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Abstract

The thesis investigates navigation systems for blind and low vision people,
proposing three main contributions. First, the thesis proposes two sonification
techniques to provide guidance instructions to blind and low vision people
during navigation. The proposed solutions are compared with a state-of-the-
art technique showing that they improve the precision with which users move
while navigating, in particular during rotations. Second, the thesis identifies
a set of data management problems that have mostly been overlooked in the
scientific literature, such as how to model the space. The contribution consists
of designing innovative solutions for these problems and in showing that they
significantly improve the navigation experience in terms of safety and clarity.
The third contribution explores the problem of screen reader intelligibility
in the presence of high levels of acoustic noise in the environment. Noise
adaptation techniques are proposed and experimentally evaluated, showing
that they significantly improve the screen reader intelligibility while also not
distracting the user.
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Chapter 1

Introduction

1.1 Context

Independent navigation is a major challenge for blind and low vision (BLV)
people. Standard Orientation and Mobility (O&M) techniques using the long
cane and guide dog are effective in helping BLV people navigate safely [19§],
and ambient sounds in the environment such as traffic sounds and accessible
pedestrian signals (audible signals installed at certain traffic intersections in-
dicating when the walk light is lit) can help them following certain paths and
finding points of interest. However, BLV people usually need navigation as-
sistance to follow a path to a desired destination, especially in an unfamiliar
environment, as they may lack access to the visual cues that sighted people
use to change direction, follow paths and avoid obstacles and other hazards.

Navigation assistance is often provided through smartphone navigation
apps such as Google Maps and Apple Maps. These apps supply real-time
turn-by-turn directions, useful for travelers visiting an unknown environment.
Specifically, they commonly provide visual feedback, or rely on the user’s abil-
ity to match instructions with the environment’s layout through visual con-
firmation. To address this issue, accessible solutions have been proposed in
prior literature. Such services rely on different localization techniques, such
as Global Navigation Satellite Systems (GNSS)[] [106], beacon networks [147],
or visual positioning [47], coupled with maps and other information of the en-
vironment. Navigation instructions are usually provided through verbal mes-
sages associated with a visual representation of the route and the current state
of the travel. In particular, the instructions commonly follow a turn-by-turn
schema [9], in which the user is instructed to turn at specific decision points
and then proceed along a straight path.

Navigation instructions, as well as navigation assistance services, are con-
veyed through mobile device speakers using accessibility services such as text-
to-speech technology to transform text information into audio [I]. Text-to-
speech technology is also employed by screen readers [195] which is an accessi-

!GNSS is an umbrella term that encompasses different global satellite localization sys-
tems, currently: the US-based GPS, the European Galileo, the Russian GLONASS and the
Chinese BDS.



bility service commonly available on smartphones. These accessibility services
augment touch screen interactions with verbal descriptions of the explored
screen content, enabling non-visual access to Graphical User Interface (GUI)
elements [103].

1.2 Problem

While several commercial mobile applications offer assistive navigation services
for BLV people, current solutions still fall short in providing adequate support
throughout the navigation experience. For BLV people, localization and nav-
igation accuracy in navigation assistance services needs to be higher than for
people who are not BLV, who can integrate navigation instructions with their
own visual inspection of the environment to ensure that the path they are tak-
ing is correct. Indeed, prior work has investigated ways to accurately localize
and navigate BLV users within an environment [120), 147, 149]. A second chal-
lenge is that the navigation assistance needs to be provided through accurate
non-visual instructions that the BLV users can follow unambiguously and pre-
cisely. The reason is that, even when the localization and the navigation are
accurate, a small degree of imprecision in following the instructions can lead
the user to wrong or dangerous routes [I3]. Thus, prior work has also explored
methods to accurately guide BLV users through verbal instructions [167], non-
verbal sounds [139] or haptic feedback [19].

Despite the numerous efforts to improve localization and navigation accu-
racy, significant uncertainty remains about which solutions are most effective
across varying environments. The confusion is compounded by the fact that
prior research on accessible navigation mainly focuses on localization technol-
ogy, and on the interactions with users, without considering other important
aspects that contribute to bridge these two parts. Indeed, few papers address
the impact of the routing algorithm, the data structure model of the environ-
ment, and the logic under the choice of navigation instructions. Specifically,
the literature lacks a framework that allows direct comparison of the distinct
components that underpin navigation systems. The lack of such a framework
makes it difficult to systematically compare the performance of different nav-
igation systems and to draw conclusions on how each component should be
designed to optimize navigation performance.

Another challenge during mobility is listening to instructions from naviga-
tion services in presence of background noise. The intelligibility of the screen
reader feedback can be made difficult by the presence of environmental sounds,
such as traffic noise or people’s voices [205]. Some users address this problem
by manually increasing the screen reader volume when needed [I]. This solu-
tion only partially mitigates the problem because, in case of sudden noise, the
user may not have time to adapt the volume. Also, changing the volume can
distract the user from the current activity. Keeping the screen reader at its
maximum volume is not a solution as well, because the screen reader feedback
could be perceived as intrusive, it may spotlight the user’s disability [175], or
it could cover important sound cues from the environment, making mobility



more difficult or even endangering the user [205]. Another possible solution
is to reduce the screen reader speech rate to improve speech understanding in
presence of noise [33]. However, this approach also reduces the information
throughput of the screen reader which might not be desired.

1.3 Problem decomposition

We propose to structure the problem of BLV navigation assistance into four
separate layers: Localization, Routing, Guidance and Interface (Fig. . This
structure reflects a separation of concerns design approach for the overall prob-
lem of navigating a BLV person and is useful for two reasons. First, it is a form
of problem conceptualization that can be used to analyze existing solutions and
classify them depending on the sub-problem(s) they address (see Chapter [2)).
Second, it improves software modularization as we show in Section [4.3] We
introduce the sub-problems addressed by each layer (see Chapter H|for more
details):

e Localization, that is, computing the user’s pose (position and orienta-
tion), usually in terms of a 2D position and 1D orientation.

e Routing is the problem of deciding the next target toward which the user

should be directed.

e Guidance involves selecting the instructions to guide the user toward the
next target.

e [Interface, that is, conveying the guidance instructions to the users, using
a combination of audio, haptic, and visual information.

1. LOCALIZATION H 2. ROUTING H 3. GUIDANCE H 4.INTERFACE

Figure 1.1: Decomposition of the navigation problem.

1.4 Contribution

The thesis involves 3 research activities, resulting in the following contribu-
tions. The first research activity addressed a problem related to Interface
design. During navigation, a small imprecision in following navigation instruc-
tions can significantly impact the navigation experience, potentially leading a
BLV person into dangerous situations. Thus, our goal was to design an inter-
action approach to reduce such imprecisions. To achieve this, we propose two
sonification techniques that augment navigation instructions with continuous
feedback, improving the user’s accuracy in following navigation instructions. In
a real-world setting, we compare the two sonification techniques and navigation
without sonifications, highlighting accuracy improvements when sonifications



are used. This research activity is described in Chapter |3| and it’s based on
the following publication:

e Ahmetovic, D., Avanzini, F., Baraté, A., Bernareggi, C., Ciardullo, M.,
Galimberti, G., Ludovico, L. A., Mascetti, S. & Presti, G. (2023). Soni-
fication of navigation instructions for people with visual impairment. In-
ternational Journal of Human-Computer Studies, 177, 103057. [3]

The second research activity addressed the design of navigation systems,
resulting in the proposal framework called NavGraph. Firstly, we structure
the navigation problem of BLV people into four layers (Localization, Rout-
ing, Guidance, Interface), reflecting a separation of concerns design approach
(see Section [1.3). We present a design for two of these layers (Routing and
Guidance), which has been overlooked in the literature, and adopt a solution
for the other two layers (Localization and Interface) previously proposed in
literature. We experimentally show the importance of the proposed two layers
by comparing a state-of-the-art solution with a proposed system NavGraph
that implements the designed solution. The results show that NavGraph im-
proves the navigation experience and, in particular, is safer, less distracting,
and overall more appreciated. This research activity is described in Chapter
and it’s based on the following publication:

e Ahmetovic, D., Coughlan, J., Galimberti, G., & Mascetti, S. (2024).
NavGraph: a modular navigation system architecture to enhance blind
travelers’ navigation experience. Submitted to Proceedings of the ACM
on Interactive, Mobile, Wearable and Ubiquitous Technologies.

The third research activity is focused on dynamically adapting the screen
reader output based on environmental noise. The goal is to improve the screen
reader intelligibility, without increasing the distraction from the surrounding
soundscape. To this end, we designed and evaluated three audio compensation
techniques: Rate that reduces the speed of the speech, Vol that increases the
overall volume of the speech, and Eq that adjusts the volume of specific fre-
quency bands of the speech. Through an initial user study, we evaluate screen
reader speech intelligibility in the presence of background sound, as well as
the distraction from the background sound. The BLV participants commented
that making the speech both louder and slower would make it easier to com-
prehend. Thus, in a second evaluation we included conditions obtained as
combinations of speech slowing with the other two compensations (Rate+ Vol
and Rate+Eq). Four of the proposed compensations, in particular those that
pair speech rate reduction with volume or equalization adaptation, significantly
improve screen reader’s speech intelligibility in all the considered scenarios, and
the compensations do not have a significant impact on the user’s ability to pay
attention to ambient sounds. This research activity is described in Chapter
and it’s based on the following publication:

e Ahmetovic, D., Galimberti, G., Avanzini, F., Bernareggi, C., Ludovico,
L. A., Presti, G., Vasco, G., & Mascetti, S. (2023). Enhancing screen
reader intelligibility in noisy environments. IEEE Transactions on Human-
Machine Systems, 53(4), 771-780. [§]
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1.5 Methodology

To conduct research on the topic of assistive technologies for BLV people,
this thesis adopts methodologies from three distinct research fields: Human-
Computer Interaction (HCI), Mobile Data Management, and Music Informat-
ics. Following the well-established research methods in HCI outlined by Lazar
et al. [123], we produced empirical, theoretical, and artifact-based contribu-
tions. Empirical contributions required to collect data through experimental
design, questionnaires, interviews, sensor data acquisitions, observational stud-
ies and navigation tests. Empirical data were collected using artifact contri-
butions such as interfaces and developed prototypes. For theoretical contribu-
tions, we followed a user-centered design approach for model conceptualizations
and design of solutions.

The development of prototypes and artifacts in this thesis necessitated the
advancement of specific technologies within the field of Mobile Data Manage-
ment. In particular, implementing effective software components for mobile
navigation, augmented reality techniques, and the integration of data from mo-
bile device sensors required specialized technological innovations. These con-
tributions leveraged and extended existing Mobile Data Management method-
ologies to support the thesis’s goals, underscoring the technical foundation
essential for building and refining interactive systems in this research.

The Music Informatics field played a crucial role in the thesis, particularly
through the application of sound design techniques for audio feedback inter-
faces, advanced audio processing methods, and precise audio speaker calibra-
tion. These techniques were essential for creating an immersive and responsive
user experience, highlighting the significance of integrating Music Informatics
methodologies to enhance the effectiveness of the interactive systems developed
in this thesis.

All studies in this thesis begin with a user-centered design phase to develop
and propose a solution to a research problem. In a manner common to all
the studies in this thesis, we developed a unique artifact that served as the
basis for the subsequent phases. Following the development of these artifacts,
a recruiting phase was conducted to engage volunteer participants from the
BLV community. Then, an experimental design was conducted to gather data
through observational studies, experimental evaluation [5, 9], comparison with
state-of-the-art solutions [4], as well as questionnaires and interviews|L, 201].
For the evaluation of navigation system components, we conducted navigation
tests, while for interface components not related to navigation, we conducted
listening tests. Once all objective and subjective data were collected, they
were analyzed using statistical methods. Each study is approved by the Ethics
Committee of the University of Milan.

1.6 Thesis organization

The thesis is structured into several key chapters, each contributing to the
exploration of assistive technology solutions for BLV individuals. This struc-



ture provides a logical progression from reviewing related literature, through
methodological development and innovative solutions, to broader reflections
on the impact and future directions of the research.

The second chapter, titled Related Work, provides a thorough review of
existing research and literature pertinent to the thesis topics. This chapter
explores previous studies on navigation systems, sonification techniques, and
assistive technologies designed for people with BLV. By analyzing these works,
the chapter aims to place the current research within a broader academic
context and to identify potential gaps or areas that require further exploration.

The third chapter, Sonification of Navigation Instructions, focuses on the
process of augmenting navigation instructions with auditory cues and sonifica-
tion. This chapter describes how sonification can guide a BLV person during
the navigation along an unknown path. It also analyzes the effectiveness of
different sonification techniques and their potential applications in real-world
scenarios.

The fourth chapter, Modular navigation system architecture, introduces in-
novative design for a turn-by-turn navigation system, dividing the architecture
of the system in multiple independent layers. The design is aimed to improve
the mobility of people with BLV, offering a more efficient navigation with fewer
instructions, compared to a state-of-the-art design.

The fifth chapter, Noise Adaptation Techniques, presents various techniques
for adapting audio feedback in presence of noise, thus improving the intelligi-
bility of screen reader speech in different scenarios for BLV users.

Finally, the last chapter, Conclusion, summarizes the key contributions
of the thesis. It revisits the main findings and their significance, considering
the broader implications for the future of accessible navigation systems. This
chapter also highlights the potential for further development in this area, with
a focus on improving accessibility for visually impaired individuals.



Chapter 2

Related work

After an initial review of the research background in the field, this chapter de-
scribes the related work by identifying, for each relevant paper in the literature,
its main contribution(s) according to the four layers identified in Section [1.3|
Building on these contributions, we identify and list the main applicative sce-
narios and use cases enabled by state-of-the-art navigation assistance appli-
cations and research work aimed at improving autonomous mobility for BLV
individuals. Table in the Appendix [A] presents the main contributions in
the literature addressing at least one of the four layers.

2.1 Background

2.1.1 Orientation and Mobility by BLV People

Orientation and mobility (O&M) by BLV people has been largely studied in the
field of cognitive neuroscience. In these studies, the O&M strategies adopted by
blind people [170] and by low vision people [16] are often addressed separately.

For blind people, three principal O&M models have been proposed. The
Spatial model argues that blind people develop a mental representation of
the spatial layout of their surroundings, organized around their body [176].
This representation is based on non-visual sensory information, such as sound,
touch, and proprioception. According to the Route model [64], blind people
learn a route in order to navigate through the environment. During naviga-
tion, tactile landmarks and signals acquired through echolocation are used to
orient themselves along the route [78]. Based on the Survey model, blind
individuals create a mental representation of the spatial layout of their sur-
roundings, similarly to the spatial model. Unlike the spatial model, this mental
representation is not based on the individual’s body, but rather on a global
understanding of the surroundings through non-visual cues [184]. Recent work
argues that these three different O&M models are not used independently, but
they are actually integrated by blind people while navigating [78].

As far as people with low vision are concerned, the role of residual sight
is dominant in O&M strategies [16]. Nonetheless, integration of residual sight
with other non-visual strategies to acquire information about the environment



(e.g. echolocation, use of sleep shades to learn strictly non-visual techniques)
is essential also for people with low vision [81, 89] and it can be trained in
specialized courses [59].

2.1.2 Mobile Device Usage by BLV People

Mobile devices are convenient for accessing information ubiquitously, and, for
this reason, they are frequently used by many people with disabilities [104].
They can also be used to provide assistive capabilities, including access to
visual cues detected with computer vision techniques [I4], support in social
networking [20], and in particular mobility and navigation assistance on-the-
go [98, 157, [167]. Due to these functionalities, almost the entirety of BLV
people in developed countries use mobile devices, and over 80% of them use
smartphones for mobility assistance [137].

2.1.3 Sonification

Data sonification can be defined as “the transformation of data relations into
perceived relations in an acoustic signal for the purposes of facilitating com-
munication or interpretation” [I15, I91]. The use of non-verbal sound may
be advantageous over speech for reduced cognitive load and linguistic differ-
ences [52].

Prior work has proposed taxonomies of sonification functions and tech-
niques [191]. With specific regard to techniques, some of the most commonly
employed ones include audification, model-based, and parameter mapping soni-
fication. The latter in particular [82] amounts to representing changes in some
data dimensions through corresponding changes in one or more auditory di-
mensions. One of its distinguishing features is the mapping function between
data and auditory dimensions. In this thesis, we employ parameter mapping
sonification with a simple, one-to-one mapping.

Auditory dimensions can be clustered into five high-level categories: Pitch-
related, Timbral, Loudness-related, Spatial, and Temporal. An extensive re-
view [53] surveyed the mapping strategies used in the related literature to
associate physical quantities (particularly those related to kinematics, such
as distance, orientation, velocity, etc.) to auditory dimensions. The authors
showed that pitch is the most often used dimension. An evaluated sonifica-
tion technique in this thesis (The IS sonitifcation presented in the section
adopts temporal auditory dimensions instead. Higher-level musical fea-
tures may also be used, such as tonality and polyphony; in this case, the term
musification is more appropriate [46]. Musification, namely the description
of information through music objects, may also enhance engagement in addi-
tion to mere data representation. Another sonification technique evaluated in
this thesis (The MS sonification presented in the section provides an
example of musification.



2.2 The Localization problem

Many prior works in the field of assistive navigation for BLV people address
the problem of how to accurately compute the user’s position. This is because
assistive technologies supporting the mobility of BLV people require high local-
ization accuracy [9, 40}, [80]. This section summarizes the variety of technologies
applied to solve the Localization problem, emphasizing the main contributions
aimed at enhancing localization accuracy, as shown in Table

Global Navigation Satellite System (GNSS) is an umbrella term that en-
compasses different global satellite localization systems, currently: the US-
based GPS, the European Galileo, the Russian GLONASS and the Chinese
BDS. Among others, commercial applications like Google Maps [}, Apple Maps
EL GoodMapﬂ and BlmdSquamﬂ and research applications [40, [80), 128, 129,
136), 174, 200l 211, 106] adopt this solution. Various techniques have been
studied in the literature to enhance the position accuracy of GNSS with hy-
brid approaches, including the combination of GNSS with visual techniques
[40] and inertial sensor positioning [200} [174]. These hybrid approaches en-
hance navigation robustness in complex scenarios where satellite signals may
be disrupted.

Radio-signal-based solutions have been adopted for indoor positioning due
to the low accuracy of GNSS systems in indoor environments. WiFi localiza-
tion |2, 29, 67, [91], [160] leverages the availability of WiFi networks to compute
the position of a device within an environment. Other common techniques
used for wireless localization use Radio Frequency Identification (RFID) tags
[42] or Bluetooth Low Energy (BLE) beacons [15], 4], 511, 84, [O04) 11T, 147].
Fingerprinting-based solutions have also been proposed to increase the accu-
racy of radio-signal-based approaches [9], 146 [167]. In case of Ultra Wide
Band technologies the Two-Way Ranging method was proposed to compute
the distance based on the time it takes for the signal to travel between the
transmitter and the receiver [I63]. Beacon-based approaches rely on an en-
vironment densely populated with transmitter installations, where deploying
and maintaining these transmitters represents a significant logistical and oper-
ational challenge. To address this issue, crowdsourcing solutions were proposed
[79].

Inertial odometry [66, 162], 188, 210] uses the data from Inertial Measure-
ment unit (IMU) sensors (magnetometer, accelerometer and gyroscope) to
compute how user’s location changes in time through the Pedestrian Dead
Reckoning (PDR) [96, 202]. The accuracy of this family of techniques can
be increased by using visual-inertial odometry, which combines features ex-
tracted from images captured by camera sensors with data from IMU sensors
[69, [49] 106, [72].

Since odometry and visual-inertial odometry are subject to drift problems
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(position accuracy decreases over time) they are also used in combination with
other techniques that provide sporadic position fixes [49, [69]. These techniques
can also be conveniently implemented by relying on existing augmented reality
libraries [3, [7, [43] 206] and computer vision algorithms [85, 94 95|, 118, 125,
145].

Some papers in the literature use LiDAR scanners to recreate a 3D repre-
sentation of the environment [85] [118] 164]. In particular, the structure-from-
motion (SfM) technique can be used to compute the pose from a point cloud
representation of the environment using LiDAR sensors. An example of this
approach is used in the Cabot project [85] which use the LiDAR to provide
precise environmental mapping and localization in a Simultaneous Localiza-
tion and Mapping (SLAM) process. Commercial apps such as Apple Maps E],
Google Maps E], GoodMaps E], and NaviLens E] have introduced features that
use a smartphone’s camera and eventually the LiDAR sensor to enhance local-
ization accuracy. This is achieved through visual-inertial odometry, possibly
combined with LiDAR sensor [85] [118], datasets of outdoor or indoor environ-
ments [164], [49] 151] used to update the position, and GNSS positioning [40]
to correct outdoor position based on the GNSS signal.

Many solutions also adopt sensor fusion and filtering techniques to com-
bine multiple positioning sources for a more accurate localization. For example,
Kalman filter has been used to combine IMU sensor data with radio-based sig-
nal [73]. In particular, Particle Filtering has been used to improve localization
accuracy in many different works [49] (70, [87), OT], 146], 162, 188|. Particle Fil-
tering techniques are sequential probabilistic methods used for estimating the
state of a system by representing the state distribution with a set of particles,
which are updated based on observations and resampled to improve accuracy.
Deep learning methods have also been proposed to implement sensor fusion
of multiple localization sources [I52]. These solutions may also model the en-
vironment constraints (e.g., areas where the user is not expected to go) to
achieve more robust localization [69], 147, [162].

Table 2.1: Related papers with a proposed solution for the Localization prob-
lem.

Main Localization | Paper Proposed approach
techniques
GNSS [106] GNSS positioning combined with
visual landmarks
[40] GNSS positioning combined with

visual information

[174] [200] GNSS positioning combined with
Inertial sensor positioning

Shttps://www.apple.com/maps
6googlemaps
"https://goodmaps.com
Shttps://www.navilens.com/
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Main Localization
techniques

Paper

Proposed approach

Radio signal

9] [41] [51]
[84] [111]

Fingerprinting of Received Signal
Strength Indication (RSSI) of BLE
beacons

[167]

Fingerprinting of Received Signal
Strength Indication (RSSI) of BLE
beacons, Semantic features

[15]

Fingerprinting of Received Signal
Strength Indication (RSSI) of BLE

beacons, Inertial sensor positioning

[140], [147]

Fingerprinting of Received Signal
Strength Indication (RSSI) of BLE
beacons, Inertial sensors positioning,
Particle filter

2l

Combination of WiFi positioning,
beacon positioning and Radio
Frequency Identification positioning

73] [91]

Combination of WiFi Fingerprinting
positioning and Inertial sensor
positioning

179

Crowdsourcing-based Fingerprinting
of Received Signal Strength
Indication (RSSI) of BLE beacons

194]

Received Signal Strength Indication
(RSSI) of BLE beacons combined
with images in Deep Learning using a

CNN

[163]

Received Signal Strength Indication
(RSSI) of BLE beacons combined
with Ultra Wide Band beacons using
Two-Way Ranging

42]

Radio Frequency Identification
positioning

[29] [67]
[160]

WiFi fingerprinting

Inertial sensors

[210]

Crowdsourcing-based inertial sensors
segments, Acoustic-based localization

[162] [138]

Inertial sensors combined with a
Particle filter

LiDAR

18]

LiDAR scanning, Floormap detection
and understanding

185

LiDAR scanning, Scene
understanding using CNN

[143]

LiDAR scanning, Inertial sensor
positioning
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Main Localization | Paper Proposed approach
techniques
Visual-inertial [49] [70] Visual inertial-odometry, Visual
odometry landmarks, Particle filter
[72] [145] Combination of Visual
[125] inertial-odometry with Inertial sensor
positioning
7] [69] Visual-inertial odometry using
Augmented reality, Visual landmarks
[95] Visual-inertial odometry using
existing street cameras
[187] Visual landmarks
Hybrid positioning [152] Scene understanding using CNN,
Recurrent Neural Networks for
inertial sensors

2.3 The Routing problem

Table shows the main contributions of relevant papers in the state of the
art that propose solutions for the Routing problem. In the turn-by-turn navi-
gation paradigm, the routing problem is the problem of computing a route, a
set of waypoints, from a starting position to a destination. Although routing is
not usually described in detail in previous contributions, turn-by-turn naviga-
tion paradigm is adopted by many existing solutions [3, [0, O], 95 200] Route
computation addressing the routing problem adopting a space representation,
a data structure to model the environment. Beyond space representation,
another task associated with the routing problem is the computation of the
next target, which represents the intermediate waypoint relative to the user
position. During the navigation, the actual trajectory may deviate from the
planned route by more than a set threshold distance. This deviation is a poten-
tial problem called veering which can be solved with a veering compensation
approach.

