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As the number of blind and low vision (BLV) individuals is expected to increase, supporting
spatial perception and navigation is a critical research focus. Echolocation is recognized as
effective in conveying spatial information, and the advancement of smartphone technologies
has prompted interest in their use as assistive technology. Therefore, this study aims to assess
the potential of echolocation-based smartphone applications and provides guidance for
future research and implementation.

Of the 408 identified records from the ResearchGate, LUT Primo, and PubMed databases,
17 were eligible. Nine studies described the implementation of echolocation-based assistive
technologies (EBATSs) and eight discussed the features and usability of smartphone assistive
applications. This systematic review synthesizes these findings to identify areas of
improvement and formulate design principles to guide future research and implementation.

Findings reveal that the primary benefits of EBATs and smartphone assistive applications
include information gain, ease-of-use, and independence. However, EBATs can present
steep learning curves and technological limitations, whilst some smartphone applications are
limited by sensory inaccuracy, compatibility issues with accessibility features, and
environmental distractions. These findings highlight the need to improve user-centric design
and the integration with existing technologies as well as incorporate multimodal feedback to
improve usability and adoption. Future research should focus on optimizing smartphone
technologies for assistive applications and promoting collaboration between stakeholders,
particularly members of the BLV community.
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Nékovammaisten henkildiden méédrdn odotetaan kasvavan tulevaisuudessa, jonka vuoksi
heiddn tilahavainnointi- ja navigointikykynsd tukemisesta on tullut tirked tutkimuksen
kohde. Kaikuluotaus on tehokas tapa vilittda tilatietoa, ja liséksi dlypuhelinteknologioiden
nopea kehitys on herittinyt kiinnostusta niiden kéytostd apuvélineind. Tamén tutkimuksen
tavoitteena on arvioida  kaikuluotaukseen  perustuvien dlypuhelinsovellusten
kayttokelpoisuutta ja ohjeistaa tulevaisuuden tutkimusta ja toteutusta.

ResearchGate:n, LUT Primo:n ja PubMed:in tietokantahaut tuottivat 408 tutkimusta, joista
17 téytti valintakriteerit. Néistd yhdeksdn kuvaili kaikuluotaukseen perustuvien
apuvilineteknologioiden (EBAT) toteutusta ja kahdeksan késitteli &lypuhelimella toimivien
apuvilinesovellusten ominaisuuksia ja kdytettdvyytti. Systemaattisen kirjallisuuskatsauksen
havainnoista koottiin synteesi, joista tuotiin esille parannuskohteita. Parannuskohteiden
pohjalta laadittiin suunnitteluperjaatteita ohjaamaan kaikuluotainteknologiaan perustuvien
dlypuhelinsovellusten tutkimusta ja toteutusta tulevaisuudessa.

Havainnot osoittavat, ettd EBAT:ien ja dlypuhelinsovellusten etuja ovat tiedonsaanti,
helppokiyttdisyys ja niiden mahdollistama itsendisyys. EBAT:it voivat kuitenkin olla
haastavia oppia ja niissi voi esiintyi teknologisia rajoituksia. Alypuhelinsovellusten
rajoitteita puolestaan ovat anturien epdtarkkuus, yhteensopimattomuus olemassa olevien
esteettomyysominaisuuksien kanssa ja ympdriston hiirididen vaikutus kayttdjin
tilahavainnointikykyyn. Havainnot korostavat kayttdjdkeskeisen suunnittelun, olemassa
olevan teknologian luotettavan integroimisen sekd multimodaalisuuden tarpeellisuutta.
Tulevaisuudessa tulisi optimoida dlypuhelinteknologiaa apuvélinesovelluksille sopiviksi ja
lisétd ndkdvammaisten henkildiden osallistumista niiden tutkimiseen ja kehittimiseen.
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1 Introduction

There are an estimated 43 million blind individuals and an additional 295 million people
with low vision globally (Orbis, 2021). This number is expected to grow in the following
decades as a result of population increase, urbanization, and the growing average human
lifespan. By 2050, it is estimated that 895 million people will have various levels of vision

loss, of whom 61 million people will be blind (Burton, et al., 2021).

In The Lancet Global Health Commission on Global Eye Health, Burton, et al. (2021) define
eye health as ocular health and functional ability, among other aspects, which together
contribute to social inclusion, quality of life, and overall health and wellbeing. Inadequate
eye health can thus negatively impact an individual’s emotional health and overall well-
being by restricting access to social participation, access to information and education, as
well as employment opportunities (Burton, et al., 2021). As a result, the World Health
Organization (WHO) identifies the development of evidence-based services and assistive
technologies as crucial to ensure a free and independent life as well as safe mobility to blind

and low vision (BLV) individuals (WHO, 2024).

