player may be unable to initiate the gaming session. In-game commands, be they literal 

text commands or just key presses, constitute an example of internal control elements. 

Existing games mediate control through the use of a keyboard, although previous research 

has described the use of mainstream game controllers—Wii remote and Xbox 

controller—in gaming experiences targeted to people with visual impairment. Examples 

include Cheiran et al. (2011), Swaminathan et al. (2018) and Wilkerson et al. (2010). 

Moreover, some participants from study 1 had tested experimental hardware to provide 

head-tracking capabilities and overall liked the feedback provided by such hardware. A 

final consideration to be made about control is that it moves dynamically, as gaming 

sessions demand gamers to interact with several systems simultaneously: screen-reading 

software, video conferencing software, the game itself, internet forums, et cetera. Similar 

findings have been made in the context of the workplace, where different people with 

visual impairment adopt different configurations for their assistive technology, and us 

them in different modes to support their work (Wahidin et al., 2018). 

Finally, the framework recognises the role of gamers as creators of both information 

and control elements. The interviews revealed that gamers with visual impairment are 

involved in the development of games to different degrees, including voice acting for 

some games, creation of 3D binaural recordings, and even attempts at creating their own 

games from scratch. Participants acknowledged existing limitations when trying to use 

industry-standard game development tools and argued for the need for more accessible 

creation tools.  

The paper presented in this chapter describes a series of elements that game 

designers should take into account when analysing accessibility of digital games for 
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people with visual impairment. In relation to this thesis, the interviews with participants 

and the development of the Gamer Information-Control framework highlight the 

importance of conveying spatial information, and hint at the potential of metaphors that 

simulate real-life phenomena, such as echolocation, as an interesting avenue for 

exploration. Together with chapter four, section II of this thesis provides a unique in-

depth picture of gamers with visual impairment, and fosters a discourse of empowerment 

by giving voice to an underrepresented group (Mankoff et al., 2010). 

Upon completing study one, described across chapters four and five, the main 

research question for this thesis was refined and became: how can echolocation be 

designed as a means for people with visual impairment to acquire spatial knowledge of 

digital space? as presented in chapter one. This question did not emerge from a theoretical 

conjecture posed by the researcher, but rather, it is based on a deep understanding of the 

experience of gamers with visual impairment. Moreover, this question responds to the 

findings presented in the GIC framework: that spatial information is key for accessibility 

in digital games. Additionally, this question explores the usefulness of a novel metaphor 

to acquire this information. The following section provides an exploration of this question 

through a series of user studies in laboratory settings.  
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Chapter 6: Echolocation in Virtual 

Worlds: A Feasibility Study 

 

6.1. Introduction 

Section I provided a theoretical foundation for this thesis, exploring previous works in 

the fields of accessibility in digital games for people with visual impairment, 

echolocation, and spatial information acquisition. Section I also described the critical-

realist lens that underpins the research presented in this thesis. Section II investigated the 

practices of gamers with visual impairment and introduced the Gamer Information-

Control (GIC) Framework. The GIC framework illustrated the importance of conveying 

spatial information to improve accessibility in games. Furthermore, the GIC framework 

presented a series of metaphors based on real-world phenomena that are used to improve 

accessibility in digital games. Of particular interest for this thesis is the potential of 

echolocation as an in-game metaphor to convey information.  

This chapter presents the results from Study 2A and answers RQ2: how can 

echolocation be implemented in virtual worlds so that it supports acquisition of spatial 

knowledge? Although there have been previous attempts at creating echolocation-enabled 

virtual environments, these implementations tried to replicate echolocation as realistically 

as possible (Pelegrin Garcia et al., 2014; Picinali et al., 2014; Robinson & Kearney, 2016). 
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However, these realistic implementations are computationally expensive and require the 

use of specialised equipment usually unavailable outside the laboratory. Other 

implementations consisted of proofs-of-concept and have not explored how echolocation 

could support acquisition of spatial knowledge (Ramos & Arias, 1997), or provided a 

grid-like navigation system that limits players’ ability to move freely in a virtual world 

(Wu et al., 2017). The implementation presented in this chapter is different because it: a) 

provides a virtual environment that is not designed following a grid-like navigation 

system. This is done in an attempt to deliver an equitably accessible experience; b) uses 

inexpensive, off-the-shelf components; and c) explores the feasibility of using 

echolocation to learn spatial information in virtual worlds. These differences reflect the 

critical realist lens that is applied to this thesis. They respond to the needs identified by 

people with visual impairment themselves and allow for the production of knowledge that 

can be built on by others exploring the relationship between technology and disability. 

This chapter presents the results from a laboratory-based evaluation of an 

echolocation-enabled virtual environment with a small group of people with visual 

impairment. The evaluation revealed that: a) it is possible to create echolocation-enabled 

virtual environments using off-the-shelf components; b) the implementation of 

echolocation presented in this paper enabled participants to identify several spatial 

features, suggesting that echolocation may indeed be useful to learn about spatial 

information in virtual space; c) echolocation seems to enhance the sense of presence in 

virtual worlds; and d) it is necessary to provide scaffolding mechanisms and additional 

orientation cues for participants to successfully learn to interpret the echolocation 

feedback.  
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The results described above were reported in a paper entitled: “Echo-House: 

Exploring a Virtual Environment by Using Echolocation”. The paper was accepted for 

publication in the proceedings of the 30th Australian Conference on Computer-Human 

Interaction (OzCHI’18). The paper was reviewed by two anonymous reviewers and a 

meta-reviewer. Similar to previous publications in this thesis, the paper appears “as is”, 

following the formatting of the publisher. References of the paper are presented at the 

end of the paper instead of in the References section of this thesis. This paper 

demonstrates that it is possible to implement an echolocation-enabled virtual environment 

using existing off-the shelf components. 

 

6.2. How this paper contributes to the thesis 

This paper constitutes a proof-of-concept feasibility study that demonstrates how to 

implement echolocation in virtual worlds. This is an initial step in using echolocation in 

virtual worlds to acquire spatial information. This paper complements the findings from 

the GIC framework (chapter five) regarding the use of metaphors to convey spatial 

information to improve accessibility in digital games for people with visual impairment. 

Furthermore, this paper implements echolocation as a metaphor to facilitate exploration 

of virtual spaces using off the shelf components.  

 

6.3. Data collection and analysis methods 

The paper presented in this chapter describes Study 2A: an experimental laboratory-based 

evaluation followed by semi-structured interviews. This study uses a mixed-methods 

approach to explore the feasibility of implementing echolocation in virtual worlds so that 
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it supports acquisition of spatial knowledge, and follows an explanatory sequential design 

(Creswell & Plano Clark, 2011, pp. 53-106). According to this experimental design, a 

quantitative data collection and analysis phase is followed by a qualitative phase. The 

goal of the quantitative phase is to provide an initial overview of a phenomenon, and the 

aim of the qualitative phase is to further explain the quantitative results. The quantitative 

data collection occurred automatically during the experimental phase, in which 

participants had to interact with an echolocation-enabled virtual environment. The 

qualitative data collection was conducted via semi-structured interviews after the 

experimental phase.  

The two key quantitative variables measured during the experimental phase were: 

completion times, and number of times participants used different auditory stimuli 

provided in the environment. The auditory stimuli included: footsteps that were played 

automatically as participants moved a virtual avatar, artificially synthetised mouth-click 

sounds created from samples taken from expert echolocators (Thaler et al., 2017), and 

pre-recorded clapping sounds. These three sounds were chosen because they are some of 

the most common sounds echolocators use (Stroffregen & Pittenger, 1995; Thaler, 2013).  

Completion time and number of times participants used the available auditory 

stimuli were analysed using descriptive statistical measures, such as frequencies and 

means. The goal of measuring completion times was to establish if it was possible at all 

for people with visual impairment to complete a navigation task in a virtual environment. 

Measuring the number of times participants used the auditory stimuli provided, supports 

the claim that participants could complete navigation tasks in virtual worlds because of 

their use of echolocation.  
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The follow-up semi-structured interviews focused on exploring participants’ 

opinions about the experience of completing a navigation task in a virtual environment 

while being supported by echolocation. Qualitative data were analysed using thematic 

analysis (Braun & Clarke, 2012). This analysis focused on participants’ opinions about 

the implementation of echolocation in the virtual world, the way in which the virtual 

character they controlled moved around and interacted with the virtual world, and the 

perceived need for additional support to learn how to use echolocation in a virtual world 

more successfully. Two participants were expert echolocators and they also provided 

feedback on how the current implementation of echolocation compared to their own 

echolocation capabilities in the physical world. 

 

6.4. The paper 

A PDF file of the paper can be found at http://go.unimelb.edu.au/zd9j. 

http://go.unimelb.edu.au/zd9j
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6.5. Discussion 

The paper presented in this chapter explores the possibility of using echolocation in a 

virtual world to complete a navigation task, thus complementing findings presented by 

the GIC framework in chapter five about the importance of conveying spatial information 

to improve accessibility in digital games for people with visual impairment. To align this 

implementation of echolocation in virtual worlds with a critical realist research agenda, 

off-the-shelf components have been used, and to support an equitably accessible 

experience, a fully tridimensional environment has been created, instead of relying on a 

grid-like navigation system. 

The quantitative data presented in this chapter indicates that all participants were 

able to complete the required navigation task. However, participants who can echolocate 

in the physical world—there were two expert echolocators taking part in this evaluation—

took longer to complete the navigation tasks compared to participants who do not 

echolocate. Moreover, expert echolocators used the echolocating stimulus far more 

frequently than non-expert echolocators. Although this result may seem contradictory, it 

occurred because the expert echolocators tried to compare and contrast the experience in 

the virtual world with their lived experience, hence needing more trials to make sense of 

the stimulus being received. Furthermore, during the interview stage, the expert 

echolocators explained that the stimulus and feedback were quite distinct from what they 

experience in the physical world. However, they recognised that it was possible to learn 

to use this new stimulus. This finding is not incompatible with the goals of this research, 

as the aim was not to replicate echolocation as accurately as possible, but rather to create 

a metaphor to facilitate exploration of virtual worlds. 
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The interviews also revealed that echolocation may improve participants’ sense of 

presence in virtual environments, as it helps convey a sense of space. However, 

participants highlighted the need to familiarise themselves with the echolocation stimulus 

present in the virtual environment, recommending the implementation of a training level 

or of additional orientation cues. Finally, participants reflected on the controls provided 

to direct the virtual avatar in the environment—which were mediated via a standard 

keyboard—and identified difficulty in understanding the difference between controlling 

the avatar’s viewing and walking directions. All these comments will be revisited in 

subsequent iterations of echolocation-enabled virtual environments. 