Space modeling

A common approach in turn-by-turn navigation is to represent space using a
graph-based model. Graph-based models represent the turning points as nodes
and the straight paths along which the user is expected to walk (e.g., an aisle)
as edges between the nodes [3, 9], 5], 4], [43], (58, 0T, 05, 118, 167, 188, 200].
Graph-based model makes it possible to compute the shortest route between
any pair of nodes on the graph by weighting each edge with the geographical
distance of its two nodes. Different edge weights can model different interpre-
tations of best route, for example, balancing distance with other factors such
as potential hazards along the route.

An alternative space representation model is space discretization. Various
solutions are adopted to achieve this including non-overlapping polygonal tiles
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of different size and shape [162], and grids in which all cells have the same size
[2, 42], 127]. In particular, the grid-based representation is frequently used to
model obstacles and the environment |2 125], as well as the arrangement of
RFID tags in the environment [42]. Using the grid-based approach, the route
is represented as a sequence of cells that starts from the cell containing the
user’s position and ends at the cell containing the destination position. Since
the grid can contain a large number of cells, the route computation can be
computationally demanding. Therefore, an approach used in the literature is
to create a topological graph from the grid to reduce the computational effort
required to compute a route [127].

Discrete and graph-based models can be fused into a hybrid model. For
instance, Kim et al. [I11] propose a hybrid model composed of a graph-based
model with nodes represented by beacons, which are used to compute the
route, and a discrete model that divides the space into areas, which provide
information about the environment. An alternative hybrid model proposed
by Yoon et al. [2006] employs waypoints to create the graph representation
of the space, and an rectangular area (called Check-off zone) representing an
approximation of a waypoint (see, for example Figure [2.1)).

Next target computation

In turn-by-turn navigation, the user is directed along a straight line to reach
a waypoint, and, once it is reached, the user is directed toward the following
one. Previous solutions update the target when the user is closer than a given
threshold to the turning point [3], 9, 411 [42] [79], 85, Q1] ©95], 118, 128, 162] 188,
200].

In the solution adopting graph-based models, the next target is selected
as the next node on the route computed using a graph search algorithm like
Dijkstra’s. Furthermore, some papers propose ad hoc algorithm that considers
one or more criteria for updating the weights of graph edges, such as the
number of turn instructions required to reach the destination [56], 58] 119].

In discrete space models, the next target is computed using an ad hoc
algorithm based on the space representation, or graph search algorithm by
converting the discrete model into a graph. An instance of ad hoc algorithm
is adopted using the tile representation [162]. In the tile representation, the

User trajectory

Arrived
>0
o Path
__________________________ aypoint

Path direction Check-off zone

Figure 2.1: Example of a user trajectory entering a check-off zone. According
to this model, the user is considered to have arrived to the waypoint even if
there is a lateral deviation.
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route is represented by a sequence of tiles. Since each tile has two reference
points used for route computation, the target becomes the closest reference
point in the next tile when the user is in proximity (less than a threshold
distance) to that tile. There are two approaches to compute the next target
using the grid representation. The first approach is to compute a route using
the A* algorithm. In this case, the route is a sequence of cells and the target is
located at the center of the first cell in the sequence. The second approach is
to convert the grid into a graph, simplifying the computation of routes using a
graph search algorithm, as cells can be viewed as nodes in a graph. The route
becomes a sequence of nodes instead of a sequence of cells and the target is the
center of the cell represented by the first node in the sequence. Extensions of
these approaches include ad hoc solutions that define the costs of cells in the
grid or edges in the graph based on criteria such as the presence of obstacles,
accessibility, and spatial awareness [2, [44], [125].

The target using Hybrid models is computed similarly to the graph-based
model, as all waypoints are represented as nodes in a graph. However, the
method for assigning the next target varies depending on the model. For
instance, Yoon et al. [206] compute the route using the graph but determine
when to assign the next target based on proximity to the discrete model (check-
off zone) containing the target. In this model, the next target is the node in
the route that corresponds to the center of the next check-off zone. Conversely,
the hybrid model proposed by Kim et al. [I11] assigns the next target using
the graph model alone, without utilizing the discrete model, which is used for
announcing points of interest.

Veering compensation

When there is veering, recalculating the route to correct the deviation can
help identify a new target. Many papers address this unintended deviation
by performing rerouting, which involves recomputing the route to update it
[42, 9], 127, 125], 148, 162]. Other solutions do not involve rerouting; instead,
an instruction is provided rather than reassigning the target [91], [95], 188, 200].
This approach models scenarios where the user should not or cannot deviate
significantly from the route. One possible solution, briefly mentioned in the lit-
erature, is to provide an instruction when the user veers more than a threshold
distance from the intended route, rather than updating the target [3].

Table 2.2: Related papers with a proposed solution for the Routing problem.

Main Routing | Paper Proposed approach

approach

Graph 13] Turn-by-turn navigation,

representation veering correction,
update the target at a given threshold to the
waypoint
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Main Routing
approach

Paper

Proposed approach

9] [1]
[95] 188
[200]

Turn-by-turn navigation,
veering correction

1] 18]

Turn-by-turn navigation

43|

Turn-by-turn navigation,

the connection between anchors represents a
straight path,

anchors as nodes

79l

Turn-by-turn navigation,

veering correction,

paths organized as a network of routes
between the beacons

Grid

2l

The grid cells indicate where it is possible to
£o,

graph representation derived from the grid
representation

42|

Graph representation derived from the grid
representation,

turn-by-turn navigation,

veering correction

[125]

The grid cells indicate where it is possible to
go or unknown areas,

recompute route based on obstacle on the
trajectory

27

The grid cells indicate where it is possible to
go or

unknown areas,

graph representation derived from the grid
representation,

recompute route based on obstacle on the
trajectory

[148]

The target is the next gait point,
recompute route based on obstacle on the
trajectory, 3D grid

Multiple
representation:
Checkoff zones,
Graph

representation

[200]

Update the target when user enter in the
check-off zone

Multiple
representation:
Hierarchy of
areas, Graph
representation

[L1]

Update the target at a given threshold to the
point of reference
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Main Routing | Paper Proposed approach

approach

Tile [162] Update the target at a given threshold to the
representation next tile, veering correction

2.4 The Guidance problem

Most existing solutions do not provide an explicit and complete procedure for
generating announcements. Generally, an announcement can be either a single
statement or a combination of statements. Common types of announcements
proposed in research papers include: navigation instructions, Point of Interest
(Pol) information, security announcements and updates about mobility.

The main contributions of the papers addressing the Guidance problem are
summarized in Table 2.3

Navigation instructions. These announcements relate to actions required
during navigation. The most common instructions in assistive navigation typ-
ically involve directives to rotate or walk. These directives are given based
on missing distance, veering, or an angular error in orientation relative to the
required direction. Other navigation instructions are provided based on the
purpose outlined in the paper, such as changing the floor or stopping before
a pedestrian crossing. Some papers briefly mention the Guidance problem,
for example, reporting that a rotation instruction is generated when there is a
need to correct the user’s orientation or when the angular error is larger than
a threshold [3, [, 5, Ol 12, [66], 84, ©5], 125, 148, 188, 203, 204, 211]. However,
most of these papers do not specify which instruction is given when a rotation
is completed. Instead, other papers report the need to inform the user that the
rotation was completed [3] 4, 5], [0 10] and others focus on the reaction time
to navigation instructions |12 [153]. Many papers adopting a turn-by-turn
navigation paradigm for the Routing layer provide a navigation instruction
when the user arrives at the target |9 10, B1l [66] 148, 162, 204, 206, 209].
Furthermore, BLV people tend to veer off straight path. Many papers dis-
cuss strategies to compensate this unintended deviation by providing an in-
struction when the user veers beyond a threshold distance from the route
[3, @, 10 62, 84, OT], ©5, 188, 200, 204, 209, 211]. Another veering correction
is proposed by Ahmetovic et al. [3] providing a side-step instruction to return
inside the threshold distance from the route.

Point of Interest (Pol) information. These announcements convey de-
tails about environmental features, which may include information about the
texture of the pavement, the significance of certain environmental elements,
or connections between different parts of the environment. Solutions suggest
to provide an announcement when the user is in the proximity of points of
interest [9, 84, 167, 162].
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Security announcements. During navigation, BLV people may encounter
situations where instructions are provided for safety reasons. These announce-
ments are made to inform about potential dangers. One example is the ob-
stacle alert, which indicates the proximity of an obstacle. Common issues
addressed include pedestrian crossings, stairs, and curbs. Indeed, obstacles
may be present on the route [10] 84 203], or there may be challenging points
where it is difficult to understand what to do, such as encountering a moving
obstacle while crossing the street at a crosswalk [95].

Updates about mobility. These announcements are related to the journey
itself. This category includes anticipatory navigation instructions, such as
information about upcoming actions and their distance, or variations in the
route during navigation, such as route changes or interruptions. Additionally,
some studies provide navigation instructions that should be followed when the
user is before the target so that a BLV traveler knows beforehand which action
to perform at the target [10], 31, 207, 209].

Table 2.3: Related papers with a proposed solution for the Guidance problem.
Pol = Point of Interest information, Security = Security information

Main Guidance approach

Paper Navigation Pol Security | Updates about
Instructions Mobility

131, @[5, 121 | X

[125] [14]], [204],

[206], [211]

[, [162] , [167] X X

[10], 311, [66], X X

[188],[207]

[95], [203], [209] | X X X

[62] X X

[84] X X X X

2.5 The Interface problem

In their research, scholars and developers addressed the three main levels of
spatial knowledge [197], i.e., knowledge about a point in space (e.g., a land-
mark, an obstacle, a destination), knowledge about a sequence of points (a
route to a destination, or “route knowledge”), and integrated knowledge about
the environment (i.e., cognitive-map like knowledge, or “survey knowledge”).
To convey these types of knowledge to a BLV traveler, different Interface
solutions exist. The proposed solutions adopt audio feedback, haptic feedback
or graphica]ﬂ feedback. These modalities can be used individually or combined

9Graphical feedback approaches are not covered in this thesis, as they do not align with
the focus of this thesis.
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to obtain multimodal feedback. Table presents the contributions of each
relevant paper in the literature addressing the Interface problem.

Table 2.4: Related papers with a proposed solution for the Interface problem.

Main Interface | Paper Proposed approach

Approach

Audio 3] App transforming environmental data into
sounds to facilitate spatial understanding.

[7] Navigation system employing spatialized
audio cues to guide users.

[9] Indoor navigation system using sound and
spoken instructions for orientation.

[29] Device providing spoken information about
the surrounding environment to facilitate
mobility.

[51] App guiding users through predefined routes
using voice commands.

[67] App offering real-time spoken information
about traffic and public transport conditions.

[69] Smartphone app combining audio cues and
spoken instructions for indoor navigation.

[70] Mobile application using audio feedback for
indoor orientation.

[106] Device using 3D sounds to provide
orientation cues.

[110] Interface delivering spoken instructions for
orientation in complex environments.

[128] Portable device providing audio feedback for
navigation.

[129] Personal navigation system employing
spatialized audio to indicate direction.

[136] Vocal announcement system informing
passengers in public transport stations.

[167] Smartphone app offering sonification and
spoken instructions to guide users.

[174] System verbally communicating details about
public transportation and stops.

[187] Vision-based localization system providing
spoken instructions for navigation.

[200] Portable system converting navigation
information into auditory signals.

Haptic [19] Smartphone vibration features used for
conveying simple navigational instructions.

[85] Robot using haptic feedback to signal
obstacles and directions.

18



Main Interface | Paper Proposed approach
Approach

[101] Vibrotactile bracelets that provide directional
cues for navigation.

[107] Haptic strap used to enhance spatial
awareness and provide directional guidance.

[109] Utilizes natural-sound-like vibrations to
simulate environmental cues for navigation.

[125] Glass-mounted RGB-D camera and haptic
feedback through vibration motors for
obstacle detection and guidance.

[135] Head-mounted haptic sensors designed to aid
navigation for visually impaired individuals.

[148] Electronic white cane using vibrations to
signal obstacles and directions.

[168] Remote-controlled vibrotactile device guiding
users through tactile feedback.

[203] Underfoot haptic cues in a virtual
environment for intuitive movement guidance.

Multimodal [95] Wearable device providing tactile and
auditory feedback for pedestrian guidance.

[111] System using audio and vibration feedback to
assist with urban navigation.

[162] Integrated device combining sonification,
spoken instructions, and haptic feedback for
navigation.

[211] Bracelet offering vibrations and audio signals
to assist runners with direction and pace.

2.5.1 Haptic Feedback

Haptic feedback is an interface modality that can be used to convey nav-
igation instructions [19, 65, 101, 107, 109, 168] through vibration patters.
Different types of hardware devices were experimented in the literature to
convey the navigation instructions with tactile feedback, including vibrotac-
tile bracelets|26, 10T], T68], haptic strap [107|, head-mounted haptic sensors
[135] [125], 204], haptic cues underfoot [203] natural-sound-like vibrations [109)],
smartphone vibration [19], smart cane [24], 60, [74, 02, 112, 148 194] and belts
[65]. The combination of haptic feedback with audio feedback is also explored
in research 127, 177, 211].

Since this thesis focuses on pre-existing generic hardware, such as smart-
phones, without the use of additional hardware, we do not employ haptic

feedback.
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2.5.2 Audio Feedback

Audio feedback-based interfaces are widely explored in research. In this do-
main, previous papers have adopted various solutions, including spoken in-
structions [2], 15, 18, 29, 67, 110} 136, 162], 174], sonification techniques [3, 4,
35, [155], 200], earcons [5, [7, [69] [106], and their combination [5, @, 31, [43], 62,
05, 111l 167]. Many approaches, in particular, leverage spatialized audio to
provide navigation assistance |7, 48], 106, 129] 178 200].

Regarding the knowledge about a point in space, typical applications use
sound to indicate where a Pol is localized. These include obstacle detec-
tion [38], identification or avoidance of relevant or potentially dangerous el-
ements (e.g., stairs or pedestrian crossings) [37, 139, 156], 173, 208]. The
Soundscape projectEy] uses spatialized audio and verbal cues to enhance ambi-
ent awareness. Through Soundscape, BLV people can place an audio beacon
in the specific location of a point of interest. During usage, a spatialized 3D
sound will be played in the direction of the audio beacon. Another mobile
device application called “overTHERE’EL developed from Smith-Kettlewell’s
Virtual Talking Signs project [48], can be used to determine heading direction
of a point of interest. When the device is oriented towards a point of interest,
“overTHERE” plays a verbal message to inform what is the point of interest
and the distance to the point of interest. Instead, when the device is not ori-
ented an intermittent impulse is spatialized indicating the direction of point of
interest, mimicking the sensation of hearing sounds from the direction of the
point of interest.

Regarding the knowledge about routes, several approaches have been pro-
posed for the use of sound in wayfinding tasks. Klatzky et al. [I13] compare
the use of sound instructions to follow a route with those given by a spatial
language (e.g. left, right). They show that the cognitive load is lower when
instructions are given by sounds than by speech. Some approaches use simple
panning of stereo sound [139], while others provide immersive 3D sound [I78§].
The Personal Guidance System [12§], in particular, is a seminal work in this
field. This system obtains information from a GNSS receiver and uses dif-
ferent types of auditory displays, spatial sound delivery methods, and tracker
locations [129]. Usoh et al. [I89] presented a comprehensive study of the ap-
plication of non-speech sound for navigation and pathfinding. A more recent
review on the use of sound for assisting the mobility of BLV people is provided
by Spagnol et al. [178], albeit with a focus on spatial audio. The SWAN sys-
tem employs non-speech auditory beacons that change in timbre and position
with increasing levels of the subject’s practice: the learning experience of the
system improves both the navigation speed and accuracy [190]. The proximity
distance to a target direction is the most common information conveyed us-
ing sonification. Fiannaca et al. [62] propose Headlock, which provides audio
feedback (sonification and speech) to guide a user across an open space to a
doorway. NavCog [9, [167] localizes the user through the sensing of the nearby

Ohttps://www.scottishtecharmy.org/soundscape
Uhttps://www.ski.org/projects/overthere
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Bluetooth beacons and uses a combination of spoken instructions combined
with earcons and sonifications to provide guidance to a destination. For a
straight path, the user is periodically informed about the distance to the next
target with synthesized verbal messages and the speed of an intermittent click-
ing sound increases as the user approaches the next target. For turns, once
the user is aligned correctly to the new required direction (based on gyroscope
data), a confirmation sound is played. Different types of sonification have been
studied in the literature to better support the user during rotations (which are
particularly critical) [4, 5] and have been adapted to guide users along straight
paths [3].

Regarding the knowledge about the environment, various applications use
sound to help a user form a cognitive map of an unknown environment, ei-
ther online (i.e., while exploring the environment) or offline (i.e., through
the learning of maps of the environment in advance). Guerreiro et al. devel-
oped a gesture-based virtual navigation system used to explore a turn-by-turn
representation of the environment [83]. Lahav and coworkers [121] performed
several studies on map exploration by blind subjects, which led to the de-
velopment of the audio-haptic BlindAid system [122]. Katz and coworkers
developed a system exploiting a 3D audio virtual environment to investigate
the structural properties of spatial representations [I05]. They used a “ears
in hand” metaphor [I31], based on an egocentric view of the virtual map in
which the ears of the user are virtually placed at the position of the hand or
the handheld device used to explore the map. The same metaphor was used by
Geronazzo et al. [T7] in developing a non-visual system for offline exploration
of 2D maps. A different approach is used in a sonification-based obstacle de-
tection and avoidance navigation system. The Watchout system proposed by
Presti et al. [I55] enables obstacle avoidance using sonification to indicate ob-
stacle distance, width and height. Earcons and auditory icons are used to alert
the BLV user to specific situations. Constantinescu et al. [45] used auditory
icons to provide an awareness of the scene framed by a head-mounted camera.
Participants in their study preferred an interface using these auditory icons
over speech-based earcons (spearcons), which may be difficult to understand
if delivered rapidly.

2.6 Services Provided by Navigation Assistance
Systems

Navigation assistance services proposed in literature and commercial mobile
apps offer support during mobility of BLV people. These include navigation
systems for both indoor and outdoor environments, support for using public
transport, environmental descriptions and descriptors, recording and repeating
paths, setting and searching for points of interest, and obstacle detection and
avoidance systems.

Some papers propose navigation systems that enable BLV people to nav-
igate complex scenarios such as train stations and airports [84, 85, [1TT]. In
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addition, the independent mobility of BLV people is enhanced by systems
for detecting pedestrian crossings [0, [I71], solutions for assisted crossing in
presence of traffic lights |39, 138] and traffic intersection [95, 145], and sys-
tems that record and repeat routes [43, [66], 188, 206]. Furthermore, obsta-
cle detection and avoidance systems also contribute to BLV people mobility
[311, 135], (38, 451, 57, [85), 107, 125, 127, [135], 154 155, 156], 173] 208].

Many papers in the scientific literature have shown that indoor and outdoor
positioning techniques enable a number of services that can effectively support
the independent mobility of BLV people [56, 166], [182]. People involved in these
studies mentioned that some applications are particularly useful, including:
Ariadne GPSF_Z], Blz’ndSquareF_g], ClewE], Google MapsE], iMove [99], Lazarillo
appE], Soundscapd®®, NavCog [9], Nearby exploreTEI, Seeing Eye GPS@ Step-
Hear"] ViaOpta Narf| and We WalkP]

Some papers have investigated in particular which applications are com-
monly used to support independent mobility with public transportation [21]
22, 100, 201, 212]. Popular applications cited by participants involved in
these studies were BlindSquare, Google Maps, Lazarillo app, LyftP?, Apple
Maps{g_g],Moovi@, Sim’@, Step-Hear, Ube@, and WeWalk. Research has found
that the ability to create a mental map of the route before moving thanks to
software like Google Maps reassures BLV people [34, 100, 159 212]. Many re-
search projects have proposed solutions to make BLV people more autonomous
in using public transport, such as bus [29, 67, [165], 174 207, 210]. Some papers
have studied accessible platforms to guide BLV people to choose the preferred
public transport and to track the movement of the mentioned means of trans-
port [27, 114, 136, 183, 207].

Many apps and research projects offer solutions to describe an environment.
Recent commercial apps dedicated to describing the scene in front of a user
are designed for BLV people, such as BeMyEyes m Envision @, and Seein-
gAI Pl Many research projects provide descriptions of framed images in the
environment through camera sensors |7, 28], 85, 86]. Furthermore, Geographic
Information Systems are used to provide more general information about the

2https://www.ariadnegps.eu/en/
Bnttps://blindsquare.com
Yhttps://www.perkins.org/resource/clew-navigation-app-review/
https://www.google.com/maps/
https://lazarillo.app
"https://tech.aph.org/ne_info.htm
®https://apps.apple.com/us/app/seeing-eye-gps
Ynttps://www.step-hear.com
Onttps://www.itcares.it/portfolio/viaoptanav/
Znttps://wewalk.io/

nttps://lyft.com
2https://wuw.apple.com/maps
24https://wuw.moovit.com/
Znttps://www.apple.com/siri
26nttps://uber.com

?Thttps://www.bemyeyes . com/
Zhttps://www.letsenvision.com
Pnttps://www.seeingai.com/
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environment to inform the user, both in research literature |11, 80, [102] and in
commercial applications such as Google Maps, Soundscape, and BlindSquare.

A particularly useful feature for aiding mobility is the ability to record and
subsequently replay a route in an environment [43], 66], 188, 2006, 200]. This
technology enables BLV people to navigate spaces more confidently by allowing
them to retrace their steps along routes.

A common request among BLV individuals is to locate and set points of
interest. This functionality is explored in research |9, 48|, [167] and provided by
common commercial apps such as BlindSquare, Lazarillo app, Ariadne GPS,
Soundscape, ViaOpta Nav, and Nearby explorer.

Table provides a review of research works that contribute to mobility
services for BLV people.

Table 2.5: Works and applications in literature with a contribution on services
during mobility.