Spatial perception refers to the ability to orient oneself in an environment relative to the
people and objects around them, whereas navigation points to, using spatial perception,
determining an appropriate route to reach their intended destination (Gori et al., 2017).
Conventionally, the most common mobility aids are a guide dog and a white cane. The white
cane is currently the most common mobility aid. It aims to detect and avoid obstacles in the
user’s path by allowing them to interpret the tactile feedback received from the tip of the
cane. However, some users can detect obstacles long before their cane contacts an object.

Such an individual is using echolocation (Thaler and Goodale, 2016).

Although echolocation is considered effective in enhancing the spatial perception of BLV
individuals, only an estimated 20-30 percent of BLV people can use it effectively (Thaler,
2013). Due to the extensive training and practice required to learn natural echolocation,
many are still unable to use it to gain an adequate understanding of their environment (Thaler
and Goodale, 2016). Consequently, research has begun to explore the potential to make use

of echolocation in the development of modern assistive technologies.



To improve the individual’s ability to interact with the environment and navigate
independently, many assistive technologies are created as wearable devices, including head-
mounted, wrist-worn, and belt-like implementations. Simultaneously, the perception of such
wearable assistive technologies has been a subject of interest in recent years. In Messaoudi,
Menelas and Mcheick’s (2022) review of navigation assistive technologies for BLV users,
comfort, confidence, mobility, and the possibility of adaptive multimodal feedback
significantly influence the permanent adoption of the technologies. These aspects are, in
turn, affected by the basic usability, cost-effectiveness, reliability, and covering region (the
ability to use the technology in varying settings, including indoors and outdoors).
Considering these factors, the integration of assistive technologies as smartphone
applications has become a topic of interest in the industry. Although recent years have seen
new industry solutions emerge in integrating functional assistive technology into
smartphones, as stated by Messaoudi, Menelas and Mcheick (2022), such solutions still need

improvement in order to meet the needs of BLV users.

The objective of this thesis is to identify a set of design principles to guide the future research
and implementation of echolocation-based smartphone applications by exploring the current
state of echolocation-based assistive technologies (EBATs) and smartphone assistive
applications as well as identifying essential areas of improvement. Therefore, this thesis aims

to answer the following research questions:

o What are the current features, benefits, and challenges of assistive technologies used
by BLV users as support in spatial perception and navigation?

e How can current echolocation-based applications be implemented as smartphone
applications in order to further improve the usability and user experience of

navigational assistive technologies?



2 Methods

This section describes the approach taken to complete the study. The description of the
research approach consists of data collection, the inclusion of literature, and the formulation

of design principles used to guide future research and implementation.

2.1 Research approach

The objective of this thesis is to assess develop a set of design principles as guidance for
echolocation-based smartphone assistive applications by identifying areas of improvement
from existing literature. Following Webster and Watson’s (2002) approach to writing a
literature review, this thesis aims to “embody the state of the field” by presenting a review
of current literature on the topics as well as identifying critical gaps in the current research
coverage. Due to the limited coverage of research and development about echolocation-
based smartphone applications, the findings of this study are separated into two sub-topics:
the use of EBATSs to support BLV users in spatial perception and navigation tasks, and the
use of smartphone applications as assistive technology by BLV individuals in spatial
perception and navigation. This thesis is conducted as a systematic literature review, using
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)

approach for reporting the items of the systematic review (Prisma, 2020).

2.2 Material collection

This thesis incorporates both qualitative and quantitative data to understand the current user
perception and usability of EBATs as well as the implementation of navigation assistive
technologies as smartphone applications. The study uses secondary sources, consisting of

scientific journal articles and conference proceedings.

Following Webster and Watson’s (2002) recommendations for identifying relevant literature
for a literature review, the literature was collected in a concept-centric manner, drawing from
a diverse pool of research from scientific journals and conference proceedings. The PRISMA

statement was also followed in reporting the different items of the systematic literature
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review. Articles and conference proceedings used in this study were collected from the LUT
Primo, ResearchGate, and PubMed databases. The first search of the LUT Primo and
ResearchGate databases were performed on 28 March 2024. On 1 Apr 2024, another search
was conducted on PubMed in order to gather supplementary research articles and conference
proceedings. All database searches were updated on 9 April 2024 using the same search
method as previously. Additionally, the search results were filtered to only include studies
published after 2010 to ensure the relevance of the research. The databases were searched
using the keyword search strategy, including the keywords: ‘“echolocation assistive
technology”, “smartphone assistive application”, “human echolocation technology”,

“sensory substitution device”, and “navigation assistive application”.

The studies were grouped into two categories: EBATSs and smartphone assistive applications.
Each study was manually screened by reading the title and abstract, after which the study
was either marked as excluded or accepted for further examination. After removing duplicate

records, reasons for excluding a record at this stage included the following:

e The study was conducted in a language other than English.

e The study focused on non-human echolocation or other non-human applications.

e The study focused on non-technological approaches to human echolocation.

e The study was a review of existing literature or was otherwise not based on primary

data sources.