One weakness of the study presented in this chapter is the attempt to compare three 

different experimental conditions: echolocation only, voice cues indicating collisions, and 

echolocation plus voice queues. As I indicated in chapter three, participant recruitment 

was more difficult than initially expected, and that limited my ability to obtain a larger 

sample size and conduct statistically significant comparisons. However, the in-depth 

interviews offer an alternative to the use of inferential statistics, and the combination of 

the recorded completion times plus participants’ opinions registered in the interviews 

demonstrate that they did find echolocation to be of use to complete the required task.  

All in all, this paper demonstrates that it is possible to implement echolocation in 

such a way that it supports the completion of navigational tasks, even if the 

implementation does not mimic the real-world experience of echolocation. Additionally, 

the paper highlights the need to provide scaffolding—aids to support the learning of a 

new skill (Belland, 2014)—and the need to provide clear controls for virtual avatars. 

Despite its limitations, this study has successfully demonstrated that it is feasible to 

implement echolocation in fully tridimensional virtual worlds and use it to support 
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navigation tasks. The next chapter builds on the findings from this study and provides an 

in-depth exploration of how people with visual impairment can use echolocation in virtual 

worlds to acquire spatial knowledge.





 

 

 

Chapter 7: Echolocation and Spatial 

Information in Virtual Worlds 

 

7.1. Introduction 

Chapter two discussed how people with visual impairment acquire spatial information in 

the physical world and presented a summary of echolocation, including its uses in the 

physical world and current implementations in virtual worlds. Conversations with expert 

gamers with visual impairment conducted in study 1 and presented across chapters four 

and five highlighted their desire to engage with games that are challenging but accessible 

at the same time, and uncovered the importance of conveying spatial information to 

improve in-game accessibility. Particularly, participants described how echolocation—

which is commonly used in the physical world to acquire spatial information—is 

sometimes implemented in games, but to a limited extent and using sometimes 

contradictory metaphors. Study 2A, presented in chapter six, built on this idea and 

presented a study that assessed the feasibility of using echolocation to complete 

navigation tasks. This study revealed that it is possible to implement echolocation in fully 

tridimensional environments using off-the-shelf components and highlighted the 

importance of having a good mapping with game controls, and the need for orientation 

cues and proper scaffolding.  
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This chapter presents the results from Study 2B, which builds on the feasibility 

study presented in chapter six and provides an in-depth analysis of the spatial information 

that can be learnt through echolocation in virtual spaces. This chapter focuses on 

describing how echolocation in virtual worlds can support the acquisition both of 

landmark and survey knowledge (Kitchin & Jacobson, 1997; Loomis et al., 1993; Siegel 

& White, 1975). Landmark knowledge refers to the use of specific objects as points of 

reference that may be placed along a route for orientation purposes (Caduff & Timpf, 

2005; Werner et al., 1997). On the other hand, survey knowledge refers to the formation 

of a mental image or map of space. This image is comprised of landmarks and routes 

(Cuturi et al., 2016; Thinus-Blanc & Gaunet, 1997). 

In Study 2B, landmark knowledge is assessed through participants’ ability to 

identify virtual materials, relative size of rooms, presence of left and right turns, presence 

of openings, and presence of obstacles. Survey knowledge is assessed through a 

reconstruction task, where participants are required to recreate the layout of a virtual 

environment that they explored by using modelling clay. By describing what landmark 

features of virtual space can be identified through echolocation, this chapter addresses 

RQ3: what features of virtual space can be revealed through echolocation? And by 

exploring participants’ ability to acquire survey knowledge of a virtual world through 

echolocation, this chapter addressed RQ4: How do the features revealed through 

echolocation support acquisition of spatial knowledge in virtual space? 

This chapter presents a paper called “Echolocation as a Means for People with 

Visual Impairment to Acquire Spatial Knowledge of Virtual Space”. The paper has been 

accepted for publication in the journal Transactions on Accessible Computing 

(TACCESS) and will be published shortly after the final submission of this thesis. This 
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journal “publishes refereed articles addressing issues of computing as it impacts the lives 

of people with disabilities8”, thus making it a suitable venue for the paper. Similar to 

previous publications included in this thesis, the paper is included as it will appear in the 

journal, without any modifications. Furthermore, the references cited in the paper appear 

as part of the paper instead of in the References list at the end of the thesis. 

 

7.2. How this paper contributes to the thesis 

This paper demonstrates that it is possible to implement echolocation in virtual 

environments in such a way that it supports people with visual impairment in the 

acquisition of spatial information, both in the form of landmark and survey knowledge. 

By building on the findings from Study 2A presented in chapter six regarding the need 

for scaffolding and for orientation feedback, this paper integrates the voices of people 

with visual impairment into the design process of technologies for them, thus aligning 

with the critical realist approach followed in this thesis and advancing a rhetoric of 

designing for empowerment by recognising the unique skills people with visual 

impairment have developed through their lived experience (Moser, 2000; Rogers & 

Marsden, 2013). 

 

7.3. Data collection and analysis methods  

Similar to the methodology presented in chapters four and six, the paper presented in this 

chapter follows an explanatory sequential design, as described by Creswell and Plano 

 

8 https://dl.acm.org/journal/taccess 

https://dl.acm.org/journal/taccess
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Clark (2011, pp. 53-106). This design starts with a quantitative phase seeking preliminary 

answers to the research enquiry, followed by a qualitative phase that provides richer 

insights into the quantitative results. For the paper presented in this chapter, quantitative 

data were gathered automatically through a laboratory-based evaluation and qualitative 

data were gathered through a reconstruction task and follow-up interviews.  

The laboratory-based evaluation was divided into two parts. The first part looked 

at acquisition of landmark knowledge and the second part looked at acquisition of survey 

knowledge. During the first part of the evaluation, the following quantitative data were 

collected automatically: whether participants succeeded in each trial—there were several 

trials where participants had to identify diverse spatial features—the time participants 

took to complete each trial; the number of times participants used different echolocating 

stimuli provided; and the number of times participants used the special functions recentre 

and teleport. These quantitative data were analysed using a mixed-effects logistic 

regression, as described by Li et al. (2011), to determine what features—material, size, 

turns, openings or obstacles—participants were able to detect, thus providing a 

statistically significant answer to RQ3: what features of virtual space can be revealed 

through echolocation? 

During the second part of the experiment, participants had to explore a virtual 

layout and then rebuild it using modelling clay, thus completing a reconstruction task, as 

described by Kitchin and Jacobson (1997). Pictures of the models created by participants 

were taken, and the reconstruction task was followed by semi-structured interviews that 

aimed to provide rich insights on the overall experience of participants. The 

reconstruction task and the interviews provided an answer for RQ4: how do the features 
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revealed through echolocation support the acquisition of spatial knowledge in virtual 

space? 

The photos taken of participants’ models were used for observational comparison 

against the actual layout they explored, and the data collected through interviews were 

analysed using thematic coding, as described by Gibbs (2007). Participants’ comments 

during the interviews centred around how echolocation supported the acquisition of both 

landmark and survey knowledge, the perceived possibility to perform better over 

extended periods of interaction with the system, and the perceived real-world applications 

of echolocation-enabled virtual environments in the lives of people with visual 

impairment.  

 

7.4. The paper 

A PDF file of the paper can be found at http://go.unimelb.edu.au/n73j 

 

http://go.unimelb.edu.au/n73j
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7.5. Discussion  

The paper presented in this chapter builds on the findings from chapter six regarding the 

feasibility of creating virtual environments that support echolocation while additionally 

providing proper scaffolding and constant orientation cues. Scaffolding was provided 

through the inclusion of a training level and by not randomizing the order in which 

participants explored the different levels. Orientation cues were provided via the 

inclusion of voice indications when facing a compass point. Furthermore, the inclusion 

of a training level and the use of an Xbox Controller addressed issues around providing 

clear controls identified in chapter six. The usefulness of the scaffolding was confirmed 

as participants agreed that the first levels were perceived to be easier than the later levels. 

Making the decision to provide orientation cues via compass points may be perceived as 

a way to undermine the validity of the study. However, it was decided that compass point 

information provided the orientation cues people with visual impairment needed to 

successfully acquire spatial information without directly revealing any of the features 

being measured (Wu et al., 2017). Hence, the inclusion of compass point information was 

deemed a sensible trade-off. 

Regarding the use of echolocation to detect landmark features of space, the study 

presented in this chapter revealed with 95% confidence that people with visual 

impairment successfully identified virtual materials, relative sizes of virtual rooms, and 

the presence of left and right turns approximately 70% of the time. Moreover, the 

reconstruction task revealed a high level of accuracy from most participants when 

recreating the layout of an echolocation-enabled virtual world. Participants admitted to 

trailing along the virtual walls in order to build a mental image of virtual space. However, 

they clarified that this behaviour matches what they would do in the physical world, and 



Chapter 7: Echolocation and Spatial Information in Virtual Worlds 

 196 

highlighted the fact that, although they trailed along the walls, they did not bump into 

them because of the echolocation capabilities available in the environment. These 

findings comprise the first in-depth study of the potential use of echolocation to acquire 

spatial information in virtual worlds and demonstrate that echolocation could become a 

valid metaphor to convey spatial information in digital games. This may encourage the 

development of more equitably accessible games that offer the challenge that gamers with 

visual impairment seek while providing a new game mechanic. 

Ten out of the twelve participants who took part in this study were recruited from 

Ecuador, my home country, amongst the pool of people with visual impairment I used to 

work with. This was done to surmount the difficulties I faced when trying to recruit 

participants from a sensitive group in Australia. Recruiting participants from an 

underrepresented group in a developing country further strengthens the critical realist 

position of this work, as the study presented in this paper has provided a unique 

opportunity for the voices of largely underrepresented groups in academic literature to be 

heard (Sumathipala et al., 2004). Moreover, to ensure that this work continues to be 

aligned with the ethical dimension of the critical realist agenda presented in chapter three, 

the risks for participants were reassessed and ethics requirements re-evaluated to ensure 

the safety of participants at all times. 

Participants’ comments about the potential use of echolocation-enabled virtual 

environments either for orientation and mobility purposes or for entertainment purposes 

supports the argument I made in chapter three, that research on accessibility of digital 

games is desirable under a critical realist lens, as games have the potential to impact the 

self-esteem and self-confidence of people with visual impairment. Moreover, 

implementation of echolocation in virtual worlds may support people with visual 
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impairment engaging with mainstream games without attracting any unwanted attention 

(van de Ven et al., 2005). 