Main Service | Paper Proposed Approach
Point of [9, 48, [167] Allow to search and set the location of a
interest setting | BlindSquare ™ | Point of interest with or without
and search Lazarillo app auditory feedback
Soundscape T
ViaOpta Nav
Nearby
explorer™™®
Public [211, 22], 100, Investigation into apps and technologies
Transportation | 136} 20T, 212] Google Maps™ and Moovit2® that help
Mobility BLV individuals navigate public
Support transportation effectively.
Bus Transport [29, [67, 165, Research on solutions to enhance bus
Assistance 1741, 207, 210] transport usability for BLV individuals,
including navigation, bus tracking, and
accessible information platforms.
Navigation in [84), 185, 111] Development of systems to assist BLV
Complex individuals in navigating complex
Environments environments like airports and train
stations.
Pedestrian [, 171 Technologies for detecting pedestrian
Crossing crossings and aiding safe crossing
activities in traffic environments.
Traffic [95], [145] Technologies for the safe navigation of
intersections traffic intersections.
navigation
Descriptor of [7, 28], 851, [86] Research that provide real-time
Environmental description of the surroundings to BLV
features users, enhancing situational awareness.
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Main Service | Paper Proposed Approach
BeMyEyes4t, Commercial applications that provide
Envisions, real-time description of the
Seeing AT surroundings to BLV users, enhancing

situational awareness.

Geographic [111, R0, 102] Utilizes a knowledge-based database to
information offer context-aware support by
system providing detailed information about
the environments being visited.
Record and [43, 166, 188, Utilizes technology to record a route
repeat the route | 206, and enable users to retrace their steps
to and from a starting point.
Obstacle [311, 35, 38, 45, | Proposed works to detect an obstacle
detection and 57, 85, 107, providing feedback to avoid it.
avoidance (125, 127, 135,
154, [153], 156
173, 208]
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Chapter 3

Sonification of navigation
instructions

Navigation assistance services for BLV people pose the challenge of providing
accurate guidance through non-visual navigation instructions. This study pro-
poses two techniques to guide the user during navigation assistance, and in
particular during turns and straight paths. Both techniques adopt a combi-
nation of speech and non-speech audio with the aim of providing continuous,
accurate, and unobtrusive guidance. The two solutions differ in the sonifica-
tion technique used to generate the non-speech audio. The techniques were
evaluated in a real-world environment with nine BLV participants. Experi-
mental results show that one of the proposed techniques is significantly more
effective than a baseline approach adopted in existing solutions, in terms of
navigation accuracy during turns and straight paths. Thus, it is a practical
and effective solution to the problem of non-visual navigation assistance for
BLV people.

3.1 Background

Sonification is the use of non-speech audio to represent information [192], and
it can be used as a means to accurately guide BLV people during navigation
assistance. In particular, sonification of turn instructions is based on the an-
gular error relative to the correct direction to be followed. NavCog [9] uses
a confirmation sound to indicate when the user is correctly aligned with the
target direction while turning, remaining silent when the user is not aligned.
However, this can lead a BLV person to turn without realizing they have over-
rotated, resulting in a misleading direction after reaching the target orientation
[12].

The use of sonification techniques with a continuous feedback during turns
can convey continuously the amount of the angular error, effectively commu-
nicating how close the user is to the target orientation. In two previous contri-
butions, we have studied how sonification feedback support BLV people during
turn instructions. [4, [5]. The turn instructions are provided through simple ver-
bal messages (e.g., “turn right”) followed by real-time sonification feedback that
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conveys the quantity of rotation needed to complete the turn. While the user
rotates, the auditory feedback changes to represent the distance to the target
angle. In particular, we proposed three different sonification techniquesﬂ

IS (Intermittent Sound) — This sonification triggers impulsive “ticking”
sounds at a variable rate, which is inversely proportional to the angular
distance from the target direction.

AM (Amplitude Modulation) — This approach employs a sinusoidal sound,
modulated in amplitude by a low-frequency (sub-audio) sinusoidal sig-
nal. The frequency of the modulating signal is inversely proportional to
the angular distance, producing a slowly pulsing sound at large angular
distances, which becomes stationary when the target is reached.

MS (Musical Scale) — The initial distance from the target angle is sub-
divided into eight circular sectors, corresponding to as many grades of
an ascending major musical scale. While approaching the target angle,
the user enters new circular sectors, thus triggering new notes; when the
target has been passed, a descending note is produced.

The above sonifications were compared with a baseline approach (Ping - P),
used in existing solutions [9], which consists of a single impulsive sound trig-
gered when the turning angle is correct. Through empirical experiments in a
laboratory, we measured the rotation accuracy, rotation time, and sonification
preferences of BLV participants during turns. The studies demonstrated that
a baseline solution for indicating direction is not sufficiently accurate, poten-
tially leading a BLV person in the wrong direction. Moreover, the MS sonifi-
cation demonstrated higher accuracy compared to the baseline. Coupling the
proposed sonification approaches with the ping sound when the correct turn-
ing angle is achieved further improves the accuracy of all three approaches,
without impacting the rotation time. In particular, IS+P (obtained by cou-
pling IS and P) and MS+P (obtained by coupling MS and P) sonifications
achieved the highest accuracy. To support the finish of a turn, deep learn-
ing approaches can be combined with the turn instructions [12] reducing the
angular error during rotation.

3.2 Contribution

Our prior work [5] shows that the proposed sonification approaches can be
useful to support BLV people during navigation assistance. However, the in-
vestigation considered only a portion of the turn-by-turn navigation assistance
process, that is the turn instructions, while travelers also need to be guided
during straight path segments. Furthermore, the tests were conducted in a
laboratory with seated participants, therefore without considering the effect
of users’” own movement and external environment influences on the guidance

!Examples of the sonifications are available online https://earcons.netlify.com/
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accuracy. To address these issues, we extends our previous work with the
following contributions:

e We generalize the IS+P and MS-+P sonifications, which obtained the
best scores in the previous study, to support the users also during straight
path segments in turn-by-turn navigation assistance.

e We design and implement a prototype mobile application that provides
turn-by-turn navigation assistance and supports the proposed sonifica-
tion approaches. The prototype relies on accurate visual-inertial local-
ization, based on visual markers positioned in the environment. This
solution has been implemented using native mobile Augmented Reality

(AR) libraries (see Section |3.4.1)).

e We evaluate the accuracy, the required time, and the appreciation of
IS+P and MS—+P sonifications, compared to the baseline approach,
during navigation assistance tasks in a real-world setting.

Our results confirm that, also in a real-world scenario, the proposed soni-
fication techniques result in significantly smaller rotation errors and rotation
times compared to the baseline condition. Instead, on straight paths, IS4P
achieves lower distance errors than both MS+P and the baseline, without im-
pacting the overall walking time. Participants’ comments highlight that IS+P
was also perceived to be more precise and that it would be preferable on un-
familiar routes. Instead, on familiar routes, P was deemed more appropriate
since it is less invasive and distracting with respect to the background sounds.
Indeed, this sonification was also perceived to be less annoying, in particular
with respect to MIS+P. The proposed sonifications could be easily integrated
into state-of-the-art navigation assistance solutions for BLV people [167], re-
placing the baseline approach which is currently used, and resulting in more
reliable, accurate, and safe guidance.

3.3 Sonification Design

In the turn-by-turn navigation assistance paradigm, the navigation of a route
from a start position to a destination is conceptualized as a sequence of two
alternating activities: i) traversal of straight paths connecting a waypoint to
another, and ii) turns occurring at each waypoint to head towards the next
one. The former activity mainly depends on the linear distance between the
traveler and the destination waypoint, the latter on the angular distance be-
tween the direction of the traveler and the direction of the next waypoint.
Prior solutions for BLV people convey such distances through verbal instruc-
tions at the beginning of each activity (e.g., “proceed 10 meters” [167] or “turn
to 11 o’clock” [32]), and confirm the completion of the activity with a single
impulse Ping (P) sound [I57]. However, the inherent imprecision in following
such instructions can lead to navigation errors and potential hazards [13]
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With the aim of providing a more accurate navigation assistance for BLV
people, we propose the use of sonification to convey the remaining distance (an-
gular or linear) in real-time while the user is turning or traversing a straight
path. The core idea of these techniques is to compute in real time a sound that
represents the distance to the correct angle (during rotations) or to the next
turning point (during straight paths). Specifically, in our prior work [5], for
the task of conveying turn instructions, we have investigated three sonification
techniques (briefly described in Section[3.I)): Intermittent Sound (IS), Am-
plitude Modulation (AM), and Musical Scale (MS). These approaches,
which we refer to as base sonifications, were evaluated in comparison with the
baseline solution (i.e., P) used in existing navigation assistance systems [167].
Moreover, we have also proposed and evaluated three variants in which P is
added to each of the above sonifications when on target, thus obtaining IS+P,
AM+P, and MS+P (compound sonifications). This form of reinforcement
introduced further improvements in user performance.

In this work [3], we generalize two of the proposed sonification approaches
for both navigation activities (turns and straight movements), namely for the
representation of both angular and linear distances. The two sonifications are
IS+P and MS+P, which yielded the best accuracy and appreciation results
in the previous investigation.

3.3.1 Design Criteria

If data sonification can be thought of as a musical instrument played by the
data, sonification assisting users in reaching a goal can be thought of as an
instrument that encourages the user to reach those goals by exploiting musical
expectations. Different musical backgrounds should also be considered in the
design, but this is true for any sonification, which must be tailored to the sonic
culture of the target audience [130].

With specific reference to the proposed design, IS is composed of short
broadband pulses. Taken individually, such bursts mask a large part of the
spectrum (maximizing the probability of being audible) for a very short time
(minimizing the probability of compromising other sound events). Taken to-
gether, as the target approaches, the pulses result in a sort of accelerando
that creates a pleasing tension and invites the listener to complete the musical
gesture.

This latter aspect is at the core of the MS sonification as well. For this
sonification, the choice of using an ascending major scale is driven by the
fact that it is rooted in Western music theory and culture [23]. Also, the
generalizability of this choice is justified by the ubiquity of the major scale in
popular music [97] and a musical predisposition in infancy reported in scientific
literature [186].

Finally, P is basically an auditory icon [75] resembling a small bell, such
as those found at the hotel desk or in restaurant kitchens. This may carry a
cultural and conditioning component, eliciting meanings such as “I’ve arrived”
or “Ready!”. Even if these symbolic aspects are outside of the cultural space
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of the listener, it still remains a distinctive sound. Moreover, when used in
conjunction with other sonifications, it occurs at the end of a tensional gesture
(accelerating pulses for IS or an ascending scale for MS), thus providing an
additional sense of resolution.

3.3.2 IS+P Sonification

In detail, this sonification triggers broadband pulses (“ticking” sounds) at a
variable rate. The rate is inversely proportional to the distance, resulting in
faster ticking at closer distances. Thus, the sonification vaguely resembles to
a Geiger-Miiller counter [76]. Our implementation employs a noisy unpitched
pulse, which is repeated at rates from 1 to 15 Hz. In addition, as a reinforce-
ment, a final impulsive sound (“Ping”) is played when the target is reached.

The mapping between distance (linear or angular) and the sonification pa-
rameters (e.g., the sound rate in this case) can adopt a linear or exponential
scale. After a preliminary evaluation phase, we resolved to implement an expo-
nential mapping for IS+P. As a result, the ticking frequency increases slowly
while the user is far from the target, while it rapidly increases in the proximity
of the target. This way, the user is prompted to heighten the awareness and
slow the movement when approaching the target.

The mapping function freqrsyp of the IS4P sonification is defined in
Equation and represents the pulse frequency in Hz. D represents the
remaining distance to reach the target (while walking) or the angular error
(while rotating), and T is the total initial distance to the target (while walking)
or the target angle (while rotating) at the start of sonification. When D is
within a distance threshold Dyp esnorq @ final impulsive sound (“Ping”) is played.

157 D < Dthreshold
frearsip =4 1+14(1—|2)" D<T (3.1)
|5 D=T

3.3.3 MS-+P Sonification

In this sonification, the initial distance from the target is subdivided into
eight parts, corresponding to as many grades of an ascending major scale.
While approaching the target, the user enters new parts of the distance, thus
triggering new notes; when the target has been passed, a descending note
is produced. Our implementation corresponds to a C major scale starting
from 261.63 Hz (C, in scientific pitch notation) and notes are performed using
a piano timbre. Additionally, as in the previous sonification, a final “Ping”
sound when the target is reached is used as a reinforcement.

Differently from IS-+P, the exponential mapping was considered to be
misleading for MS+P, as even small movements would trigger many notes
when in the proximity of the target. A linear response to the distance from
the target is expected to be easier to predict in this case, as the eight distance
portions would be equal, and moving at a constant speed would trigger notes
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at a constant pace. Thus, for MS+P a linear mapping was chosen. Employing
different mapping strategies is coherent with the intrinsic characteristics of the
sonification techniques: MS is inherently discrete, triggering notes at fixed
distance values, whereas IS is continuous.

The mapping function toney;s. p of MIS+P sonification is defined in Equa-
tion and represents the tone played. D represents the remaining distance
to reach the target (while walking) or the angular error (while rotating), and
T is the total initial distance to the target (while walking) or the target angle
(while rotating) at the start of sonification. When D is included in one of the
eight portions, the respective note of the portion is played. If D is greater
than 7', no tone is played. When D is within a distance threshold Dipreshoid @
final impulsive sound (“Ping”) is played.

(C4 £ <D<T

5T 6T
D4 7§D<7

4T 5T
B4 T<p<iT

F4 3 <p<iL

tone = 7 7 3.2
MS+P G4 g S D < % ( )

A5 T <D<2f
B5 Dthreshold S D < %
\05 D < Dthreshold

3.4 Prototype Navigation Assistance Application

In order to experimentally evaluate the proposed sonification techniques in
a real-world environment, we developed a prototype mobile navigation assis-
tance application that implements them. The application localizes the user
in the environment (see Section , generates the route towards a target
destination (see Section [3.4.2)), and conveys the navigation instructions to the
user through an auditory interface (see Section . User pose and naviga-
tion instructions provided by the app are continuously logged. These data are
used for the evaluation of the proposed sonification techniques in Section [3.5]

3.4.1 User Localization

To localize the user, the application employs computer vision techniques avail-
able in the native AR library for iOS devices. The advantage of using existing
AR libraries for mobile devices is that they are publicly available and well-
engineered. Specifically, the app computes and tracks the user’s pose in terms
of a 2D position and a 1D orientation (i.e., direction).

To compute the user’s pose, the app employs visual markers detection [132].
We use generic images as markers that can be detected using the iOS AR
library. During the setup phase, each marker’s image, its pose in real-world
coordinates, and its size are entered into the system. When the application
frames a marker, it can compute the relative pose of the camera with respect
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to the marker image. Since the marker’s pose in the environment is also
known, the app can compute the device’s pose in real-world coordinates as
well. Specifically, the computation requires dealing with two reference systems:
the Global Reference System (GRS) represents the 2D position in the WGS84
format and the orientation angle with respect to the north, while a Local
Reference System (LRS) is instead generated by the AR library each time it
starts an AR session. The mapping between LRS and GRS origins is initially
unknown. When the user frames the first marker, the AR library provides that
marker’s pose in terms of LRS. However, since the marker pose is also known
in terms of GRS, the mapping between LRS and GRS can be computed, thus
enabling the conversion between poses in the two reference systems.

When a marker is not framed, the device pose is tracked using visual-inertial
odometry [93] and Simultaneous Localization and Mapping (SLAM) [55]. These
functionalities are also available as part of the native iOS AR library. The AR
library keeps track of the device position in terms of LRS and this is converted
into the pose in terms of GRS. Clearly, these techniques are subject to a drift-
ing error, causing the mapping between LRS and GRS to degrade. Hence,
it is necessary to periodically frame a marker to compute a position fix (i.e.,
re-compute the mapping between LRS and GRS).

3.4.2 Nayvigation Strategy

During the setup phase, a set of pre-defined routes is stored in the application.
Each route connects a starting position to a destination position through a
set of alternating turning points and straight paths. Figure shows an
example of a route: the orange and blue dots are the starting and destination
positions, respectively, while the black line segments and points are the straight
paths and the turning points, respectively. Although the route is pre-defined,
the actual navigation instructions are computed considering the user’s pose,
which is estimated in real-time. As an example, in Figure the green dot
represents the position of a user who approaches a turning point, and the green
arrow represents the user’s orientation. The target rotation angle is computed
considering the user’s position and orientation, with respect to the direction
of the next turning point (dashed line), and is depicted as the dotted arc in
the figure.

i é
P A—
(a) Route (b) Turn (c) Orientation Offset (d) Lateral Offset

Figure 3.1: Nawvigation Strategies
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When the marker at the starting position is framed, the user’s initial pose
is computed. Then the application provides rotation instructions to orient the
user toward the next turning point. Upon reaching the correct orientation,
the user is instructed to walk straight toward the next turning point. When
the next turning point is approached, the navigation procedure iterates. Fi-
nally, when the user reaches the destination position, the navigation task is
completed.

While this implementation of the marker-based localization strategy was
conceived solely as part of the experimental apparatus for the evaluation of
the proposed sonification techniques and not intended as a complete localiza-
tion solution, there are contexts in which a similar approach could indeed be
practical. One example is the localization inside art galleries and museums, in
which paintings can be used as implicit visual landmarks [7]. Another poten-
tial application is outdoor visual localization. For this use case, a solution is
already implemented in AR libraries [}

One important aspect to take into account when designing the navigation
strategy is that the user’s actual pose may deviate from the one planned in
the route. The main reason for this is that, although our aim is to instruct
the users precisely, a certain level of imprecision in the user movements is
unavoidable. There are three main sources of imprecision that we observed
during the experiments: over-rotation errors (during a rotation, the participant
rotates more than expected), over-walking errors (when approaching a turning
point the participant does not stop immediately when instructed), and veering,
which is a known problem in the navigation of BLV people [88] and that
happens when the person, instead of walking along a straight path, deviates
towards the left or the right.

We designed two compensation strategies to remedy these errors. First,
the application keeps track of the orientation offset, which is the difference
between the user’s current orientation and the direction of the user toward the
next turning point. Figure shows an example of orientation offset: the
user’s position and orientation are represented as a green point and a green
arrow respectively, the next turning point is the black dot, the black dashed
line segment connects the user’s position to the turning point, and the dotted
arc represents the orientation offset. When the orientation offset is larger than
a given threshold, the user is instructed to rotate. This instruction is identical
to the rotation instructions given at turning points. Such compensation can
remedy all three sources of error mentioned above. However, in the case of
veering, despite a limited orientation offset, the user can still move far away
from the expected route before the compensation is triggered, which can be
potentially dangerous. This is exemplified in Figure[3.1d} the user’s movement
(green path) can gradually diverge from the planned route, resulting in a lateral
offset (the dotted line segment) between the user’s current position and the
planned route. Thus, as a second compensation strategy, if the lateral offset is
larger than a given threshold, the user is instructed to move sideways towards

2See https://developer.apple.com/documentation/arkit/
argeotrackingconfiguration
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the planned route through a verbal message (e.g., “move right”), similarly to
prior work [167].

3.4.3 Auditory Interaction Design

The auditory interface consists of a combination of verbal instructions, gener-
ated using the mobile device speech synthesizer, and sonifications, which con-
vey quantities associated with these instructions. The sonification technique
can be selected as an application setting and, during a single navigation task,
a single sonification approach is used. The application provides the following
messages:

e “Turn” messagd’} the instruction is “turn left” or “turn right”. After
the message, the quantity of rotation is conveyed through sonification.
This instruction is provided when the orientation offset is larger than
30°, which can happen in two scenarios: i) when the user arrives in
the proximity (i.e., 0.5 m) of a turning point, and ii) when the user
unintentionally rotates while traversing a straight path;

e “Walk straight” message: after a rotation, when the user reaches the
right angle, the application reads the message “Proceed straight for x
meters”. This instruction is followed by the sonification, which quantifies
the remaining distance while the user is walking;

e “Move sideways” messages: when the lateral offset is larger than 1 m, the
application reads the message “move left” or “move right”. The instruc-
tion is not followed by a sonification, as typically one step is sufficient
for the user to get back on the expected path;

e End message: when the participant reaches the end of the last path
segment, the application reads the message “target reached”.

3.5 User Study

To understand how the proposed sonification techniques affect the navigation
process, we conducted a user study with nine BLV participants. The exper-
imental evaluation included three navigation tasks (one for each sonification
technique), and a final questionnaire that collected the participants’ subjective
feedback.

3.5.1 Experimental Design

The goal of the experimental evaluation was to compare the two proposed
sonifications (i.e., IS+P and MS+P) with one another and with the baseline
(i.e., P), to evaluate how they impact the navigation precision, speed, and

3Henceforth we report the message translation from Italian
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user appreciation. To assess this, we computed objective measurements and
participants’ subjective feedback.
The following objective measurements were collected:

e Supervisors’ interventions: the number of times the supervisors inter-
vened during the test, either because the participant requested support
or to prevent potential hazards to the participant;

e Over-rotation error: the angular error between the target angle and
the participant’s direction at the end of a turn;

e Over-rotation time: the time between the moment participants are
informed to stop rotating and the moment they end the turn;

e Rotation velocity: the average angular speed achieved during the turn;

e Over-walking error: on straight paths, the distance between the point
where a participant receives the instruction to stop walking and the point
where the participant actually stops;

e Over-walking time: the time between the instant when a participant
is informed to stop walking and when the participant actually stops;

e Walking speed; the average walking speed achieved while traversing a
straight path.

Except for the Supervisors’ interventions, which were manually annotated,
the measurements were computed from the data logged by the app.

Participants’ subjective feedback was collected through five Likert-like scale
questions. Possible answers ranged from 1 (disagree) to 7 (agree) and were
repeated for each sonification technique. The questions were the following [
(for each question, we indicate the name we use in the study to refer to that
question):

Pleasantness: “The soundE] was pleasant”;
Annoyance: “The sound was annoying”;
Precision: “The sound guided me precisely”;
Quickness: “The sound guided me quickly™;

Appreciation: “I appreciated the sound”;

For each question, the participants were also invited to provide comments
to motivate their scores. Furthermore, additional opinions, comments, and
suggestions on the entire navigation procedure, the sonifications, and the nav-
igation instructions were collected.

4The experiments were conducted in Italian, henceforth we report the English translation.
5Tn the questions we avoided using the technical term “sonification” and instead we used
the term “sound”.
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Table 3.1: Participants’ demographic information. For impairment:
LB=legally blind, TB=totally blind. For route frequency: Fam.=familiar,
Unfam.=unfamiliar, D=daily, W=weekly, MO=monthly, R=rarely.