After the initial screening of the search results, the selected studies were read entirely, and
they were compared against the final inclusion criteria. Some studies had restricted access,
so they could not be retrieved past this stage. The remaining studies were compared against

the inclusion criteria, which consisted of the following:

e The context of the study was spatial perception and navigation -related tasks.
e The study aimed to develop or evaluate solutions for the BLV population.
e The introduction and results included at least one of the following objectives:
o The study discussed the usability or user experience of EBATS.
o The study discussed the usability and user experience of smartphone assistive

applications.



e The methods of the study included at least one of the following:

This systematic approach aimed to ensure that the objectivity of the literature review as well
as ensure that the included literature allowed for the comprehensive assessment of the

usability of current EBATs and smartphone assistive applications for BLV users in spatial

a user study.

an interview or a questionnaire.

perception and navigation tasks.
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2.3 Development of design principles

This thesis aims to develop a set of design principles about an artefact, or “prescriptive
statements that show how to do something to achieve a goal” in order to guide future research
and implementation of echolocation-based smartphone applications for BLV users in spatial

perception and navigation tasks (Gregor, Kruse and Seidel, 2020).

To provide a basis for the design principles, the purpose and scope of the study are specified
first, which involves examining the current key features, benefits, and challenges of both
EBATSs as well as smartphone applications as a platform for assistive technologies for BLV
users. This is achieved by analyzing and synthesizing key findings from previously
published academic research, emphasizing barriers to adoption as well as overall usability

and user experience (Gregor, Kruse and Seidel, 2020).

This thesis approaches the development of a design principle by first, performing a
comparative analysis and assessment of different EBATs developed to identify best practices
and main challenges. A corresponding assessment is conducted about the use of smartphone
applications as navigation assistive technology for BLV users. Following the comparative
analysis and assessment, the gaps in current research and implementation are identified,
emphasizing the needs of the target user group as well as the areas of improvement indicated
by the literature. Moreover, it is important to consider the evolving nature of the technology
industry and research, and therefore work towards developing a reusable and future-oriented

set of principles to guide this field of study (Gregor, Kruse and Seidel, 2020).

2.4 Limitations

This thesis includes some potential limitations, such as the heavy reliance on secondary data
sources. Although the study aims to minimize the bias by including literature from various
countries and with various objectives within the scope of the inclusion criteria, including
literature may also introduce unintended bias to the results. Additionally, the design
principles developed as a result of this study purely rely on previous literature and this thesis
does not involve testing the design principles. This might limit the study as the conclusions
are not validated first-hand after their creation, which might cause the thesis to miss some

additional aspects not identified in previous literature.
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3 Literature review

This section of the study presents a comprehensive overview of the current state of literature
related to sensory substitution as a method of supporting BLV individuals in spatial
perception and navigation, utilizing natural echolocation for contextual information gain,

and the evolution of mobility aids and navigation assistive technologies for BLV users.

3.1 Overview of sensory substitution

Visual input plays a central role in spatial perception in humans (Voss, 2016). It allows
people to perceive distance, depth, and motion, among other important environmental
attributes. Previously, it was thought that the absence of vision would lead to a deficit in
spatial perception and navigation abilities (Voss, 2016). However, Loomis (2002) argues
that individuals with sensory impairments compensate for the loss of vision by using another
sense, referred to as sensory substitution. Sensory substitution is the underlying principle of
all assistive technologies and mobility aids used by BLV individuals as they allow the user
to perceive visual information using alternative senses, such as sound or touch (Loomis,
Klatzky and Giudice, 2012). The most common sensory substitution devices (SSDs) for
BLYV individuals use auditory and tactile feedback (Bharadwaj, Shaw and Goldreich, 2019).

Several studies identify the ease and efficiency of information conversion from visual to
tactile as an advantage of tactile SSDs over other forms (Csap6 and Wersényi, 2013; Masal,
Bhatlawande and Shingade, 2023). Masal, Bhatlawande and Shingade (2023) state that users
identify the broad range of available tactile sensations as an advantage. Moreover, it allows
the user to gain an immediate understanding of the environment without becoming distracted
by background noise (Csap6 and Wersényi, 2013). However, Loomis, Klatzky and Giudice
(2012) identify the ability to only convey simple information about objects in the user’s
immediate vicinity as a major limitation of tactile SSDs. This poses a challenge to spatial
perception and navigation in complex environments, in which having a broad understanding
of the spatial layout and moving objects is crucial for independent and safe mobility

(Loomis, Klatzky and Giudice, 2012).
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Although auditory SSDs include the drawback of a steeper learning curve and the potential
interference of background noise, Bharadwaj, Shaw and Goldreich (2019) mention their
ability to convey complex and detailed information about the environment through sound as
anotable advantage. Similarly, brain imaging conducted by Levy-Tzedek et al. (2012) found
that auditory sensory substitution is often more effective for conveying spatial information
in both congenitally blind and sighted individuals as compared to tactile sensory substitution.
According to the study, auditory SSDs enable a comprehensive and nuanced understanding
of the nearby area, whereas tactile SSDs only allow the user to perceive the immediate
surroundings. This is evidenced in Real and Araujo’s (2019) study, which found that
auditory feedback results in better outcomes with regard to cognitive load, distance travelled
on the test course, as well as the time taken. Moreover, the study reveals that auditory
feedback is also highly rated among the research participants, indicating a preference for
auditory feedback in navigation-related tasks (Real and Araujo, 2019). Consequently, this
further facilitates the development of cognitive mapping of the user’s environment, further

improving spatial memory and navigation skills (Loomis, Klatzky and Giudice, 2012).

