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Resumo

A realidade virtual (RV) cada vez oferece varias aplicacdes, no entanto, as pessoas
com deficiéncias visuais enfrentam dificuldades de acesso. Existem ambientes de RV
para pessoas com defici€ncias visuais, mas estes sdo limitados em funcionalidade e re-
alismo. Este artigo propde um espago de design para adicionar representagdes sonoras,
ndo visuais em ambientes de RV, permitindo que as pessoas com deficiéncias visuais
interajam e compreendam melhor o ambiente virtual. Foi conduzido um estudo com
pessoas cegas, onde experimentaram cendarios de boxe virtual com diferentes tipos de fe-
edback sonoro. Os resultados mostraram que o espaco de design permitiu a exploracao
de solucdes que permitiram tornar a experi€éncia de RV mais acessivel para pessoas cegas.
As contribuicdes deste trabalho sdao: o espago de design proposto e a avaliacdo da sua
utilidade na experiéncia do utilizador. A nossa abordagem baseia-se na formula¢do de um
enquadramento tedrico que permite aos designers de realidade virtual criar um espaco de
design para a representacdo audio de objetos e das suas possiveis interagdes. Pretende-
mos resolver a atual falta de padronizagdo na defini¢cao do feedback ndo visual, para ex-
periéncias de realidade virtual, que resulta em aplicagdes de realidade virtual inacessiveis
(a maioria) ou na simplificacdo excessiva da experiéncia para pessoas cegas. Apresenta-
mos um espaco de design para a representacao dudio de objetos e do seu comportamento
em realidade virtual como forma de apoiar o design de experiéncias de realidade virtual,
acessiveis a pessoas cegas.

Para criar este espaco de design, seguimos um processo iterativo de defini¢do de uma
taxonomia clara das dimensodes possiveis envolvidas neste dominio, beneficiando do co-
nhecimento e experimentacdo. O objetivo € orientar o desenvolvimento e a investigacao
de futuras solucdes. Esforcos prévios de acessibilidade propuseram diferentes formas de
representar a localizacdo e o comportamento de objetos em ambientes virtuais, mas essa
informacao esté dispersa em diversos artigos cientificos, aplicacdes e jogos. Para construir
este espaco de design, a equipa de investigacdo baseou-se em trabalhos anteriores e re-
correu a sua experiéncia em HCI (Human-Computer Interaction), computacdo acessivel,
interacao nao visual, interfaces baseadas em audio, ambientes virtuais e jogos. Durante
dois meses, a equipa reuniu-se quinzenalmente para discutir e aperfeicoar iterativamente o
espaco de design. Além disso, a equipa reviu e editou o espaco de design ao implementar
as aplicacdes de realidade virtual e preparar os estudos com utilizadores. Apresentamos



a seguir o espaco de design resultante, enfatizando que estes ndo sdo finais, devendo ser
iterados com novas exploracdes e a medida que novas abordagens e tecnologias, sejam
desenvolvidas.

Propomos uma taxonomia de propriedades que pode ser utilizada como padrdo por
investigadores e designers que pretendam explorar e compreender quais as escolhas de
design dudio que podem criar uma experiéncia de realidade virtual acessivel e qual € o
impacto na experiéncia percecionada de cada escolha. Sdo apresentados dois exemplos
simulados de aplicagcdo deste espagco de design num jogo existente. A nossa taxonomia
inclui duas metacategorias (Consciéncia e Campo de Audio) que definem se o feedback
existe e em que condicdes. As sete categorias restantes definem como o dudio pode ser
transmitido. Todas as representacdes t€m um valor em cada categoria.

Neste estudo, foi realizado uma experiéncia com utilizadores cegos para explorar o
potencial do espaco de design na criacdo de experiéncias acessiveis de realidade virtual
(VR). O estudo focou-se em dois cendrios: localizacdo (S),.) € movimento (S,,.,) de
objetos. Os participantes utilizaram uma aplicacdo de boxe em VR e experimentaram
diferentes configuracoes de feedback sonoro para indicar a localizagdo e o movimento do
oponente virtual. Os protétipos foram desenvolvidos usando Unity3D e Oculus Quest 2,
permitindo a personalizac¢do das categorias do espaco de design. Os participantes pude-
ram testar as configuracdes e selecionar as suas preferéncias. Posteriormente, realizaram
tarefas controladas para avaliar a capacidade do feedback sonoro em transmitir o signifi-
cado pretendido. Apds o estudo, os participantes foram entrevistados para partilharem as
suas experiéncias e sugestoes de melhorias. A andlise dos dados foi efetuada através de
uma analise temdtica com codificacdo dedutiva. Os resultados realcaram a importancia
do espaco de design na criagdo de experiéncias de VR acessiveis para pessoas com de-
ficiéncia visual. O estudo contou com a participagdao de oito participantes legalmente
cegos em cada cendrio, sem experiéncia prévia em VR ou boxe.

Foram analisadas as preferéncias dos participantes e o processo de personaliza¢do ao
explorar o espago de design num ambiente de realidade virtual. Os participantes conse-
guiram atingir com sucesso 0s alvos estdticos e proteger-se dos objetos em movimento,
independentemente das configuragdes preferidas de feedback de dudio. No entanto, a fa-
cilidade e a experiéncia dos participantes variaram. A Fala foi altamente preferida em
relacdo a Sonificacdo, principalmente devido a certeza na localizacdo dos objetos. No
cendario Sj,., o dudio 3D foi preferido, enquanto no cendrio S,,,.,,, 0 dudio monofénico foi
preferido. A entrega sequencial de informagdes foi preferida em vez de simultinea. Os
participantes tiveram opinides divididas em relacdo ao “trigger” de dudio, com alguns a
preferir controlo e outros proximidade. A concorréncia do feedback de dudio foi preferida
apenas com uma fonte de cada vez. O feedback continuo foi considerado opressivo e ndo
intuitivo em certos contextos. Embora a eficiéncia e a precisao do desempenho dos parti-
cipantes nao tenham sido um foco especifico, todos conseguiram concluir as tarefas com
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sucesso, mas a experiéncia variou. Alguns participantes sentiram-se mais imersos e en-
volvidos com o feedback de dudio, enquanto outros acharam desafiador dividir a ateng¢do
entre o feedback de dudio e as agdes necessarias para receber esse feedback (carregar no
botao).

Ambientes imersivos de realidade virtual t€m o potencial de criar experiéncias acessiveis,
oferecendo oportunidades tinicas para pessoas cegas participarem em atividades virtuais.
Ao utilizar dispositivos de visualiza¢do de realidade virtual e rastreamento de maos, os
utilizadores podem controlar avatares e interagir com o ambiente virtual de forma mais
intuitiva. Embora configurar esses dispositivos possa ser um desafio para pessoas cegas,
os beneficios superam as dificuldades, permitindo que elas tenham uma perspectiva em
primeira pessoa e controlem as suas acdes com movimentos corporais.

O espago de design € uma abordagem utilizada para criar experiéncias acessiveis em
realidade virtual. Ele fornece um quadro que permite aos designers explorar diferen-
tes configuracdes e adaptar a experiéncia de acordo com as preferéncias e necessida-
des dos utilizadores. No estudo apresentado, o espaco de design foi utilizado para criar
configuracdes de feedback de dudio em dois cendrios de boxe virtual. As preferéncias dos
participantes variaram, mas foram identificadas tendéncias gerais que podem informar o
design futuro de experiéncias de boxe em realidade virtual.

E importante ressaltar que ndo existe uma solucdo tnica para todos. As preferéncias
dos utilizadores podem variar dependendo de suas percepcoes e objetivos individuais.
Por isso, é essencial permitir que os utilizadores experimentem e selecionem diferen-
tes configuracdes para encontrar a combinacdo que melhor atenda as suas necessidades.
Além disso, as preferéncias podem mudar ao longo do tempo a medida que os utilizadores
se familiarizam com a experiéncia.

O estudo também destaca a importancia de escolhas de design, como gatilhos, tipo de
som, sinal de tempo e espacializacio, que afetam a experiéncia geral. A personalizacdo
¢ valorizada, mas € necessario considerar o impacto dessas escolhas na experiéncia do
utilizador. O espaco de design oferece uma estrutura para explorar diferentes op¢des de
design e entender suas consequéncias.

No final, cabe aos investigadores, designers e programadores avaliar os efeitos dessas
escolhas em situagdes de aplicacdo especificas para criar experi€ncias de realidade virtual
acessiveis e envolventes.

Palavras-chave: Realidade Virtual, Inclusao, Cegos, Audio, Espaco de Design
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Abstract

As virtual reality (VR) is typically designed in terms of visual experience, it poses
major challenges for blind people to understand and interact with the environment. To
address this, we propose a design space to explore how to augment objects and their be-
haviours in VR with a nonvisual audio representation. It intends to support designers
in creating accessible experiences by explicitly considering alternative representations to
visual feedback. To demonstrate its potential, we recruited 16 blind users (8 for each
scenario) and explored the design space under two scenarios in the context of boxing: un-
derstanding the location of objects (the opponent’s defensive stance) and their movement
(opponent’s punches). We found that the design space enables the exploration of multi-
ple engaging approaches for the auditory representation of virtual objects. Our findings
depicted shared preferences but no one-size-fits-all solution, suggesting the need to un-
derstand the consequences of each design choice and their impact on the individual user
experience.

Keywords: Virtual Reality, Accessibility, Blind, Audio, Design Space
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Chapter 1

Introduction

Virtual reality (VR) is slowly becoming available to the masses at affordable prices,
paving the way for a large number of applications in a variety of contexts, such as gaming
and entertainment, education, and employee training. Despite the hype about immer-
sive experiences that VR can offer, there are numerous accounts of their inaccessibility
(69,78, 186,192]]. VR applications rely heavily on visual feedback as an essential modality
with limited or no tactile cues, neglecting people with visual impairments who are either

being delivered with poor VR experiences or are excluded.