Impairment| Expertise |Screen reader Route
PID|Age|Gender|Level | Onset|Music|Mobile|Speed| Voice |[Fam.|Unfam.
P1 | 33 F LB |age 27| 4 5 65-70 F D W
P2 | 22 F LB | birth 3 5 55 M D R
P3| 25 F LB | age7 4 4 65-75 F D R
P4 | 22 M TB | birth 3 4 90 M W R
P5 | 50 F LB |age 25| 2 5 75 M D MO
P6 | 33 M LB |age 12| 3 3 70 F D MO
P7 | 21 M TB | age 6 3 4 60 F D MO
P8 | 59 M TB | birth 4 4 60 F D W
P9 | 63 M TB | age 5 2 3 55 F D MO

The impact of different sonifications on the participants’ navigation perfor-
mance during turns and straight paths was analyzed for statistical significance
using unpaired tests, since each navigation task could have had a different
number of actual turns and straight paths (see Section [3.4.2). Specifically,
the Mann-Whitney-U test [I34] was used when two data series were analyzed,
and for more data series we used the Kruskal-Wallis test [116], with the Dunn
test for post-hoc comparisons [54]. The target significance levels in multi-
ple comparisons were adjusted using the Benjamini-Hochberg False Discovery
Rate method [25]. Instead, subjective Likert-like responses were paired across
different sonifications, and therefore Friedman’s test [68] was used. The Ne-
menyi test, which already accounts for familywise error, was used for post-hoc
comparisons [I150].

3.5.2 Participants

The study involved 9 participants, whose demographic data are reported in
Table The inclusion criteria for this study required the participants to be
BLV people, unable to orient themselves with residual sight (namely people
with severe visual impairment), and with no other disabilities. Four partic-
ipants self-identified as female, the others as male. The age of participants
was between 21 and 63 (36.44 + 15.66)@. Four participants were completely
blind, two participants were legally blind with light perception (P1, P5), three
participants were legally blind with light and shape perception (P2, P3, and
P6).

In addition to the demographic information, we also collected participants’
self-reported expertise in music as a Likert-like scale item ranging from 1 (no
expertise) to 5 (high expertise). Musical expertise is related to this study be-
cause it is known to modulate lower-level auditory function [I80] and thus the
ability to comprehend sonification techniques. We also collected the partici-

5Henceforth we use the notation a £ b to report mean a and standard deviation b.

35



pant’s self-reported expertise with the use of mobile devices (again, Likert-like
scale items ranging from 1 to 5) and details about their usual screen reader
settings (see the details in Table [B.1]).

Another relevant aspect that we investigated is related to how participants
listen to the screen reader in mobility. Two participants reported that they do
not listen to the screen reader while walking (P4 and P7). In particular, P7
clarified that he stops when he needs to interact with the screen reader. The
other seven participants, instead, use the screen reader while walking: three
use the device speaker only (P1, P3, P9), one uses a single earphone only
(P5), and two use either the device speaker or a single earphone, depending
on the situation (P6, P8). Only one participant (P2) reported using stereo
headphones, specifically “pass-through” headphonesﬂ

Finally, we asked the participants how often they travel independently
along familiar and unfamiliar routes. All participants reported traveling known
routes frequently (all on a daily basis, except for P4 who travels familiar routes
independently on a weekly basis). Instead, participants report traveling unfa-
miliar routes less frequently: three participants reported traveling unfamiliar
routes rarely (i.e., less than once per month), four on a monthly basis, and
two on a weekly basis.

3.5.3 Experimental Setting and Apparatus

The study was conducted on the campus of the University of Milan. We defined
three routes with the same number of planned turns (i.e., six turns each) and
approximately the same length (84m, 96m, and 90m, respectively). For each
route, the planned turns were equally divided into left and right turns. Note
that, as explained in Section [3.4.2] the number of turns actually performed by
the participants can be greater than the number of planned turns for a given
route, because there may be additional correction turns to compensate for
imprecision. The routes were designed to avoid hazards and objects that the
participant can use to support orientation and navigation (like walls) because
we wanted the participants to rely on the provided sonification only, without
being guided by other objects in the environment; for example, we wanted to
avoid that participants could walk along a straight path by following a wall
(BLV people are usually trained to walk along walls using the white cane or
echolocation). Visual markers (A2 paper size) were displayed along the routes,
on walls or stands, in the proximity of each turning point.

The study was conducted using an iPhone 13 Pro, running the application
described in Section [3.4] To ensure that the device camera could correctly
frame the visual markers, maintain a clear view of the surrounding environ-
ment, and have a consistent orientation in the direction of the participant,
the device was positioned on the participant’s chest, placed on a chest strap
mount. The auditory information was provided through the device speaker,
without using headphones, in order not to mask the surrounding soundscape,
which is important for BLV people to avoid hazards.

"Pass-through headphones allow the user to hear the environment soundscape as well.
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3.5.4 Experimental Protocol

The study lasted about one hour and was organized into four main phases:
a preliminary questionnaire, a study introduction, the navigation phase, and
a final questionnaire. The preliminary questionnaire collected data related
to participants’ demographic, expertise, and habits. The main results of the
questionnaire have been reported in Section [3.5.2] Afterward, we briefly intro-
duced our study, provided an overview of the navigation tasks, and explained
to the participant how to follow the instructions provided by the application.
During the navigation phase, each participant was asked to complete three
tasks, each consisting of an initial tutorial and a navigation trial. Each task
was associated with a different sonification. During the tutorial, the supervisor
explained how to use the sonification and the participant was asked to try it
on a short test route consisting of two short straight paths and one rotation.
Then, the navigation trial consisted in walking along one of the three pre-
defined routes. The tasks were counterbalanced to offset possible learning
effects. Specifically, the order of routes and tasks, and the association between
routes and tasks were defined following a Latin square design. During the
navigation, two supervisors followed the participant, without interfering with
the navigation but being ready to take action in case of potential hazards.
The fourth and last phase of the study was the final questionnaire that
collected subjective feedback from the participants regarding the sonifications
and the navigation tasks. Specific questions are reported in Section [3.5.1}

3.6 Experimental Results

In total, we collected data from 313 pairs of turns and straight paths (34.78 4
6.73 for each participant). Note that the minimum number of turns was 18 for
each participant (six turns in each route) but additional turns were required
to correct the participants’ orientation. No significant difference was found

in the number of rotations required with different sonifications (12.67 £ 4.50,
12.44 4+ 2.75, and 9.67 + 3.20 for P, IS4+P, and MS+P, respectively).

3.6.1 Supervisors’ Interventions

Overall, most of the experiment was conducted with the participants navigat-
ing independently in the unknown environment, with only sporadic supervi-
sors’ intervention (i.e., 7 interventions in 313 pairs of turns and straight paths),
to support the participant or to prevent possible hazards. In three cases, de-
spite the training task, the participant did not understand how to interpret the
sonification instructions and therefore an additional explanation was required
during the navigation task. In one case, support was needed due to a posi-
tioning error (a visual marker was not framed) that resulted in the participant
being guided out of the planned route. In one case, the participant touched an
obstacle on the side of the route with the white cane and stopped to ask the
supervisors what to do. In another case, the participant could not hear the
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Figure 3.2: Rotation Metrics

vocal instruction and asked the supervisor to repeat it. Finally, while using
IS+P a participant made an over-rotation but the orientation offset was below
the threshold of 30°, so the application did not instruct to re-rotate. However,
in the following straight path, the participant got close to a bush and thus was
stopped by a supervisor.

3.6.2 Sonification Impact on Turns

In the analysis of over-rotation errors, over-rotation times, and rotation veloc-
ities, we excluded 37 turns due to anomalous situations (e.g., the participants
interrupted the rotation movement to share a comment with the supervisor),
so we take into account 276 turns. Full results are reported in Table [3.2]

Sonification Over-Rotation Rotation
Error Time Velocity
P 22.52 +13.12°(0.88 + 0.33 5| 27.93 + 9.54°/s

IS+P 20.71 £17.73°(0.73 £ 0.30 5| 31.38 £ 14.61° /s
MS+P  |18.22 £11.27°|0.76 + 0.27 s| 25.95 £+ 6.80°/s

Table 3.2: Impact of sonifications on turns

Considering the over-rotation errors (see Figure[3.2a), the differences across
the sonifications were found to be significant (H) = 8.53, p < .05). Pairwise
comparisons show that rotation errors for both MS-+P and IS+P were signif-
icantly (p < .05) lower than for P. The sonifications also significantly (H ) =
11.62, p < .01) impacted the over-rotation times (see Figure . Also in
this case the rotation times for MS+P and IS+4P were lower than for P. No
significant differences were instead found between the rotation speeds achieved
with the proposed sonifications and with the baseline (see Figure [3.2d).

One finding reported in prior literature highlights that BLV people tend to
incur larger rotations errors when the requested rotation angle is small [13].
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Our results confirm this finding (see Figure [3.3). Indeed, when the target
rotation angle is smaller than 60°, participants incur significantly (p < .01)
larger rotation errors for all sonifications (see Table [3.3).

Rt _k
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60- T | sl
8 i i
< i i T
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P P IS+P IS+P MS+P  MS+P
small large small large small large
Sonification

Figure 3.3: Comparing over-rotation error for small (i.e., less than 60°) and
large (i.e., more than 60°) turns.

Over-Rotation

Sonification Small turns | Large turns
P 25.55 + 13.53°[18.16 + 11.15°
IS+P 27.01 £21.02°| 13.10 4+ 7.35°
MS+P  |20.90 +10.79°|16.19 +11.19°

Table 3.3: Impact of sonifications on over-rotations for small and large turns.

3.6.3 Sonification Impact on Straight Paths

In the analysis of over-walking errors, over-walking times, and walking speeds,
we excluded straight paths that were shorter than one meter. These paths
were often generated due to compensation instructions and were too short to
properly convey the sonifications. Thus, we consider the 208 remaining straight
paths. The full results of the analysis are reported in Table [3.4]

. . Over-Walking Walking
Sonification Error Time Speed
P 0.66 £0.24m|0.99 £ 0.46 s(0.67 £ 0.21m/s
IS+P 0.57+£0.18m|0.93 £ 0.46 s(0.68 = 0.19m/s
MS+P 0.68 £0.23m|0.96 £ 0.47 5(0.70 = 0.19m/s

Table 3.4: Impact of sonifications on straight paths

For what concerns over-walking errors (see Figure [3.4a)), significant differ-
ences (H) = 12.98, p < .01) were found among the sonifications. In this case
IS+ P produced significantly lower over-walking errors with respect to both P
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Figure 3.4: Metrics on straight paths.
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Figure 3.5: Answers to the closed questions

and MS+P. Instead, no significant differences emerge for over-walking times
and average walking speeds considering different sonifications (see Figure m

and Figure (3.4d)).

3.6.4 Participants’ Subjective Feedback

Figure [3.5 shows the distribution of the answers to the closed questions pre-
sented in Section m Mean values and standard deviationsﬂ are reported in
Table

Sonification| Pleasant |Annoying| Precise Quick |Appreciated
P 5.33 £1.15|1.22 £ 0.63|5.22 + 1.40(5.55 £ 0.96| 5.56 + 1.57
IS+P 4.77+1.8113.11 £2.02|6.33 £ 0.94|6.22 + 0.63| 5.44 +£1.83
MS+P  |5.11+£1.66(3.22+1.47(5.22 +1.13|5.55 £ 0.96| 5.33 +1.05

Table 3.5: Subjective feedback about sonifications

8We report means for multipoint items as they were found to better indicate central
tendency than medians [126]
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Considering the Pleasantness metric, no statistically significant differ-
ences emerged among the sonifications. However, P7 commented:

P7:1 am ok with both [P| and [IS+P]. Perhaps I would use the first
one for familiar routes since I already know the distances, while on
a new route I would use the second one to have more information
on the distances.

Also P5 and P8 mentioned that MS+P was mentally demanding (e.g., P5:
“I need to concentrate”). P5 appreciated P the most because this sonification
does not mask the environmental sound, but also recognized that IS+P clearly
conveys the distance to the target:

P5:[With P| I could hear the background environment ... [IS+P]

gave me a good understanding of how close the target was.

Similarly to P5, P6 also observed that P does not mask the background noise,
but still gave a lower score to this sonification because it does not provide
precise navigation instructions:

P6: With ping [i.e., P| I felt unsure and it gave me fewer references.

For Annoyance, significant differences were found ((H ) = 8.59, p < .05)
and P emerged to be less annoying than MS+P. P1 commented that the
sound produced by IS4P made her anxious, while P4 noted that he prefers
sounds unrelated to music and hence he reported MS—+P to be annoying. P3
noted that the continuous and rapid ticking of IS+P is annoying, while P2,
P7 and P8 observed that the sound of IS+P can mask the surroundings noise.
Interestingly, although MS+P produces a less continuous sound, which does
not mask the surrounding noise as much as IS+P, it was even less appreciated,
on average, than IS4+P. On this, P3 provided an interesting insight:

P3:Despite the pauses [between notes in MS+P] I had to focus on
the sound rather than the surrounding.

Considering Precision and Quickness, although no statistically signifi-
cant difference emerged, IS+P obtained a higher average score and was viewed
positively by almost all participants: P1, P2, P6 and P9 commented that
IS+P provides a more precise perception of the distance to the target (either
rotating or moving on a straight path), P5 and P7 observed that this sonifica-
tion is simpler and safer, and P8 perceived that IS-+P uses fewer instructions.
The only exception is P3, who experienced problems while using IS4P and,
in contrast with the other participants, commented that the sonification is not
Very precise.

Considering the Appreciation, five participants indicated IS+P as the
most appreciated sonification (P2, P4, P5, P6, P7)ﬂ. In contrast with them,

9P4 and P5 gave the maximum score to P and IS+P but commented that they would
prefer using IS+P.
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P1 gave the lowest score to IS+P, perceiving it to be annoying, while she gave
the maximum score to MS-+P motivating that the sound is pleasant, precise,
and fast.

One main remark emerged from the semi-structured interviews: while many
participants recognized that the instruction to move sideways was indeed useful
(P3, P4, P5, P8, P9), four participants (P2, P3, P4, P7) suggested to add
a sonification for this instruction as well, in order to inform how much the user
should move sideways. There are two additional insights that we believe to be
particularly interesting: P7 suggests using various sonifications for different
actions while P9 and P5 question the idea of turn-by-turn navigation:

P9: I am not used to walking then stopping and rotating, I usually
do it all continuously.

3.7 Discussion

3.7.1 Study results

Our previous work [5] shows that, for rotations, IS+P and MS+P both yield
significantly better performance than P, with no significant differences between
IS+P and MS+P. The experimental evaluation presented in this study con-
firms our previous results regarding rotations, also in a realistic experimental
scenario. Indeed IS+P and MS+P yielded significantly better results than
P considering over-rotation error and over-rotation time. Instead, considering
straight paths, IS4P achieves a lower over-walking error than both P and
MS+P and no significant differences emerge in over-walking time. One possi-
ble reason that motivates the better performance by IS+P on straight paths
is that it provides more accurate feedback in the proximity of the target, due
to the exponential mapping of the distance to sound frequency. The sound
is also continuous, providing distance information even when the user slows
down or stops, an approach that some participants reported being more in-
formative. Instead, due to the linear distance mapping, MS+P plays notes
at regular distances only, which on longer straight paths may be quite far
between. Thus, the user is less induced to slow down when approaching the
target, and therefore the technique results are less accurate.

A second interesting result concerns the perceived annoyance caused by the
different sonification techniques. In our previous study, conducted in a labora-
tory setting, no significant differences emerged. We believe that, since the users
did not have to move and orient themselves in an unknown environment, they
did not perceive the proposed sonifications as annoying. Conversely, here we
show that in a real-world environment the participants did perceive MS—+P as
being more annoying than P. Furthermore, the participants commented that
both proposed sonifications could be annoying in some situations. Specifically,
IS+P was reported to be distracting from the surrounding soundscape. We
suspect that this could be related to the repetition frequency of the sound
(with higher frequencies being able to guide the user more accurately but at
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the same time being more annoying), or to the sound itself. As a future work,
we will explore alternative sound designs, evaluating their impact on the per-
ceived annoyance. Another interesting result is that MS+P was reported to
be cognitively demanding, as the participants needed to pay attention while
waiting for the notes to be played. This was not expected, as we believed that
a more discrete sound would have been less invasive for the participants.

A third interesting result regards the design of the navigation assistance
system, which was based on the idea that using one sonification for both turns
and straight paths would result in navigation assistance instructions being
easier to learn and follow. The above results and participants’ comments
suggest that the opposite approach, in which different instructions are sonified
in a different way, might be preferable. MS+P could be used for rotations,
while IS+P could be used for straight paths. Another possible approach
could be to let the user select the preferred sonification, a choice that can
be influenced by a number of factors, including the extent to which the user
knows the route. Indeed, as observed by some of the participants, IS4P is
more informative when the route is unknown but could be too distracting along
a (partially) known route.

3.7.2 Experimental Environment

Differently from our prior investigation, in this study we evaluated the im-
pact of the proposed sonifications in a real-world scenario. Specifically, the
experimental evaluation was conducted on a university campus for three main
reasons: to limit the hazards for the participants, to avoid unpredictable ob-
stacles along the route (e.g., a standing person, a parked bicycle) that could
impact the study results, and to test the system in an environment where par-
ticipants would not be guided by environmental features (e.g., a corridor) that
can be used as references, haptically (e.g., by following a corridor wall with
the white cane) or acoustically (thanks to echolocation, BLV people can, for
example, feel the presence of an open door in a corridor).

These characteristics, however, might not be present in other scenarios, and
hence could influence the navigation process and its outcome. For example, in
our study, the participants knew that, in case of a hazard during the experi-
ment, the supervisor would intervene. This might have impacted the way the
participants navigated or their walking speed. Similarly, in an environment
with obstacles, the participants would have most likely had to avoid them,
which would have influenced their walking routes. Also, while there was some
noise in the area due to the presence of numerous students and a few pass-
ing cars, the overall background noise was different than in a typical outdoor
environment with many passing vehicles. The difference in the background
noise could have potentially influenced the ability of the users to perceive the
instructions and the sonifications.

There are also two factors that made the experimental setting harder to
navigate than routes usually traversed by the participants. First, the partic-
ipants had no previous knowledge of the experimental routes. This is par-
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ticularly challenging because BLV people most commonly travel on familiar
routes or study the route beforehand, as shown in Section [3.5.2] Second, the
participants had no environment reference points, and in particular no haptic
references. One common practice among BLV people that use the white cane
(as all our participants did) is to follow haptic references, like walls or sidewalk
edges. In the experimental setting, we intentionally decided to avoid these ref-
erences, so that they would not affect the results, but clearly, this makes the
walking task much more challenging.

3.7.3 Experimental Apparatus

Study results may have also been influenced by the experimental apparatus
used. In particular, the effect of the navigation assistance system prototype,
which supported the experimental evaluation of the sonification techniques,
was not explored. In our experiment, we did not evaluate the accuracy of
the navigation assistance system itself since this was out of the scope of the
investigation. However, since the over-rotation and over-walking errors were
computed using the navigation assistance system localization, we acknowledge
that the accuracy of these measurements depends on the accuracy of the navi-
gation assistance system. To maximize the localization accuracy, and therefore
the reliability of the over-rotation and over-walking measurements, the local-
ization markers were positioned in the proximity of the turning points, where
these measurements were taken. Considering the navigation strategy and the
guidance instructions used by the navigation assistance system, our design
adopted a turn-by-turn navigation schema. While the proposed design is not
the only possible one for a navigation assistance system, we highlight that our
design choices are consistent with prior solutions in the literature [167].

Another peculiarity of the study is the use of a chest mount. This study
design choice helped to simplify the experimental protocol because, if the par-
ticipants held the device with their hands, it would have been harder to distin-
guish body rotations from hand rotations. Participants would have also needed
to concentrate on pointing the device at the right angle (e.g., not towards the
ground), which is known to be hard for BLV people [138]. However, a chest
mount may not be a practical solution for a number of reasons, including that
its acceptance by the users needs to be evaluated and, as observed by one
participant (P2), the smartphone can be easily stolen. Alternative solutions
could be wearable devices, like smart glasses.

3.7.4 Participants

In our previous investigation, the experimental setting was minimal and easily
replicable, which made it possible to recruit many participants, in multiple
places, thus minimizing geographical bias and allowing us to consider also the
impact of cultural factors on the results of the rotation instructions. In this
study, since the experimental setting was constructed in a specific real-world
environment, we could only recruit local participants that were available to
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come to our university campus. Furthermore, in order to limit confounding
factors that could impact the results, we only involved participants who are
blind. As a result, the study involved a small number of participants, a limi-
tation that is common in the field of research on assistive technologies [172].

Additionally, unlike the participants from the previous study, most of the
participants in this study had similar characteristics. In particular, most had
similar self-reported expertise with music and smartphones and similar screen
reader settings. Therefore, differently from our prior work, we were not able
to analyze these characteristics in our study. Similarly, we could not assess for
possible cultural biases in our population sample (for example, using a major
scale in MIS may be less effective for non-Western musical cultures).

3.7.5 Interaction Design Guidelines

Based on the results of the user study and on the experience gained during
the definition of our interaction approach, we provide preliminary guidelines
for the design of navigation assistance verbal and sonification instructions.

e The combination of verbal instructions and sonification, where an action
is requested to the user verbally (e.g., “rotate right”), and its quantity is
conveyed through sonification, represents a practical solution for naviga-
tion assistance, as it is easy to learn and provides accurate guidance.

e The navigation interaction paradigm should account for distractions and
possible memory overload of the user. Thus, the system should provide
the functionality to repeat the most recent navigation instruction upon
user request.

e On straight paths it is more effective to have an exponential distance
mapping that provides more accurate information when the user is ap-
proaching the target and less distraction when the user is far.

e There is a trade-off in selecting the frequency at which the continuous
navigation sound is repeated. A frequent repetition is generally more
informative and can provide more accurate guidance, but it can also
negatively impact the perception of the environmental sound.

e Personalization of the guidance instructions and sonification parameters
is needed to account for the users’ subjective preferences and different
usage contexts (e.g., known vs. unknown routes).

e Some users feel reassured when a sound is played periodically, also when
the user is not moving or moving slowly as a reminder that the system
is still providing guidance. This is particularly relevant on long straight
paths.
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Chapter 4

Modular navigation system
architecture

Prior research on navigation assistance for BLV people mainly focuses on two
aspects: the technology used to localize the user, and the interaction approach
for guiding the user during navigation. Other important aspects that bridge
these two parts, such as the routing algorithm, the data model of the envi-
ronment, and the navigation logic, are seldom addressed. In this chapter, we
propose a modular architecture design for navigation assistants, and we pro-
pose a detailed design of two key modules, implementing aspects related to
routing and guidance, which are rarely addressed in prior literature.

4.1 Contribution

This chapter proposes three key contributions:

e First, a decomposition of the navigation assistance problem is concep-
tualized, reflecting a design approach that focuses on the separation of
concerns of each part (see Section . The proposed approach breaks
down the navigation task into four distinct layers: Localization, Routing,
Guidance, and Interface. This conceptual framework allows for modu-
larity in design and implementation.

e As a second contribution, our work focuses on the design of the Routing
and Guidance layers, which have been overlooked in the literature but are
critical to generating clear instructions for BLV users (see Section .
A solution implementing a state of the art approach for the Localization
and Interaction layers, and the proposed design for Routing and Guidance
layers, is also proposed.

e Finally, as the last key contribution, a user study is conducted with
eight BLV participants (see Section . Results show that NavGraph,
compared to a state-of-the-art solution, provides clearer instructions and
safer navigation.
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4.2 Problem decomposition

As previously mentioned in Section [I.3] we propose to structure the problem
of BLV navigation assistance into four separate layers (see Figure |4.1)):

e Localization, that is the problem of, computing the user’s pose, usually
in terms of a 2D position and 1D orientation. Different technologies can
be adopted to address this problem, either outdoor or indoor, including
GNSS [106], Bluetooth beacons [9], or visual-inertial odometry [93].

e Routing, that is the problem of deciding the next target toward which
the user should be directed. Solving this problem generally involves
computing a multi-step route from the current position to the destination
and then selecting, given the context in the user’s proximity, which is the
next target.

e Guidance, that is the problem of selecting the instructions to guide the
user toward the next target. The problem is particularly relevant for the
navigation of BLV people because there is a need to provide salient in-

structions without overwhelming users with too much information (e.g.,
audio feedback) [10, 144].

e [nterface, that is the problem of conveying the guidance instructions to
the users, using a combination of audio, haptic, and visual information.
In particular, for audio information, it is possible to use combinations of
synthesized speech, sonification [90], and earcons [30].