Auditory SSDs can be further divided into speech-based and sonified auditory sensory
substitution (Csap6 and Wersényi, 2013). Speech-based auditory sensory substitution refers
to using auditory sensory substitution by conveying information through natural language.
This method is preferred for describing specific details, such as quantities, and identifying
objects or labels due to its ability to provide clear descriptive information in an intuitive
manner (Chundury et al., 2022). Although effective in providing specific information about
visual characteristics and text, Csap6 and Wersényi (2013) argue that speech-based feedback
1s comparatively slow to process and ineffective in relaying continuous spatial information.
They also state that the use of natural language in assistive technologies can cause issues in

accessibility due to potential language barriers (Csapd and Wersényi, 2013).

Conversely, sonification provides a method on non-verbal feedback, which can be in the
form of music, environmental sounds, or simulated echolocation. Csap6 and Wersényi
(2013) suggest that sonification is sometimes preferred in spatial perception and navigation
tasks as it is able to convey a broad range of information simultaneously and it is relatively
quick to process. On the other hand, in the study conducted by Chundury et al. (2022), the
orientation and mobility (O&M) instructors interviewed reveal that non-verbal feedback is

associated with a greater learning curve as learning to learn to interpret complex soundscapes
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requires more training. However, Bujacz and Strumitto (2016) argue that with suitable
training techniques, sonified auditory SSDs can be used to effectively communicate the
presence of both stationary and moving objects in the nearby surroundings using volume and
pitch. It can also represent the size, texture, relative location, and even the motion of objects,
allowing the receiver of the cues to develop a broad understanding of their nearby

surroundings and use it to navigate independently (Bujacz and Strumitto, 2016).

3.2 Human echolocation

Echolocation, meaning the ability to produce sounds and use echoes to perceive the
environment, has been a fundamental concept in the development of several auditory SSDs.
(Kolarik et al., 2014). The effects of human echolocation have been formally studied since
the late 1940s. McCarthy and Worchel’s (1954) study identified several functional benefits
of echolocation by observing 80 trials, in which a blind child emitted clicking sounds with
his mouth while riding a bicycle, and used the echoing sounds to effectively avoid silent
obstacles in his path. Similarly, Kolarik, et al.’s (2014) review states that the frequency,
volume, and direction of the echoing sounds convey information about the different
properties of detected objects. Thaler (2013) also discusses the functional benefits of
echolocation for BLV individuals as it improves the ability to determine the relative distance,
position, motion, size, shape, and texture of nearby objects. Moreover, the study survey
reveals that this skill indirectly contributes to improved employment opportunities, higher
salary, and improved overall independence (Thaler, 2013). Kolarik, et al. (2014) also note
that reviews consistently agree on the ability of echolocation to significantly impact a BLV
individuals’ daily life as it increases spatial awareness and provides a basis for developing a
comprehensive mental map of the environment. Consequently, the ability to develop a
detailed mental map of the environment is a significant contributor to the independence of

mobility among BLV individuals (Kolarik, et al., 2014).
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3.3 Evolution of mobility aids and assistive technologies for BLV users

Du Toit et al. (2018) divides mobility aids into five categories according to their respective
goals: vision aids for individuals with some usable vision, sighted guides, mobility aids for
navigation and obstacle avoidance, object detection and recognition technology, and digital
accessibility aids for internet accessibility and reading -related tasks. However, generally
mobility aids are used as SSDs to assist users in daily mobility tasks, which Pundlik,
Shivshanker and Luo (2023) identify as spatial perception and orientation, obstacle
avoidance, and wayfinding. Pundlik, Shivshanker and Luo (2023) further separate assistive
technologies into three classes according to their medium: computer-based assistive

technologies, standalone wearable or handheld devices, and smartphone applications.

The most common mobility aids used for navigation today are still conventional ones: the
guide dog and the white cane. Scalvini, et al. (2023) note the particular effectiveness of guide
dogs in navigation tasks due to their high level of training and ability to perform complex
tasks, such as wayfinding, object detection and avoidance, and even object recognition.
However, they also identify limitations of guide dogs as a mobility aid as the cost of training
and maintenance is high, and caring for a dog requires time and effort from the handler.
Although the white cane is often more cost-effective and easier to maintain, it also carries
certain limitations in real-life scenarios, such as the ability to only detect objects in close
proximity. In addition, it also requires constant effort from the user to continuously remain

vigilant of the environment (Scalvini, et al., 2023).