VR environments for people with visual impairments do exist. However, they have
focused mostly on systems specifically designed for this population as a means to acquire
either orientation and mobility skills [27]] or knowledge about real-world locations [38]].
These solutions often try to mimic real behaviours — e.g., using a white cane [58, 90]
— with the main goal of transferring knowledge to the real world. As a consequence,
mainstream VR which often has artificial environments that do not exist in the real world
remains inaccessible. Others often over-simplify the experience (both feedback and in-
teraction mechanisms) for the sake of access but at the expense of functionality and en-
gagement [, 35, 91]. For instance, many audio games restrict navigation to a grid [[71],
which significantly eases the ability to move in the environment but limits its exploration
to a fixed set of positions instead of allowing users to freely explore the environment with
their choice of walking direction and the speed. This paradigm blocks access to the more
complex virtual environments and behaviours seen in mainstream VR experiences, which
remain inaccessible. This is, in part, due to a lack of awareness and standardization when
designing nonvisual feedback for accessible VR applications.

We propose a design space for augmenting objects with a nonvisual audio represen-
tation of location and behaviours in an immersive VR environment. The design space
proposed is meant to guide the design of alternative audio feedback for objects’ location,
behaviours and interactions within a VR environment. We propose nine categories that
can be leveraged by researchers and practitioners working on creating accessible VR con-
tent. This design space includes dimensions related to how audio feedback is provided,
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what information is delivered, and how it can be triggered. To cite a few examples, one
may convey information about objects using spatialized audio to hint at their current lo-
cation with respect to the location of the user (e.g., left or right, near or far) or monaural
sound if the location is not relevant (e.g., a warning sound or background music); audio
feedback about multiple sound sources may be played to the user sequentially or concur-
rently; and the feedback may be given using speech or sonification.

To explore and validate the ability of our design space to support nonvisual represen-
tations of objects and their behaviours, we conducted a user study where 16 blind people
experienced one of two virtual boxing scenarios: one focused on conveying the location
of objects (5),.), where participants were asked to understand the opponent’s defensive
stance (the location of their two hands); the other focused on conveying movement be-
haviour (5,,,,), Where they were asked to understand the attacking punches of their op-
ponent (moving towards the user). In Sj,., we developed a VR environment that made it
possible for the user study to be held. This environment consisted in an opponent/trainer
with a head, torso and arms, with the latter being able to be moved around.

Findings show that the design space enabled the exploration of multiple solutions to
support VR boxing for blind people. The user study depicted both shared and contrasting
preferences for the different categories of the design space and allowed us to identify
how each category affected participants’ preferred design choices and their experience.
Overall, and independently of their preferred configurations, participants were able to
complete their tasks successfully in both scenarios.

Participants were able to complete given tasks (i.e., attacking the specific location of
the opponent who are standing still in Sj,. and guarding themselves from the opponent’s
punches coming from different locations in .S,,,,) at high success rate despite the vari-
ation in preferred feedback configuration across participants and scenarios. In addition,
we identified how each of the different design categories affects participants’ preferred
design choices and their experience. Our contributions are: (1) a design space for the
auditory representation of the location and behaviour of objects in virtual reality for blind
people, and (2) the qualitative assessment of the potential of the proposed design space
for understanding how each choice in design space categories affects the user experience.

1.1 Publications

Os resultados e contribui¢des apresentados nesta dissertacao resultaram num artigo cientifico
que foi aceite numa conferéncia international:

* Jodo Guerreiro, Yujin Kim, Rodrigo Nogueira, SeungA Chung, André Rodrigues,
and Uran Oh. 2023. The Design Space of the Auditory Representation of Objects
and Their Behaviours in Virtual Reality for Blind People. IEEE Transactions on
Visualization and Computer Graphics 29, 5 (May 2023), 2763-2773.



Chapter 1. Introduction 3

https://doi.org/10.1109/TVCG.2023.3247094

1.2 Document Structure

This document is organized as follows:

* Chapter 2 — We analyzed the state of the art in order to understand and share how
the work with blind people and technology is being conducted and also to have an
idea of how design spaces have been used in previous research.

» Chapter 3 — We explain how we conveyed the design space we used in order to

develop and complete the study

» Chapter 4 — The system design is presented in this chapter with information about
how we developed the application used for the study

* Chapter 5 — This chapter shows how we conducted the user study and findings that
resulted from it

* Chapter 7 — Conclusions and future work
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Chapter 2

Related Work

We discuss related work along three topics: first, we describe how audio feedback has
been leveraged in prior research to convey or augment information (e.g. sonification to
facilitate exploring a map). Second, we discuss how blind people are interacting in virtual
environments. Lastly, we highlight how design spaces have been used in previous research
to promote an understanding and further explorations of certain domains.

2.1 Auditory Feedback in 2D and 3D spaces

Audio feedback has been recurrently investigated in the context of wayfinding and navigation[93,
104,441 41, 111, 189, 88]]. For example, Heuten et al. [41]] presented a technique to sonify

a real world map that enabled blind users to build a mental map prior to their journey.

The approach attempted to allow users to easily perceive relationships between objects

and detect important landmarks for navigation. On touchscreens, audio feedback was in-
vestigated to improve gesture recognition [28, [74} [75,159]. For instance, Gao et al. [28]]
designed three different types of audio feedback to support trajectory-based finger ges-

tures. The gesture was accompanied by a discrete beep, static or gradual feedback. Their
results suggest that gradual continuous feedback increases accuracy.

Other works have focused their efforts on exploring audio feedback for target acqui-
sition and detailing target information in extended reality for 3D spaces such as VR and
Augmented Reality (AR) [84} [19, 18, [29, 185, 24, 42]]. For example, Ren et al. [84] ex-
plored audio and haptic feedback design for Mixed Reality (MR) tourism applications.
They investigated the effects of spatial audio with various design factors such as vol-
ume and rhythm of audio and found that fast rhythm and adequate volume improved the
user performance on target acquisition in MR applications using a head-mounted display
(HMD). Similarly, Chung et al. [18] investigated audio and haptic feedback with spatial
audio for a target acquisition task in a 3D virtual space. They found that spatial sound
helps the user to understand the horizontal direction of the target, and discrete-based au-
dio and haptic combo reduced the task completion time. The use of spatial audio is now

5
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widely used and tries to convey information about the location of objects, often replicating
sounds from the real-word [[80} [90], but also trying to reproduce echolocation [6]]. While
there are many examples of using audio to augment interactions or to add new informa-
tion about the objects that populate virtual environments, there has been little focus on
standardizing the process of designing audio feedback. Thus, we propose a design space
for the audio representation of objects and behaviours to support systematic procedures
for making design decisions.

2.2 Sensory Substitution

Sensory substitution is a technique employed to assist individuals who are unable to utilize
a particular sensory modality. This involves leveraging an alternative sensory channel to
convey information that would otherwise remain inaccessible due to the limitations of
their primary sensory function. Blind people make use of this technique since they cannot
get information with vision, and a lot of the help they get to live their everyday lives comes
from stimuli in other sensor modalities, like sound. Learning how to use this technique is
a must to give the user the right information at the right time and get good results.

Arni Kristjansson, ef al. explained in their article [56] what were the main concerns
that developers should have while designing sensory-substitution devices, making it very
much applicable to this project. They mention various techniques and concerns that we
should have, to make this type of adjustments, with some being more important than oth-
ers. An example is how the use of such technology should not require extensive training,
but it is also said that this requirement must not be a barrier to developing such devices
and technologies. This is because the development of something that requires training
but has shown to be of good use should still be used, as many have already done. They
mention that a broad spectrum must be taken into account like comfort and ease of use,
externalization, the relation between sensory substitution and perceptual illusion, etc. But
the one that is really highlighted is the potential sensory overload. This happens when
too much information is given to the human brain at the same time, so it cannot process
everything and might cause some confusion. As an example, the use of too much en-
vironmental risk information being given to the user will most likely work against the
person, making it more liable to give critical information only. Among these, there are
other highlighted points regarding the design of sensory substitution, and another one that
seems very relevant and probably very overlooked is that the use of sensory substitution
must not interfere with other perceptual functions, as it may deteriorate performance, just
like sensory overload.

The fact that blind people can’t have the same sense of immersion as sighted people
in video games, with gesture-based interaction, is the focus of Tony Morelli and Eelke
Formel’s article [67], now in the area of sensory substitution. They make it so that when-
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ever a visual cue comes to the screen there’s a trigger for a vibrotactile cue on a controller.
A big thing that is also mentioned, is that to make sensory substitution in games for blind
people, we need access to the source code, which is not usually possible. A good sub-
stitute in the ”dance dance revolution” type of games is the audio cues informing what
to do next, but the audio might interfere with these instructions, making it not viable, so
vibrotactile is the best option. The video analysis, for a track and field game, consists in
checking if the hurdle that needs to be jumped over is appearing on screen and if it is either
yellow or green (green meaning it’s time to jump). This is the idea for every other game
that was tested here. Two user studies were conducted, one with 28 sighted players and
one with seven visually impaired players. There was no significant difference in playing
the standard version and the RTSS (Real Time Sensory Substitution) version for sighted
players (with RTSS having a higher success rate). There was also no big difference when
comparing those results with the results obtained from visually impaired players.

In another article [82]] about sensory substitution, Presti, et al. talk about the de-
velopment of WatchOut, which is a sonification technique to give information about the
environment in front of them in real-time, making use of sensory substitution. Initially,
they tested their approach, very roughly to assess if using mobile-driven obstacle detec-
tion was a viable option, concluding that it was. After this first test, they had some online
user studies, which they considered to be a limitation, since they had no control over the
participants’ pool, making it impossible to control the demographic consistency of the
participants. These studies helped in the development of sonification mapping, through
four design iterations. With these iterations, they understood that using more than three
dimensions to apply sonification in such a short time for training, was not ideal, since their
accuracy dropped down from a near-perfect 0.96 to 0.71 when adding the fourth dimen-
sion. The obstacle properties chosen to be presented to the user with WatchOut were the
frontal distance to the user, the horizontal position with respect to the user, and obstacle
size. The latter one was ultimately dropped in this approach since it needed width and
height dimensions and those types of properties were the ones that made it difficult to un-
derstand, therefore lowering the accuracy of the sonification. With all being considered,
this technique looks promising as the authors seemed eager to continue exploring it in the
future.