To summarise, this chapter has provided answers to RQ3: what features of virtual 

space can be revealed through echolocation? And to RQ4: how do the features revealed 

through echolocation support acquisition of spatial knowledge in virtual space? This is 

the first in-depth study of how echolocation may be used to learn about spatial 

information—via acquisition of both landmark and survey knowledge—of virtual worlds. 

Furthermore, according to several people with visual impairment who participated in the 

study presented in this chapter, implementing echolocation in virtual worlds may support 

their engagement with these worlds for orientation and mobility training, and for hedonic 

reasons.  Building on the findings from this chapter, the next chapter aims to further 

enhance our understanding of the usefulness of echolocation in virtual worlds by learning 

from the lived experience of expert echolocators via a participatory design process. This 

process ensures that design decisions are guided by people with visual impairment. The 

outcome of this process is a series of design guidelines that will produce richer gaming 

experiences for people with visual impairment.





 

 

 

Chapter 8: A Participatory Design 

Exercise on Echolocation 

 

8.1. Introduction 

Section III of this thesis thus far has described how to implement echolocation so that it 

supports the acquisition of spatial information, and it has provided an in-depth exploration 

of how echolocation supports the acquisition of both landmark and survey knowledge in 

virtual space. Although the feedback received after every interaction with participants 

was integrated before the next user study, it could still be argued that some of the most 

important design decisions were made by the researcher. To balance power more fairly 

in the critical realist context of this thesis, this chapter presents the results from study 3, 

which followed a participatory design approach. This involved partnering with expert 

echolocators so as to ensure that the voices of people with visual impairment are an 

integral part of the design process. Study 3 aims to answer RQ5: How can a co-creation 

process inform the design and implementation of echolocation in virtual spaces? 

Furthermore, study 2B revealed some features of virtual space that were more difficult to 

identify using echolocation (namely, openings and obstacles), so there was a need to 

further interrogate how to best design echolocation-enabled virtual spaces that support 

acquisition of knowledge about these kinds of spaces. A participatory design approach 

was suitable to conduct this interrogation because, as described in chapter three, I strongly 
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believe—like Shakespeare (2013) and Frauenberger (2015)—that the only way to find 

out what works for people with visual impairment is to ask them directly. 

Critical realism as a lens to interrogate the design of accessible technologies for 

people with disabilities argues for valuing the knowledge and skills acquired by people 

with disabilities through their lived experience (Shakespeare, 2013). Participatory design 

focuses on democratising decision-making processes (Bannon et al., 2018) and co-

learning from the experiences of participants (Robertson et al., 2014). This is particularly 

important when participants “provide an entirely different vantage point shaped by their 

social, physical, and artistic experiences” (Oswal, 2014), as is the case of people with 

disabilities. Hence the suitability of participatory design methods in the context of critical 

realist research. 

The methodology used to conduct the participatory design exercise presented in this 

chapter was based on the methodology presented by Albouys-Perrois et al. (2018) and 

Metatla et al. (2015). This methodology outlines a 4-step approach to participatory 

design. The steps presented in the authors’ methodology are presented in Figure 4 and 

include: participant recruitment, an informative phase, and iterative cycles of prototype 

creation and evaluation. The outcome of employing this methodology were seven design 

recommendations that describe how to best implement echolocation in virtual worlds. Of 

these seven recommendations, four were implemented and tested with participants. 

Importantly, the preliminary evaluation of these four design ideas improved participants’ 

ability to detect the presence of openings and obstacles in virtual worlds. 

The results obtained from the participatory design exercise conducted for this 

chapter were summarised in a paper called “A Participatory Design Approach to 

Designing Echolocation-Enabled Virtual Environments”. As of the time of this writing, 
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the paper has not yet been submitted, as it references the paper presented in chapter seven, 

whose review has been delayed due to the covid-19 pandemic of 2020. The paper 

presented in this chapter will be submitted to the Journal Transactions on Accessible 

Computing (TACCESS). If accepted, the paper will be published shortly after the 

submission of this thesis. The version of the paper presented in this chapter is the latest 

available before receiving comments from reviewers.  

 

8.2. How this paper contributes to the thesis 

This paper supports the critical-realist approach of this thesis by explicitly leveraging the 

lived experience of expert echolocators to further improve the design of echolocation-

enabled virtual worlds. More specifically, this paper addresses findings from chapter 

seven, where participants struggled to detect the presence of openings and obstacles in 

virtual worlds. In this paper I provide unique design recommendations that will support 

the design of more equitably accessible virtual experiences and will potentially integrate 

echolocation as a new metaphor of interaction. Moreover, the paper presents a 

preliminary evaluation of key design ideas elicited from expert echolocators. Findings 

from this evaluation suggest that these design recommendations improve participants’ 

ability to acquire spatial knowledge, specifically when having to detect openings or 

obstacles. 

 

8.3. Data collection and analysis methods 

The paper presented in this chapter follows a participatory design approach, as described 

by Albouys-Perrois et al. (2018) and Metatla et al. (2015). A participatory design 
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approach supports the construction of a multi-faceted and interactional understanding of 

the relationship between disability and technology, while emphasizing the importance of 

learning from people with visual impairment in order to find what works for them 

(Frauenberger, 2015; Shakespeare, 2013), thus supporting the critical realist approach of 

this thesis.  

According to the participatory design approach described by Albouys-Perrois et al. 

(2018) and Metatla et al. (2015), a participatory design exercise comprises: a recruitment 

phase, where researchers and participants reach an understanding about the goals of the 

project, an informative phase for preliminary elicitation of ideas, and an iterative 

prototyping and evaluation phase to test participants’ ideas. This is shown in Figure 4. 

The figure shows that there were two prototyping and evaluation cycles for this 

participatory design exercise. 

 

Figure 4. Participatory design process 

Three expert echolocators were recruited as participants for this study. All 

participants have used echolocation in the physical world from early childhood, two use 

both active and passive echolocation and one uses passive echolocation. Before engaging 

in discussions about how to improve the design of echolocation-enabled virtual 

environments, it was crucial that participants had a strong understanding of the system 

designed and used in study 2B. Therefore, each participant took part in a familiarisation 

session in which they followed the protocol of study 2B. The goals for the session were 

for participants to become familiar with existing echolocation capabilities of the virtual 

Recruitment 
and reaching an 
understanding

Informative 
phase

Prototyping  and 
evaluation 1 

Prototyping and 
evaluation 2
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environment I have developed through this thesis and to familiarise themselves with the 

use of an Xbox controller. Furthermore, by trialling study 2B first, we could reach an 

understanding about the goals of this new study with participants, so that they could focus 

on how to improve the existing implementation of echolocation. Participants’ completion 

of study 2B occurred months after the manuscript presented in chapter seven was finalised 

and sent for revision, so the results from the three expert echolocators involved in this 

study could not be included in study 2B. 

This study relied on qualitative methods for data collection and analysis. The 

informative phase was conducted via a focus group session where participants discussed 

their lived experience of using echolocation to learn about the physical space and 

described possible strategies to improve the usefulness of echolocation in virtual worlds. 

The data recorded from the focus group were analysed using thematic analysis (Braun & 

Clarke, 2012). The result of this analysis led to the formulation of seven design 

recommendations for the creation of echolocation-enabled virtual experiences. 

Of the seven design recommendations identified by participants during the focus 

group session, two were implemented and tested in the first evaluation phase and another 

two were implemented in the second evaluation phase. The design recommendations 

implemented were chosen by the participants and aimed to improve participants’ ability 

to detect openings and obstacles—as these features were the most difficult to identify, 

according to the findings from study 2B. Also similar to study 2B was the request for 

participants to recreate the virtual environment they explored using modelling clay. The 

models were photographed and used for observational purposes, and the modelling tasks 

were followed by semi-structured interviews during each evaluation cycle.  
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8.4. The paper  

A PDF file of the paper can be found at http://go.unimelb.edu.au/r73j.

http://go.unimelb.edu.au/r73j
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8.5. Discussion  

This chapter makes a number of contributions to this thesis. One of them is the direct 

inclusion of the voices of participants with lived experience both with visual impairment 

and as expert echolocators in the design process. This was facilitated via a participatory 

design approach that focused on co-learning with participants in order to improve upon 

an existing design (Robertson et al., 2014). Although there have been previous 

implementations of echolocation in virtual words (Pelegrin Garcia et al., 2014; Picinali 

et al., 2014; Rowan et al., 2013; Schörnich et al., 2012; Wu et al., 2017), these have not 

been informed by the lived experiences of expert echolocators. Moreover, the 

participatory approach presented in this chapter is in line with the critical realist view that 

informs this work, as it helps to build a multi-faceted and interactional understanding of 

disability and technology by learning from the lived experiences of people with visual 

impairment, while at the same time placing emphasis in the need of empirical evidence, 

obtained through experimentation (Frauenberger, 2015; Shakespeare, 2013). 

Other contributions made in this chapter are the elicitation of the following seven 

design recommendations developed by participants:  

1. Use sounds that are sharp, short and familiar 

2. Provide opportunities for passive echolocation  

3. Do not expect echolocation in virtual worlds to be the same as echolocation 

in the physical world  

4. Support directionality of the echolocating sound  

5. Provide sounds with different “textures” 

6. Facilitate inclusion of landmarks  

7. Consider how external factors affect echolocation 
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The literature outlines a distinction between active echolocation—where users 

produce distinct sounds such as clicking tones with their tongues to echolocate—and 

passive echolocation—where users listen to the echoes produced by sounds that occur 

naturally in their surroundings (Ashmead et al., 1998; Stroffregen & Pittenger, 1995). 

However, no experiments with human echolocators have explored the usefulness of 

passive echolocation before—though passive echolocation has been explored in dolphins 

(Xitco & Roitblat, 1996) and bats (Russo et al., 2007). Hence the decision to provide 

passive echolocation capabilities in the first evaluation cycle (design guideline 2) was 

made. The first evaluation cycle also included the ability to place auditory landmarks in 

virtual space (design guideline 6). This was done because the need for orientation cues 

has been a constant finding, identified in studies 2A and 2B, presented in both chapters 

six and seven.  