This structure reflects a separation of concerns design approach, aimed at
making it simpler to address the overall problem of navigating a BLV person.
Specifically, this division allows each layer to be managed independently, en-
suring that changes in one layer do not impact the others. In the following we
design an overall architecture of a navigation assistance system. This frame-
work, called NavGraph, details the functioning of each identified layer, and
proposes a novel design for the Guidance and the Navigation layers, which are
not sufficiently discussed in prior works.

Destination

Device pose Instruction Feedback

Next target

z
Q
=
<
N
-
<
3]
o]
—

2. ROUTING

Space representation
3. GUIDANCE
4.INTERFACE

Figure 4.1: Decomposition of the navigation problem.

4.3 NavGraph design

The previously introduced problem decomposition highlights a division among
the layers of a navigation system. This division allows each layer to be managed
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independently, ensuring that changes in one layer do not impact the others.
In particular, we present a design for Routing and Guidance layers, which
have been overlooked in the literature. Indeed, many papers propose solutions
oriented towards improving Localization and Interface without analyzing the
influence of changes in the Routing and Guidance layers. Section[.3.1]describe
the system architecture, while Section provides formal definitions that
are used to model the problem and that are used to compute the navigation
(see Section {.3.3)). Finally, Section describe the proposed solution for
selecting the instructions to convey addressing the Guidance problem.

4.3.1 Solution architecture

We design a system architecture (see Fig. based on four modules, each
implementing a solution to the problems identified in Section [4.1]

The Localization module computes the device’s pose (2D position and ori-
entation). We assume that this module runs periodically, providing location
updates to the following modules.

The Routing module computes the route from the current device position
to the destination. In this thesis, we do not address the problem of how the
user selects the destination, because it depends on the specific domain. For
example, in a road-navigation app, the user might type the address, while a
museum application can present a set of artworks as possible destinations. To
compute the route, the Routing module uses a set of data structures defining
the relevant characteristics of the environment that we call space representation
and that are formalized in Section The route computed by the Routing
module is represented as a list of intermediate targets that the user should
reach. What is particularly relevant is the next target that is the first element
of this list and that represents the point where the user should be directed.

The Guidance module select the messages to guide the user toward the
next target. This module is not aware of the actual device’s position in the
entire environment but only takes in input the local information that includes
the current edge along which the user is moving and the relative position of
the user with respect to the next target. The output of the Guidance module
is an instruction, composed of an instruction type, which is a label from a
pre-defined set (e.g., “rotate”) possibly associated with a quantity (e.g., “30
degrees”).

Finally, the Interface module conveys the instructions to the user. This
includes defining how and when to convey the instructions. Indeed, while the
Guidance can potentially generate instructions at a high frequency, it is the
Interface module that defines when to convey them. For example, if messages
are conveyed in the form of verbal instructions, the Interface module can decide
to avoid repetition of the same instruction. Alternatively, if the Interface
module outputs the instructions on a user interface (e.g., an arrow indicating
the direction), the interface can be updated every time a new instruction is
received from the Guidance module. In the following, we do not focus on the
Interface module, as existing solutions can be adopted [3] 5], @, O5].
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Figure 4.2: Example of a Navigation Graph and navigation area.

4.3.2 Space representation

In this thesis, we model the user position over a two-dimensional space S. Even
though the user’s and device’s pose do not necessarily match (in particular for
the orientation) in the following, for the sake of simplicity, we refer to the
user’s position u, € S and orientation u, € [0, 27).

We define a Navigation Graph where edges and nodes represent straight
paths and waypoints, respectively. The Navigation Graph is used to compute
the routes and hence a weighting function among edges is required. Differ-
ent weighting functions can be defined, for example taking into account the
expected effort to traverse an edge. Formally, the Nawvigation Graph G is an
undirected and weighted graph (N, E, W) where N is a set of nodes, F C N?
a set of edges, and W a weighting function W : E — R*. We denote the
position of each node n in S as n.p. An example of a weighting function that
only takes into account the length of an edge in S can be defined as follows:
for each e = (ny,n9) € E, w(e) = dist(ny.p,na.p), where dist is the euclidean
distance.

Each edge intuitively defines a straight path that the user can follow. In
some cases, the users are constrained to walk along an edge (e.g., in a corridor),
while in open spaces users can walk freely, possibly moving away from the
edge they should be following. To represent this, we introduce the concept of
Nauvigation Area of an edge, which is the region of space around that edge. The
union of all Navigation Areas for all edges in the graph is the Graph Navigation
Area. Formally, for each edge e, we defined a linear distance J, and we define
the navigation area of e as the set of points closer than ¢, to e:

NA(e) = {p € S|dist(p,e) < 6.}

where, given e = (ny,ns), dist(p,e) is the euclidean distance between p and
the line segment niny. Fig. shows an example of a Navigation Graph with
three edges, each with its navigation area.

We model the destination d as a point in .S. We assume that the user has
reached the destination if the user is in the destination area: a circle centered in
the destination with radius d4. Since the Graph Navigation Area defines where
the user is expected to walk, we assume that the system should prevent the
user from moving outside it. For this reason, we assume that the destination
area is contained in the Graph Navigation Area.
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4.3.3 The Routing module

The objective of the Routing module is to process the space representation,
taking into account the user’s position and the destination to compute the
local information that is then provided to the Guidance module. There are
the following cases.

1. The user has arrived at the destination i.e., the user position is in the
destination area.

2. The user is outside the graph navigation area and should be guided to
re-enter in the navigation area.

3. The user and the destination are in the navigation area of the same edge
(i.e., 3e € Elu, € NA(e) Nd € NA(e)). In this case the user can be
directly guided toward the destination.

4. In all other cases, the Routing module computes the route from the
user’s position to the destination along the graph navigation area. The
remaining of this section describes this procedure by first providing an
intuitive idea of how the user can navigate to the destination and then
by showing how to compute it.

Intuition. Let’s first consider the case in which the user’s position and
the destination are each contained in the navigation area of a single edge. An
example is shown in Fig. [4.3al In this case, the user is in the navigation area
of edge e; and can be guided toward n; or ns along the navigation area. Then,
from either n; or ns the user can follow the Navigation Graph toward ny or
ng that are the vertexes of es. From there, the user can be guided toward the
destination along the navigation area of e3. In a more general case, the user
position and/or the destination can be in the navigation area of more than one
edge. The example in Fig. shows the case in which the user’s position is
contained in the navigation areas of two edges (i.e., e; and eg) and hence the
user can be guided toward any node among ni, ns, ng and ns.

Computation Algorithm [I| shows the procedure to compute the route. It
takes in input the user’s position, the destination and the Navigation Graph.
The procedure first creates two new nodes, n, and ng4, representing the user’s
position and the destination, respectively (Lines 1 and 2). The procedure
then computes the set N A, of edges whose navigation area contains the user
position and, similarly, the set N A, of edges whose navigation area contains
the destination (Lines 3 and 4). In Line 5 the procedure computes the set of
nodes N, that are the vertexes of edges in F,,. Similarly (Line 6) it computes
the set Ey for the destination. Next, the procedure creates the set of edges F,,
that contains, for each node n in N, one edge between n, and n. Similarly
for the destination (Lines 7 and 8). Then, the procedure extends G by adding
n, and ng to the set of nodes and F, and E,; to the set or edges. Finally, the
procedure returns the shortest route on G’ between n, and ng.

Note that the routing procedure seamlessly solves the Target update
problem (see Section because it automatically computes a new route when
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(a) User’s position in the navigation area of (b) User’s position in the navigation area
a single edge of two edges

Figure 4.3: Example of Routing from the user’s position (orange dot) to the
destination position (white dot).

Algorithm 1 Routing procedure

Routing procedure:

Input: w,, d, G = (N,E,W)

Output: shortest route from u, to d along the navigation area of G.
n, is a node representing the user’s position

ng is a node representing the destination position
NA,={e€ E|u, € NA(e)}

NA;={e€ Elde NA(e)}

Ny = Ue:(nl,m)eNAu{nl: ny}

Nd - U€=<ﬂ1,n2)€NAd{n17 712}

E, = UnGNu Ny, )

Ed = UneNd<nd’ TL)

G =(NUn,Ung, EUE,, UE;, W)

return the shortest route on G’ between n,, and ng

the user enters in the navigation area of a new edge. Consider for example
the situation in Fig. : the user is initially guided towards ny (Section m
describes how this is achieved). Once the user enters into the navigation area
of ey, this edge will be part of NA, and thus ny will be part of N, (see
Algorithm . Consequently the shortest route algorithm will compute a path
that starts from the user’s position, passes through n, and then arrives at the
destination hence updating the next target, that becomes ns.

4.3.4 Guidance module

The module is designed according to two design principles: safety, achieved by
minimizing the time spent outside the navigation area, which can be potentially
hazardous for the user, and parsimonious correction to reduce the number
of instructions to correct the user’s pose by avoiding minor corrections.

In line with the previous literature [3| [167] the Guidance module generates
four types of instructions: arrived, walk, rotate, and side-step. Consid-
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ering the four cases described in Section [£.3.3] the Guidance module returns
arrived, if the user arrived at destination (case 1). Instead, if the user is
outside the graph navigation area (case 2), the aim is to guide them to return
to the navigation area with walk, rotate, and side-step, as discussed in Sec-
tion [4.3.4] In cases 3 and 4, the Guidance module guides the user towards a
target (the destination or the first node on the route, respectively) by using
walk and rotate messages. This is discussed in Section [4.3.4]

Guidance to the navigation area

A common situation, during navigation along a straight path, is that the user
veers thus walking outside the navigation area. When this happens, it is
common that the user is directed approximately in the correct direction (i.e.,
parallel to the navigation area). Fig. shows an example. In this case, it is
possible to guide the user to re-enter into the navigation area with a side-step
instruction (e.g., a side-step toward the right, as in the example of Fig. [{.4a)).
The Guidance module applies the parsimonious correction principle: instead
of guiding the user to just re-enter into the navigation area, it guides the user
deeper into the navigation area. The reason is that, if the user is guided to
just re-enter the navigation area, there is the risk that the user could exit
again from it after a short while. This problem is mitigated by guiding the
user closer to the actual edge. Technically, we define a restricted Navigation
Area (rNA), which has the same definition as the navigation area, but with
a smaller 0, (in our experiments we used a value for d, of the rNA that is
half that of the navigation area). Once the user re-enters the rNA, guidance
resumes as described in Section [£.3.4l

While the situation depicted in Fig. f.4a]is common, there are situations in
which the side-step instruction would not guide the user back to the navigation
area. This happens when the user orientation is almost perpendicular to the
navigation area, as exemplified by Fig. [4.4D] In this case, there is the need to
guide the user to rotate and then to walk to re-enter into the rNA. In this

GUIDE TO TARGET
—45°§45°

O* Cf ROTATE SIDE-STEP SIDE-STEP
(@)S'DE'S'T\IE; WALK(E)" NA Gumgs%; TARGET NA
o NA ® o MA PY o NA '

(a) Side-step to return inside(b) Turn and walk toward the (c) Possible instructions
the rNA rNA

Figure 4.4: Instructions provided when the user is outside the navigation area.
The orange circle is the user’s position; the green arrow is the user’s orientation;
the side-step or walk direction is the dotted line from the orange circle to the

rNA.
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case, the rNA is defined as a target area and the user is guided towards it as
described in Section [4.3.4]

In order to decide whether to use a side-step instruction or define a next
target, we define an angular reference system oriented perpendicularly to the
navigation area as depicted in Fig. [f.4d If the user orientation is between 45°
and 135°, the user is instructed to do a side-step to the right, otherwise, if
the user orientation is between —135° and —45°, the user is instructed to do
a side-step to the left. If, at any point while re-entering into the navigation
area, the user orientation is not in one of these two ranges, the rNA is defined
as a target area and the user is guided with a sequence or rotate and walk

messages as described in Section [4.3.4]

Guidance to target

In the following we describe how the Guidance module creates instructions to
guide a user towards a target area. There are three situations in which the
user can be guided towards a target area:

e When the user is re-entering into the rNA. In this case the target area
is the rNA of the current edge as explained in Section [4.3.4]

e When the user and the destination are in the navigation area of the
same edge (case 3 in Section [4.3.3)). In this case, the target area is the
destination area.

e When the Routing module computes a route towards the destination
(case 4 in Section [4.3.3)). In this case, the target area is the intersection
between the navigation area of the current edge and the navigation area
of the next edge. We explain the intuition with the example of Fig. .5}
the user is navigating along the current edge e; toward the intersection of
the navigation areas of e; and ey (the area with purple outline). As soon
as the user reaches this area, since the user is now in the navigation area
of eq, the routing procedure (Algorithm (1)) computes a new shortest path
having ns as the first node and hence the user will be guided towards the
following target area.

Guidance towards a target area works as follows: if the user is heading
towards the target area, then a walk instruction is returned. Otherwise, the

N3

TTez

,n1 e

o na

Figure 4.5: Example of target area computed as the intersection of two navi-
gation areas.



user is instructed to rotate to correct the orientation. Also in this case, the
Guidance module adopts a parsimonious correction approach: instead of cor-
recting the orientation to the barely minimum to re-align with the target area,
the module requires the user completely re-align to the center of the target
area.

The intuitive procedure described above is formalized as follows: consider
the angle a centered on the user’s position (see Fig. subtending the target
area. As long as the user orientation is in «, then walk instruction is returned.
Otherwise, the Guidance module starts correcting the user’s orientation with
a rotate instruction until the user is aligned with the bisector of a. Then, a
walk instruction is returned again.

Note that the above approach is subject to a problem: when the user is
far away from the target (e.g., on a very long edge), it could happen that «
is a small angle, making it hard for the user to keep the orientation within
this angle, hence resulting in frequent orientation corrections. For this reason,
the size of o is computed as the maximum between the angle subtending the
target area and a fixed angular threshold (30° in our experiments).

4.4 User study

To understand how the proposed architecture and specifically the design of
the Routing and Guidance modules affect the navigation experience of people
who are BLV we conducted a user study with eight blind participants with no
residual vision (see Section [£.4.6).

4.4.1 Experimental design

The experimental evaluation followed a within-group design in which the in-
dependent variable (condition) was the version of the navigation app used:
one representing the state-of-the-art solution (SOTA), and the other our pro-
posed solution (NEW). The experimental apparatus is described in detail in
Section [4.4.3] For a given condition, each participant did two navigation tasks
(in total four different paths) with the condition order alternated and counter-
balanced across participants to avoid effects of order (see Section for the
detailed experimental procedure).

Various metrics were analyzed as dependent variables (see Section .
Since we adopted a within-group design, differences between conditions for a
given metric were tested for statistical significance using paired tests. Specifi-
cally, when data series were normally distributed we used Paired T-test [18]]
and Wilcoxon signed-rank test [199] otherwise. Normality of the distributions
was checked using Shapiro-Wilk’s test [I61]. In some cases, an additional
between-group factor was considered. In such cases, we used a Two-Way
Anova [I79] for normally distributed data, and Scheirer-Ray-Hare test [169],
otherwise Post hoc analyses were conducted using the Wilcoxon signed-rank
test and Paired T-test, respectively. When multiple comparisons were con-
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Figure 4.6: Example of a user’s trajectory. The figure shows a navigation
graph with 7 nodes and 6 edges together with its navigation areas (blue).
The trajectory of the user is shown as a trace with segments of various colors
corresponding to segment in which the user walks into the NA (green), rotates
into the NA (purple), side-steps to return into the rNA (orange), rotates to
return into the rNA (red).

ducted, we used the Kruskal-Wallis test [116], adjusted using the Benjamini-
Hochberg False Discovery Rate method [25].

4.4.2 Metrics

We collected both objective and subjective data. Most of the objective data
are computed from the system logs, which include the user’s trajectory and
other variables computed by the navigation application. For example, Fig. [4.6
was computed from the collected data and shows the trajectory of P2 on path
2. The blue lines represent the space representation, in terms of the Navigation
Graph (solid line) and the navigation area (dashed lines). The user trajectory
is represented in various colors, depending on the status of the system: green
and purple represent the situation in which the user is within the navigation
area and is instructed to walk or rotate, respectively. Orange and red are used,
instead, to represent the situation in which the user is outside the navigation
area and is instructed to do a side-step and to rotate, respectively.

From the system logs we computed the following data, which we then
analyze in Section [4.5

e Number of instructions: the number of turn, walk, and side-step
instructions and their total;

e Lateral distance from the current edge: the average lateral distance
from the current edge;

e Time duration: the time duration of the navigation task;

e Time outside the navigation area: the total amount of time spent
outside the navigation area;
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e Instructions cluster. Given a temporal parameter ¢, an instruction
cluster is a set of consecutive instructions such that the temporal distance
between each of them and the following is less then ¢.

In addition to the system logs, we also collected data manually annotated by
the supervisor, including data about the supervisors’ interventions, i.e., the
situations in which the supervisors intervened during the test, either because
the participant requested support or to prevent potential hazards to the par-
ticipant.

Participants’ subjective feedback was collected through two types of ques-
tionnaires, one administered after each task, and one administered at the end
of the experimentﬂ The questionnaire administered after each task consists
of three Likert-like scale items and one open question. The three Likert-like
scale items had possible answers ranging from 1 (disagree) to 5 (agree) and
for each item the supervisor also invited the participant to motivate or discuss
their answers. In the following, we refer to each topic using the term reported
in bold (i.e., Timely, Clarity, Conciseness, Completeness).

o (Likert-like scale item.) The instructions were provided timely. (Timely)
o (Likert-like scale item.) The instructions seem clear to me. (Clarity)

e (Likert-like scale item.) The instructions are concise. (Conciseness)

e (Open question) Are the instructions complete? (Completeness)

At the end of all tasks, we collected additional comments based on the
following questions. Again, we refer to each topic using the term reported in
bold (i.e., General differences and Quantity of instructions).

e Did you perceive any differences between the two versions of the naviga-
tion app? (General differences)

e Did you notice any differences in the quantity and frequency of instruc-
tions provided by the two versions of the app? (Quantity of instruc-
tions)

4.4.3 Experimental apparatus

The study was conducted using an iPhone 14 Pro, running the two versions
(NEW and SOTA) of the navigation app. Specifically, for SOTA we adopted
a solution used in previous work [3]. Although this solution was not explicitly
organized into the four modules we identify in this thesis, we note that the it
addresses the Routing and Guidance sub-problems in a similar way as other
solutions present in the recent literature [167]. Instead, NEW uses the same
Localization and Interface modules as SOTA and the Routing and Guidance
modules presented in Section [4.3]

IThe experiments were conducted in Italian; we report the English translation.
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The Localization module in both versions of the app is implemented with a
combination of visual-inertial odometry and image tracking enabled by native
Augmented Reality librariesﬂ This solution was used as it is easy to imple-
ment and can achieve accurate and stable localization (and direction) if visual
markers are placed at short intervals. Indeed, in our experiments visual mark-
ers are placed in known locations (approximately every 5m) along the path, so
that the drift due to inertial odometry is corrected during navigation.

Differently from NEW (see Section [4.3), the Routing module in SOTA
adopts a state-of-the-art solution [3| using a Navigation Graph to represent
the set of possible routes. When the navigation begins, the Routing module of
SOTA computes the next target and then guides the user towards it. When
the user’s distance from the next target is less than the . value of the next
edge, the next target is updated and the procedure iterates until the destination
is reached.

In contrast to NEW, the Guidance module of SOTA has no concept of
a rNA. Thus, it simply produces a side-step instruction when the user exits
the graph navigation area but does not guide the user back to the rNA. Also,
SOTA uses an angle « fixed to 30°.

The Interface module, used for both NEW and SOTA, is based on prior
work [3], and it implements a combination of verbal messages (rotate, walk,
side-step), earcons and sonification, used to convey quantities (e.g., the amount
of rotation). A difference between the Interface module of NEW and the one
in SOTA is that the former sonifies the side-step instructions while the latter
does not, since in SOTA the user is only instructed to make a single lateral
step (e.g., “Step right”).

To ensure that the device camera can correctly frame the visual markers,
maintain a clear view of the surrounding environment, and have a consistent
orientation in the direction of the participant’s body, the device was positioned
on the participant’s chest, placed on a chest harness. The auditory information
was provided through the device speaker, without using headphones, in order
not to mask the surrounding soundscape, which is important for BLV travelers
to avoid hazards.

4.4.4 Experimental Setting

The study was conducted on the campus of the University of Milan. We defined
four routes with the same number of planned turns (i.e., six turns each) and
approximately the same length (103m, 99m, 97m, and 101m, respectively). For
each route, the planned turns were equally divided into left and right turns.
The routes were chosen to avoid hazards and objects that the participant
can use to support orientation and navigation (like walls, sidewalks or trails)
because we wanted the participants to rely on the provided instructions only,
without being guided by other objects in the environment. For example, we
wanted to avoid having participants walk along a straight path by following
a wall (BLV individuals are usually trained to walk along walls using the

’https://developer.apple.com/augmented-reality/arkit/
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white cane or echolocation). Furthermore, we used visual cues on the ground
to clearly define the paths and determine where a marker should be placed,
making it easier for supervisors to carry out the test.

4.4.5 Experimental protocol

The study was organized into four main phases: a preliminary questionnaire,
a study introduction, the navigation phase, and a final questionnaire.

The preliminary questionnaire collected the participants’ demographic data,
expertise, and habits. The main results of the preliminary questionnaire are
reported in Section [£.4.6]

In the second phase we briefly introduced our study, provided an overview
of the navigation tasks, and explained to the participant how to follow the
instructions provided by the application.

During the navigation phase, each participant was asked to complete four
tasks. In each task, the participant would traverse one of the routes with one of
the two versions of the app. The app versions and routes were counterbalanced
across the participants using a Latin Square Design to account for the effects of
order. Before each task, participants were introduced to the app version used
in the task through a short tutorial. In the tutorial the supervisor explained
which instructions and sonifications are provided by the app and how to react
to them. The participant was then asked to try the navigation system on a
short test route consisting of two short straight paths and one rotation. Once
the tutorial was completed, participants were accompanied by the supervisor
at the starting point of the route and were asked to follow the app instructions
until reaching the destination. During the navigation, two supervisors followed
the participant, without interfering with the navigation but being ready to take
action in case of potential hazards. After each task, we collected additional
subjective feedback as described in Section

The fourth and last phase of the study collected additional subjective feed-
back and comments from the participants regarding the whole study and the
perceived differences between the app versions as described in Section [4.4.2]

4.4.6 Participants

The study involved 8 participants, whose demographic data are reported in
Table The inclusion criteria for this study required the participants to be
people with blindness, unable to orient themselves with residual sight (namely
persons with severe visual impairment), and without multiple disabilities.
Three participants self-identified as female, the others as male. The age of
participants Wasﬂ between 24 and 66 (47+14). We collected information about
the participants’ use of mobile devices in mobility. In particular Table
reports the participant’s self-reported expertise with the use of mobile devices
(Likert-like scale items ranging from 1 to 5), frequency of use of mobile devices
and details about their usual screen reader settings. We also investigated how

3We use the notation x £ y to denote average = and standard deviation .
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Table 4.1: Participants’ demographic information. G.=gender. For im-
pairment: FB=fully blind. For route frequency: Fam.=familiar, Un-
fam.=unfamiliar, D=daily, W=weekly, MO=monthly, R=rarely.