A different use for sensory substitution was proposed [48] by using sonification in
moving objects so that visually impaired people could understand the characteristics of
the objects captured in an event-based camera. They do this with the use of MIDI (Musical
Instrumental Digital Interface), to manipulate the most comprehensive music parameters.
They can make every object unique for each person since the mapping is made one-to-
one, meaning one object only has one sound and vice-versa. For users to understand
how to recognize each sound, they go through training, in which everything is explained
through a five minute video, describing the sound, the object, and finally playing it as if
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it was a real-time capture. After going through their results, they concluded that visually
impaired people were more capable of recognizing the appearance and motion of the
objects captured than sighted people. They also mention that when there were multiple
objects present in the scene, it was more difficult to be accurate in the recognition of those
objects, since the audio information was proportional to the number of objects, but people
have a limited amount of information that they can perceive accurately.

In another article, Chernyshov, et al. [17] talk about the development of a “superhu-
man” sport, that resembles volleyball/tennis, since the premise of the sport is to throw a
projectile into the other teams half and try to score a goal. The big difference in this sport
is that the player cannot see the projectile at all and in order to know where it is, their eyes
must be closed. While the eyes are closed they are using “energy” and have to direct their
hand to where they think the projectile is, if they are correct there will be haptic feedback
so they know it’s in that direction. They used glasses with eye closure sensor and two
different gloves, one for sensing and another for interaction (Sensing and Action gloves).
The sensing glove had two thermoelectric modules, one to feel heat and the other to feel
cold. This is because each team can only interact with the projectile if it is in the right
thermal feedback for their team (i.e. Team A - heat, Team B - cold). This glove also had
LRAs (Linear Resonant Actuators) to know where the ball is by vibrating and a way to
keep the player aware of the game stats. The action glove only had the LRAs for aiming
and as a way to keep the player aware of the stats. The sport was still in test phases in
2018.

In the topic of superhuman sports, we found a Japanese association named Superhu-
man Sports Society [[1]. They see sports in a different way from what the usual human
sees. Their whole purpose is to make it possible for everyone to enjoy sports together,
regardless of age, disability, or skill. It all comes down to the way they perceive sports
in the future since their idea is that we will be competing in a lot of new ways, with a
lot of new technology. with the mix of robotics and our human capabilities, it is pos-
sible to have an augmented human that has superhuman abilities, making sports a little
bit more entertaining for the watcher and mitigating the difference in skill between each
competitor. Such abilities might include superhuman strength, flying, or teleportation for
example. All this is possible with the help of virtual environments and robotics, making
use of sensory substitution or even augmentation. For us, the most important part about
this association/society is that they intend to make it possible for people with disabilities
to play sports against someone who is perfectly healthy.

2.3 Virtual Environments for Blind People

The accessibility of virtual environments is frequently ignored. This is especially relevant
for people with visual impairments, as interaction usually depends on visual stimuli and
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lacks tactile cues. Research on virtual environments for visually impaired people has
focused mostly on systems specifically designed for them, rather than on providing access
to mainstream ones. Common approaches rely on audio and/or haptic feedback to convey
information about the environment [26,1101,152]] and focus mainly on creating experiences
to support mobility training and/or creating mental maps of real-world locations [23] 26,
38,162l

Recent technological advances and the easier access to immersive VR have led to new
approaches that try to improve blind people’s experience through different modalities,
such as more realistic audio, haptics, or locomotion. For instance, earlier approaches often
used keyboards, joysticks, the smartphone, or other haptic devices to support exploring
a virtual environment [S7, 21} 187, 22]], but more recent approaches have tried to increase
immersion by supporting either walking in place (with or without a treadmill) [55]] or
actually walking in the real-world [45] 93] — sometimes by instrumenting a white cane for
improved haptic feedback [90, [103]].

The use of audio has supported multiple approaches and applications in varied con-
texts, such as digital games[33, [79]. For instance, NavStick [71] enables blind gamers
to probe their surroundings by scanning a specific direction at a time with the controller
joystick — in the context of a 3D adventure game — while The RAD [91]] used sonification
in racing games for an equitable experience for blind and sighted players. Other works
have investigated accessible social experiences [47, 134]. For instance, VR Bubble [47]]
supports accessible social VR experiences by exploring peripheral awareness dividing the
social space into intimate, conversation, and social bubbles, and conveying different au-
dio feedback accordingly. Other contexts include sports and exergames where prior works
have targeted, for instance, yoga [83]] and tennis [66l]. More recent approaches, have tried
to support training or playing sports that blind people practice in the real-world — e.g.,
Goalball [97] and Showdown [98]] — by providing an accessible VR alternative.

In order to make VR applications accessible — all, not only those specifically designed
for blind people — designers have to explicitly consider how to convey alternative repre-
sentations to visual feedback. While the use of audio has been fundamental to provid-
ing an accessible experience in prior work, the literature shows a panoply of approaches
to convey information through this modality. Our work aims at providing a theoretical
framework for designers to create accessible VR experiences.

Kreimeier et al., [S3] analyzed current trends in VR for blind people, focusing mostly
on haptic and audio feedback, as well as the notion of perspective. They found that
most VR applications for blind people use audio feedback, but not all use haptics. The
use of force feedback and vibrotactile signals makes for a great way to interact with the
environment, an example given by the authors is the use of this combination of haptics to
convey different virtual textures when using a virtual white cane. The last point we took
from this article as a primary topic for our project, is the perspective. The explanation
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in this article of egocentric and exocentric interactions with the environment makes for
a good understanding of the difference between both. In the first one, we can say the
user perceives the virtual environment as if they were inside it, needing to understand the
environment with both audio and haptic feedback with some locomotion required. With
exocentric interaction, the user can just move in the virtual environment without the need
for locomotion but can still use the feedback mentioned before.

As locomotion is a big part of Virtual Reality, the meaning of the article written by
Kreimeier, et al. [34], is to try and understand what is the best option for locomotion in
VR for Blind People. Four ways of locomotion were tested (Cyberith Virtualizer, Virtuix
Omni, HTC Vive VR tacker based and Windows Mixed Reality Joystick). To try and get
to a conclusion they ran tests with seven people who were blind/legally blind, in which
the user would control an object in unity with their movement and had to try and get
to the other object that was emitting sound. They concluded that the joystick was for
sure the best option for locomotion between these participants since it felt safer and more
practical/simple to use (Figure[2.1)). They also mention that this does not change the fact
that treadmills and step detection can be good in the future.
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Figure 2.1: Box plots for questionnaire results regarding the four different implementa-
tions of locomotion. Red: Safety; Yellow: Speed; Green: Precision; Light Blue: Intu-
itiveness; Dark Blue: Mental; Pink: Physical [54]

Gluck, et al. wrote an article [31] about the development of a virtual reality video
game, that allows blind people to drive a car on a race track. In this game players face
against four AI’s trying to be the first to finish a race, by completing three laps around a
three and a half-mile long track (around 5.63km). For the development of the game, there
was a need to deliver information that was critical to the user at the correct time, and the
conclusion that they came to, was that haptic feedback was the best way to deliver that
information and get a faster reaction. With this in mind, to steer, they tried to mimic the
way people do it in the real world the best as possible, so the player needed to raise the
right controller higher than the left one to turn to the left and the other way around to
turn to the right. The bigger the difference in height from both controllers, the sharper
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the turn. The haptic feedback enters in steering, making the controller vibrate more when
the player needs to make a big adjustment (sharp turn) or less when the player needs
a small adjustment (slight turn), so every time the player has the right placement for
each controller, there will be no vibration. The HMD is also used in this game to give
information to the player. The player can look up, as if they were looking at the rearview
mirror, to get information about the cars behind them, or look out the windows to check
for cars, which will give information too. This information that comes from head gestures
is given with speech since they are not needed to be fast or are not meant for a fast
reaction. The audio was not used in functionality in this game since it would make for
slow reactions in the players part, so they used it for ambient only and speech. The gas
and the brakes are in the controller triggers as standard.

A VR Showdown exergame was developed by Aan Hojun, ef al. alongside an arti-
cle [2] describing everything that was done and the results they got. In this exergame in
Virtual Reality, they were able to make it possible for visually impaired people to play
against sighted players and even get better results in games for those people with disabil-
ities. Showdown is a paralympic sport that consists of two players that are trying to bat a
ball into the opponents’ goal on the other end of a table with walls that make it possible for
the ball to ricochet. The player who reaches eleven goals first wins. To make this easier
for visually impaired people to play, they decided to use HRTF (Head Related Transform
Function), since they found it would be the best for audio, in a game that relies mostly
on that type of feedback. They tested this game in three User studies conducted with
two groups of people (sighted and visually impaired), in which the first one consisted in
understanding how accurately the players recognized the position of the ball in the virtual
table. They found that the accuracy was pretty much the same for both groups. In the
second study, they tried to understand how well the two groups would perform against the
Al implemented in the game. The results for this one show that 10/13 people with impair-
ments and 9/13 people sighted, won their games. Finally, the last study was to understand
which group would perform better against each other, concluding that visually impaired
people got much better results, winning 67.6% of the games against sighted people. They
also found, by monitoring heart rates, that playing Showdown VR, visually impaired peo-
ple can experience the exercise effects of playing table tennis, making it a viable exercise
tool.

2.4 Design Spaces as a Theoretical Framework

Design space is a theoretical framework that describes the different possibilities for de-
signing a type of artifact [61]. It promotes reflecting on the attributes and choices made
when designing new artifacts and is based on the domain of interest, its technological
possibilities, and existing artifacts used for related purposes. It consists of a number of
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dimensions deemed central to the domain, each with a set of proposed values that may
be expanded after new design explorations. These dynamics make it possible to itera-
tively grow and adapt both to new technological innovations and to new research findings
(e.g., related to human perception of auditory feedback). Design spaces are often used
in Human-Computer Interaction as a framework to understand a domain and to explore
innovative solutions in that domain (e.g., [[14, 168, [70, [72, 105} 60]).