The second evaluation cycle saw the implementation of key bindings to control the 

virtual character’s direction as a response to design guideline 4, and the use of 

participants’ pre-recorded clicking sounds to support design guideline 1. The 

implementation of these design guidelines improved participants’ ability to detect 

openings and obstacles in a virtual world. As study 2B had identified that obstacles and 

openings were difficult for participants to detect, the findings presented in this study 

demonstrate the importance of involving people with disabilities in the design of 

technologies targeted to them. 

Finally, the remaining three design recommendations are of particular importance 

for the development of enticing virtual experiences for people with visual impairment. 

These are: design guideline 3: do not expect echolocation in virtual worlds to be the same 

as echolocation in the physical world, guideline 5: provide sounds with different 
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“textures” and guideline 7: consider how external factors affect echolocation. These 

guidelines ask us to consider the richness of the physical world for inspiration, but to not 

get fixated on replicating it. This is in line with Norman (2008), who argues that overly 

literal metaphors may make it difficult for users to recognise the potential for action 

provided by the metaphor.  

Overall, section III has described how to implement echolocation-enabled virtual 

worlds targeted at supporting people with visual impairment to acquire spatial 

knowledge. The implementation of echolocation presented in this thesis has proceeded 

from feasibility to in-depth analysis to refinement. Unlike previous implementations of 

echolocation in virtual worlds, feedback from people with visual impairment has been 

critical for the development of each stage of the implementation. More specifically, this 

chapter has presented a series of design guidelines aimed at the development of richer 

virtual experiences for people with visual impairment. Just like in chapter four and five, 

this chapter places the voices of people with disabilities front and centre, concluding a 

series of laboratory-based evaluations seeking to implement echolocation in virtual 

worlds. The next—and last—chapter of this thesis will look at how the knowledge gained 

in Section II about gamers with visual impairment and the implementations of 

echolocation presented in Section III contribute to different fields of knowledge. 





 

 

 

 

Chapter 9: Discussion and  

Conclusions 

 

9.1. Introduction 

In this thesis, I have explored the research question: how can echolocation be designed 

as a means for people with visual impairment to acquire spatial knowledge of virtual 

space? To answer this question, I employed a pragmatist approach. This approach has 

been realised through a critical realist lens that promotes a holistic understanding of 

disability where both the lived experience and external factors are taken into 

consideration (Shakespeare, 2013). To address the main research question posed above, 

I devised a series of user studies that addressed different aspects of the question, presented 

through five sub-research questions, listed in chapter one, and explored across chapters 

four to eight.  

This chapter presents an integrated discussion of all the studies. This discussion 

starts with a summary of the key findings from each of the studies conducted as part of 

this thesis (section 9.2). This is followed by a discussion of how these findings relate to: 

giving voice to people with visual impairment (section 9.3.1), designing echolocation-

enabled virtual environments (section 9.3.2) and how these echolocation-enabled virtual 

environments support the acquisition of spatial information (section 9.3.3). Additionally, 
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this chapter discusses implications of this work for the fields of human-computer 

interaction (section 9.4.1), game design (section 9.4.2) and orientation and mobility 

(section 9.4.3). This chapter ends by outlining the strengths and limitations of this 

research and presents concluding remarks. 

 

9.2. Key findings 

This section presents a summary of the key findings from each of the studies conducted 

in this thesis and their relation to each of the sub-research questions presented in chapter 

one. The table below presents the relationship between each research question, study and 

the chapter where the study is presented. 

Table 1. Research questions and studies conducted in this thesis. 

Research question Study Chapter 

RQ1: How do people with visual impairment 

currently engage with virtual spaces? 

Study 1 Chapters 4 - 5 

RQ2: How can echolocation be implemented in 

virtual worlds so that it supports the acquisition 

of spatial knowledge? 

Study 2A Chapter 6 

RQ3: What features of virtual space can be 

revealed through echolocation? 

Study 2B Chapter 7 

RQ4: How do the features revealed through 

echolocation support the acquisition of spatial 

knowledge in virtual space? 

Study 2B Chapter 7 
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RQ5: How can a co-creation process inform the 

design and implementation of echolocation in 

virtual spaces? 

Study 3 Chapter 8 

 

The following sub-sections provide answers to each one of the sub-research questions by 

examining the key findings from each user study.  

 

9.2.1. RQ1: How do people with visual impairment currently engage with virtual spaces? 

This question was addressed via study 1, which is presented across chapters four and five. 

Study 1 employed an online survey and in-depth interviews to explore: a) the habits, 

opinions and concerns of a group of gamers with visual impairment, and b) the elements 

that, according to this group of gamers, enable access to digital games in the first place. 

The key findings from study 1 are as follows: 

Finding 1: some gamers with visual impairment desire to engage with digital games 

that are as rich as those available to sighted players. But there is a tension between 

accessibility and complexity. 

Study 1 provided unique insights into the habits of gamers with visual impairment. It 

provided a summary of the types and genres of games people with visual impairment 

play, the frequency and length of their playing sessions, the devices they use to access 

digital games, and the assistive technologies they rely on when engaging with these 

games. While these trends are well documented in the gaming industry (see ESA (2020) 

for trends in the gaming industry in the US, or Brand et al. (2019) for Australian trends), 

study 1 was the first to explore these trends among the community of gamers with visual 
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impairment. Furthermore, study 1 revealed similarities between the relationships of both 

sighted and visually impaired people with digital games. For example, both groups 

engage with digital games because of the social component afforded by games; the 

majority of both sighted and visually impaired gamers engage with digital games for one 

to two hours; and both groups engage with games for entertainment purposes. 

Despite these similarities, the gamers with visual impairment who participated in 

study 1 also described how, in their opinion, the games that are available to them—mainly 

audiogames and text-based adventures—are overly simplistic. Furthermore, they argued 

that the simplistic nature of audiogames renders them unattractive to sighted players. 

According to Urbanek and Güldenpfennig (2019), this un-attractiveness means that 

audiogames cannot gain traction and become part of the mainstream gaming scene. This 

creates a feedback loop where the perceived un-attractiveness of audiogames prevents 

more people to engage with them. This then leads to less interest in developing more 

attractive audiogames. 

Additional to audiogames being perceived as simplistic, gamers with visual 

impairment perceive new and emerging technologies, such as virtual and augmented 

reality (AR/VR), as something that would leave blind players “in the dust” as these 

experiences are not accessible. Moreover, it could be argued that current approaches to 

game design have already left visually-impaired gamers behind: several gamers with low 

vision have described how the introduction of 3D graphics in the mid-90s meant that they 

were no longer able to engage with mainstream digital games, as graphics suddenly 

became more complex—as identified in chapter four and in work by Urbanek and 

Güldenpfennig (2019). It is necessary to make AR/VR experiences accessible by design 

so that gamers with visual impairment are not left behind once again (Mott et al., 2019). 
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Finding 2: Relationships with information and with elements of control are crucial 

for the development of games that are accessible to people with visual impairment. 

Chapter five introduced the Gamer-Information Control (GIC) framework. This 

framework highlighted the importance of the relationships between in-game information, 

gamers and both internal and external elements of control. Moreover, the framework 

explained that these relationships occur both when gamers engage with digital games as 

both players and creators. Regarding how information is conveyed, the framework 

emphasized the importance of conveying spatial information through adequate metaphors 

and described how existing games use metaphors inspired by real-world phenomena to 

convey information. While there has been research providing recommendations on how 

to design more accessible digital games for people with visual impairment, (Atkinson et 

al., 2006; Trewin et al., 2008; Urbanek et al., 2018), the GIC framework was the first to 

elicit these recommendations from the perspective of gamers with visual impairment. 

This approach to creating the GIC framework supports the critical realist nature of this 

thesis, as it emphasizes the value of the lived experience of people with visual impairment 

(Shakespeare, 2013). 

Finding 3: conveying spatial information is critical to accessibility in digital games 

for people with visual impairment. 

The GIC framework highlighted the importance of conveying spatial information to 

design accessible games. Participants explained that so-called 3D games for blind people 

enabled them to move in four directions (up, down, left, right) and described how certain 

metaphors, such as echoes, are used inconsistently across games to convey spatial 

features. For example, participants said, in one game echoes may be used to indicate the 

presence of a wall, but in other they could be used to indicate the presence of a precipice. 
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Although the lack of consistent metaphors in audiogames is known to be a problem 

(White et al., 2008), the inconsistent use of echoes presents an opportunity to leverage 

their use and establish a cohesive and coherent metaphor. 

 

9.2.2. RQ2: How can echolocation be implemented in virtual worlds so that it supports 

the acquisition of spatial knowledge? 

Armed with the knowledge that spatial information is fundamental to accessibility of 

digital games and that echolocation is employed in the physical world to obtain spatial 

information of one’s surroundings, study 2 sought to explore echolocation in virtual 

worlds in depth. This study, presented across chapters six and seven, was divided into 

two parts. The first part—labelled study 2A—consisted of a proof-of-concept laboratory-

based evaluation of an implementation of echolocation in a virtual world. Key findings 

from study 2A were the following: 

Finding 1: it is possible to create an implementation of echolocation using off-the-

shelf software, enabling participants to detect the presence of certain elements of 

virtual space. 

The implementation of echolocation developed in study 2A was created using the game 

development program Unity version 2018.3 and the SteamAudio plug-in version 2 beta 

10. The same tools were used in subsequent user studies so as not to introduce variability 

due to changes in the software. The SteamAudio plug-in is responsible for simulating how 

sound is reflected and absorbed by different materials, handling sound occlusion and 

providing a generic head-related transfer function (HRTF) to simulate differences in 

milliseconds on how sounds reach a person’s left and right ears. With the implementation 
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of echolocation presented in study 2A, participants could detect the presence of walls and 

virtual drawers. Being able to detect these features suggested the potential of echolocation 

to convey more detailed spatial information. This demanded further exploration. 

Although other implementations of echolocation in virtual worlds, such as those 

presented by Andreasen et al. (2018) or Wu et al. (2017), have used the same off-the-

shelf components, the implementation presented in study 2A was the first created with 

the goal to assess if the use of these components would support acquisition of spatial 

information. 

Finding 2: for successful use of echolocation in virtual worlds, users need to be 

provided with proper scaffolding.  

Scaffolding is a well-known strategy in the context of education and refers to assisting 

the development of new skills by providing learning aids (Belland, 2014). Participants in 

study 2A explained that it took them some time to learn to interpret the echo signals 

provided by the environment and that spending more time in the virtual environment or 

exploring a training level first would have improved their performance. Participants also 

identified a need to provide additional orientation cues. They argued that there was not 

enough information about the direction they were facing, which made it easy for them to 

lose track of their position in the environment. This is consistent with previous research 

that established that people with visual impairment need constant orientation cues to 

navigate virtual environments (Darken & Peterson, 2001; Wu et al., 2017). 