Impairment Mobile Screen reader Route
PID|Age|G.|Level|Onset |Expertice|Frequency|speed| voice |Fam.|Unfam.
P1 | 55 |M| FB | birth 4 D 70 M W MO
P2 | 42 | F | FB | birth 4 D 80 F D D
P3| 53 | F | FB | birth 5 W 75 M D R
P4 |1 46 |M| FB | birth 5 D >=T5 F D W
P51 24 |M| FB | birth 5 D 65 F D R
P6 | 28 | F | FB | birth 5 W 70 M W MO
P71 66 |[M| FB | age 6 3 D 55 M D R
P8 |1 62 |[M| FB |age 10 5 W 65-85 F D MO

participants listen to the screen reader in mobility. Four participants reported
that they listen to the screen reader while walking using the device speaker
(P1, P6, P7, P8). P6 added that she uses stereo earphones depending on
the situation. Other 4 participants use single earphone while walking (P2, P3,
P4, P5). All the participants use app during mobility such as Ariadne GPSEI,
BlindSquard’, FourSquard’, Google Mapd, iMovefl), Apple Mapd, Moovif}
SiriH], Soundscapd™| and Voice Vistd™|

Finally, we asked the participants how often they travel independently
along familiar and unfamiliar routes. Six participants reported traveling fa-
miliar routes daily, the others weekly. Instead, only one participant travels
unfamiliar routes daily, the others weekly (one participant), monthly (3 par-
ticipant) or even more rarely (3 participants).

4.5 Experimental results

4.5.1 Analysis of movement data

All participants completed the tasks and navigated independently during the
large part of the experiment. On 24 occasions the supervisor had to temporar-
ily stop the experiment to prevent possible hazards (e.g., although the area
was closed to traffic, on a few occasions vehicles passed by) or to recover from
major localization problems (e.g., the position markers, which were placed on

“https://www.ariadnegps.eu/en/
Shttps://blindsquare.com
Shttps://apps.apple.com/it/app/foursquare-city-guide/id306934924
"https://www.google.com/maps/
8https://apps.apple.com/us/app/imove-around/id593874954
9https://www.apple.com/maps
Ohttps://www.moovit.com/
Uhttps://www.apple.com/siri
2https://www.scottishtecharmy.org/soundscape
3https://apps.apple.com/it/app/voicevista/id6450388413
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supports, were moved or knocked over by the wind). In these cases, the su-
pervisor took note of the intervention and later edited the collected data, to
exclude the data automatically collected by the system during the supervisor
intervention.

In total, we collected data from 32 paths (4 paths for each participant),
equally divided between the two conditions. Participants walked for 720.77s 4+
138.21s seconds in total and covered a distance of 414.01m+15.64m. The total
number of instructions for each participant was 123.5+26.54, with 56.7549.86
rotate instruction, 60.38 + 14.9 walk instructions and 6.38 + 3.64 side-step
instructions.

Duration and number of instructions

Fig. shows a comparison of NEW and SOTA in terms of duration of the
navigation and number of instructions. Considering the navigation time, no
statistically significant difference emerges between NEW (363.33s + 53.69s)
and SOTA (356.98s + 88.77s). Instead, considering the total number of in-
structions, NEW (51.62 £ 8.99) had significantly less (p < .01, ¢(7) = —5.27)
instructions than SOTA (71.88 £+ 17.98). We also conducted additional anal-
yses, considering only turn, walk, or side-step instructions between the two
conditions. In this case, both factors (app version and instruction type)
yielded significant differences (p < .001) as well as their interaction (p < 0.05).
Pairwise comparisons show that NEW had significantly less turn (NEW:
22.75 +£4.02 vs SOTA: 34 £6.18, p < .001, t(7) = —8.71) and walk (NEW:
25.88 £ 4.86 vs SOTA: 34.5 £ 10.27, p < .01, t(7) = —3.79) instructions,
while no significant difference was found in the number of side-step instruc-
tions (NEW: 3 £ 1.41 vs SOTA: 3.38 +£ 2.91).

Time outside the navigation area

Fig. shows how much time the participants spent outside the navigation
arca (NEW: 17.81s £ 13.73s, SOTA: 44.28s + 18.81s). The difference is
statically significant (p < .05, W = 0). A related metric is the average distance
from the user’s position to the current edge (see Fig. . Also in this case
(NEW: 0.85m %+ 0.06, SOTA: 1.13m + 0.21m), the difference is statistically
significant (p < .05, t(7) = —4.19).

To better understand the phenomenon, we also analyzed the time spent
outside the navigation when the current edge had a §. (the “radius” of the
navigation area, see Section equal to 1, 2, and 3 meters (see Figs. [4.8¢]
and [4.8¢ respectively). Both factors (app version and navigation area
radius) yielded significant differences (p < .001) but not their interaction. The
difference is more accentuated (NEW: 6.5254+2.86s vs SOTA: 29.835+9.275s)
when 6, = 1m (p < .001, ¢(7) = —5.84). Instead, when 6, = 2m or J. = 3m
the difference is not statistically significant.
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Figure 4.7: Total navigation time and number of instructions (* significant).

Instructions burst

A possible undesirable behavior of a navigation system is to provide a “instruc-
tions burst”: a sequence of requests one after another. To capture this situa-
tion, we define the concept of instructions cluster (Section considering
a maximum time distance between two consecutive requests, and we compute
the average size of the instructions clusters for each participant, comparing
NEW and SOTA (sce Fig.[£.9). For all considered maximum time distances,
the differences are statistically significant. Specifically, both app version factor
(p < .001) and maximum time distance (p < .05) yielded significant differences
(p < .001) but not their interaction. For ¢t = 0.5s the average size of instruc-
tion clusters is 1.01s £ 0.02s for NEW and 1.10s £ 0.06s for SOTA (p < .01,
W =0). For t = 1s, it is 1.025 £ 0.02s for NEW and 1.17s £ 0.06s for SOTA
(p < .001, ¢(7) = —7.70), and for t = 2s it is 1.04s £+ 0.02s for NEW and
1.29s 4+ 0.08s for SOTA (p < .001, ¢(7) = —8.14).

4.5.2 Participants’ Subjective Feedback

Fig. shows the distribution of the scores for the Likert-like scale items (see
Section [4.4.2). Considering the Timely (NEW: 4.13 + 0.86, SOTA: 3.88 +
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0.86) and Conciseness (NEW: 4.75 + 0.43, SOTA: 4.75 % 0.43) metrics,
no statistically significant differences were found. Instead, for Clarity, NEW

14We report means for multipoint items as they were found to better indicate central
tendency than medians [126].
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(4.31£0.923) was perceived to be significantly clearer (W = 4.5, p < .05) than
SOTA (3.94 +1.03).

Considering the Timely topic, some participants (P2, P5 and P8) clarified
the answer explaining that it is not desirable to have a system that is too quick
in providing instructions.

P2: [With SOTA] you risk being too prompt if you correct me
immediately.

P5: [With SOTA], the instructions kept changing frequently, it
was too real-time.

Instead, considering Clarity, four participants (P2, P3, P4 and P5) reported
encountering the instructions cluster problem when using SOTA.

P3: I received two opposing instructions very close to each other,
and I didn’t have time to follow the first one, meaning I couldn’t
perform the action of the first; instead, I carried out the action of
the second.

Similarly, one participant reported frequent unnecessary instructions with SOTA.:

P5: [With SOTA], the instructions kept changing frequently. It
was too real-time. I couldn’t orient myself properly right away.
[With NEW/], I was oriented and then I reached the end of a path.
I never had to change direction mid-course.

Also P4 observed that in two cases he had to immediately correct himself after
the first instruction, such as turning left and then right.Finally, considering
Completeness, three participants (P3, P6, P7) observed that both version
of the navigation app lack of a functionality to identify and avoid objects.

Considering the General differences question, P5 perceived a difference
in the “guidance mode”. Instead, considering the Quantity of instructions
question, one participant was unsure (P1), three did not perceive any differ-
ence in the number of instructions (P3, P4, P6), two perceived that NEW
provided fewer instructions (P5, P7), and two perceived that SOTA provided
fewer instructions (P2, P8).
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4.6 Discussion

We discuss the key results of our investigation, namely the benefits of the
design principles that we adopt in our solution (Section, and the benefits
of the problem decomposition approach (Section [4.6.2)). We also address the
key limitations of our methodological approach (Section .

4.6.1 Benefits of the Adopted Design Principles

The experimental results give evidence that the Routing and Guidance mod-
ules have a significant impact on the user experience. In particular, our exper-
iments show that the adoption of the safety and parsimonious correction
design principles can reduce a) the number of instructions, b) instructions
bursts, and c) the time spent outside the navigation area. Reducing the to-
tal number of instructions makes the system less invasive (in the sense that
it reduces the number of audio instructions) and more secure since it allows
the user to focus on surrounding audio feedback (e.g., approaching vehicles).
Reducing the number of instructions also impacts on the instructions bursts,
that, as reported by the participants, have a negative impact on the clarity
of the navigation system. Indeed, the proposed solution was also perceived to
be significantly clearer than the benchmark. Finally, reducing the time spent
outside the navigation area is also relevant: the navigation area represents a lo-
cation where the user is expected to move (e.g., the sidewalk), while the region
outside the navigation area (e.g., the roadway) can be potentially hazardous.

4.6.2 Benefits of the Problem Decomposition Approach

In this work we suggest to decompose the overall problem of navigation as-
sistance for people who are BLV into four sub-problems. We argue that this
approach has three main advantages. First, it is a conceptual framework to
better analyze and classify the contributions in the state of the art, most of
which focus on the Localization or the Interface sub-problems. Second, the
identification of the Routing and Guidance sub-problems suggests that spe-
cific solutions should be designed as well. Instead, most solutions in the state
of the art disregarded these two problems which, as we show in this study,
can have a significant impact on the navigation experience. In this perspective
we believe that our work poses the basis for a stream of research aimed at
studying (and comparing) other solutions for these specific sub-problems. The
third advantage is related to software modularization: the identification of four
independent software components facilitates software re-use. For example, the
app prototype that we developed for the experiments can be easily modified to
adopt a different Localization module (e.g., based on Bluetooth beacons as the
Navcog system [167]). It should also be possible to experiment with different
Interface modules as well.
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4.6.3 Limitations

We discuss three key limitations of our work: due to experimental setting,
due to the apparatus used, and due to the limited demographic and cultural
variety among the participants.

Experimental Setting Limitations

In this work we evaluated the impact of the proposed navigation approach in
a real-world scenario. Specifically, the experimental evaluation was conducted
on a university campus for three main reasons: to limit the hazards for the
participants, to limit unpredictable obstacles along the route (e.g., a parked
bicycle) that could impact the study results, and to test the system in an
environment where participants would not be guided by environmental features
(e.g., a corridor) that can be used as references, haptically (e.g., by following a
corridor wall with the white cane) or acoustically (thanks to echolocation, BLV
travelers can, for example, sense the presence of an open door in a corridor).

These characteristics, however, might not be present in other scenarios, and
hence could influence the navigation process and its outcome. For example,
in our study, the participants knew that, in case of a hazard during the ex-
periment, the supervisor would intervene. This might have impacted the way
the participants navigated or affected their walking speed. Similarly, in an
environment with unpredictable obstacles, the participants would have most
likely had to avoid them, which would have influenced their walking routes.
Also, while there was some noise in the area due to the presence of numerous
students and a few passing cars, the overall background noise was different
than in a typical outdoor environment with many passing vehicles. The dif-
ference in the background noise could have potentially influenced the ability
of the users to perceive the instructions and the sonifications.

There are also two factors that made the experimental setting harder to
navigate than routes usually traversed by the participants. First, the partic-
ipants had no previous knowledge of the experimental routes. This is partic-
ularly challenging because BLV individuals most commonly travel on familiar
routes or study the route beforehand, as shown in Section [£.4.6] Second, the
participants had no environment reference points, and in particular no haptic
references. One common practice among BLV individuals who use the white
cane (as all our participants did) is to follow haptic references, like walls or
sidewalk edges. In the experimental setting, we intentionally decided to avoid
these references, so that they would not affect the results, but clearly, this
makes the walking task much more challenging.

Apparatus Limitations

Study results may have also been influenced by the experimental apparatus
used. Specifically, we did not measure the impact of the localization accuracy
since this was out of the scope of the investigation. However, since the naviga-
tion instructions depend on the system localization accuracy, we acknowledge
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that this factor could be relevant as well. To account for this issue, we posi-
tioned the localization markers approximately every 5m, thus mitigating the
localization drift. We empirically observed that the drift effect was limited
with the only exception (excluded in the analysis of the results) in which the
location markers were accidentally moved or knocked down (e.g., by the wind).

Another peculiarity of the study is the use of a chest harness. This study
design choice helped to simplify the experimental protocol because, if the par-
ticipants held the device with their hands, it would have been harder to distin-
guish body rotations from hand rotations. Participants would have also needed
to concentrate on pointing the device at the right angle (e.g., not towards the
ground), which is known to be hard for BLV individuals [138]. However, a
chest harness may not be a practical solution for a number of reasons, includ-
ing that its acceptance by the users needs to be evaluated and the smartphone
can be easily stolen. Alternative solutions could be wearable devices, like smart
glasses, and other types of bags or ways of securing the smartphone.

Demographic and Cultural Bias

In this work, since the experimental setting was constructed in a specific real-
world environment, we could only recruit participants from the same geograph-
ical area. Furthermore, in order to limit confounding factors that could impact
the results, we only involved participants who are blind with no residual vision.
As a result, the study involved a small number of participants, a limitation
that is common in the field of research on assistive technologies [172].
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Chapter 5

Noise adaptation techniques

BLV People access mobile devices using screen readers. However, noisy envi-
ronments can impair screen reader intelligibility. During mobility, this could
disorient or even endanger the user. To address this issue, we propose three
screen reader speech compensation techniques based on environmental noise:
speech rate slowing, adaptive volume increase, and adaptive equalization.
Through a study with twelve participants in three simulated noise scenar-
ios, we evaluate screen reader intelligibility and the perceived distraction from
the soundscape, with and without compensations. Four of the proposed com-
pensations, in particular those that pair speech rate reduction with volume
or equalization adaptation, significantly improve screen reader’s speech intel-
ligibility in all the considered scenarios, and the compensations do not have a
significant impact on the distraction from the soundscape.

5.1 Background

BLV people commonly use screen readers [103, 195, [103], to access the na-
tive functionalities of mobile device [104] as well as assistive capabilities pro-
vided by third-party developers. However, screen reader usage during mobility
presents three main issues. First, many BLV people feel that the speech feed-
back is intrusive to people around them, or even perceived negatively by oth-
ers [175]. This effect is even more apparent in people with invisible disabilities,
like mild low-vision [61]. Second, the environmental noise may mask screen
reader speech [33, [I17], preventing people from hearing it. This problem is es-
pecially present in very loud scenarios, such as the subway [1], crowded places,
and while walking in the traffic [I]. Because of this, BLV people frequently
use headphones while listening to screen reader during mobility [193]. Third,
the soundscape may also be partially covered by the screen reader speech, in
particular when using headphones [50]. Thus, the speech could draw away the
user’s attention from the environmental sound cues which may be useful for
orientation (e.g., acoustic traffic signals) or for avoiding dangerous situations
(e.g., an approaching car). Most users partially offset such issues by using a
single headphone, while only a minority adopt pass-through or bone conduc-
tion headphones due to high prices, unfamiliarity with these solutions, and
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concerns with their output sound quality level [193]. Manual adaptation of
speech rate [33] or volume [I] is also reported as possible coping mechanisms.
However, the users may not have the time to manually change the setting
in case of sudden noise and the action can distract them from their current
activity.

Approaches for the automatic adaptation of sound based on ambient noise,
especially in mobile contexts, have been proposed using several different tech-
niques. These techniques can be grouped into two broad clusters: active noise
cancellation and noise-based processing of the information carrying audio sig-
nal. In the first cluster, active noise cancellation headphones or headsets use
adaptive audio processing for reducing the background noise [142]. However,
noise-canceling solutions are not suited for the purposes of this work since im-
portant sound cues from the environment may be rendered inaudible, making
mobility more difficult or even endangering the user [205].

The second cluster comprises methods that automatically adjust volume,
dynamic range, or other sound features based on ambient noise, which is in
turn monitored and analyzed through built-in microphones on mobile devices.
One example is the adaptive control of the smartphone volume based on user
activity and ambient noise, with the purpose of improving the perception and
recognition of alert and notification sounds in noisy environments [I7]. An-
other example is the adaptive control of the dynamic range (compression) of
the audio being played, depending on the level of the environmental noise
around the listener, which is measured using the microphone on the mobile
device [140]. None of the previous works address the challenge of improving
screen reader intelligibility.

5.2 Contribution

To address that the noisy environments impair screen reader intelligibility
masking the screen reader output, our work [8] proposes a solution to dynam-
ically adapt the screen reader output based on noise-based processing. The
goal is to improve the screen reader intelligibility, without increasing the dis-
traction from the surrounding soundscape and without permanently reducing
the screen reader speech rate. To this end, we designed three compensation
techniques:

e Rate — Applies a flat speech rate reduction in presence of environmental
noise;

e Vol - Adaptively increases or decreases speech volume based on the
intensity of environmental noise;

o Eq - Adaptively increases or decreases speech volume only for frequencies
impacted by environmental noise.

A preliminary evaluation, conducted with 4 BLV participants, assessed the
effect of the proposed techniques on the screen reader speech intelligibility in
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presence of background noise. The participants commented that making the
speech both louder and slower would make it easier to comprehend. Thus, in a
second preliminary evaluation, conducted with other 6 representative partici-
pants, we also included conditions obtained as combinations of speech slowing
with the other two compensations: Rate+Vol and Rate+Eq. A final eval-
uation, conducted with 12 participants, also evaluated the distraction caused
by the screen reader speech with respect to the background soundscape.

Specifically, in the main study, we evaluated the compensations in three
typical noise scenarios [I|: Crowd, Traffic, and Subway. The scenarios were
realistically simulated in a silent chamber with a quadraphonic audio setup,
playing 4-channel real-world recordings at a sound pressure level consistent
with the real situation. For the experiment, we used a corpus of text sen-
tences [158], read by the screen reader and conveyed through bone conduction
headphones, with and without compensation. We measured speech intelligi-
bility as the percentage of the correctly understood words, and the distraction
caused by the screen reader speech with respect to the soundscape by ask-
ing the participants to pinpoint the direction of a contextual sound played
concurrently with the speech feedback.

The results confirm that noisy environments severely impact screen reader
speech intelligibility but compensation approaches can mitigate this effect
significantly. In particular, the combined compensations (Rate+ Vol and
Rate+Eq) provide consistent improvement in all soundscape scenarios. The
perceived distraction from the surrounding soundscape, caused by the screen
reader speech, does not significantly change when compensations are used.
This indicates that the proposed compensations can improve speech intelligi-
bility without impacting the user’s ability to pay attention to the surrounding
environment. Therefore, our approach is a practical solution to improve the
understanding of screen reader speech feedback in noisy environments and
during mobility.

5.3 Compensation Techniques Design

We designed three base compensation techniques (Rate, Vol and Eq) and two
techniques combining Rate with the remaining compensations (Rate+ Vol
and Rate+Eq). In the following, we indicate that no compensation tech-
nique was used with the term None. The compensation techniques have been
designed to be deployable on mobile devices, without requiring proprietary
hardware: they only need an audio output device (e.g., headphones), a mi-
crophone (possibly integrated in the headphones), and limited computational
power.

5.3.1 Adaptive Volume

The key idea of dynamic volume compensation (Vol) is to adjust the speech
volume in an adaptive way, depending on the environmental noise that sur-
rounds the device. The goal is to keep the Signal to Noise Ratio (SNR) between
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Figure 5.1: Adaptive sonification based on spectral equalization.

the speech level and the soundscape level constant but, at the same time, to
limit the intervention to an acceptable range (in order to avoid lowering the
volume too much in quiet scenarios or saturating the device in loud scenarios).

To achieve this, a gain factor k(¢) is computed as the ratio between the
target SNR, which can be tuned based on user’s hearing and preferences, and
a running measure of the actual SNR, denoted in Eq. by SN Ryqrger and
SN R, unning(t) respectively.

o SNRtarget RMSnoise (t)
B SNRrunning (t) RMSsignal(t) ’

In Eq. RMS stands for Root Mean Square, more specifically, the running
RMS,; i.e. the RMS evaluated on a moving temporal window. The larger the
window, the smoother the intervention, at the cost of slower responsiveness.
This processing completely occurs in the time domain. Vol compensation can
be fine-tuned by setting two main parameters: SN Rygrger, and the running
RM S window size. Moreover, in order to avoid excessive volume compensation
(low k values would render the sound almost inaudible in quiet environments,
while high values would result in audible signal distortion and may cause pain
or even hearing damage), we added the possibility of limiting k() to a range
Ry, = [kmin, kmaz)-

We chose the value SN Ryq,4e¢ = +1.2 as it was found to be the preferred
value for speech signals in a previous study on acceptable noise levels and
preferred SNRs for speech and music [124]. Values for R;, = [—3, +20] dB were
chosen in order to avoid signal clipping as well as to minimize attenuation. For
the estimation of the running RMS, we used a temporal window with duration
46ms and an overlap of 23ms between successive windows, in order to minimize
artifacts (glitches) resulting from an exceedingly fast adaptation.

k(1)

= SNRtarget . (51)

5.3.2 Adaptive Equalization

The goal of this technique is to use spectral modifications, rather than volume
adjustment, to reduce the masking of the verbal message by the background
noise. In fact, the concept of masking does not merely depend on volume;
rather, it consists in the alteration of the perception of the single frequency
components of the message if the noise occupies the same spectrum region
with sufficiently high energy. Thus, adaptive Equalization compensation (Eq)
accounts for the proper auditory masking effect by realizing a multi-band ver-
sion of Vol. First, the signal is split into a number of frequency bands, then a
different modulation factor is computed for each band, so as to reduce masking
effects only where needed.
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Fig. shows the process to compute the adapted signal. The first step
is to take the Short Time Fourier Transform (STFT), to extract the spectra
of both the signal and the noise. Then, these spectra are processed through
an ad-hoc filter bank to divide them into a given number of bands. Ideally,
the band subdivision should approximate what in psychoacoustics is called a
critical band, that is the band of audio frequencies within which a second tone
will interfere with the perception of the first tone by auditory masking, since
they activate the same area of the basilar membrane [63]. Equivalently, this
filter bank should serve the purpose of simulating the human auditory system
by modeling those band-pass filters, whose width follows the Equivalent Rect-
angular Bandwidth (ERB) scale [143]. Nevertheless, when dealing with speech
signals, such a fine subdivision in frequency bands followed by a per-band gain
modulation may result in a complete cancellation of vocal formants, which are
the spectral characteristics of vocal signal conveying information. To avoid this
loss of information, we opted for a reduced number of bands. Finally, a differ-
ent gain factor is calculated for each band (whereas for Vol a single modulation
factor is applied to the whole signal). The per-band gain factors are computed
with the same approach summarized in Eq. , the only difference being that
values are now computed for each band. To apply the computed gain changes,
instead of multiplying each band for the corresponding factor and summing
the bands together (which would introduce some phase issues), we interpolate
the factors so to obtain an equalization curve with the same resolution of the
STFT frames. In particular, we use a Piecewise Cubic Hermite Interpolating
Polynomial, which has the property of preserving the maximum and minimum
points of the initial function, thus avoiding equalization overshooting or un-
dershooting. Once the desired equalization curve is computed, multiplying it
by the spectrum of the signal returns the spectrum of the adaptive signal. The
latter is brought back into the time domain through the Inverse Short Time
Fourier Transform (ISTFT), thus obtaining the adaptive audio signal.