Researchers have been investigating sound design and VR together and separately.
Some works have explored the design space of a specific type of feedback, such as con-
veying heart rate in VR [15], while others have tried to classify the different types of
applications of a specific domain, such as AR/VR applications for assistive environments
in manufacturing [[12]]. Garner [30] — with the goal of building a framework of VR sound
— specifies multiple perspectives on how to approach sound. For instance, one may ap-
proach sound as an object (a spatial entity) that can be located through its sound [76];
or as an event, meaning the sound is related to a specific action about the object [[73],
among other perspectives. Jain et al., [46]] created a taxonomy in the context of VR sound
accessibility for deaf and hard of hearing (DHH) people. Still, their goal contrasts with
ours as they tried to categorize the existing sound in VR, while we aim to find alternative
representations to visual feedback.

In the context of accessible computing for people with visual impairments, design
spaces have been proposed as a way to promote research and innovation in domains such
as nonvisual word completion interfaces [72], rich representations of visual content for
screen reader users [68]], and accessible visualizations [50, [106]]. For creating the tax-
onomies, prior research has relied either on a systematic review of the domain [S0], or
on the authors’ expertise on and analysis of the domains of interest [68,, [72]. The design
space created by Morris et al., [68] enabled the authors to create multiple prototypes that
they could then evaluate with visually impaired users. Nicolau et al., [72] engaged blind
participants in exploring the different categories of the design space and creating their
own preferred solution. In both cases, instantiating the design space provided valuable
insights into promising solutions for their own domains.
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Chapter 3

Design Space

3.1 Approach

Our approach lies in the formulation of a theoretical framework that allows VR design-
ers to instantiate a design space for the audio representation of objects and their possible
interactions. We tackle the current lack of standardization when defining nonvisual feed-
back for VR experiences, which results in either inaccessible VR applications (the large
majority) or over-simplification of the experience for blind people. In the following, we
present a design space of the audio representation of objects and their behavior in VR —
summarized in Table 3.1 — as a means to support the design of VR experiences that are

accessible to blind people.

Category Description Values

Awareness Defines if objects have an audio representation. None — Conditional — Full

Audio Field Defines users’ audio spatial awareness Self — Perimeter — Field of View

Trigger Defines how audio feedback is activated On: Existence — Proximity — Movement — Collisions — Request
Representation Indicates whether the audio feedback can change Static — Dynamic

Sound Type Type of audio feedback Speech — Sonification

Time Signal Describes the type of audio signal used Discrete — Periodic — Continuous

Cardinality Number of objects considered as a audio source l1—2—..—N

Concurrency Indicates sound sources play sequential or concurrent Sequential — Concurrent

Spatialization  Defines the form of audio Spatialization Monaural — Dichotic — 3D

Table 3.1: The design space for auditory representation of VR objects defined in our
study.

3.2 Process

Defining a design space with a clear taxonomy of possible dimensions involved in this
domain is an iterative process, which benefits from knowledge and experimentation. The
purpose is to guide the development and research of future solutions. Prior accessibility
efforts have proposed different ways to represent the location and behaviour of objects
in virtual environments, but that information is scattered in different scientific articles,
applications, and games. For this project we collaborated with a group of researchers

15
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THE LAB

..... & 4

#1 - White Board
Awareness — Full Cardinality — 1 #2 - Markers
Audio Field - Field of View Concurrency — Sequential
Trigger — Proximity Spatialization — 3D Awareness — Conditional Cardinality —4
Representation — Static OP Audio Field — Perimeter ~ Concurrency — Sequential
Sound Type — Speech e Trigger — Proximity Spatialization — 3D
Time Signal — Discrete PA Representation — Dynamic
- Sound Type — Sonification
#+ SoLA Time Signal — Discrete

#2 HuMAN

Figure 3.1: Two mock-up examples of the design space applied to two interactive objects
within the scene of the game named “The Lab by Valve”. #1 - White Board is noticeable
by the player when on its field of view. The board is announced through speech with the
sound coming from the object location. #2 - Markers are only perceivable when close
to the board. Each of the markers periodically produces a sound in sequence, where the
colour is associated with the pitch of the sound used, originating from their location. The
closer the player hand is to one, the louder it becomes. The markers only produce sound
while none is in hand.

from South Korea and in order to build this design space, the two research teams (one from
Portugal and the other from South Korea) were informed by prior work and relied on their
expertise in HCI, accessible computing, non-visual interaction, audio-based interfaces,
virtual environments, and games. The team met bi-weekly for two months in order to
discuss and iteratively refine the design space. In addition, the team revisited and edited
the design space when implementing the VR applications and preparing the user studies.
Below, we present the resulting design space but we reinforce that design spaces are not
final. They are meant to be iterated upon with new explorations and as new approaches
and technologies come to be.

3.3 Audio categories

We propose a taxonomy of properties that can be used as a standard for researchers and
designers who seek to explore and understand what audio design choices can create an
accessible VR experience and the impact on the perceived experience of each choice. Two
mock-up examples of exercising this design space in an existing game are described in
Figure[3.1] Our taxonomy includes two meta-categories (i.e., Awareness and Audio Field)
which define whether or not feedback exists and under what conditions. The remaining
seven categories articulate how audio can be conveyed. All representations have a value
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in each category. Some of these categories were not used for this part of the research, and
others were not used for the other part of the research (Korean study), but since every one
of them was chosen for the two studies, they are still presented.

Awareness. The awareness category indicates if users are made aware of the existence
of objects of a particular type and what are the pre-conditions to represent such objects. It
can be seen as a meta-category where, ultimately, a value of None indicates that such an
object does not have an audio representation - dismissing the remaining categories. On the
other end, Full awareness would indicate that all instances of such object have an audio
representation, being their characteristics defined by the other categories. Conditional
means there are rules which define the awareness, for example they could be Priority
(e.g., only the two closest markers) or Attribute based as in the example given (e.g., only
if marker is not held). While this category pre-defines the objects that have an audio
representation, the following further detail when and how it is conveyed.

Audio Field. The Audio Field category indicates when objects can have an auditory
representation based on their spatial location. When outside of the audio field, the object
does not produce auditory feedback. A Field of View audio field corresponds to the full
visual field of the user, indicating that the object would provide feedback when visible (i.e.
and according to its awareness). Alternatively, feedback can be based on a Perimeter,
meaning objects would need to be within a defined area in order to produce auditory
feedback. A Self audio field would mean that feedback only occurs on self-interactions —
e.g., contact with the virtual character, self footsteps.

Trigger. The Trigger category indicates what causes the outset of auditory feedback.
On one end, an object can trigger auditory feedback On Existence, meaning that it will
start producing auditory feedback whenever it enters (or starts existing) in the user’s audio
field. Alternatively, feedback may be triggered On Movement (when the object moves) or
On Proximity (when the object gets within a distance threshold, and where zero represents
on collision with self). Other options may include audio feedback On Collisions or On
Request — meaning feedback is provided when explicitly requested by the user (e.g., by
clicking a button).

Representation. The Representation category indicates whether the auditory feed-
back has a Static — the feedback mapped to one object does not change — or Dynamic —
the feedback may change according to defined rules or characteristics (where volume is
adjusted given the proximity to players’ hand).

Sound Type. The Sound Type category indicates whether the audio feedback is pro-
vided through Speech or Sonification. Sonification is the “use of non-speech audio to
convey information”, such as auditory icons — audio effects resembling real-world objects
or events — earcons — artificial sounds often following musical conventions to alert users
— or variations in audio characteristics to convey meaning (e.g., distance, size, or height).
Specifying the possible sonification techniques has its own challenges and enters a greater
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level of detail that is out of scope of this design space.

Time Signal. The Time Signal category indicates whether the audio feedback is pro-
vided with a Discrete, Periodic, or Continuous signal. Discrete indicates feedback is pro-
vided once; Periodic represents feedback being delivered at specific time intervals (e.g.,
every ten seconds); and Continuous means that feedback is provided nonstop after being
triggered.

Cardinality. The Cardinality category indicates how many objects of this type are
considered as a potential source of feedback at each time. This same category is used
on a prior design space related to nonvisual interaction and feedback and can take values
from one to N. In the example given all objects are rendered as potential audio sources,
but there can be instances where (e.g. if there were twelve markers) it could be necessary
to limit the cardinality.

Concurrency. The Concurrency category indicates whether the feedback of multi-
ple objects is presented Sequentially or Concurrently. Similarly to Cardinality, we have
borrowed this category from Nicolau et al.,’s design space [[/2]]. This means that when
multiple objects’ feedback may overlap in time — e.g., four markers — one can either
present their feedback sequentially or concurrently while trying to ensure they are dis-
tinguishable. This category is not applicable when there is a Single object as a potential
source for feedback — when cardinality equals one.

Sound Spatialization. The Sound Spatialization category indicates whether the au-
ditory feedback provided relies on any form of spatialization. Monaural sound means
feedback is provided through a single auditory channel, which does not enable a sense
of spatialization/location. Dichotic sound would rely on two auditory channels to convey
information to the right and/or left ears (e.g., markers closer to the user’s right hand would
only be conveyed to the user’s right ear), while 3D audio tries to represent a specific loca-
tion of a sound source relative to the user’s position replicating the way people hear sound
in the real world (using speech or sonification to announce its position from its location).
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Chapter 4

Prototype

We show how the design space can be leveraged to explore nonvisual augmentative feed-
back which is showcased by applying it in the context of a VR Boxing application. First,
we decided to target sports applications since physical activity has a positive effect on
people’s health [96, [77]. In addition, we targeted a popular sport, but that is generally
inaccessible to people with visual impairments as a way to afford a new — but somehow
known — experience in a safe environment. Finally, we wanted an experience that is com-
plex enough to support a variety of possible interactions and behaviours. For example,
one may want to receive feedback about the opponent’s (or coach’s) body, head and/or
hands, but such feedback may depend on the current intention of attacking or defending.