These findings informed the design of virtual worlds used in subsequent user 

studies. Study 2B incorporated a training level and study 3 provided participants with 

precise control over the direction their virtual avatar faced. Integrating participants’ 
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feedback into design reflects the critical realist nature of this work, as discovering what 

works for people with disabilities is informed by their opinions (Frauenberger, 2015). 

Finding 3: implementing echolocation in a virtual environment needs compromise: 

physical echolocation has properties that need more exploration before they are 

successfully replicated. 

Two expert echolocators participated in study 2A. They spoke at length about the 

differences between echolocation in the physical and in the virtual world. Particularly, 

participants described how the echolocating sound provided was less sharp than the sound 

they would use in the physical world. Participants also explained that they considered the 

delay produced as sound reaches each ear to be “too quick” when compared with the 

delay in the physical world. This could be attributed to the use of generic HRTFs, as 

HRTFs depend on the anatomical shape of the ears and torso of each individual (Poirier-

Quinot & Katz, 2018). Despite the influence of generic HRTFs, findings from studies 2B 

and 3 and previous research by Berger et al. (2018) indicate that the use of generic HRTFs 

is sufficient to complete tasks that involve the use of sound in virtual worlds. Moreover, 

participants’ ability to complete the task presented in this study—and in following 

studies—provides evidence of the usefulness of generic HRTFs. 

 

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

Knowing that echolocation can be implemented in virtual worlds to support acquisition 

of spatial knowledge, the next step of this research aimed to discover the specific features 

of virtual space that can be detected with echolocation. This was explored in the first part 

of study 2B—itself subdivided in two parts—by designing a laboratory-based evaluation 
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that included the use of quantitative mixed-effects logistic regression models and 

qualitative interviews. These are the key findings from study 2B, part 1: 

Finding 1: participants are capable of identifying: (i) the material that a virtual 

room was 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.  

Studies in the physical world have explored how people with visual impairment used 

echolocation to detect the material certain objects were made of (DeLong et al., 2007), 

the relative size of objects (Teng & Whitney, 2011), and the presence of obstacles 

(Rosenblum et al., 2000; Supa et al., 1944). Moreover, echolocation in virtual worlds has 

been used to detect the presence of walls (Pelegrín-García et al., 2018) and obstacles 

(Andreasen et al., 2018). The findings from study 2B are unique because, unlike previous 

studies: a) this is the first study to combine several spatial features in a single study, thus 

providing a wider scope; and b) it is the first study to work with a larger number of people 

with visual impairment, as previous research has relied on groups of sighted blindfolded 

individuals whose performance is compared against that of a single blind individual, or it 

has not included blind individuals at all. As described in chapter three, the only way to 

identify what works for people with visual impairment is to work with them directly 

(Frauenberger, 2015). Working exclusively with people with visual impairment lends 

more validity to the findings from this and the other studies presented in this thesis. 

People with visual impairment construct a mental image of their surroundings by 

establishing the location of specific landmarks in space (Kitchin & Jacobson, 1997). 

Finding that people with visual impairment could successfully use echolocation to 

identify materials, sizes and turns is an important first step in assisting them with the 

formation of a mental map of virtual space. People with visual impairment have expressed 
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previously—in study 1 and in research by Urbanek and Güldenpfennig (2019)—that one 

of the reasons they engage with digital games is to explore new worlds. Knowing that 

echolocation facilitates the identification of specific landmark features is an exciting first 

step towards more accessible games where people with visual impairment are able to 

explore the game world in equality of conditions as any other player. 

Finding 2: there is no significant evidence that participants can successfully identify 

the presence of openings and obstacles. 

Although previous research has found that people with visual impairment can identify the 

presence of walls in the physical world (Supa et al., 1944) and that sighted blindfolded 

individuals can learn to identify walls in virtual worlds (Pelegrín-García et al., 2018), not 

much is known regarding the ability of people with visual impairment to identify walls 

and other obstacles in virtual worlds. Moreover, it is not clear why it was hard for 

participants in study 2B to identify openings and obstacles. While participants agreed that 

identifying openings and obstacles was harder than identifying materials, relative size of 

rooms and the presence of turns, they did not articulate why this was the case. This finding 

demonstrates the need to further investigate echolocation and how it can be used to learn 

about specific features of virtual space. 

 

9.2.4. RQ4: How do the features revealed through echolocation support the acquisition 

of spatial knowledge in virtual space? 

The second part of study 2B consisted of a reconstruction task where participants used 

modelling clay to recreate a virtual space they explored. This was followed by interviews. 

These are the key findings from study 2B part 2: 
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Finding 3: nine out of twelve participants could successfully integrate several 

landmark features and create very accurate models.  

When presented with a virtual layout comprised of two rooms of different sizes connected 

by an L-shaped corridor, nine out of twelve participants were able to produce a reasonably 

accurate replica of the layout. In order for participants to create a mental map of virtual 

space, they relied on a perimeter exploration technique. This technique consists of 

walking around the walls of an environment without bumping into them (Lahav et al., 

2012). Moreover, participants described how the echolocation capabilities implemented 

in the virtual world prevented them from bumping into the walls. Participants stated that 

using perimeter exploration is how they would form a mental map of a space in the 

physical world. This is an example of how people with visual impairment bring their 

unique skillset developed through their lived experience when facing new situations 

(Shakespeare, 2013). 

By employing echolocation in a virtual world, participants were able to perceive 

their surroundings, as evidenced by their ability to recreate them. Since perception is key 

for transforming a mental map into actual navigation on a given space (Darken & 

Peterson, 2001; Jul & Furnas, 1997), this finding is crucial, as it demonstrates that 

echolocation provides an alternative to visual perception to support the ability of people 

with visual impairment to navigate virtual worlds. 

Finding 4: echolocation helps create a sense of presence in virtual worlds.  

Participants talked at length about how using echolocation in a virtual world enabled them 

to perceive “the place” and how “sound and space varied”. According to participants, the 

virtual layouts “by the end were feeling kind of real”. Participants described how the 
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virtual environment supported their sense of presence. Presence is the feeling of being 

transported into a virtual world (Sanchez-Vives & Slater, 2005). Seminal research in the 

field of presence and virtual worlds has established that “presence correlates highly with 

the degree of association with the virtual body” (Usoh et al., 1999, p. 362). As people 

with visual impairment cannot see their virtual body, knowing that using echolocation 

improve the sense of presence is a significant finding. Moreover, this finding matches 

previous research arguing that the use of spatialised sound cues improved participants’ 

sense of presence (Hendrix & Barfield, 1996). 

Finding 5: people with visual impairment desire to engage with virtual worlds for 

entertainment or to improve orientation and mobility skills, even if they have no 

previous experience with such worlds. 

Only one of the twelve participants involved in study 2B had previous experience playing 

digital games before losing their sight. However, several other participants mentioned 

that, if virtual worlds were accessible, they would engage with such worlds either for 

relaxation purposes or to improve their orientation and mobility skills. This finding 

supports the idea that play is an inherent aspect of human nature (Huizinga, 2014) and 

encourages further research in the field of accessibility and game design. 

 

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

echolocation in virtual spaces? 

Although the implementation of echolocation developed for study 2B proved useful for 

detecting virtual materials, relative size of rooms and presence of 90-degree turns, to 

ensure echolocation is useful to explore virtual environments it was necessary to further 
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explore how to improve detection of openings and obstacles. To ensure that the opinions 

of people with visual impairment were included during the design stages, study 3 

(presented in chapter eight) followed a participatory design approach. These are the key 

findings from study 3. 

Finding 1: design recommendations 

From the participatory design exercise presented in study 3, the first key finding is a series 

of seven design recommendations on how to implement echolocation in virtual worlds. 

These recommendations, developed by a group of expert echolocators, are:  

1. Use sounds that are sharp, short and familiar 

2. Provide opportunities for passive echolocation  

3. Do not expect echolocation in virtual worlds to be the same as echolocation 

in the physical world  

4. Support directionality of the echolocating sound  

5. Provide sounds with different “textures” 

6. Facilitate inclusion of landmarks  

7. Consider how external factors affect echolocation 

The development of these design recommendations is an attempt to provide agency 

to people with visual impairment during the design stage of echolocation-enabled virtual 

environments by ensuring their voices are heard and inform future design (Bannon et al., 

2018). However, it must be acknowledged that all these recommendations need to be 

further tested. In study 3 and together with participants, it was decided that four of these 

recommendations will be implemented. Their implementation led to other findings. 

Finding 2: passive echolocation is important to build a mental map of virtual space.  
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Participants explained at length how passive echolocation helps them learn about their 

surroundings without having to actively produce a sound. Participants described how 

passive echolocation allowed them to “see how a room sounds”, and how this ability was 

useful when outdoors. Study 3 is the first to describe the significance of passive 

echolocation for expert echolocators, as no research has explored passive echolocation in 

humans before, neither in physical nor in virtual environments. However, it must be noted 

that previous research has explored passive echolocation in other mammals (Russo et al., 

2007; Xitco & Roitblat, 1996). 

Additionally, participants argued that passive echolocation facilitated the detection 

of openings. When the virtual environment provided the sound of ventilation fans to be 

used for passive echolocation, one of the participants explained she could hear the 

“whoosh” noise of the fans being reflected through the opening. Study 2B previously 

found that openings were difficult to detect using active echolocation. This new finding, 

however, indicates that passive echolocation may help detect openings in a virtual world. 

More research is needed to determine whether passive echolocation can be used to 

provide support when detecting other spatial features, such as the ones explored in study 

2B (materials, size of rooms, turns and obstacles). 

Finding 3: using high-quality pre-recorded clicking sounds from expert 

echolocators has a positive impact on the subjective experience of participants. 

Participants responded positively to the ability to use pre-recorded mouth-clicking sounds 

obtained from an expert echolocator. Participants argued that the pre-recorded sound was 

shorter and sharper than other sounds that had been available to them previously. 

Moreover, participants argued that the sharpness and shortness of the pre-recorded sound 
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enabled them to receive more spatial information and produced an overall better 

subjective experience. 

While previous research on echolocation has allowed non-expert echolocators to 

use their own clicking sounds (Pelegrín-García et al., 2018), this is the first study where 

pre-recorded clicking sounds of an expert echolocator have been used to navigate a virtual 

space. However, it must be noted that these sounds were recorded in an acoustically 

treated environment. Future research may explore whether recordings obtained in a non-

acoustically treated environment provide the same positive response. 