According to Kuriakose, Shrestha and Sandnes (2020), the development of early
technological mobility solutions like the electronic travel aid (ETA) marked a significant
milestone in the development of assistive technologies used for object detection and
avoidance. According to Scalvini, et al. (2023), the introduction of ETAs paved the way for
the development of future navigation assistive technologies, which leverage cameras,
microphones, GPS, GIS, among other sensor data used in obstacle detection and wayfinding.
However, Real and Araujo’s (2019) study reveals that the introduction of the first ETAs in
the 1960s and 1970s also brought several challenges, which became apparent due to the poor
adoption of early devices. Although the initial versions were viewed as innovative, the lack
of education along with the poor understanding of the needs and experiences of BLV users

hindered the user experience of early ETAs. Some of the limitations stated in the study
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include high costs of the standalone devices, heavy weight, bulky designs, and limited

functionality in daily circumstances (Real and Araujo, 2019).

The digitalization of recent decades has encouraged significant advancements in navigation
assistive technologies. Still, Kuriakose, Shrestha and Sandnes (2022) argue that many of the
technologies currently in use are limited to either indoor or outdoor settings but are not
usable in both. Simultaneously, they discuss the challenges in usability of such technologies
due to issues in learnability, and complexity of the user interface, and the complexity of use
(Kuriakose, Shrestha and Sandnes, 2022). Modern multipurpose assistive technologies, such
as Aira, which connects BLV users with sighted individuals allowing the sighted volunteers
to assist the users in a multitude of daily tasks, are becoming a popular tool for carrying out
a variety of everyday tasks independently (Aira, 2024). According to research conducted by
Nguyen, et al. (2019), a total of 10 022 calls were placed on Aira over the course of three
months, of which 33% were used to ask for navigational assistance in various environments.
Considering the historical usability challenges of navigation assistive technologies for BLV
users over, it is apparent that more research needs to be conducted into the usability and user

experience of such technologies.

On the other hand, Pundlik, Shivshanker and Luo (2023) note that particularly the
popularization of smartphones as well as the rapid advancement of their sensory and
processing capabilities are revolutionizing the adoption and use of navigational assistive
technologies for daily tasks and mobility. The study also claims that the convenience
associated with the integration of assistive technologies into everyday devices, such as
smartphones, has provided innovative ways to improve mobility and facilitate accessibility
for BLV individuals (Pundlik, Shivshanker and Luo, 2023). This, among several other
studies discussed in the following chapters, demonstrate significant demand and a real-world

use case for the use of convenient mobile applications in navigation for BLV users.
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4 Results

This section presents the results obtained from the systematic literature review by first
presenting the key features, benefits and challenges of the use of EBATS in spatial perception
and navigation tasks, followed by the key features, benefits, and challenges of smartphone

applications in the context of spatial perception and navigation.

4.1 Description of studies

Of the 17 included studies, 15 are journal articles and two are cited as conference
proceedings. Nine of the studies are related to echolocation technologies, of which all were
published after the year 2015. Of the smartphone application -related research, seven studies
were published after 2020. The increase in publication of smartphone assistive technologies

in recent years indicates that this is a growing area of interest within the research community.

As indicated by the literature review, cultural and geographical contexts are significant
factors in the perception of disability as well as the adoption of assistive technologies.
Therefore, relevant studies consist of research from various countries, including the USA
(n=3), Pakistan (n=3), Canada (n=2), Taiwan (n=2), Greece (n=1), Mexico (n=1), Brazil
(n=1), the UK (n=1), Romania (n=1), Japan (n=1), and China (n=1).

Each of the selected studies focuses on assisting the user in spatial perception and navigation
tasks, including obstacle detection and avoidance (n=11), route planning and navigation
(n=4), object recognition and identification (n=5), and the provision of other contextual
information (n=3), with some considering more than one category. One study also considers
broader questions related to the use of visual assistive as it surveys use cases for the
technologies along with their potential unmet needs. All EBAT -related studies (n=9)

identify obstacle detection and avoidance as a primary objective of the developed system.

Most of the studies include both technical metrics and free-form user feedback for assessing
the proposed systems. Several studies assess the system using observations made by the
research team during the user studies (n=13), while some studies use interview and

questionnaire results obtained after the user trials (n=12), with several studies choosing to
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consider both approaches. The most common quantitative measurements made during the
user studies are the accuracy of measurements and estimates (n=5), the time taken to perform
the task (n=5), the reliability of the system or the number of collisions and avoidances (n=4),
as well as the user’s overall performance and ability to make correct judgements of their
environment (n=4). Other technical assessment criteria include the use of the device’s
resources, such as battery usage and central processing unit usage (n=2). On the other hand,
common qualitative measures obtained either during the user studies or during post-study
interviews and questionnaires consist of assessing the user’s perceived ability to reach the
goal (n=8), the perceived ease-of-use and cognitive load of the SSD (n=8), and the user’s

emotional response to the technology (n=5).