We explored two scenarios that are related to understanding either the location of ob-
jects or their movement: 1) perceiving the location of the defensive stance of the opponent
(Sioe), and 2) punching attacks moving toward the user (.5,,,,,). The first scenario was the
one we focused on during the description of this project. We explored both scenarios
separately with the goal of identifying both commonalities and differences between indi-
vidual explorations of the design space. Furthermore, these scenarios were explored by
two different research teams — geographically distributed (5, in Lisbon, Portugal and
Smov 10 Seoul, South Korea) — aiming at showing the versatility of the design space in
supporting the creation of accessible experiences. Both teams followed the same design
space and procedure but explored, separately, the design space with different implementa-
tions, users, and a different but related task. The separate implementation of each team’s
VR application and exploration of the design space intended to create a greater variety
of approaches and of possible experiences than what would be possible under a unique
design exploration.

This section describes how the application came about, and the details of its develop-
ment in Unity.

21
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4.1 Implementation

A 3D project was created in order to develop this application. The first idea was to make
a boxing bag, so that the user could punch it and understand where it is, getting audio
feedback and vibration to the controllers whenever it hit the bag. That was used as a
starting point for the application, upgrading that bag to a three-section bag
with a head, chest, and stomach, with the intent of each section giving different types of
feedback making them unique to each other. Finally, it was decided that for the purpose
of this project, the bag had to simulate an offense-only boxing coach, with its mitts telling
the user where they were.

Everything in this project was made in Unity3D, with free assets from the Unity Asset
Store, so that the use of VR would be compatible with the application (Oculus Integration,
ie.).

4.2 The opponent/Bag

The first bag was just a cylinder, with some mass and an anchor point to the top[Figure 4.1]
making it work like a physical boxing bag. There was no feedback on where to hit, and
the only feedback the user would receive was a vibration to the controllers and a 3D
spatialized audio telling that the bag was hit.

2

Figure 4.1: The first bag design

The second bag, as said before, was divided into three sections (head, chest, and
stomach) so that it would feel different to punch each section, and start to tell
the user where to punch (although this was not implemented during this phase). Each of
the sections that the bag had would give different audio feedback and would have different
vibration patterns so that the user could understand which of the sections was hit.
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Figure 4.2: three-Section bag

The final design of the bag would make it feel like a boxing coach/opponent. This
was because it was composed of a head, a torso, and two arms/mitt§Figure 4.3] Every
part of this whole object had different on-hit sounds and vibration patterns so that the user
could perceive which was which more easily. The mitts started by having random position
patterns inside a 2x3 grid for simplicity; [up(head), down(torso)] x [left, center, right], so
each mitt would switch position after a window of four to eight seconds. Soon after the
possibility to control the position of the mitts was added, making that the primary feature
for changing the mitt position during testing.

Figure 4.3: Final bag design
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4.3 Controls

We used the Oculus Quest 2 VR set in this project and the Oculus Quest 2 controllers.
These consist of two ergonomically designed controllers, one for the left hand and one
for the right hand, identical, only differing in button nomination, and the placement of the

buttons is mirrored. The joysticks were usable but irrelevant to this project, so they would

only serve a purpose during developmenfFigure 4.4 with the left joystick being used to
walk around and the right joystick to look around the scene.

Al

Figure 4.4: Unused joysticks

The ”X” button on the left controller was used for the Discrete category in the design
space, letting the user get audio feedback referring to the position of the right mitt, and the
”A” button on the right controller served the same purpose but for the left mit{Figure 4.5]

~— ~—
S ©

Figure 4.5: Button X and A.

Lastly, the right "Grip” button was used to recenter the opponent/coach and put it at
arm’s distance from the usefFigure 4.6 The two “Trigger” (left and right), ”Y”, "B”,
and the left ”Grip” buttons were not used. The Quest 2 controllers are supposed to be
the reference in the application for the user’s hands. So in order to mimic the use of the
hands, the audio, and haptic feedback for punching the mitts/opponent, were dependent
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on how fast the user punched, meaning that if the punch was harder, then the controller
vibration would be stronger and the audio would be louder.

Figure 4.6: Right grip button

4.4 Exploration

The two scenarios allowed us to explore the design space of VR boxing both with attack-
ing and defending in mind. We convey auditory feedback from the hands of the opponent
— framed as the participant’s coach in the study. In .5;,., we indicate the defensive stance
of the opponent, by conveying feedback about the location of their hands, while in .S,,,,
we indicate the attacking attempts of the opponent, by trying to convey both location and
movement. In both scenarios, we fixed Awareness (as Full) and Audio Field categories
(as Field of View), and Cardinality as two, since we wanted to always be able to con-
vey feedback about both hands. Note that we have fixed the opponent’s location to be
in front of the participant’s avatar. The nature of both scenarios led us to fix the rep-
resentation category, but differently among scenarios. In Sj,., representation is static,
meaning the location of the hands is conveyed but not its movement. On the other hand,
in S,,0,, representation is dynamic as the audio feedback changes depending on speed and
proximity/distance.

All the other categories were explored. Time Signal (discrete, periodic, and continu-
ous), Concurrency (concurrent or sequential), and Sound Type (speech or sonification)
were explored in full. Although Sound Spatialization was explored too, we did not ex-
plore the monaural condition given the known advantages of sound spatialization when
using multiple sound sources [[10]. Trigger category could either provide feedback on
existence (meaning we would always have feedback about the hands’ location), on move-
ment (only when the hands change position), or on request (when the user explicitly
requests it). Note that there were differences in the way each category was explored for
the two scenarios, and those derived from an independent exploration of the design space
by the two distributed research teams, and from two related, but different scenarios.
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We used two different types of audio cues in S, for different chosen categories.
These cue types were speech and sonification. As the name says, speech was used to
tell exactly where the opponent’s arms were positioned through words (i.e. ”Up right”,
“Down front”,...), with all of the voices being generated by a text-to-speech program,
making it clear for understanding to the user. Besides speech, we also used two differ-
ent sounds for sonification, as mentioned just above, one being a sonar-type sound, and
the other a continuous C4 musical note. The sonar sound was used in any sonification
category that didn’t require continuous feedback, and the continuous C4 note was used
in those instances where continuous feedback was required. These two audio types made
it possible for the user to use non-continuous sonification and still feel comfortable with
the sounds being emitted and also the continuous feedback could actually be continuous,
without any interruption of the sound.

We also highlight that combinations among these categories resulted in different-
sounding approaches. For instance, in Sj,., combining sonification with a periodic time
signal corresponded to a sonar-like sound, and a continuous beep when combined with a
continuous time signal. In both scenarios, we used the sound pitch to indicate if the target
was at the head (higher pitch) or body (lower pitch) height. In addition, in S,,,,, volume
indicated distance.

Figure 4.8: VR user’s screen
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User Study

The design space is the means — and not the end — to build interactive VR experiences that
are accessible to people with visual impairments. For that reason, we conducted a user
study where blind users explored different instantiations of the design space, aiming to
assess its potential to support the design (and experimentation) of nonvisual, audio repre-
sentations of objects and their dynamics in VR environments. In particular, we addressed
two scenarios:

* Scenario 1 - Location (S;,.) : understanding the location of stationary objects in
the virtual environment

* Scenario 2 - Movement (S,,,,) : understanding the behaviour of moving objects in
the virtual environment

5.1 Apparatus

The prototype was implemented using Unity3D running on an Oculus Quest 2 VR sys-
tem (including a headset and two controllers). The prototype enabled the researchers to
customize the different categories and values of the design space. We used two laptops:
one capable of running Virtual Reality (with an NVIDIA Geforce RTX 2060) and another
to select the configurations and present visual feedback to the researchers. Audio cus-
tomization (e.g., spatialization) was implemented with Unity3D native assets with default
configurations (e.g., regarding reverb values). During the study, the researchers calibrated
the VR Headset and the position of the avatar in the VR space and guided the participant
to the intended location. Participants were asked to use headphones as a way to improve
spatialized audio. Information about configuration preferences and task success/failure
was logged by the system. This chapter will also take account what was done on the other
side of the investigation (South Korea work), since the findings are related for each case
and those conclusions were thought about in accordance with both sides.

27
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5.2 Procedure

Each session started with a demographics and VR, Gaming, and Boxing experience ques-
tionnaire. Next, we presented a brief introduction to the goal of the study. Participants
were informed they would be exploring a variety of audio feedback configurations to con-
vey information about a virtual boxing opponent, their coach, in an immersive virtual
environment and choose their preferred configuration.

Participants were then assisted to wear an Oculus Quest 2 and its respective hand-
held controllers. Then they were given a brief overview of what they were wearing and
how it enabled them to interact with an immersive environment by hitting their coach’s
hand/arm protections. This was followed by a practice session where participants started
immediately inside the boxing environment, with a punching bag in front of them. We
then told them they were allowed to move their arms and hit a punching bag to get familiar
with the environment. During practice, there was no audio feedback other than the sound
of collisions. This was so the user would understand the physicality of using immersive
VR and experience the environment without any location/behaviour sound other than hit
collision of their hands.

Then we started the exploration of the design space. We explored each category, one
by one, and let participants try all the possible options within that category and select
their preferred one. When moving to the next category, participants would keep their
prior preferences but were always allowed to revisit previous selections and update their
preferences. Participants would then start receiving the first audio configuration and the
environment changed to now feature an opponent on a fixed location in front of the partic-
ipant. We could control the environment on the PC to allow to quickly change audio feed-
back configurations and adjust opponents behaviour (e.g., moving the arm mitts). During
this process, an experimenter guided participants to explore the design space one category
at the time allowing them to both experience and customize the experience. Participants
guided the experience and in each category, they were free to ask (and encouraged) to
experience or change previously explored categories (e.g. changing Sound Type from
speech to sonification when exploring Audio Source). Akin to the work by Nicolau et
al. [[72], the procedure mimicked an optometry appointment where interface variations
were experienced until the participant and researcher were confident in the selection of
the participant’s overall preferred configuration. When trying each configuration, partici-
pants could try out the application freely, by punching the mitts of the opponent. Sound
feedback informed participants if they have missed or hit the target — e.g., the sound of
hitting the hand/arm protections, head, or body was different.