For all the parameters in common with the Vol compensation, we chose the
same values. In addition to those, Eq compensation requires one additional
parameter, which is the number of bands. We used 5 bands, which resulted in
good preservation of the vocal formants, as discussed above.

5.3.3 Adaptive Speech Rate

BLV people have higher listening rates than sighted people [33] and usually
keep the screen reader at the highest possible speed allowing them to under-
stand the speech in a quiet environment, as also confirmed by our partici-
pants. However, it is yet unclear how noise impacts screen reader intelligibility
by BLV people [33]. Additionally, as reported in prior works, expert screen
reader users often change their screen reader speech rate based on context [I],
and this approach is also considered a possible adaptation to improve screen
reader intelligibility in presence of noise [33].

Speech rate compensation (Rate) applies a flat reduction of the screen
reader speech rate when noise is detected. We implemented this as a 15% speed
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reduction with respect to the base speech rate (i.e., participant’s preferred
speech rate). This parameter was empirically selected after interacting with
the preliminary study participants: when we asked for their preferred speech
rates, six out of ten answered with a range of rates and in four cases the range
size was 15% (in the other two cases the range was 5%). To avoid the speech
rate to change within a sentence or a single word, the solution does not adapt
continuously based on the changes in the ambient noise. Investigating the
design space of the continuous screen reader speech rate adaptation based on
the changes in environmental noise is a possible future extension of our work.

5.3.4 Combined Compensations

Based on the comments from the participants in the preliminary studies, we
have also explored the combinations of the proposed compensation techniques.
The three base compensation techniques change the way speech is reproduced
(Vol, Eq), or the way it is generated (Rate). Combining Vol and Eq is not
meaningful, as it would merely reduce to an Eq technique with a different SNR.
Instead, we combine Rate with either Vol or Eq, obtaining two additional
techniquee, Rate+Vol and Rate+Eq, in which the speech is generated at
the speed defined by Rate and reproduced after applying Vol or Eq.

5.4 Evaluation

We conducted a set of user studies to assess the effect of the proposed com-
pensation techniques on speech intelligibility in the presence of noise, and on
the distraction caused by the screen reader speech with respect to the envi-
ronment soundscape. The research was approved by the Ethics Committee
of our University. As part of the iterative design process, we first evaluated
our techniques with sighted participants [71], then we conducted three studies
with representative BLV participants. The first two of these are preliminary
studies, which are described in Section [5.4.1] The last one is the main study,
which is described in detail in the rest of this section.

5.4.1 Preliminary Studies

Two preliminary studies were conducted with 4 and 6 BLV participants, re-
spectively, as a part of our design and parameter tuning process. In the first
study, we assessed the three base compensation techniques (Rate, Vol, Eq).
For this, we simulated a noisy soundscape and reproduced speech feedback
(possibly compensated) that the participants were asked to listen and repeat
(see Section . Motivated by the participants’ comments, in the second
study we introduced the combined compensations: Rate+ Vol and Rate+Eq.
We also corrected the compensation parameters, in particular, to avoid the
crackling noise that would appear with specific sound frequencies on bone con-
duction headphones, as mentioned in Section [5.4.3]
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Considering the evaluation methodology, we introduced two main changes
between the preliminary studies and the main study. First, in the preliminary
studies, we assessed distraction as a subjective measure reported by the par-
ticipants. Instead, in the main study, we introduced an objective measure of
the distraction caused by the speech feedback, by assessing the participants’
ability to pinpoint the direction of an environmental sound, reproduced con-
currently with the speech. The second difference regards the speech rate. In
the preliminary studies, all participants used the same speech rates. Instead,
in the main study, we configured the screen reader speech rates based on the
preferred settings for each participant.

5.4.2 Audio Stimuli

In order to quantitatively assess both the speech intelligibility and distraction,
we prepared a set of audio stimuli, each combining a soundscape, a (pos-
sibly compensated) speech signal that the participants are asked to listen
and repeat despite the background soundscape, and a contextual sound,
the direction of which the participants are asked to pinpoint while the speech
feedback is played. More specifically, audio stimuli are audio tracks with six
channels. Four channels reproduce the soundscape with its contextual sound
from one of three directions (i.e., left, right, front) and two channels reproduce
the speech signal. The speech signal is always reproduced at the same time
offset with respect to the soundscape in order to have consistent listening con-
ditions. Instead, each contextual sound is played in a random instant while
the speech signal is played.

To generate the speech signals, we followed the approach proposed in [158].
Each sentence (in Italian) is constructed from a word table with 5 columns and
10 rows, by randomly picking one word from each column. The combination
of the extracted words forms a sentence that is grammatically correct but
semantically unpredictable. The resulting combinations have the advantage
of focusing the participant’s attention on the actual comprehensibility of the
sentences. The sentences were reproduced using the VoiceOver[] screen reader
(female voice). The screen reader allows the user to specify a preferred speech
rate, indicated as a percentage of the maximum speed. Thus, for each partici-
pant, we generated personalized speech signals by specifying the speech rate
that the participant is used to.

Four soundscapes were selected, three with a high and one with a low
noise level. Suburban soundscape (low noise) is a baseline condition in which
the speech compensation is not needed. It consists of a recording of the noise
in a suburban residential area with low traffic. The noisy soundscapes are a
subway station during train arrival (Subway), a crowded market (Crowd),
and a trafficked city street (Traffic) as they were reported to be particularly
challenging scenarios [1]. Each soundscape has a duration of 15 seconds.

For each soundscape, we also prepared a contextual sound: the sound
of a closing gate in Suburban, the sound of a cash receipt being printed

Ihttps://www.apple.com/accessibility/vision/
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in Crowd, the sound of opening bus doors in Traffic, and the intermittent
signal of opened doors of a subway in Subway. All the contextual sounds were
chosen without introducing vocal sounds in the soundscapes, to avoid confusion
with the speech signal. Each contextual sound exists in three variations: one
is played from the participants’ left, one from the right, and one in front of
the participant. The recordings of the soundscapes and contextual sounds are
available onlind?

5.4.3 Apparatus

The experimental set-up mimics a real-world scenario in which ambient noise
reaches the listener’s ears through a purely acoustical path, while the speech
signal is delivered through headphones. Consequently, the audio stimuli de-
scribed in the previous section were reproduced through two distinct audio
streams: one for the soundscapes and the contextual sound, the other for the
speech signal.

It was first necessary to recreate a realistic simulation, in order to provide
participants with the impression of being immersed in an everyday acoustic
environment. Such a goal was addressed through a quadraphonic reproduc-
tion system: four audio channels were routed to the corresponding speakers
arranged into a square, with the listener in the center. The speakers are po-
sitioned on the front-left, front-right, back-left, and back-right with respect to
the listener. With respect to stereophony, quadraphony allows a better spa-
tialization of the sound and, consequently, the possibility for the listeners to
better locate the sound events presented to them. The speakers were installed
in a silent chamber (where the tests took place), a soundproof room acous-
tically treated to dampen sound reflections, thus enabling to simulate wide
sound scenarios, despite its limited size. Contextual sounds are played by two
speakers, depending on the direction. For example, when the contextual sound
is played on the left of the participant, the two left speakers (i.e., front-left,
back-left) are used.

Speech signals were conveyed to the participant using Z8 Docooler bone
conduction headphones. This choice had a twofold motivation: first, they en-
sure the maximum possible transparency with respect to the external sound-
scape, as they do not occlude the ear canal; second, they guarantee a good
response in the characteristic speech frequency range (i.e. 200Hz to 4kHz).
Nevertheless, we experimentally verified that these specific headphones intro-
duce an unpleasant vibration around 230 Hz, therefore we processed all the
headphone signals with a bell equalizer centered on the aforesaid frequency,
with a filter gain of —4.5dB, and an overall gain of +2.4 dB in order to linearize
the device response. We calibrated the system to produce an uncompensated
speech signal with average SN R = 0 with respect to a baseline outdoor sound-
scape without strong sources of noise (i.e., Suburban). This means that the
uncompensated speech signal is tuned to be intelligible in such a scenario,
without being intrusive to others. Experiments show that this is indeed the

’https://noise-soundscapes.netlify.app/
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case (see Section [5.5).

5.4.4 Evaluation Protocol

The evaluation was organized into five phases: initial questionnaire, instruc-
tions, calibration, listening tasks, and a final open-ended questionnaire. For
each participant, the experiment lasted for about one hour. The initial ques-
tionnaire collects the participants’ information (see Section . In the
instruction phase, the participant is invited to seat on a chair in the silent
chamber and to wear the bone conduction headphones. Then, the supervisor
explains how the experiment works and in particular that the participant has
to repeat the sentence in the speech signal as they understand it and indi-
cate with their finger the direction from which the contextual sound comes
(left, right, front). While explaining the test, the supervisor reproduces each
soundscape, an example of a speech signal, and the contextual sounds.

During calibration, the base speech rate to be used during the test is as-
sessed. For this, the Suburban soundscape is used, as it represents a situation
with little environmental noise. The supervisor plays an audio stimulus with
the preferred speech rate reported by the participant. If the participant can
correctly understand the sentence, this speech rate is selected. Otherwise, the
process iterates with a speech rate slower by 5%, until the participant can
correctly understand the sentence.

The listening task phase consists of a set of 61 tasks. During each task, the
supervisor plays an audio stimulus and the participant repeats the sentence
and indicates the direction of the contextual sound. The supervisor takes
note of the answers provided by the participant. Four initial tasks are used
for training, to ensure that the participant correctly understood what to do.
The results of these tasks are not recorded. The following 57 tasks include
three audio stimuli with the Suburban soundscape and 54 with the noisy
soundscapes (i.e., Crowd, Traffic, Subway). The three audio stimuli with
the Suburban soundscape serve as a baseline and use an uncompensated
speech signal. Each of them has a contextual sound played from a different
direction. For each noisy soundscape there are 18 audio stimuli, 6 for each
direction of the contextual sound: one without compensated speech signal,
others with a different compensation each. The 57 tasks were organized into 3
sessions, separated by a short break of about 2 minutes. To minimize effects of
order, compensations and directions of contextual sound were counter-balanced
with a Latin-square design.

Finally, we asked a series of open-ended questions (see Table , investi-
gating participants’ opinions on the presented compensations and the experi-
ment in general. Additionally, we collected their comments and suggestion for
improvements. This part of the experiment was organized as a semi-structured
interview and, starting from the questions, the supervisor invited the partici-
pant to discuss and report comments.
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5.4.5 Metrics and Data Analysis

We define the soundscape and compensation technique (if any) as independent
variables. The dependent variables are:

e Speech Intelligibility, defined as the percentage of the correctly un-
derstood words for each listening task;

e Perceived Direction, defined as the percentage of the correctly iden-
tified contextual sound directions.

To account for the small number of participants, common in accessibility
research [172], a repeated measure design is adopted [36, [172]. Score differences
were analyzed for statistical significance using Friedman Chi Square test [6§],
with Dunn post-hoc test for pairwise comparisons [54]. We also verified, for
each scenario and compensation condition, that there was no significant learn-
ing effect across the tasks, using the Mann Kendall Trend Test [108| [133].
Benjamini-Hochberg FDR method [25] was used for multiple test corrections.

During the evaluation, for each participant, there are exactly three tasks
with the same pair of soundscape and compensation. We compute the average
for speech intelligibility and perceived direction metrics among these three
tasks. Each average value is then used as a data point in the analysis.

5.4.6 Participants

We recruited 12 BLV participants (3 female) through local associations, social
networks, and word-of-mouth. The recruiting criteria required that (a) the
participant was not involved in the preliminary studies, (b) the participant is
blind, according to the World Health Organization Classification [I85], and
(c) the participant does not have a hearing impairment (normal hearing). As
reported in Table , participants had an average age of 47 (SD = 14.63) and
they were all blind since birth with the exception of P3, P4, and P11.

We collected participants’ self-reported expertise with mobile devices and
music, as Likert-like scale items ranging from 1 (no expertise) to 5 (high ex-
pertise). Average mobile device expertise was 3.73 (SD = 1.14), while musical
expertise scores averaged 3 (SD = 1.41). All the participants use VoiceOver
screen reader on i10S devices, except P1 who uses TalkBack on an Android de-
vice. All except for P10 use the screen reader with a female voice. Preferential
screen reader speech rates reported by the participants ranged between 55%
and 90% with an average of 66% (SD = 10.57%). Following the calibration
phase, seven participants (P1, P3, P4, P6, P8, P9, P11) used their reported
speech rate. Instead, five participants (P2, P5, P7, P10, P12) used a speech
rate that was lower than what they initially reported (70%, 80%, 70%, 70%,
55%, respectively).

All participants travel known routes frequently but only two participant
travel unfamiliar routes daily (P2, P12). Others traverse unknown routes
only when needed (P6, P10, P11), and possibly avoid them (P3). Except for
P1, P3 and P10, participants interact with their mobile device through screen
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Table 5.1: Participants’ demographic information. For route frequency:
Fam.=familiar, Unfam.=unfamiliar

Expertise |Screen reader|Route frequency
ID [Age|Sex|Onset/music/mobile|speed| voice | Fam. |Unfam.
P1] 21 | M | birth | 3 2 60 F daily rarely
P2 | 40 | F | birth 1 4 80 F daily daily
P3|159 | M| 18 1 2 66 F daily rarely
P4 64 | M| <18 3 4 5Y) F daily rarely
P5(23 | M | birth | 3 ) 90 F daily |monthly
P6| 45 | M | birth | 3 5 67 F daily rarely
P71 40 | F | birth ) 4 75 F every 48h| rarely
P8| 35 | M | birth | 5 4 60 F daily | weekly
P91 60 | M| >18 4 4 60 F daily rarely
P10l 54 | M | birth | 4 4 80 M daily |monthly
P11| 61 | M | birth 1 ) 5} F daily rarely
P12| 62 | F | birth | 3 2 60 F daily daily

reader during mobility on daily basis. However, some (P1, P3, P9, P10) avoid
listening the screen reader while they need to focus on the environmental sound
(e.g., while walking), unless the screen reader feedback is highly relevant (e.g.,
navigation instructions in an unknown environment).

We also asked the participants how they usually listen to the screen reader
while not moving (e.g., home, office) and while in mobility (e.g., walking, wait-
ing for the train at the station). In general, participants use different audio
output devices in different situations. While not in mobility, all participants
except for P5 and P11 listen to the screen reader through the mobile de-
vice speaker but some (P5, P7, P9) alternate this with the use of earphones,
headphones, and mono earphone. One participant reported using a Bluetooth
speaker (P11). During mobility, the preferred listening hardware also changes
depending on the situation. The mobile device speaker is used by all par-
ticipants except P2 and P8, but some (P5, P6) report that it is sometimes
necessary to approach the speaker to the ear in noisy environments. P9 prefers
the mobile device speaker as it allows him to listen to the environmental sound.
Many participants (P2, P5, P7, P8, P11) reported using single earphone (ei-
ther wired or wireless) as it allows them to listen to environmental sound.
Many participants (P3, P6, P7, P9, P11) reported using stereo earphones
when they do not need to focus on the environmental sound (e.g., while on
a train). One participant (P9) uses Apple AirPods as they allow to listen to
the environmental sound (we assume the participant uses the “transparency
mode” available for this device), and one participant (P11) reported using
bone conduction headphones.

Half of the participants (P1, P5, P6, P7, P10, P12) cope with noisy
environments by approaching the mobile device to their ear to listen to the
screen reader. Also, half of the participants (P2, P3, P4, P6, P8, P10) re-
ported that they increase the screen reader volume, and one participant (P9)
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adjusts the volume to balance between the volume of the screen reader and
the volume of the environmental sound. Three participants (P4, P7, P5) use
stereo earphones when they do not need to concentrate on the environmental
sound. Three participants report slowing the VoiceOver speech rate in noisy
environments (P3, P4, P7). In particular P3 and P4 use a VoiceOver option
to read the text word-by-word or character-by-character. Other coping mech-
anisms are to find a quieter place to listen to the screen reader (P10) or to
listen during quieter moments (P11), for example during subway train stops.

Finally, we asked which assistive technologies participants use in mobil-
ity. Most reported using general-purpose navigation tools (e.g., Google maps)
combined with assistive technologies for BLV people. Only P9 did not use
any navigation application. Popular applications are those for checking public
transport timetables and for providing accessible directions, like Blz’ndSquanﬂ
Lazarilld, NearBy Explorerf, Ariadne GPSP, ViaOpta Naif', TomTom navi-
gatorf|, Microsoft Soundscapd’} and SeeingAI™]

5.5 Experimental Results

5.5.1 Quantitative Analysis
Speech Intelligibility

As expected, in the control condition (i.e., suburban soundscape) the partici-
pants were able to recognize nearly all the words (M = 99.44%, SD = 1.84%).
Instead, in presence of noise (see Fig. , without any compensation, the per-
centage of correctly recognized words drops to 11.11 + 12.57%, 7.78 4+ 2.48%
and 7.224+9.98%, for Crowd, Traffic and Subway soundscapes, respectively.
This result confirms that, without any compensation, synthetic speech intelli-
gibility is severely impaired in presence of typical environment noise.

The proposed compensation techniques increase the speech intelligibility
average score in all soundscapes. The only exception is the Rate compensation
in the Subway soundscape, for which the intelligibility is lower than without
compensation. Specifically, for all the soundscapes, the effect of the sonification
technique was found to be significant (Crowd H 5 = 47.17, p < .001; Traffic
Hy = 5298, p < .001; Subway Hy = 50.49, p < .001). Pairwise com-
parisons reveal that Vol, Eq, Rate+ Vol and Rate+Eq significantly improve
the speech intelligibility with respect to both None and Rate, considering all
soundscapes. In particular, Rate+Eq achieves the highest intelligibility score
for the Traffic (97.78 £4.16%) and Subway (96.11 +4.27%) soundscapes. In-

3https://blindsquare.com

4https://lazarillo.app

Shttps://tech.aph.org/ne_info.htm

Shttps://www.ariadnegps.eu/en/

"https://www.itcares.it/portfolio/viaoptanav/

8https://www.tomtom.com/it_it/navigation/mobile-apps/go-navigation-app

9https://www.microsoft.com/en-us/research/product/soundscape/
Onttps://www.seeingai.com/

78


https://blindsquare.com
https://lazarillo.app
https://tech.aph.org/ne_info.htm
https://www.ariadnegps.eu/en/
https://www.itcares.it/portfolio/viaoptanav/
https://www.tomtom.com/it_it/navigation/mobile-apps/go-navigation-app
https://www.microsoft.com/en-us/research/product/soundscape/
https://www.seeingai.com/

-
15
S

2 ~] =5 T B z z f— 1 =
Z g0 = o 3 go E g0 7 [.] A
2 4 - ‘ 2 E) = ]
3 60 — T 60 3 60
g ‘ E £ 3 1
c 40 ] + < 40 < 40 +
§ 20 L:‘ 820 E g 20 T -
P ot - A =
N N N N N
e e @@@‘exﬁa@x@ WA %a‘ew‘ex*‘;a‘a@ W@ @‘e@@x“‘;&a@
Adaptation Adaptation Adaptation
(a) Speech Intelligibility in  (b) Speech Intelligibility in  (¢) Speech Intelligibility in
crowd traffic subway

Einini=ini w11 Bl
eouf LJ . eo’_._"_‘_‘ LJ‘ ¢
e Auu 40uuB+uu

40
20 2
e o o e o o e o o xe o o e o o xe o o
o N < PO © W ‘exﬁ W N <« PO ‘ex\‘ @X% o N « <& @X\l ‘ex‘c
@ @ @ @ @
Adaptation Adaptation Adaptation

%
%

(

Perceived Direction (%)

Perceived Direction
Perceived Direction

(d) Perceived Direction in  (e) Perceived Direction in  (f) Perceived Direction in
crowd traffic subway

Figure 5.2: Speech Intelligibility and Perceived Direction results (e mean; *
significant).

stead, in the Crowd soundscape, Vol (91.11+10.30%) and Eq (91.11+7.37%)

show the highest improvement over the uncompensated speech.

Perceived Direction

In the Suburban scenario participants can recognize the correct direction of
the contextual sound in almost all cases (M = 92%, SD = 14%). In the
other soundscapes, recognizing the correct direction of the contextual sound
is much harder. Indeed, the perceived direction score falls to 75 & 28% in
the Crowd soundscape, 64 4+ 32% for Traffic and 58 4 31% for the Subway
scenario (see Fig. . Contrary to our expectations, the screen reader speech
compensations do not seem to worsen the perceived direction score over the
uncompensated condition. Indeed, no significant differences emerge among
compensations. The only significant group difference (H ) = 15.27, p < .001)
is detected in the Subway soundscape, where pairwise comparisons reveal that
Rate is significantly better than Eq compensation.

5.5.2 Answers to the Final Open-Ended Questions

We summarize the participants’ answers to the final questions, which are re-
ported in Table 5.2l All participants agreed that the soundscapes realistically
reproduce real-world situations in which it could be hard to listen to the screen
reader (Q1). Only P5 stated that he would not have problems in noisy scenar-
ios, as he would set the volume to the maximum. However, he also admitted
that he would have problems in the Subway, scenario, as it is particularly
noisy.
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Table 5.2: Final open-ended questions

Q1 | Do the soundscapes realistically reproduce situations in
which it can be hard to listen to the screen reader?

Q2 | In which soundscape was it harder to understand the screen
reader? Which one was easiest?

Q3 | Were contextual sounds [the term was introduced to the
participant before| realistic? Which contextual sound was
harder to perceive?

Q4 | Some sentences were read aloud with a slower rate. Did you
perceive this?

Q5 | Some sentences were read aloud with a higher volume. Did
you perceive this?

Q6 | Some sentences were read aloud with a higher volume on
some frequencies only. Did you perceive this?

Q7 | Some sentences were read aloud with a combination of slower
rate and higher volume. Did you perceive this?

Q8 | What do you think of the bone-conduction headphones that
you used during the experiments?