4.2 Echolocation-based assistive technologies (EBATS)

This section introduces the key features of EBATS, as well as provides insights into the
benefits and challenges of their use as assistive technology in spatial perception and

navigation tasks.

4.2.1 Key features

The selected studies discussed various key features of EBATSs essential in providing value
to the BLV user in spatial perception and navigation tasks. Most of the SSDs used advanced
sensory input, such as ultrasonic sensors (n=5), sonar sensors (n=1), infrared cameras (n=1),
and LiDAR sensors (n=1), to perform spatial mapping of the user’s physical surroundings.
In addition, one study focused on developing a solution using a virtual reality (VR) headset.
The headset utilized a 3-D motion-tracking device to sense the user’s movements within the
VR environment (Massiceti, Hicks and van Rheede, 2017). Among the selected studies, the
main features of the developed SSDs were obstacle detection and avoidance (n=9), object
recognition (n=3), navigation, (n=1), and object identification (n=1). Although most studies
did not specify a location for the use of the SSD, some of the devices were specifically

developed for indoor (n=1), outdoor (n=1), or both uses (n=1).
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Table 1. Summary of the included EBATS, their objectives, and key features

Number

Application

Objective

Key features

Voice-controlled
smart assistive

device

Allows the user to detect obstacles via

auditory and tactile warning

Wrist-worn device

Uses an ultrasonic sensor

Smartphone connectivity

via Bluetooth

Sonified auditory and
tactile feedback

Echolocation device
with smart object

detection

Enhances the ability of human echolocation,
and includes an additional smart system to

aid navigation and object identification

Handheld

Uses a sonar sensor

Uses smartphone camera
for additional image-to-

speech synthesis

Sonified auditory and
speech-based feedback

Primarily for indoor

environments

Use of earphones

Smart obstacle

detection advice

Addresses previous shortcomings of
previous assistive technologies by allowing
the user to detect trenches and obstacles in

mountainous terrain

Device worn on top of

the shoe

Uses ultrasonic sensors

Sonified auditory
feedback

Primarily used in

outdoor environments

Use of earphones




21

Wearable vision-to-

auditory SSD

Allows the user to perceive obstacles,
differentiate between distance, location,
motion, and shape of different objects in the

near distance

No specification of

where device is worn

Uses an RBG camera

Sonified auditory
feedback

Use of earphones

A device for human
ultrasonic
echolocation (Sonic

Eye)

Allows users to improve their understanding
of the environment by combining the
principles of echolocation and spatial

hearing

Head-mounted

Uses an ultrasonic
emitter and stereo
microphones with an

affixed artificial pinnae

Sonified auditory
feedback

Use of headphones

Human-machine
cooperative
echolocation using

ultrasound

A wearable device which allows users to
perceive the location, distance, and other
spatial information about nearby objects by
combining the strengths of human
recognition with machine learning

approaches

Currently handheld
(future plans to wear

around the neck)

Uses an ultrasonic
speaker and a

microphone

Sonified auditory
feedback and
supplementary tactile

vibrations

Use of a headphones
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Assisted system for
the visually

impaired

A wearable SSD that allows the user to

detect obstacles in their environment

Worn on the head,

wrists, and ankles

Uses ultrasonic sensors

Combination of sonified
auditory and tactile

feedback

Use of headphones

LiDAR assist

spatial sensing

Allows the user to detect obstacles in their
nearby environment and translates the

spatial information into a soundscape

Worn around the chest

Uses a LIDAR sensor

Sonified auditory
feedback

Use of a stereo

headphone set

Stereosonic vision

SSD

Implements two different visual-to-audio
mapping approaches in a virtual reality
(VR) environment to allow the user to

effectively navigate the space around them

Head-mounted

3-D motion-tracking

device

Simulated echolocation

Distance-dependent
volume modulation of

hums

Usable in indoor and

outdoor environments

Use of a headset
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Seven of the SSDs were specified as wearable devices, whereas two studies implied that the
devices are currently handheld. Of the handheld devices, one study reported future
development plans for a wearable device worn around the neck. Two of the SSDs were head-
mounted, while other SSDs were worn on the shoe (n=1), wrist (n=1) and chest (n=1). On
the other hand, one SSD was worn on the head, wrists, and ankles. Additionally, one study
did not specify the part of the body on which the device was worn. Moreover, eight studies
included the use of bone conduction earphones, headphones, or regular wired or wireless

earpieces to convey the auditory spatial information to the user.

Figure 2. The placement of the (1) central and (2-5) peripheral modules of an assisted
navigation system (Silva, et al., 2022).

All included SSD implementations used auditory feedback as the main feedback modality
of conveying spatial information. Of the studies, eight used sonified feedback. For instance,
the LASS system used sonification to represent nearby objects as high-frequency sounds,
while faraway objects were denoted by a lower-frequency sound to distinguish different
objects in the environment (Ton, et al., 2018). Similarly, Ye et al.’s (2019) study utilized
volume, frequency, and sound phase difference to represent spatial information about

objects, such as relative distance, position, motion, and rotation states.