After selecting their preferred configuration, participants were asked to perform a
short, controlled task to assess its ability to convey the intended meaning. Participants
were asked to punch the coach’s hand protections, by understanding their location. Par-
ticipants had five trials, where they had a maximum of five attempts (per trial) to hit one of
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the coach’s hands, without time constraints. The hands’ positions would change between
trials. We limited the possible hand locations to a 2x3 grid for simplicity; [up(head),
down(torso)] x [left, center, right]. With up or down (meaning head or torso) and left,
center, or right.

After completing the task, participants were asked to walk the researcher through their
thought and selection process. Finally, we conducted a ten minute semi-structured inter-
view focused on their thoughts about the experience, and possible changes they would
like to see or be able to configure/change on the audio feedback provided. All partici-
pants were compensated for their time.

5.3 Participants

For Sj,., we recruited eight legally blind participants, seven of them with light perception
at most and one with residual sight in one eye. One participant’s age ranged between
18-30, five between 30-50, two were over 50. As for .S,,,,, we recruited eight participants
who are legally blind. Six of them were totally blind and two had residual vision. P16
had a minor hearing impairment in the right ear. Three participants’ ages ranged between
18-30, four between 30-50 and one was older than 50. Overall, two participants (P8, P10),
reported having tried VR once. None of the participants had experience with boxing.

Table 5.1: Participants’ audio configuration preference for S, (P1-P8), and S,,,.., (P9-
P16).

Scenario PID Trigger Sound Type Time Signal Concurrency Spatialization

Sloc P1 On Movement Sonification Discrete Sequential 3D
P2  On Movement Speech Discrete Sequential 3D
P3  On Movement Speech Discrete Sequential 3D
P4 On Request Speech Discrete Sequential 3D
P5 On Request Speech Discrete Concurrent* Dichotic
P6  On Existence Speech Periodic Sequential 3D
P7 On Request Speech Discrete Sequential 3D
P8  On Existence Speech Periodic Sequential 3D

Smov P9  On proximity Speech Discrete Concurrent Monaural
P10  On proximity Speech Discrete Sequential Monaural
P11  On proximity Speech Discrete Concurrent Monaural
P12  On proximity Speech Discrete Sequential Monaural
P13  On proximity Speech Periodic Sequential Dichotic
P14 On movement Speech Continuous Sequential 3D
P15 On movement Speech Continuous Concurrent Dichotic

P16 On movement Speech Periodic Sequential Monaural
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5.4 Data Analysis

We performed a thematic analysis with primarily deductive coding [94]. We created a
codebook based on our concepts of interest, which included the categories and values for
the design space and 17 other codes associated with how the configuration was perceived
(e.g., Novelty, Comfort, Overload). The codebook was created after the user studies were
conducted when researchers had familiarity with the data but before the coding process.
The codebook was discussed and iterated by the whole research team and used to code
all audio transcriptions for both scenarios. The thematic analysis result presented below
encapsulates the discussions that ensued based on the coding, observations, and notes
taken during the user studies. Note that researchers translated participants’ quotes to
English as sessions were conducted in non-English speaking countries.

5.5 Findings

We examine participants’ preferences (Table [5.1)) and the personalization process when
engaged in exploring the design space. We first present the success rate with their pre-
ferred method in each case study. Next, we discuss the established themes from reflecting,
discussing and iterating over the findings by collaborative sense-checking the data result-
ing from both scenarios.

5.5.1 Success Rate

As a quantitative assessment of the effectiveness of the participants’ preferred configu-
ration, we asked participants to hit five different locations of the opponent standing still
(Sioe) or guard themselves against moving objects coming from six different locations
(Siov) at the end of the design space exploration. As a result, most participants completed
the task successfully on their first try regardless of their configuration choices (Table[5.2]
For S),., all participants were able to hit the target with their preferred configuration in all
tasks, being that in 82.5% (33 out of 40) of the trials the target was hit on the first attempt.
Similarly, for Sy, Six participants were able to guard themselves from the target in all
trials and the other two guarded themselves successfully in half of the trials (87.5%, 42
out of 48).

To be specific, for Sy, all participants were able to hit the target with their preferred
configuration in all tasks. Of the 40 attempts (five trials per participant), 33 targets were
hit on the first try, five on the second, and lastly two on the third try.

Similarly, for S,,,,, six participants were able to guard themselves from the target in
all tasks. Of the 48 attempts (six trials per participant), in 42 targets were guarded on the
first try. Two participants (including one with a hearing problem), guarded against three
punches out of six on the first try.
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Table 5.2: Tries it took each participant of S, to hit the mitts out of five tries.

PID Test1 Test2 Test3 Testd Test5

P1 1 1
P2 1
P3 2
P4 1
P5 1
P6 1
2
1
2
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5.5.2 The Overall Preference

The preferred configuration while exploring the design space is shown in Re-
garding Sound Type — in both scenarios — Speech was highly preferred (N = 15 out of 16)
when compared with Sonification because it conveyed greater certainty about the position
of elements. As for Concurrency, the majority of the participants (/N = 12) preferred the
information to be delivered sequentially rather than concurrently even when there were
multiple changes happening simultaneouslyﬂ mostly due to cognitive load. For the same
reason, ten participants preferred Feedback Mode to be Discrete.

On the other hand, configurations in the remaining dimensions varied depending on
the scenario. For instance, in Spatialization, 3D audio was highly preferred in the Sj,.
scenario, while monaural audio was more popular for the .5,,,, scenario. It is relevant to
note, however, that the monaural condition was not explored in the Sj,. scenario. Like-
wise, preferences for the Trigger category were different between scenarios. The pre-
ferred trigger type varied between participants in the S,. scenario while participants in
the S0, scenario slightly preferred feedback triggered on proximity. We further detail
the participants’ preferences and their rationale in the upcoming sections.

5.5.3 Speech Feedback for Precise Information

All but one participant chose to use Speech over Sonification as Sound Type, mainly
because it provided the exact location (e.g., “upper left”) of the objects of interest. P8
mentioned:

"Note that P5 chose Concurrent combined with an On Request trigger, meaning he could experience
concurrent feedback if pressing both controllers simultaneously. Still, he never pressed both buttons simul-
taneously and therefore did not experience concurrent feedback
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”[ think it is the assertiveness in the message because the voice tells us
clearly, where it is... where the target is. Top left, down right, whatever.”

This preference contrasted with our expectations, especially when conveying information
about moving objects (i.e., S;.,), given the ability of sonification techniques to convey
feedback about dynamic changes [75) 18, 43]. One possible reason is the limited number
of discrete options (a set of six predefined locations such as “upper right”), which make it
easy and quick to describe using speech. A less restrictive environment with continuous
values (e.g., allowing the location to be anywhere in the environment) could be more
difficult to describe via speech and therefore put sonification as an appropriate candidate.
In this scenario, the need to interpret the audio cues and convert them to a spatial location
in the environment made it harder — and more cognitively demanding — to identify the
exact location of objects compared to a simple speech message.

Another explanation could be the participants’ little exposure to sonification. Unlike
speech feedback, sonification may require some training to comprehend its meaning [[75,
102]]. Conversely, participants found in speech a familiar modality that they are exposed
to daily on their devices. PS5 stated,

"The voices are good, we already know them [i.e. familiar TTS voices]. The
voices you got are our friends. Therefore it is very good, and they are very

perceptible”.

In addition, the use of different voices (male and female) to convey information about
each of the hands, helped participants to better identify the feedback source, as described
by P8:

”The voice is the more effective of all, as it also has the detail of having a
female voice on the left and a male voice on the right (...) It helps us identify
much better and separate much better what is left and what is right.”

5.5.4 Spatialization was preferred, but not always!

The S, scenario has shown a major preference (seven out of eight) for 3D audio in
comparison to Dichotic presentation of audio, mainly because it transmits the real position
of the target, making it more realistic than presenting sound in only one of the ears. When
used together with speech, 3D audio worked as a complement and helped participants
gain confidence about the location of objects. For instance, P7 mentioned:

“The sound, which sounds different from left to right, informed me about the
direction anyway, so I could grasp the location a little more clearly.”

In contrast to S, the S,,,, scenario has also explored a monaural condition that
ended up being preferred by the majority of participants (five out of eight). Note that
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in S,,,, we used the HMD speakers, which may result in a worse perception of location
when compared to the use of headphones. Still, the main reason for preferring Monaural
was related to transmitting distance (which is not explored in .Sj,.), which made it more
difficult for participants to detect the sound when the object was further away. In this sce-
nario, participants wanted to be aware that one punch was coming and therefore preferred
the condition where that information was available — and more clearly — as early as pos-
sible. Thus, despite the advantages of 3D audio in conveying more realistic feedback and
information about direction, representing distance needs careful consideration to make
sure that relevant information is clearly transmitted to the users even when further away.

In addition, Monaural sound was preferred by P16, who has a hearing impairment
in one ear, because it allowed him to rely on one ear without missing useful information,
unlike 3D or Dichotic audio which requires both ears to interpret the feedback. It suggests
the need to further consider the impact of design decisions when users have multiple
impairments:

“There is only one reason. Your right and left ears are not the same. So,
[ think the accuracy will be higher if listening to the right and left sides to-
gether.” (P16)

5.5.5 The Effect of Perceived Mental or Physical Loads on Preferred
Trigger Options

Participants were split in their preference for the audio trigger. Three preferred to control
when to get feedback (On Request) as they can expect when they will get feedback just
by pressing a button on the hand-held controller and act upon it. P7 stated:

“I prefer to press the button (...) because this way I control the game.”