 

9.3. Discussion 

The previous sections presented a summary of the key findings from each user study 

conducted in this thesis and outlined how these findings address each one of the research 

questions posed in chapter one. The following sections discuss these findings in light of 

the critical-realist approach of this work. This discussion centres around: the need to work 

together with people with disabilities to develop technology solutions that are suitable to 

them, the implications of this work for future implementation of echolocation in virtual 

worlds, and the implications of using echolocation in virtual worlds to acquire spatial 

knowledge. 

 

9.3.1. The voice of (non) gamers with visual impairment 

Rogers and Marsden (2013) argue that oftentimes the voices of people with impairments 

are disregarded. Rogers and Marsden (2013) cite the example of the question “does he 

take sugar?” posed when a person with a disability is offered a hot drink: instead of asking 
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the person with a disability directly, the question is presented to their carer. This framing 

of questions and underlying attitudes behind it have been analysed by others (Hogg & 

Wilson, 2004; Wagner, 1991). More broadly, Scully (2018) and McConkey (2004) argue 

that such ways of addressing people with disabilities constitute an epistemic injustice, as 

they exclude people with disabilities from contributing to knowledge or give low 

credibility or importance to their opinions.  

A way to address this epistemic injustice in HCI, according to Rogers and Marsden 

(2013), is designing for empowerment: effectively becoming a more empathetic research 

community that co-creates technology with new users in new locations. We may aim to 

design empowering experiences or empower through the design process (Schneider et al., 

2018). Ultimately, designing for empowerment should lead to the experience of being 

“immersed in interaction” (Moser, 2005). A starting point to achieving this empowerment 

is learning directly from the experiences of people with disabilities: ensuring their voices 

and experiences guide design. 

Listening to, learning from and ultimately empowering people with visual 

impairment has been at the core of this work. This way, I have avoided the “does he take 

sugar?” approach described by Rogers and Marsden (2013). The findings of RQ1, which 

described the habits, opinions and concerns of gamers with visual impairment and the 

elements that, according to gamers with visual impairment, make games more accessible, 

reflect this desire to learn directly from people with disabilities. I hope these findings 

encourage other HCI researchers and game designers to recognise the valuable insights 

that marginalised groups—such as, in the case of this thesis, people with visual 

impairment—possess. In recognising the value of the opinions of marginalised groups, 

this thesis contributes to addressing issues of epistemic injustice (McConkey, 2004). 
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Apart from addressing issues of epistemic injustice, RQ1: finding 1 raises 

awareness about the need to ensure that new and emerging technologies such as AR/VR 

are accessible by design (Mott et al., 2019). As people with visual impairment have 

expressed their desire to engage with these technologies in study 1, it is our responsibility 

as researchers and designers to ensure that these technologies meet their needs. By doing 

this, we will ensure that gamers with visual impairment are not “left in the dust” by new 

technological developments. Furthermore, people with visual impairment have provided 

recommendations on how to make digital experiences more accessible (see RQ1: finding 

2, RQ2: finding 2 and RQ5: finding 1). Not including the opinions of people with 

disabilities in the design of technologies targeted to them usually results in abandonment 

of these technologies (Phillips & Zhao, 1993). It is my hope that the recommendations 

made by people with visual impairment across the different studies that comprise this 

thesis be implemented and tested in future research. 

Another way this thesis strives to listen to and learn from the voices of people with 

visual impairment is by involving a wide range of participants from different 

backgrounds. While study 1 focused on the voices of expert gamers with visual 

impairment from all over the world, studies 2A, 2B and 3 included participants from 

Ecuador and Australia, from different cultural and socio-economic backgrounds, whom 

for the most part, had no experience playing digital games. Although it is not the purpose 

of this thesis to analyse how people from different backgrounds relate to technology and 

virtual spaces, it must be recognised that diversity is key to developing notions of learning 

from others (Morrison & Grbic, 2015). Methodologically, relying on a wide range of 

participants prevented this work from incurring in selection bias, where a sub-sector of 

the population is over-represented.  



Chapter 9: Discussion and Conclusions 

 252 

Having a wide variety of participants contributes to more inclusive research and 

may reveal additional unexpected findings. In the case of this work, for example, RQ4: 

finding 5 showed that even participants with no prior gaming experience would engage 

with digital games for entertainment purposes if these games were accessible. This 

finding supports the argument that play is embedded in human nature (Huizinga, 2014) 

and highlights the importance of having worked with both gamers and non-gamers with 

visual impairment. Future research may strive to include a plurality of participants in their 

evaluations of accessible technology. 

Finally, RQ4: finding 3 provided an example of how participants brought into the 

virtual space the skills they had developed through their lived experience, as they relied 

on a perimeter exploration approach—which consists of walking close to walls—when 

familiarising themselves with a new (virtual) space (Lahav et al., 2012). Similarly, RQ5: 

finding 1 (design recommendations) present another example of the importance of 

learning from the lived experience of people with disabilities (Shakespeare, 2013), as 

these recommendations highlighted, among other things, the importance of passive 

echolocation. Although there is research on passive echolocation in dolphins and bats 

(Russo et al., 2007; Xitco & Roitblat, 1996), very little is known about the usefulness of 

passive echolocation for humans. These examples demonstrate the importance of learning 

from the lived experience of people with disabilities, as both passive echolocation and 

perimeter exploration are techniques that people with visual impairment use in their day-

to-day life. Future research should seek to facilitate the implementation and use of the 

strategies that people with disabilities have developed as a response to their impairment. 
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9.3.2. Implementation of echolocation in virtual worlds 

This research does not present the first attempt at implementing echolocation in virtual 

worlds. In fact, chapter two presents a detailed review of previous implementations of 

echolocation in virtual worlds. However, the implementation presented in this thesis is 

original in that a) it is not limited by trying to replicate echolocation as it occurs in the 

physical world, and b) it provides an in-depth exploration of usefulness of echolocation 

to acquire spatial knowledge in virtual worlds. 

Implementations of echolocation that have used commercial software to mimic 

perception of echolocation as accurately as possible have been presented by Schörnich et 

al. (2012), Pelegrin Garcia et al. (2014), Pelegrín-García et al. (2018) and Picinali et al. 

(2014). A supposed key element to replicating the listening experience of echolocation 

stimuli accurately in virtual worlds is creating individual head-related transfer functions 

(HRTFs) for each user, as these functions are dependent on an individual’s physiology 

and enable the simulation of the differences in milliseconds as sounds reach the left and 

right ear (Mehra et al., 2016). However, previous research has found that generic HRTFs 

are “good enough” for use in virtual worlds, especially when multi-sensory stimuli are 

provided (Berger et al., 2018). Furthermore, RQ2: finding 3 and RQ4: finding 3 support 

the argument that generic HRTFs are sufficient to develop a working implementation of 

echolocation that can be used to acquire spatial information.  

In this research, I implement echolocation in virtual environments using off-the-

shelf software that relied on generic HRTFs. According to expert echolocators who 

participated in studies 2B and 3, this did not prevent them from learning to interpret the 

feedback provided by the implementation of echolocation they had to interact with. 

However, participants acknowledged the need for training to learn to interpret the 
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feedback provided by the virtual environment (RQ2: finding 2). According to one of the 

participants in study 3: “By the end of [the evaluation] you see a world. It is like learning 

a code”. This finding should ultimately dispel the idea that it is necessary to create 

individual HRTFs to implement echolocation in virtual worlds. 

An aspect where we may look at the real world for inspiration is in the creation of 

sound stimuli that are suitable to use for echolocation in virtual worlds. Throughout 

studies 2A, 2B and 3, participants could use artificial clicking sounds synthetised from a 

dataset of clicking sounds obtained from expert echolocators by Thaler et al. (2017). 

Artificial clicking sounds were chosen because previous research has established that 

clicking sounds produced with the tongue are the most effective sounds for echolocation 

in the physical world (Martínez Rojas et al., 2009, 2010). Participants in study 3 could 

use sounds derived from Thaler et al. (2017) study and pre-recorded mouth clicks 

obtained from an expert echolocator. When given this choice, participants reported a 

preference for the pre-recorded sounds (RQ5: finding 3). The pre-recorded sounds 

sounded more natural, according to participants, and conveyed more information. There 

is still much to explore regarding the usefulness of pre-recorded sounds over artificial 

clicking sounds. Future research could study whether artificial clicking sounds produced 

with different parameters of frequency and amplitude would be more effective, or 

whether pre-recorded sounds could be obtained with a standard microphone in a home 

setup (the pre-recorded sounds used in study 3 were recorded in an acoustically treated 

environment). 

Finally, current research on echolocation seems to place a strong emphasis on active 

echolocation, where an individual actively produces sounds and listens to the echo 

reverberations of these sounds, and a lot less is known about passive echolocation, where 
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the individual relies on external sounds to obtain spatial cues (Ashmead et al., 1998). 

RQ5: finding 2 revealed that passive echolocation plays a crucial role in enabling people 

with visual impairment to explore their surroundings. Therefore, future research on 

echolocation in virtual worlds could further explore passive echolocation by introducing 

different auditory stimuli or by comparing navigation outcomes in settings with and 

without passive echolocation capabilities. 

 

9.3.3. Echolocation as a means for people with visual impairment to explore virtual 

worlds 

As experiences that take place in virtual worlds—such as videogames or VR 

experiences—become more ubiquitous, it is important to ensure that people with visual 

impairment are able to successfully explore these worlds so that they can participate in 

wider cultural conversations, as these technologies permeate our culture. While previous 

research has sought to provide aids to assist exploration (Trewin et al., 2008), a key 

contribution of this work is the successful implementation of echolocation to learn about 

virtual space. Study 2B has demonstrated that the implementation of echolocation 

presented in this thesis provides an additional tool to assist exploration of virtual space 

by facilitating detection of virtual materials, size of rooms and 90-degree turns (RQ3: 

finding 1). As echolocation in the physical world is not used in isolation but rather as an 

additional tool in the toolkit of people with visual impairment (Thaler, 2013), future 

digital games targeting people with visual impairment may combine implementations of 

echolocation with other navigation approaches. For example, study 2B identified that 

obstacles are hard to detect with echolocation (see RQ3: finding 2). With this in mind, the 

“find” tool created by Trewin et al. (2008), which alerts users about the presence of 
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nearby objects, could be a way to complement echolocation. Having a range of tools 

available to aid exploration will grant more agency to people engaging with virtual 

worlds, as they will be able to choose the navigation tool that best suits their needs 

depending on the circumstances. 