Three of the studies supplemented sonified auditory feedback with tactile vibrations to

provide the user with additional information about the environment. Watanabe, Sumiya and
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Terada’s (2022) research incorporated machine learning to recognize certain objects, such
as doorknobs and tactile paving. After recognizing the object, the SSD sent tactile vibrations
to notify the user and thus promote quicker recognition of specified objects. Alternatively,
Silva et al.’s (2022) assistive navigation system employed wireless sensing modules which
emitted vibrations to warn the user of approaching obstacles. Moreover, two studies used
speech-based feedback to describe surrounding objects in addition to sonification. For
instance, Syed and Mehdmood (2021) incorporated image classification and image-to-
speech synthesis to recognize and identify specific objects in the environment. This allowed

for easier navigation and object identification alongside obstacle detection.
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Figure 3. An illustration of the proposed configuration of the wearable human-machine

cooperative echolocation SSD (Watanabe, Sumiya and Terada, 2022: 125266).

4.2.2 Benefits of EBATSs

The most emphasized benefit of EBATs among all studies was information gain (n=7). Study
participants indicated that the auditory feedback provided by the echolocation SSD allowed
users to easily scan the environment and avoid nearby obstacles (Munteanu and Ionel, 2016).
Watanabe, Sumiya and Terada’s (2022) user study supported this claim as it reported that
the time required to detect objects decreased from 71.5 seconds to 45.9 seconds when using
the device, denoting a significant decrease in task completion time. Results of other user
studies (n=3) also found that naive users were able to make accurate laterality and distance
judgements (Sohl-Dickstein, et al., 2015; Ton, et al., 2018; Massiceti, Hicks and van Rheede,
2017). They were also able to perceive additional information, such as object shapes,

textures, angles of rotations, and material cues after minimal to no prior training. Moreover,
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two of the studies identified the ability of the SSD to perceive objects at a higher-than-
ground-level as an advantage compared to conventional mobility aids as one study states
that the device could perceive objects up to 164 cm above ground-level (Sohl-Dickstein, et
al., 2015; Massiceti, Hicks and van Rheede, 2017). In addition to laterality and distance
judgements, Sohl-Dickstein et al.’s (2015) study found that participants were also able to
make elementary elevation judgements with minimal training, indicating a potential to make
rapid advancements in the ability to utilize EBATSs in daily navigation. Two studies also
compared EBATS to natural echolocation by stating that the SSDs brought more value to the
user by enhancing natural echolocation. This was achieved through improving the user’s
ability to detect and identify objects, ultimately increasing the efficiency and quantity of

perceived information (Sohl-Dickstein, et al., 2015; Silva, et al., 2022).

The accuracy and scope of distance estimation was also mentioned as a benefit in spatial
perception and navigation tasks (n=6). Three studies identified high accuracy as an
advantage of the system, with reported accuracy of 92.5-100% along with 100% precision
in obstacle detection tasks (Ahmed and Khan, 2022; Sohl-Dickstein, et al., 2015; Watanabe,
Sumiya and Terada, 2022). Four studies also mentioned the ability of the SSD to detect
objects at far distances as a significant advantage. Each of the studies identified a maximum
object detection distance of 2 - 4.1 meters, which was viewed as a benefit in providing the
users with an understanding of the environment beyond their immediate surroundings

(Munteanu and Ionel, 2016; Ahmed and Khan, 2022; Ton, et al., 2018).

Six studies cited ease-of-use as an advantage. Three studies identified portability and low
physical demand as contributing factors to the ease-of-use (Munteanu and Ionel, 2016;
Ahmed and Khan, 2022; Watanabe, Sumiya and Terada, 2022). One study further explained
that using the SSD reduced the physical and temporal demand of participants by 20.2% and
16.8% respectively. Two studies also identified the decreased mental workload as a
contributor to the ease-of-use. Syed and Mehmood (2021) found that using the echolocation-
based SSD enhanced the user’s spatial perception by lessening mental fatigue whilst
performing spatial perception and navigation tasks. Watanabe, Sumiya and Terada’s (2022)
survey results also showed that the use of the SSD reduced mental demand, effort, and
frustration by 43.3%, 36.6%, and 30.7% respectively, indicating a significant decrease in

mental workload for the user. Similarly, Sohl-Dickstein et al. (2015) highlighted the ability
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of the echolocation-based SSD to integrate with the innate human spatial hearing system,

enabling the user to make intuitive spatial judgements about their surroundings.