On the other hand, some participants found that pressing a button to receive feedback
was an additional step that made the experience more demanding, particularly given the
novelty of the experience. P2 specified that,

“Note that it distracts you a bit, having to press a button. it is another me-
chanical thing that you have to do.”

As for S0, slightly more than half of the participants chose On proximity over On
Movement, suggesting that they would like to receive feedback only when the moving
objects are close enough to demand action. Otherwise, it may be overwhelming (or un-
necessary) to keep track of changes in the movement, which in this case was likely caused
by relatively slow punches and longer times to react. P11 said,

”With the first option [On movement], I have to detect the sound beforehand
and prepare for it. But, with this one [On proximity], it is enough to react as

soon as I hear the sound. There is no need to hold my hands in advance.”
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5.5.6 Concurrent and Continuous Feedback to Convey Urgency

Concurrency of audio feedback was important to explore in both scenarios, because the
opponent may move their two hands simultaneously. Conveying feedback one hand at
a time takes more time for conveying the same amount of information. However, while
past research has shown people’s ability to identify relevant information levering multiple
audio sources [10, 37], this overwhelmed most participants when they tried to understand
both audio sources concurrently, leading them to choose the other option. P10 stated that,

“The concurrent one was frantic as it told all the sounds of the punches even

before I guard them.”

Still, the decision to convey multiple sounds concurrently or sequentially may be influ-
enced by time constraints. For instance, in S}, it is not time-sensitive to know the location
of both hands, since the participant could hit the location of either of the coach/opponent’s
hands. As a consequence, participants did not see the advantage of getting that informa-
tion more quickly with concurrent feedback.

Continuous feedback was also linked to a higher cognitive load due to the amount of
information transmitted. We expected more participants in S, to choose Continuous
feedback than the ones in .Sj,. as it can represent the dynamic changes during the con-
tinuous movement. The result came out as expected for S;,.; none of the participants
preferred Continuous feedback. However, only two out of eight participants chose the
continuous feedback in S,,,, because others found it overwhelming and unintuitive when
combined with speech feedback — note that this may be different in contexts where partic-
ipants prefer sonification instead of speech. However, some participants commented that
continuous feedback can be useful when giving users a sense of urgency. which might be
useful if that is the experience designers are striving for their users to have. For example,
P14 said that,

“I think this sound [Continuous] has the effect of being able to feel the pres-
suring situation and making it more immersive because it keeps telling me
[like an alert].”

5.5.7 The Desire for Challenging Configurations for Game-Like Ex-
periences

Our main objective was to explore the participants’ perceptions of object location and
movement. However, participants’ preferences were highly influenced by a tradeoff be-
tween perceiving these elements and what they thought was an interesting challenge as in
a game-like environment (e.g., when hitting their coach’s hands).

“Rather, it would be advantageous to simplify the sound in the process of

running the game.” (P12) “I differentiated between gameplay and auditory
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perception. In terms of gameplay, it is more challenging the more obstacles
we have, right?” (P8)

Participants’ approach to this experience has clearly influenced their preferred config-
uration. For instance, participants who were more focused on perceiving the environment
would prefer to trigger feedback On Request in order to have more control over the ex-
perience. In contrast, those approaching it as a game-like experience associated the lack
of control over the feedback as a more challenging experience and preferred On Move-
ment,On Proximity or On EXxistence triggers.

Additionally, P8 explicitly mentioned that he selected sequential feedback because
he was able to better perceive the location of both hands, but that he would feel more
challenged and engaged if receiving concurrent feedback. He felt that these configura-
tions could fit different game levels, where players could progress based on expertise and

SucCcCess:

“What I would do is have levels, for the easiest level have it discrete, for
example, for the intermediate difficulty having the periodic, and then contin-

uous (...) And when you are used to it, you move to the next level.” (P8)

These comments support that the design is highly influenced by the context and main
objectives of the VR application and that designers should consider how each feedback
decision contributes to their intended experience.

5.5.8 Uncontrollable feedback associated with challenge and game-
like behaviour.

While we did not intend to design the scenarios as games, some participants felt like
they were playing a game (e.g., hitting the opponent), and the more participants like to
have game-like experience, the tendency for choosing Periodic, On Movement, or On
Proximity over On Request was stronger. For instance, when participants were in control
over when feedback was provided On Request, we observed participants taking a more
passive approach to the experience, waiting for the researcher to prompt them to move
even if they had just triggered feedback. On the other hand, when the feedback trigger
was set to either Periodic, On Movement, or On Proximity, participants were immediately
more engaged and started to try hitting the opponent or defending themselves without
waiting for any prompt from the researchers. They associated the lack of control over the
feedback as a more challenging experience.

“What I would do is have levels, for the easiest level have it discrete, for

example, for the intermediate difficulty having the periodic” (P8)
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Participants were keen to suggest on how the experience could include more un-
prompted feedback to create a more immersive experience, such as adding movement
to the adversary and footsteps, and having the feedback being unpredictable.

“No no, I do not mean to speed up, it is for example - Down right punch sound?,
Top left punch sound*, Top right punch sound* [P7 vocalized using irregular intervals
between commands]” P7

There was a clear trade-off between control and reliably when understanding the ob-
ject’s location or the behaviour over game challenge and engagement. However, for each
participant despite the choices they had to make were the same, the consequences for their
experience vastly differ, resulting in the spread of preference shown in ??.

5.5.9 Feedback Realism for Immersive Experiences

Both scenarios provided feedback about the coach/opponents’ hand position in addition to
feedback on collision. Still, participants commented that this felt short of a fully immer-
sive experience, which could be augmented by realistic sounds that could either provide
useful information — the opponent breathing to convey their location — or just background
sound (e.g., the crowd cheering). Also, many participants suggested having additional
sound cues for landmarks of the surrounding space and adversary. For instance,

“I mean, if the opponent was talking, we could tell if they were on the left or
right.” (P6)

Others suggested the “arena” could have different crowd sounds to reference when
they get away from the opponent. Another frequent request was to have human voices —
specifically of a coach — more excited, shouting the location the user should hit or even
shout from the side during a competitive match. For instance,

“I think it will be more immersive if you include the sound of the coach shout-
ing from the side or the sound of the audience.” (P13)

5.5.10 The Potential of VR for Embodiment

The two boxing scenarios were unembellished, having only the bare necessity for the
experience. While the experience could be more immersive, participants perceived it as a
reliable proxy of what boxing is actually like:

“I’ll tell you something funny, I never payed any attention to boxing, but I
came to see how it would be. I once saw a boxing bag and gloves, but I had
never punched the bag. I found it super interesting, for those who can’t see,

using this they have a perfect notion of boxing.” (P5)
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One participant suggested augmenting their own body movement in addition to the
representations of other objects to better understand their position in the world. This is
not surprising given that blind people, particularly congenital blind people, are at risk of
having posture deficiencies and tend to have lower posture awareness [4]. P10 provided

the following example:

”A person stretches their arm up and the sound goes up, stretches [the arm]
down it goes down, to the right to the right, or left.. In other words, we could

be hearing the sound corresponding to my arm movement”

Participants were keen to suggest on how the experience could include more un-
prompted feedback to create a more immersive experience, such as adding movement
to the adversary and footsteps, and having the feedback being unpredictable.

5.5.11 Experiencing the Unexplored with VR

While the experience could be similar to that of a boxing coach, it would hardly be fully
autonomous for blind users in the real world. This sort of approach to inaccessible sports
(and other activities) can enable blind people to autonomously experience a variety of
contexts that would otherwise be out of — or difficult to — reach.

”Most blind people love baseball very much. But even though there are a lot
of baseball games, we cannot do it because we do not know where the ball is
coming from. But if this research develops, it would be really helpful if blind
people could play games like this with sighted people on an equal basis.”
(P14)

5.6 Discussion

In this section, we present lessons learned after exploring a design space of the auditory
representation of virtual objects’ location and of their behaviours. In addition, we demon-
strate how our design space exploration may help inform the design of accessible VR

boxing experiences.

5.6.1 Immersive VR Environments for Supporting Accessible Expe-
riences for Blind People

Immersive VR environments have the potential to create accessible experiences, opening
new avenues both for creating holistic experiences that are far more accessible than any
real-world location, as everything is digitized and tracking of virtual elements is accurate
and immediate and for providing access to mainstream VR applications.
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In immersive VR environments, users’ heads and hands are tracked with HMDs and
hand-tracking devices (e.g., hand-held controllers). This can be cumbersome for blind
people in terms of setup, compared to traditional video games and other applications with
2D input and output devices. However, it comes with significant benefits as not only
users can take a first-person perspective, but also control their avatar with their own body
movements — e.g., changing the viewpoint by moving their head orientation or punching
by moving their hands. This contrasts with the major challenges faced by blind users
when dealing with camera controls and joystick/keyboard input in traditional 3D envi-
ronments. This opportunity for embodiment has put our VR Boxing applications as safe
proxies for this sport, as “for those who cannot see, using this they have a perfect notion
of boxing” (P5). Moreover, because virtual environments are not bound by real-world
limitations (e.g., object detection, tracking), developers can use precise information about
every object in the scene (label, position, orientation) as well as user events, and have full
control of the environment (e.g., changing the object properties or the feedback design)
as demonstrated in prior studies [19, 20, 165, 49, 3, 7, [16]].

In this study, we used such knowledge (in particular, hand location) to experiment
with various configurations with blind users and understand the impact of each design
decision. Still, our application was fairly basic and participants felt the need for a more
realistic and immersive experience (e.g., the audience or the coach shouting). Design-
ers and developers should consider how to combine both realistic audio feedback (e.g.,
the opponent breathing or the audience cheering), and the audio representation of visual
objects (supported by our design space) that do not necessarily produce sound (e.g., the
opponent’s hands). We encourage designers and developers to facilitate immersive VR
environments for blind people for designing and supporting accessible interaction.