The research presented in this thesis is the first to explore how the knowledge of 

discrete spatial features of virtual space—virtual materials, relative size, left and right 

turns, openings and obstacles—are combined and assist people with visual impairment in 

creating a mental map of the space being explored (see RQ4: finding 3). The 

reconstruction tasks used for studies 2B and 3 showed how echolocation in virtual worlds 

could be used to gain spatial knowledge of virtual space. This finding may be crucial to 

ensure that people with visual impairment can navigate new types of virtual 

environments, such as those where the world layout is procedurally generated. In such 

environments, virtual space is created by an algorithm instead of being a fixed part of the 

game’s assets (Nenad, 2018).  

To summarise, the findings from this thesis highlight the desire of people with 

visual impairment to engage with digital games that are accessible but challenging. This 

work demonstrates the value of learning from people with disabilities. By doing so, this 

work seeks to ensure that the voices of people with visual impairment are given equal 

credibility and importance (McConkey, 2004). Additionally, the findings in this work 

provide evidence that a generic HRTF is sufficient to develop echolocation-enabled 

virtual environments. Moreover, findings from this work encourage researchers to 

observe the physical world for deciding on the best sounds for active echolocation. These 

findings also shed light on the importance of passive echolocation, a phenomenon that 

remains unexplored in humans so far. Finally, the findings from this thesis demonstrate 
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that people with visual impairment can use echolocation to string together a set features 

and build a mental map of virtual space. As modern games use new strategies to generate 

game layouts, echolocation may prove useful in making such modern games more 

accessible. 

 

9.4. Implications of this research  

Research does not happen in a vacuum. It builds upon and contributes to an existing body 

of knowledge in a specific field. This section discusses how this work contributes to the 

fields of human-computer interaction, game design, and orientation and mobility. For 

HCI, this thesis argues for the use of echolocation as a novel interaction metaphor to 

improve accessibility in virtual worlds and advances the idea that critical realism may 

provide a philosophical anchor to conduct research at the intersection of HCI and 

disability. For game design, this work recognises the limited existing accessibility options 

in mainstream games and game development tools and suggests that echolocation could 

become a new accessibility option that may be implemented in mainstream digital games. 

Finally, for orientation and mobility, this research highlights the importance of 

echolocation for developing orientation and mobility skills, while also signalling the 

usefulness of virtual environments to receive orientation and mobility training.  

 

9.4.1. Human-Computer Interaction 

Harrison et al. (2007) identify three paradigms in the field of HCI. The first paradigm was 

characterised by human factors and interaction was seen as a form of man-machine 

coupling. The second paradigm stemmed from cognitive science and strived to 
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comprehend what happened not only with computing systems, but also with the human 

mind. Finally, the third paradigm, which Harrison et al. (2007) call situated perspectives 

placed value in context, embodiment and an explicit focus on values in design. I see this 

thesis as being in-line with the situated perspectives paradigm. To give context to this 

work, study 1 explored the current habits, opinions and concerns of gamers with visual 

impairment. Salient points from this study included the tension between making digital 

experiences that are both accessible and enjoyable, and the importance of conveying 

spatial information to make digital experiences accessible. Embodiment is realised at an 

operational level via the utilisation of a virtual avatar and game controller in studies 2A, 

2B and 3 (Conway & Trevillian, 2015). An emphasis on values in design is realised 

through the importance this thesis places on the lived experience of people with visual 

impairment, as described throughout this work. 

Although Harrison et al. (2007) situated perspectives in HCI served to “overcome 

the limitations of prior paradigms to describe socio-technical problems … the response 

was mainly methodological” (Frauenberger, 2016, pp. 342-343). The methodological 

nature associated with this paradigm has raised concerns about the epistemological 

foundations of HCI (Harrison et al., 2011). This thesis provides evidence that a critical 

realist lens provides a strong philosophical foundation to HCI inquiry, particularly in the 

context of HCI and disability. As described in chapter three, the critical realist approach 

presented in this work recognises the interactional nature of disability, which is comprised 

of factors both intrinsic and extrinsic to individuals. For HCI research, especially the work 

within HCI that focuses on improving accessibility, this means that design should go 

beyond formulating lists of functional requirements in an attempt to “normalise” people 

with disabilities. Design should instead lead to empowerment and being immersed in 
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interaction (Frauenberger, 2015; Moser, 2005; Rogers & Marsden, 2013). A critical 

realist approach can provide a strong foundation for HCI research by encouraging 

researchers to situate themselves in the context of people with disability and learn from 

their lived experience. 

This thesis has demonstrated the value of echolocation as a novel metaphor to assist 

people with visual impairment in the acquisition of spatial information in virtual worlds. 

While this has implications for accessibility research within HCI, its implications are 

better understood in the context of game design and orientation and mobility. These 

implications are described below. 

 

9.4.2. Game design 

Rogerson (2018) describes how gaming is an assemblage between the gamer, the games 

and the gaming experience. Study 1, particularly as described in chapter four, explored 

the worldview of the gamer, the reasons why gamers engage with digital games, the social 

trajectories they build around games, and their concerns around new and emerging 

gaming technologies. Chapter five explored the games gamers with visual impairment 

engage with, and the features that, in the opinion of the gamers, makes these games 

accessible. Chapters six through eight focused on enriching the gaming experience 

through the implementation of echolocation to enable exploration. The analysis of this 

work regarding the gamers, the games and the gaming experiences demonstrate thorough 

consideration of how this work fits in the context of game design. Notably, eleven out of 

twelve participants who participated in study 2B, described in chapter seven, did not have 

any previous experience with digital games, but the implementation of echolocation they 

were presented with made them consider the potential of engaging with digital games as 
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a means of relaxation. This demonstrates that a thorough understanding of gamers, games 

and gaming experiences can produce results that entice non-gamers to engage with 

games. 

In the context of accessibility options in mainstream games, the game with the 

largest number of accessibility options at the time of writing this thesis is The Last of Us 

Part II (PlayStation 4 version) 2020). Features for people with visual impairment include 

audio cues for combat and navigation, navigation assistance, among many others. The 

inclusion of a large set of accessibility features indicates that the gaming industry is 

starting to realise the importance of such features to reach a wider audience. Moreover, 

providing navigation assistance signals the importance of navigation in order to engage 

with digital games.  

Echolocation has the potential to become a novel gaming metaphor to support 

people with visual impairment as they explore digital games. Ultimately, successful 

implementations of echolocation in digital games may lead to people with visual 

impairment engaging with these games with the same level of agency and efficiency as 

their sighted counterparts (Smith & Nayar, 2018) and without attracting undesired 

attention due to their disability (van de Ven et al., 2005). Echolocation may support 

people with visual impairment as they engage in gaming experiences that provide an 

experience that is equitable when compared to that available to sighted players (Smith & 

Nayar, 2018). 

If the implementation of echolocation presented in this thesis was broadly adopted 

in game design, it could provide a consistent metaphor for use in audiogames. Previous 

sections indicated that having inconsistent metaphors in audiogames is a known issue 

(White et al., 2008). Moreover, participants in study 1 explained how current audiogames 
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make use of echoes to provide sometimes opposing information. For example, 

participants said, some games may use echoes to indicate the presence of walls while 

others may use them to indicate the presence of precipices. Providing a unique affordance 

to the use of echoes in digital games—namely the ability to help detect materials, turns, 

openings and other spatial features—will reduce cognitive load on gamers, who will have 

a consistent metaphor across different games. 

Additional aspects that this thesis discusses are the accessibility of game 

development tools and the black-box nature of some of these tools. In chapter five our 

participants discussed their own role as game creators, lamented the fact that game 

development tools, such as Unity, are not accessible, and argued that if these tools were 

accessible, they would create their own games. Modding—modifying the code or assets 

of a game—is a manifestation of participatory culture that enables gamers to mould a 

game as they see fit (Sihvonen, 2011). Although such capabilities are not currently 

available to gamers with visual impairment, games that support a discourse of 

empowerment (Rogers & Marsden, 2013) may need to consider including such 

capabilities.  

 

9.4.3. Orientation and mobility 

The use of echolocation in the physical world has been associated with better orientation 

and mobility outcomes in both familiar and unfamiliar places (Thaler, 2013). This was 

investigated in Study 3, where conversations with expert echolocators revealed the role 

echolocation plays in assisting them in the creation of a mental map of their surroundings. 

Even participants in study 2B who do not use echolocation argued that an echolocation-

enabled virtual environment may support them in learning the layout of a physical 
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location, thus making them feel safer if they first explored a virtual location modelled 

after a physical site. Successfully developing orientation and mobility skills is a key 

enabler for people with visual impairment to live a more independent life (Kelley, 1996). 

Furthermore, research has found that successful formation of mental maps—and 

subsequent successful development of orientation and mobility skills—relies on the use 

of multimodal (auditory, olfactory, kinaesthetic) information (Ishmael, 2015). As such, 

echolocation as a means to support acquisition of spatial knowledge in virtual space may 

play an important role in improving orientation and mobility outcomes for people with 

visual impairment, as this knowledge could then be transferred to the physical world.  

Initial research by Lahav et al. (2012) suggested the use of virtual environments as 

training simulators for the development of orientation and mobility skills. Moreover, 

Connors et al. (2014) have found that blind people who explored a virtual environment 

that was modelled after a real-world location were more successful in exploring the 

matching physical location. Although the virtual environments implemented in studies 

2A, 2B and 3 in this thesis were not modelled after physical locations, participants saw 

the potential of echolocation-enabled virtual environments as a training tool to become 

familiar with unknown physical spaces (see RQ4: finding 5). Therefore, more research is 

needed to identify if echolocation-enabled virtual environments can be used to people 

with visual impairment to become familiar with physical locations. 

In the study presented by Connors et al. (2014), their virtual environment included 

auditory feedback to indicate the presence of openings and used a grid-like navigation 

system. On the other hand, studies 2A, 2B and 3 of this thesis implemented an avatar with 

free directional movement, as opposed to grid-like navigation, and coupled it with 

orientation cues. As participants in study 3 argued that grid-like navigation systems would 
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be detrimental to their ability to form a mental map of space, future research may compare 

the ability of people with visual impairment to build mental maps of virtual space using 

both a grid-like navigation system and free directional movement. This comparison 

would help determine best practices to using virtual worlds for orientation and mobility 

training. 