Besides P3, who had more difficulties in distinguishing sounds in the Traf-
fic scenario, all other participants considered Subway as the soundscape in
which it was harder to understand the screen reader (Q2). They noted that
this is the noisiest soundscape, it masks the speech output and hence it is
more cognitively demanding. Nine participants (P1, P2, P3, P5, P6, P7,
P8, P10, P12) considered Suburban as the simplest soundscape, as it is less
noisy and the volume of the screen reader is higher and separable from the
soundscape. Instead, two participants (P4, P11) considered Crowd as the
simplest soundscape. In particular, P4 noted that sounds and voices are more
distinct. Finally, P9 reported that Traffic is the simplest soundscape because
environmental noise and speech were clearly distinguished in this soundscape.

Considering the contextual sounds (Q3), six participants (P3, P5, P6, P8,
P9, P10) regarded them as realistic. However, P2 considered the Subway
contextual sound too short and P11 believed it was not loud enough. P7
reported that the Suburban contextual sound was hard to hear and P12
stated that it was different than expected. P2 perceived the sound of cash
receipt in Crowd as too loud, while P7 and P12 considered it unrealistic.
Finally, the contextual sound in Traffic was perceived to be different than
expected by three participants (P3, P5, P7) and hard to separate from the
soundscape (P11).

All participants were able to perceive the Vol compensation and noted that
it improves intelligibility (Q5). Eight participants (P1, P3, P4, P7, P9, P10,
P11, P12) were able to perceive the presence of the Rate compensation (Q4),
and all of them regarded it as useful. Only five participants (P3, P4, P7, P9,
P11) perceived Eq (Q6). Since Vol and Eq are similar, we suspect that most
participants were not able to distinguish between the two. Similarly, only five
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participants (P4, P5, P7, P9, P10) perceived the combined compensations
Q7).

Considering the use of the bone conduction headphones (Q8), 9 partici-
pants (P3, P4, P6, P7, P8, P9, P10, P11, P12) agreed that this is an
acceptable solution, mainly because they do not prevent the hearing of envi-
ronmental sound. However, some participants (P1, P3) reported that they are
uncomfortable and heavy. In particular, P2 noted that the sound is “external”
and hence hard to understand.

5.5.3 Participants’ Comments

Participants also provided spontaneous comments. We report the key topics
that emerged from their analysis.

Approach Usefulness

Participants found the proposed approach useful for screen reader usage in
noisy environments (P1, P4, P7, P8). In particular, P7, who already used
manual adjustment of volume and speech rate, requested for it to be imple-
mented in the same way as the automated adaptation of screen illumination
to the ambient light on mobile deviceﬂ

“It would be great if they [compensations| were made similar to the
automatic screen illumination.”

Combined Compensations

Participants considered the combined compensations useful (P5, P7, P9,
P12), confirming the findings from the preliminary studies. P12 noted that
Rate alone does not improve intelligibility, but it can be useful when paired
with Vol, which is consistent with quantitative results. Similarly, P7 noted
that raising the volume and lowering the speech rate helps in noisy contexts.
In particular, P5 noted:

“I sometimes wondered how I was able to understand sentences that
I did not previously understand. These [combined compensations|
make life easier.”

Trade-off between intelligibility and distraction

Participants also commented on the inherent trade-off between the ability to
correctly understand the screen reader speech and to pay attention to the
environment (P1, P2, P3, P4, P6, P9, P10, P11). While most of the
comments related to the soundscape and speech volume, some referred to the
speech rate (P10, P11). P11 in particular felt that slowing the speech rate
lowers the volume of some words, while P10 observed:

M All quotes have been translated from Italian.
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“It is not always useful because slowing too much dilates the time
needed [to listen].”

Modifications to the Approach

Participants also suggested possible improvements. P10 mentioned that some
screen reader voices mask specific consonant sounds, which makes them harder
to understand, and therefore we should consider also the screen reader voice
used. P5 also suggests another possible compensation, which is to delay the
screen reader speech when strong background noise is detected:

“I would’ve liked to hear the message when the [subway| sound fades
out. Instead, the message was played when the sound was on the
rise.”

5.6 Discussion

5.6.1 Main Results

The proposed compensation techniques were found to be effective in improving
synthetic speech intelligibility across different noisy soundscapes. Specifically,
four of the five proposed compensation techniques significantly improved the
speech intelligibility in all three noisy soundscapes. The only compensation
that did not significantly improve intelligibility is Rate. Indeed, some of the
participants initially felt that reducing speech rate would not improve intelli-
gibility in presence of noise. For example, one participant in the instruction
phase of the preliminary evaluation argued:

“I don’t think that diminishing the speed would impact the speech
understanding.”

However, after the listening tasks, most participants confirmed that com-
bining rate with the other compensations was useful for louder soundscapes.
For example, the same participant retracted the prior opinion:

“Both raising volume and reducing speed are useful. In general, 1
think lower speed is more important”

In agreement with this opinion, results show that in two scenarios (Traffic
and Subway ), the combined compensations improve on average over the other
compensations. While this difference is not significant, possibly due to the lim-
ited sample size, it confirms the intuition of the participants to the preliminary
study that combining the compensation techniques can further improve speech
intelligibility in noisy scenarios.

We initially hypothesized that compensations would distract the partici-
pants from the environment soundscape. However, no significant difference
was observed in the Perceived Direction score across different conditions.
Such a result can be explained by a comment provided during preliminary ex-
periments: when the speech is hard to understand (either too quiet or too fast)
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it requires additional concentration, hence distracting from the environmental
sound. This means that in some cases compensations might actually reduce
distraction.

5.6.2 Experimental Design Limitations

In order to ensure both participants’ safety and experimental repeatability, we
conducted the evaluation in a controlled environment. This has some implica-
tions, including the fact that the soundscapes had to be simulated. To ensure
highly realistic simulations, in our experimental settings we used real-world
recordings of the target soundscape scenarios, replayed in a silent chamber
with a quadraphonic speaker setup and settings replicating real-world listen-
ing conditions. Indeed, all study participants agreed that the experimental
setting was realistic.

Another consequence is that the participants were in a safe environment,
rather than in the real-world, so they did not actually need to focus on the
soundscape to prevent dangers. This may have impacted their level of attention
with respect to the background sounds. Additionally, distraction was measured
as the ability to pinpoint the direction of a single sound, while in general
continuous attention should be devoted to the ambient soundscape. To account
for this, the contextual sound was played at a random time, and therefore the
participants were stimulated to pay attention to the soundscape continuously.

To ensure uniformity among the tests we always used the same three sound-
scapes, reproducing the speech signal always at the same time. While this
guarantees that all sentences are read with consistent background noise, par-
ticipants reported that they got used to the soundscape and were less distracted
by it after a while. The experimental design could be improved by using longer
soundscapes and by changing the starting point of the soundscape playback
across repetitions. However, this would require collecting a larger set of data-
points, to compensate for the differences in the listening conditions.

Another consequence of placing sentences in the middle of the soundscapes
is that, after the sentence reading ends, there are still a few seconds before the
soundscape ends. The participants would wait until the end of the soundscape
before repeating what they heard. This required an additional memorization
effort and in some cases resulted in participants forgetting what they heard.
For this reason, the participants who reported this issue were asked to repeat
the sentence immediately, without waiting for the soundscape to end.

To measure speech intelligibility without an influence of an external se-
mantic context we used a random sentence generation approach [I58]. One
limitation of this approach is that, while the exact words are unpredictable,
the phrase structure is always the same (e.g., the first word is always a name).
Thus the participants could try to infer a word even if it is not clearly heard.
However, this is not unrealistic: in many real-world applications, the screen
reader often provides structurally similar messages with a small set of possible
words (e.g., “Turn right/left” in a navigation system).

Finally, our experiments involved solely Italian-speaking participants. While
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we expect the results to generalize to other languages, such an assumption
would need to be evaluated with participants speaking different languages.
Similarly, while the technique should be applicable to different listening hard-
ware such as the speaker or in-ear headphones, we conducted the experiments
solely with bone-conduction headphones. Thus, additional experiments would
be needed to verify that the approach generalizes to other listening hardware.

5.6.3 Technique Limitations

In designing the Rate compensation technique, we decided to apply a flat
speed reduction. A different solution could consist in reducing the speech
rate proportionally with the noise level. However, for this, we would need to
study the correlation between speech intelligibility at different speech rates
and environmental noise. This would require a process of parameter tuning
that is out of the scope of this study.

Correlating the environmental noise level with the amount of compensation
is also a problem for Vol and Eq. However, for these compensations, it was
possible to tune the settings based on prior works studying the impact of the
difference between speech and noise volume on speech intelligibility [141], 196].
Still, fine-tuning these parameters to the specific application domain could
help to achieve even better results.

While the speech signals were pre-recorded for convenience, the proposed
compensations can be computed in real-time. Indeed, assuming that the com-
pensation techniques are implemented as a part of the speech synthesizer, they
would require monitoring the environmental noise and changing the speech
generation parameters. In order to rapidly adapt to the environmental noise,
the proposed technique employs temporal windows of 46 ms. Since changing
the speech generation parameters does not produce any additional delay, the
overall delay remains within 50 ms, which can be considered real-time. In or-
der to compute the compensations in real-time, the device microphone could
be used to collect samples of the environmental noise. If the microphone is
expected to be covered (e.g., if the device is in the user’s pocket), an external
microphone could be used (e.g., the headset microphone).

84



Chapter 6

Conclusion

This thesis proposes three main contributions to address three problems: guid-
ing BLV individuals during turns while navigating a route, improving screen
reader intelligibility in noisy environments, and designing and evaluating a
navigation system to enhance the overall navigation experience. As the first
contribution, the thesis proposes two sonification techniques designed to aug-
ment navigation instructions in navigation assistance systems with the goal
of providing more accurate guidance for BLV people. Experimental results
show that both techniques outperform a baseline solution adopted in existing
systems (i.e., P) during turn instructions, and that one of them (i.e., IS+P)
also outperforms the baseline on straight path guidance. This result is partic-
ularly relevant because our solution can be used to easily improve the guidance
accuracy of existing systems [9] that adopt the baseline solution.

As second contribution, the thesis proposes a new approach for defining the
system architecture for turn-by-turn navigation systems, based on a separation
of concerns design that decomposes the overall navigation system into a set of
four layers. This thesis also addresses the design of two of the layers: Routing
and Guidance, by adopting a design principle aimed at reducing the number of
navigation instructions issued to the BLV traveler. Experimental results with
eight BLV participants show that the developed system outperforms a baseline
solution adopted in existing navigation systems, providing fewer and clearer
instructions, and causing the user to spend less time in potentially unsafe
areas. These results are significant for two reasons. Firstly, they can be used
to improve the navigation experience of existing systems [3], 167]. Secondly,
this thesis’s investigation paves the way for a new stream of research aimed
at designing and engineering solutions for the Routing and Guidance layers
that, as we show in this thesis, have a significant impact on the navigation
experience.

As third contribution, this thesis proposes audio compensation techniques
to improve intelligibility of screen reader speech when background noise is
present. The thesis provides experimental evidence that the proposed tech-
niques can effectively improve screen reader intelligibility in noisy environ-
ments, without distracting the user from the soundscape. The proposed com-
pensations are a practical solution that can be easily implemented in existing

85



mobile screen readers.

All these results contribute to enhancing the navigation experience for BLV
people, making it more accessible. Through the implementation of innovative
sonification techniques, a new design for a navigation system architecture, and
compensation methods for screen reader intelligibility in the presence of noise,
this thesis not only addresses key challenges, but also sets the stage for future
advancements in assistive technology. By demonstrating the effectiveness of
these solutions, the research underscores the potential for significant improve-
ments in mobility and independence for BLV people. The implications of this
work extend beyond academic research offering practical insights for develop-
ers of assistive technologies, potentially influencing industry design choices.
Ultimately, this thesis advocates for a more inclusive approach to technology
design, emphasizing the importance of developing systems that accommodate
the unique needs of BLV people, thereby fostering greater integration into
society and everyday life.

6.1 Future work on sonification of navigation in-
structions

As future work, as suggested by some participants, we want to experiment with
how users personalize the sonification depending on the context, for example,
when traversing known or unknown routes. We also intend to compare the
sonifications in different environments, both indoor (e.g., museums or airports)
and outdoor (e.g., roads with loud traffic noise), possibly using even more
accurate positioning techniques (for example using the LIDAR sensor). In such
different environments, the user would need to pay attention to the background
soundscape, while surrounded by various environmental noises. Thus, one of
the issues may be that the instructions and the sonifications are difficult to
hear and follow. To address this issue, we will explore the dynamic adaptation
of the instructions and sonifications, for example by automatically adapting
their volume or other sound properties based on the soundscape loudness.
Another issue is related to how the users carry the device: using the chest
mount is impractical in many contexts and future experiments should evaluate
how other solutions (e.g., holding the device in hand) impact the navigation.

The experiments reported in this thesis were conducted with a relatively
small set of participants, with similar needs (i.e., all participants were blind
and had similar characteristics). We intend to evaluate whether the results
reported in this thesis generalize to users with low vision, who are able to
rely on residual sight to integrate the auditory instructions with the visual
ones. Finally, we intend to systematically study the navigation strategy. For
example, as suggested by some participants, it may be preferable to provide
sonifications also to quantify the lateral shift instructions. Also, we will explore
the effect of different tuning parameters on the navigation outcome, including,
for example, the orientation offset threshold above which the user is instructed
to rotate.
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6.2 Future work on the navigation problem

In future work, we plan to evaluate the navigation system in multiple environ-
ments, both indoor (e.g., museums or airports) and outdoor (e.g., roads with
loud traffic noise), possibly using more accurate positioning techniques (e.g.,
the LIDAR sensor). We are also interested in assessing the impact of adding
obstacle detection and avoidance features on the navigation experience and
in determining how to integrate these features into the existing Routing and
Guidance modules.

The experiments reported in this thesis were conducted with a relatively
small set of participants, with similar needs (e.g., all participants were totally
blind). We intend to evaluate whether the results reported in this thesis gener-
alize to users with low vision, who are able to rely on residual sight to integrate
auditory instructions with visual instructions.

6.3 Future work on Audio adaptation feedback
in presence of noise

This work paves the way for various research directions. First, it is possible to
investigate other compensation techniques, by altering different speech prop-
erties (e.g., pitch). Second, we intend to explore how different environmental
noise characteristics affect the compensation techniques, analyzing correlations
between environmental noise characteristics and speech intelligibility at dif-
ferent levels of compensation (e.g., speech rates). Additional factors should
also be taken into account, including the language and the listening hardware
(headphones, speakers). A third research direction is to investigate compen-
sation techniques for sonification instructions, which have been proposed for
navigation assistance [139].
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Appendix A

State of the art contributions

The table shows the main contributions of each relevant paper in the literature
according to the four layers presented in Section [1.3]

Table A.1: Related papers with layers and services implemented.
L = Localization, R = Routing, G = Guidance, I = Interface

Paper

L

R

G

I

Main contributions

2l

X

X

Localization: Combination of WiFi
positioning, beacon positioning and Radio
Frequency Identification positioning.
Routing: Grid representation, the grid cells
indicate where it is possible to go, graph
representation derived from the grid
representation.

13

Routing: Graph representation, turn-by-turn
navigation, veering correction, update the
target at a given threshold to the waypoint.
Guidance: Navigation Instructions.
Interface: Audio feedback.

g

Guidance: Navigation Instructions.
Interface: Audio feedback.

17l

Localization: Visual-inertial odometry using
Augmented reality, Visual landmarks.
Interface: Audio feedback.

Services: Descriptor of the Environmental
features.
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Paper R Main contributions

[9] X Localization: Fingerprinting of Received
Signal Strength Indication (RSSI) of BLE
beacons.

Routing: Graph representation, turn-by-turn
navigation, veering correction.

Guidance: Navigation Instructions, Point of

Interest information.

Interface: Audio feedback.

Services: Point of interest setting and search.

[10] Guidance: Navigation Instructions, updates
about mobility.

Interface: Multimodal feedback.

[12] Guidance: Navigation Instructions, security
announcements.

[15] Localization: Fingerprinting of Received
Signal Strength Indication (RSSI) of BLE
beacons, Inertial sensor positioning.

[19] [65] Interface: Haptic feedback.

[101]

[109]

163

[29] Localization: WiFi fingerprinting.

Interface: Audio feedback.
Services: Bus Transport Assistance.

[31] Guidance: Navigation Instructions, updates
about mobility.

Interface: Multimodal feedback.
Services: Obstacle detection and avoidance.

[35] [155] Interface: Audio feedback.

[156] [38] Services: Obstacle detection and avoidance.

[40] Localization: GNSS positioning combined
with visual information.

[41] X Localization: Fingerprinting of Received
Signal Strength Indication (RSSI) of BLE
beacons.

Routing: graph representation, turn-by-turn
navigation.

[42] X Localization: Radio Frequency Identification

positioning.

Routing: grid representation, graph
representation derived from the grid
representation, turn-by-turn navigation,
veering correction.
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43

| &

Localization: Visual-inertial odometry.
Routing: graph representation, turn-by-turn
navigation, the connection between anchors
represents a straight path, anchors as nodes.
Interface: Multimodal feedback.

Services: Record and repeat the route.

[AB[[I07]

Interface: Haptic feedback.
Services: Obstacle detection and avoidance.

48]

Interface: Audio feedback.
Services: Point of interest setting and search.

[49]

Localization: Visual inertial-odometry, Visual
landmarks, Particle filter

[51]

Localization: Fingerprinting of Received
Signal Strength Indication (RSSI) of BLE
beacons.

Interface: Audio feedback.

[62]

Guidance: Navigation Instructions, security
announcements.
Interface: Audio feedback

|66

Localization: Inertial sensor positioning.
Guidance: Navigation Instructions, updates
about mobility.

Services: Record and repeat the route.

167

Localization: WiFi fingerprinting.
Interface: Audio feedback.
Services: Bus Transport Assistance.

1691

Localization: Visual-inertial odometry using
Augmented reality, Visual landmarks.
Interface: Audio feedback.

2]

Localization: Combination of Visual
inertial-odometry with Inertial sensor
positioning.

73]

Localization: Combination of WiFi
Fingerprinting positioning and Inertial sensor
positioning.

1791

Localization: Crowdsourcing-based
Fingerprinting of Received Signal Strength
Indication (RSSI) of BLE beacons.

Routing: Graph representation, turn-by-turn
navigation, veering correction, paths
organized as a network of routes between the
beacons.

1301

Localization: GNSS positioning.
Interface: Audio feedback.
Services: Geographic Information system.
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341
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Localization: Fingerprinting of Received
Signal Strength Indication (RSSI) of BLE
beacons.

Guidance: Navigation Instructions, point of
interest information, security announcements
and updates about mobility.

185

Localization: LiDAR scanning, Scene
understanding using CNN.

Interface: Haptic feedback.

Services: Descriptor of the Environmental
features.

Services: Obstacle detection and avoidance.

[87]

Localization: Particle filter.

[91]

sl

Localization: Combination of WiFi
Fingerprinting positioning and Inertial sensor
positioning.

Routing: Graph representation, turn-by-turn
navigation, veering correction.

194]

Localization: Received Signal Strength
Indication (RSSI) of BLE beacons combined
with images in Deep Learning using a CNN.

1951

Localization: Visual-inertial odometry using
existing street cameras.

Routing: Graph representation, turn-by-turn
navigation, veering correction.

Guidance: Navigation Instructions, security

announcements and updates about mobility.
Interface: Multimodal feedback.

[100]

Localization: GNSS positioning combined
with visual landmarks.
Interface: Audio feedback.

[110]

Localization: Acoustic-based localization.
Interface: Audio feedback.

L]

Localization: Fingerprinting of Received
Signal Strength Indication (RSSI) of BLE
beacons.

Routing: Multiple representation, hierarchy
of areas and graph representation, update the
target at a given threshold to the point of
reference.

Interface: Multimodal feedback.

[113]

Interface: Audio feedback.
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[118] X Localization: LiDAR scanning, floormap
detection and understanding.

Routing: Graph representation, turn-by-turn
navigation.

[125] X Localization: Combination of Visual
inertial-odometry with Inertial sensor
positioning.

Routing: Grid, the grid cells indicate where it
is possible to go or unknown areas, recompute
route based on obstacle on the trajectory.
Guidance: Navigation Instructions.

Interface: Haptic feedback.

Services: Obstacle detection and avoidance.

[127] X Routing: grid representation, the grid cells
indicate where it is possible to go or unknown
areas, graph representation derived from the
grid representation, recompute route based
on obstacle on the trajectory.

Interface: Multimodal feedback.
Services: Obstacle detection and avoidance.

[128] Localization: GNSS positioning.

[129] Interface: Audio feedback.

[135] Interface: Haptic feedback.

Services: Obstacle detection and avoidance.

[136] Localization: GNSS positioning.

Interface: Audio feedback.
Services: Public Transportation Mobility
Support.

[146] Localization: Fingerprinting of Received

[147] Signal Strength Indication (RSSI) of BLE
beacons, Inertial sensors positioning, Particle
filter

[148] X Localization: LiDAR scanning, Inertial sensor
positioning.

Routing: grid representation, the target is the
next gait point, recompute route based on
obstacle on the trajectory.

Guidance: Navigation Instructions.

Interface: Haptic feedback.

[152] Localization: Scene understanding using
CNN, Recurrent Neural Networks for inertial
Sensors.

[160] Localization: WiFi fingerprinting.
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[162]
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Localization: Inertial sensors combined with
a Particle filter.

Routing: Tile representation, update the
target at a given threshold to the next tile,
veering correction. Guidance: Navigation
Instructions, Point of Interest information.
Interface: Multimodal feedback.

[163]

Localization: Received Signal Strength
Indication (RSSI) of BLE beacons combined
with Ultra Wide Band beacons using
Two-Way Ranging.

[167]

Localization: Fingerprinting of Received
Signal Strength Indication (RSSI) of BLE
beacons, Semantic features.

Guidance: Navigation Instructions, Point of
Interest information.

Interface: Audio feedback.

Services: Point of interest setting and search.

[I74]

Localization: GNSS positioning combined
with Inertial sensor positioning.

Interface: Audio feedback.

Services: Bus Transport Assistance.

[135]

Localization: Inertial sensors combined with
a Particle filter.

Routing: graph representation, turn-by-turn
navigation, veering correction.

Guidance: Navigation Instructions, updates
about mobility.

Services: Record and repeat the route.

[187]

Localization: Visual landmarks.
Interface: Audio feedback.

[200]

Localization: GNSS positioning combined
with Inertial sensor positioning.

Routing: Graph representation, turn-by-turn
navigation, veering correction.

Interface: Audio feedback.

Services: Record and repeat the route.

[203]

Guidance: Navigation Instructions, security
announcements and updates about mobility.
Interface: Haptic feedback.

[204]

Guidance: Navigation Instructions.
Interface: Haptic feedback.
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G | I | Main contributions

X | X | Routing: Multiple representation, checkoff
zones and graph representation, update the
target when user enter in the check-off zone.
Guidance: Navigation Instructions.
Services: Record and repeat the route.

[206]

[207] X | X | Guidance: Navigation Instructions, updates
about mobility.

Interface: Haptic feedback.

Services: Bus Transport Assistance.

[209] X | X | Guidance: Navigation Instructions, security
announcements and updates about mobility.
Interface: Multimodal feedback.

[210] X Localization: Crowdsourcing-based inertial
sensors segments, Acoustic-based localization.
Services: Bus Transport Assistance.

[211] X | Interface: Multimodal feedback.
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