5.6.2 The Design Space as a Framework to Create Accessible VR Ex-
periences

The design space supported the creation of multiple configurations to represent objects
and their movement in two different scenarios. Participants’ variance in preferences
alongside the high success rates when performing the study tasks show the viability of
the different configurations implemented. However, the main goal of the design space is
to support designers and developers in exploring different solutions, and not to perform
generalist comparisons to reach a preferred, one-size-fits-all solution.

5.6.3 No One-Size-Fits-All Solution

While we often strive for the “one” best solution, when it comes to augmenting objects
with audio feedback our findings show a great variety of preferences among blind users,
both within and across scenarios. This suggests that designers should consider providing
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users (and designers themselves) the ability to personalize their configurations.

As evident in ??, the preferred configuration varied depending on how each partici-
pant perceives a task and what they value. For example, participants who wished to be
challenged as in game-like environments preferred the audio feedback to be given auto-
matically. For instance, P8 envisioned a sequence of game levels where configurations get
increasingly more challenging to keep the users engaged. On the other hand, participants
who appreciate the sense of user control preferred feedback played on request. Yet, all
of them were able to achieve high success rates implying that the effective configurations
can differ depending on the user and the context. We could see that participants preferred
different spatialization and control over the feedback mode and trigger and Sound Type,
Concurrency and Spatialization were the only three categories where there appeared to be
a clear preference by most participants.

We highlight the importance of allowing: 1) designers to explore the design space to
create experiences that are in line with their context and objectives — e.g., is the main goal
to convey precise information about the object location or to challenge users with more
demanding tasks? 2) users to try out and select different configurations to understand
what are their preferred combinations. Participants suggested that the experience enabled
them to have walk through an interactive tutorial experimenting and adapting to best fit
their behaviours and performance. Meanwhile, findings also imply that the preferred
configuration may change over time as users would become familiar with the feedback
design. For instance, novice users may prefer speech feedback for its low learning cost
but they may switch to sonification for efficiency after long-term use. In addition, one
should note that even when participants chose the same configuration, the reasons for their
decision may vary. Thus, it is essential for designers to focus more on the participants’
thought process, in particular on how each feedback decision was made rather than the
decisions themselves in order to provide a more personalized experience.

“I think these are layers, they are an adaptive phase of the game, meaning,
in the first phase a less experienced person, perhaps, would benefit ... from
only having information when pressing the button. But when you are used to

it, you go to the next level.” (P8)

5.6.4 Leveraging the Design Space to Create a Virtual Boxing Expe-
rience

We presented a scenario in the context of virtual boxing to understand and exemplify
how our proposed design space can be leveraged to design augmentative audio feedback
for blind people. By exercising the design space, we found no one size fits all solution,
with participants having a wide selection of configurations. Still, we were able to identify
trends, specific to our boxing scenarios, that inform the future creation of VR boxing
experiences:
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* Trigger: When familiarizing players with the demands of the game, trigger on re-
quest may lower the challenge and allow players to solely focus on understanding
the relationship between their actions and the feedback received. On Request, can
also accommodate interaction where players are in control of the pacing of the task
but this also demands action from users, which may increase their load.

* Sound Type: Speech is to be selected due to its ability to provide precise information
about location, given a limited number of (short) options (e.g., top left, bottom
right).

» Time Signal: Since actions are relatively quick, and are a sequence of one-time
events that are mostly relevant on occurrence, Discrete time signals are the most
suitable option.

* Concurrency: if the time delay is minimal in sequential feedback, the disadvantages
of concurrent feedback (mental load) outweigh its benefits. Still, it can be used to
give a sense of urgency and challenge.

» Spatialization: use 3D audio when conveying location where the distance of an
object does not change.

Although we advocate for the ability to customize, it is equally relevant to highlight
that these choices significantly affect the experience someone has with virtual environ-
ments (e.g., make it more or less perceivable or engaging). We believe the design space
can provide a framework from which to explore the viable design options and let users
show the consequences of the designs while simultaneously uncovering latent feedback
desires. It is then up to researchers and designers to select what we want the experience
to be.
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Conclusions & future work

In this study, we investigated the potential of virtual reality (VR) as a tool to provide
feedback to blind individuals. Our findings demonstrate that VR holds great promise in
enhancing the sensory experiences of blind users and enabling them to perceive and inter-
act with virtual environments. Through a comprehensive examination of different visual
feedback techniques, we gained valuable insights into the most effective approaches for
conveying visual information to blind people. These findings can have significant impli-
cations for the development of assistive technologies and the advancement of inclusive
design principles for visually impaired individuals.

We proposed a design space with nine categories to support designers in exploring
various audio representations of virtual objects and their behaviours in order to create
accessible VR experiences for blind people. We demonstrated how the design space can
be used with two VR boxing example scenarios. We performed two independent design
space explorations, by separate research teams, showcasing its flexibility as a theoretical
framework capable of supporting the exploration of multiple viable solutions for aug-
menting virtual objects with a nonvisual, audio representation. In addition, it enables
designers to reflect on the impact of different design decisions, supporting them in creat-
ing accessible experiences.

While our study might contribute with some valuable insights into the use of VR for
blind individuals, there are several avenues for further exploration and improvement in
this field. The development of standardized guidelines for designing accessible virtual
environments is crucial. Currently, there is a lack of consensus on the best practices for
creating inclusive VR experiences for blind people. Establishing a set of guidelines and
principles, based on user feedback and expert evaluations, would greatly assist developers
and designers in creating more accessible and engaging VR applications.

Furthermore, it would be ideal to expand the scope of VR applications beyond mere
entertainment. Virtual reality has the potential to revolutionize education, employment
training, and social inclusion for blind individuals. Future work should explore the in-
tegration of VR technology in these domains, addressing specific needs and challenges
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faced by blind users. For example, VR could be utilized to simulate real-world scenarios,
providing immersive training experiences for job skills, mobility, and independent living.

Lastly, the usability and accessibility of VR hardware should be improved to cater
to the diverse needs of blind users. Efforts should be made to develop lightweight and
portable VR devices with built-in accessibility features, such as speech recognition and
gesture control, to ensure ease of use and seamless integration into daily life. In con-
clusion, our study highlights the immense potential of virtual reality in providing visual
feedback to blind individuals. By leveraging auditory and haptic cues, VR can offer a
rich and immersive sensory experience, enhancing spatial awareness, navigation abili-
ties, and object recognition. However, further research and development are needed to
refine the existing techniques, establish design guidelines, expand application domains,
and improve hardware accessibility. With continued advancements in technology and a
multidisciplinary approach, virtual reality could possibly become a transformative tool
for empowering blind individuals and fostering inclusivity in society.
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Appendix A
Study Guide

Let’s test various configurations for a boxing VR application.

Throw a punch and leave your arm straight; (Distance)

We have a predefined configuration, which we will go through 1 by 1 to find out what
you prefer;

1st Spatialization (3D, dichotic)

At the moment, feedback on the position of the arms is given by pressing the bottom
button, operated by the right thumb.

Test yourself;

Task 1;

Task 2;

Want to try the other one?

2nd speech (speech, sonification)

Test yourself;

Task 1;

Task 2;

Want to try the other one?

3rd Trigger (OnRequest, OnMovement)

For OnRequest you need to press the button, for OnMovement you don’t need to the
press any button;

Test yourself;

Task 1;

Task 2;

Want to try the other one?

4th Feedback Mode (Discrete, Periodic, Continuous)

Continuous will only be sonified;

Only as Discrete you’ll need to use the buttons;

Test yourself;

Task 1;
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Task 2;

Want to try the other one?

Sth Concurrency (sequential or concurrent)

Test yourself;

Task 1;

Task 2;

Want to try the other one?

Is there a setting you haven’t tried that you want to try/do you think is better?
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Interview Guide

B.1 Before Testing
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31/08/23, 14:07 VRBoxing

VRBoxing

Muito obrigado por terem aceitado participar neste estudo. O meu nome é Rodrigo
Nogueira e sou estudante de Mestrado em Engenharia Informatica na FCUL.

O objetivo da tese é perceber de que forma poderemos tornar realidade virtual mais
acessivel a pessoas cegas. Para isso, estamos a testar diferentes formas de passar a
localizagao de diferentes objetos no ambiente virtual e perceber de que forma é mais facil
para um cego processar essa informagao de forma correta.

rodrigohn0508@gmail.com Switch account

Ca Not shared

&

* Indicates required question

ID

Your answer

Nome

Your answer

Idade *

18-30

30-50

O O OO

>50

https://docs.google.com/forms/d/e/1FAIpQLSfrR54omTO05FsYzThOIUUdfTG2AfAj]SOW9NbeqpJJQuUDN8CfA/viewform 1/8



31/08/23, 14:07 VRBoxing

Género *

O Masculino

O Feminino
O Outro

Tipo de Cegueira

O Total

(O Sensibilidade a luz

O Other:

Experiéncia com Realidade Virtual *

https://docs.google.com/forms/d/e/1FAIpQLSfrR54omTO05FsYzThOIUUdfTG2AfAj]SOW9NbeqpJJQuUDN8CfA/viewform 2/8



31/08/23, 14:07 VRBoxing

Como classificaria o seu conhecimento de boxe? (De 1 a 5 onde 1 é Pouco ou *
nada e 5 especialista)

1 O

O O O O

Como classificaria a sua experiéncia com jogos? (De 1 a 5 onde 1 é Pouco *
Experiente e 5 Muito Experiente)

1 O

O O O O

Clear form

Never submit passwords through Google Forms.

This content is neither created nor endorsed by Google. Report Abuse - Terms of Service - Privacy Policy

Google Forms

https://docs.google.com/forms/d/e/1FAIpQLSfrR54omTO05FsYzThOIUUdfTG2AfAj]SOW9NbeqpJJQuUDN8CfA/viewform 3/8
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B.2 After Testing

Question 1: What did you think of this experience?

Question 2: I would like you to explain to me again your preference and why you
preferred these settings

Question 3: What would you change or add to the audio you heard during the experi-
ence?

Question 4: Can you imagine other ways to know the opponent’s position, other than
the ones we showed?
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