Finally, it is necessary acknowledge that it is important to develop the ability to 

learn about virtual space for its own sake, not just because this knowledge may be 

translated back into the physical world. This is especially true for VR experiences. On 

the one hand, participants from study 1 expressed fears they would be “left in the dust” 

by the development of VR/AR technologies. On the other hand, Mott et al. (2019) argue 

that VR/AR technologies are at a stage of “near maturity” and this provides a unique 

opportunity to ensure these technologies are accessible by design, instead of having 

accessibility features retro fed into them. Furthermore, Kreimeier et al. (2020) argue that 

VR “promises expanded access to spatial information” by reducing risk of injury to 

people with visual impairment. For people with visual impairment to successfully engage 

with these technologies, it is necessary that mechanisms to facilitate acquisition of spatial 

knowledge be developed and become a default feature. The implementation of 

echolocation presented in this thesis may become one such mechanism. 

 

9.5. Strengths and limitations 

The analysis of the strengths of this work is inspired by Tracy (2010) article on criteria 

for excellent qualitative research and the application of these criteria presented by 

Rogerson (2018, pp. 249-260). The limitations identified in this research are related to 

access to participants, limitations of existing technology, and time constraints.  
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9.5.1. Strengths 

The topic presented in this thesis is worthy of investigation. Methodologically, a critical 

realist lens highlights the importance of interventions that may improve the wellbeing of 

people with disabilities (Shakespeare, 2013), and games may be such interventions. 

Furthermore, research has described the tension between creating games that are 

accessible and enjoyable at the same time (Urbanek & Güldenpfennig, 2019). Previous 

research has identified that the ability to explore a virtual environment is key to engaging 

with it (Darken & Peterson, 2001). Therefore, investigating whether echolocation can 

support people with visual impairment to explore virtual worlds is important to ensure 

they can access these worlds. HCI is in a privileged position to explore these issues and 

provide creative solutions due to its pragmatism regarding leveraging knowledge from 

different fields and using a wide array of research methods (Dourish, 2014). 

Rich rigour is evident when considering the logical sequence behind each of the 

user studies conducted in this thesis. Study 1 demonstrates the need for accessible digital 

games and proposes echolocation as a metaphor to be implemented. Study 2A and Study 

2B show how to implement echolocation-enabled virtual environments that support the 

acquisition of spatial knowledge, and study 3 builds on the findings from study 2B to 

further explore how to improve the existing implementation of echolocation. Engaging 

only with people with visual impairment supports the rigour of this work: as described in 

chapter three, working closely with people with visual impairment is the best way to know 

what works for them. Finally, the choice of methods on each study support the rigour 

sought in this work. For example, with the use of mixed methods in studies 1, 2A and 2B 

and following an explanatory sequential design (Creswell & Plano Clark, 2011), where 
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qualitative data compliments and offers rich explanations to quantitative findings, the 

results of these studies provide are complemented. 

Sincerity, credibility and resonance refer to the authenticity of the intent of the 

researcher, the verisimilitude of the research findings and the potential for the research to 

resonate with others. As someone with a lived experience of visual impairment and 

several years’ experience teaching people with visual impairment how to use screen-

reading software, the intent of this research was always driven by a desire to implement 

something that would be of benefit to people with visual impairment. Furthermore, 

working with people with disabilities when designing something for them adds to the 

credibility of this work (Mankoff et al., 2010). As I explained in chapter three, the best 

way to find out what works for people with disabilities is to ask them directly. Finally, 

this research resonates with the target population. This is demonstrated by the fact that 

both expert and non-expert echolocators found that they could learn to use echolocation 

in virtual worlds, and by the fact that people with visual impairment who do not play 

digital games suggested that they would consider engaging with virtual worlds if these 

were accessible. 

 

9.5.2. Limitations  

The work conducted in this thesis was bound by constraints associated with any doctoral 

program. This section discusses the limitations around access to participants, time 

constraints and experimental design. 

 

Participant limitations 
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One of the biggest challenges during the development of this work was the recruitment 

of participants. Given my previous experience working with people with visual 

impairment, I underestimated how difficult it would be to engage with relevant 

organisations in a foreign country in order to gain access to participants. Furthermore, it 

was clear to me that I needed to work with people with visual impairments to ensure the 

credibility of the results obtained. I tried to engage with organisations that work with 

people with visual impairment, hoping to reach participants through these organisations, 

but found that the process was more complicated than I anticipated. As a consequence, 

study 2A was conducted with a small sample size and study 2B was conducted back in 

my hometown, where I had a well-established network of contacts of people with visual 

impairments. A consequence of this relatively small sample size is the potential inability 

to generalise the results obtained in this thesis. Larger sample sizes are needed to produce 

results that can be replicated with more robustness in research and practice. 

Other limitations surrounding access to participants were related to gender balance 

and age. Although 55% percent of the population of people with visual impairment 

identify as female (Gender and Blindness, n.d.) and roughly half of all gamers identify as 

female in countries like the USA and Australia (Brand et al., 2019; 2020), in the studies 

conducted for this thesis people who identify as female have been underrepresented. In 

study 1, conducted via online interviews, four out of seventeen participants identified as 

female. In study 2A, two out of five participants identified as female. In study 2B, two 

out of twelve participants identified as female, and in study 3, 1 out of 3 participants 

identified as female. This gender imbalance may be caused by the fact that participants 

were self-selected and therefore I could not actively control for gender biases.  
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Regarding participant age, according to the World Health Organisation, “the 

majority of people with vision impairment are over the age of 50 years” (Blindness and 

vision impairment, 2019). However, in this thesis I have purposefully avoided recruiting 

participants who have lost their sight due to aging. Although not recruiting people who 

have developed a visual impairment as a consequence of aging diminished the pool of 

available participants, doing this was a means to recognise the unique skills that people 

with visual impairment develop through their lived experience.  

The final limitations regarding participants in this research are related to 

participants’ experience playing digital games and my inability to engage with the same 

group of participants over time. Although study 1 was conducted with serious gamers 

with visual impairment, only one participant across studies 2A, 2B and 3 had experience 

with digital games. Participants with more experience playing digital games might have 

devised other applications for echolocation in virtual worlds. Similarly, considering that 

the need to provide adequate scaffolding in order to learn how to use echolocation in 

virtual worlds was established early in this research, the ability to engage with the same 

participants across different studies would have enabled me to establish whether there 

were learning effects. 

 

Experimental design limitations 

The main objective of this thesis was to understand how echolocation in virtual 

environments may support acquisition of spatial knowledge. Studies 2A and 2B presented 

experiments exploring different aspects of spatial information acquisition in virtual 

worlds. Despite the positive findings of these experiments, they are not without their 
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limitations. Particularly, study 2B would have benefitted from a stricter control group 

where participants would explore a virtual environment that was not echolocation-

enabled before exploring the echolocation-enabled environments. However, it is 

important to remember that echolocation is not used in isolation, but rather as an 

additional tool for people with visual impairment to explore their surroundings (Thaler et 

al., 2011). This was also reflected in participants’ comments during study 3. When 

designing the experiments presented in this thesis, it was necessary to balance how 

echolocation is really used with a limited access to participants.  

Another limitation regarding the experimental design is related to the technology 

employed to create the echolocation-enabled virtual environments used throughout this 

thesis. Specifically, the black-box nature of the tools used—particularly of the 

SteamAudio plug-in—meant that I did not have control over how sound reverberations, 

occlusion and material absorption were modelled.  Although I had to rely on the 

parameters provided by the developers of SteamAudio, focusing on developing my own 

sound engine would have reduced my ability to focus on the research question at hand. 

Furthermore, findings from the studies presented in this thesis demonstrate that 

SteamAudio can be successfully used to develop a functional implementation of 

echolocation. 

 

9.6. Conclusion  

This thesis investigates how echolocation can be implemented in virtual worlds to support 

acquisition of spatial knowledge by people with visual impairment. This research is 

informed by a pragmatist approach and a critical realist lens that recognises the 

importance of both external empirical evidence and the lived experience of people with 
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disabilities when designing technology interventions. Through this lens, a series of 

studies were devised.  

The first study (Chapters four and five) identified unique insights into the habits, 

opinions and concerns of gamers with visual impairment, and described the elements that, 

in the opinion of expert gamers with visual impairment, enabled access to digital games. 

This study found that people with visual impairment find games available to them to be 

simplistic, they feared that new and emerging technologies may prevent them from 

engaging with digital games further, and highlighted the importance of conveying spatial 

information to enable access to digital games.  

Building on these findings, this thesis proposed the use of echolocation to convey 

spatial information in virtual worlds. Study 2A (Chapter six) found that it is possible to 

implement echolocation in virtual worlds using off-the shelf components and that this 

implementation enables the detection of certain features such as virtual walls or drawers. 

However, this study also identified the need to provide proper scaffolding and easy-to-

understand controls to make echolocation usable in virtual worlds. 

Once it was established that echolocation could be implemented with off-the-shelf 

components, study 2B (Chapter seven) provided insights into how echolocation can be 

used to acquire spatial knowledge of virtual space. Study 2B revealed that people with 

visual impairment can identify different virtual materials, rooms of different size, and 

presence of 90-degree turns approximately 70% of the time; and that these features can 

be integrated to create a mental map of virtual space. However, study 2B also identified 

that people with visual impairment had difficulty identifying the presence of openings 

and obstacles. Additionally, this study revealed how echolocation can help people with 

visual impairment to create a sense of presence in virtual worlds. Finally, study 2B 
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showed that people with visual impairment without previous experience with digital 

games saw the potential of using virtual worlds for entertainment purposes or to improve 

their orientation and mobility skills. 

Finally, study 3 (Chapter eight) further explored how to improve the existing 

implementation of echolocation through a participatory design exercise. By working 

together with a group of expert echolocators, this study presented a series of design 

guidelines to further improve echolocation in virtual worlds. These guidelines 

emphasized the importance of passive echolocation, auditory landmarks, and pre-

recorded echolocating clicking sounds. Moreover, trialling some of these guidelines 

revealed improved ability to detect door-like openings and obstacles. 

The findings of this thesis encourage HCI researchers and game designers to 

consider new interaction metaphors, such as echolocation, as a means to improve 

accessibility in digital games, and suggest the possibility of using echolocation in virtual 

worlds as a tool to improve orientation and mobility training of people with visual 

impairment. Although the studies presented in this thesis have their limitations, the 

findings represent a step towards the development of more accessible virtual worlds.
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