Although learnability was generally recognized as a challenge of EBATSs, the rapid
improvement of user performance was viewed as an advantage in several studies (n=4).
Despite receiving minimal to no training in each of the user studies, participants were able
to successfully navigate and avoid obstacles using the proposed systems. Three studies
reported significant improvements in navigation time and obstacle location accuracy over
the course of the trials, suggesting that quick improvements can be made within a short time
(Sohl-Dickstein, et al., 2015; Massiceti, Hicks and van Rheede, 2017). Massiceti, Hicks and
van Rheede’s (2017) study also found a notable reduction in task completion time, velocity,
and number of collisions, resulting in a mean 24.2 second and 28.1 second improvement in
both echolocation approaches. Similarly, Ye et al.’s (2019) study stated that the wearable
visual-to-audio SSD allowed study participants to learn to effectively navigate using the
echolocation technology in just five days. This is a great improvement as natural
echolocation often takes several months to train. On the other hand, two studies also
identified the ability to customizability and optimize feedback methods to the user’s needs

as an additional contributor to learnability (Munteanu and Ionel, 2016; Ton, et al., 2018).

Four studies reported that the echolocation functionality had a positive impact on the user’s
confidence, independence, and sense of accomplishment (n=4). Silva et al.’s (2022) survey
indicated that 66.67% of respondents were at least satisfied with the confidence gained from
using the SSD during first use, which was interpreted as a satisfactory response considering
that only10 minutes of training was provided prior to beginning the trials. Two studies
attribute the high sense of accomplishment to the participants’ ability to use their own senses
to independently interpret auditory cues (Sohl-Dickstein, et al., 2015; Watanabe, Sumiya
and Terada, 2022). Moreover, Watanabe, Sumiya and Terada’s (2022) among others’
research suggests that the participants’ level of confidence further increased with the use of
multimodal feedback, such as tactile vibrations, to support the auditory cues in distracting

environments. This allowed the user to feel more confident in their skills.

Studies also mentioned the ability to integrate echolocation technology into current
smartphones (n=3) as two of the studies already incorporated some level of smartphone
connectivity to their SSDs and one study planned to do so in the future (Munteanu and lonel,

2016; Syed and Mehmood, 2021; Watanabe, Sumiya and Terada, 2022). Furthermore, two
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studies cited relative affordability as a benefit of the echolocation SSDs, with Ahmed and
Khan (2022) claiming that the smart obstacle detection device is relatively affordable as

compared to many other assistive technologies currently on the market.
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Figure 4. Number of included studies which mention the category of benefit provided by
the EBATS in navigation.

4.2.3 Challenges of EBATSs

The most mentioned challenge of using EBATS in spatial perception and navigation tasks
was the associated learning curve (n=7). The studies indicated that the challenge of learning
to interpret sonified feedback was a notable disadvantage to usability. Several studies (n=5)
indicated that the steep learning curve was due to the unintuitive nature of sonified feedback,
which required a longer period of training to be able to interpret independently. Therefore,
Munteanu and Ionel’s (2016) study included an introductory trial round with the participants,
during which the research team made sure that the users were able to correctly identify the
meanings of different frequencies of sound and thus safely use the device to detect obstacles.
However, this limited the BLV user’s independence in real-world applications as it required
the help of a sighted guide to learn to use the SSD. Similarly, Watanabe, Sumiya and
Terada’s (2022) user study was conducted under the assumption that trial participants were
already experienced in natural echolocation, and thus already understood the sonified cues.
Two of the selected studies also indicated that the user should already be able to recognize
the different auditory cues and be familiar with the principles of sound mapping in order to
use the device for safe and reliable mobility (Syed and Mehmood, 2021; Ye, et al., 2019).
Similarly, participants in Massiceti, Hicks and van Rheede’s (2017) study indicated that
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receiving limited training caused hesitancy and a lack of confidence among users, resulting

in a higher cognitive load initially.

Technological limitations were also mentioned as a challenge in some studies (n=4). Three
studies observed erroneous detection results and limited processor performance when
encountered by surfaces with irregular shapes or objects presented at an angle rotation
(Munteanu and Ionel, 2016; Syed and Mehmood, 2021; Watanabe, Sumiya and Terada,
2022). These challenges led to confusion among the study participants and, in some cases,
required intervention from the research team to ensure the safety of the participants.
Moreover, Ye et al.’s (2019) study discussed limitations in the performance of the processor

due to the need to make the SSD portable, and thus light enough for the user to carry.

Four studies reported challenges of interpreting feedback from the device as a challenge of
using EBATSs. User study participants in three studies expressed difficulty in interpreting the
auditory sonification provided by the SSD (Sohl-Dickstein, et al., 2015; Watanabe, Sumiya
and Terada, 2022; Ton, et al., 2018). One study attributed individual difficulties of
distinguishing between different frequencies of sound as a major cause of performance
challenges, while two studies discussed the variability of results regarding depth and
elevation judgements among study participants. On the other hand, Massiceti, Hicks and van
Rheede’s (2017) research also found variability in the users’ performance based on the
chosen echolocation approach. The research identified challenges in using humming sounds
due to the limited quantity of information provided to the user. In addition, they found that
regardless of the selected approach, using echolocation-based SSD to navigate required good
spatial memory for the user as users with poor spatial memory sometimes became
disoriented and began to walk in the direction that they came from, which further contributed
to poor performance, indicating the need to provide a variety of solutions suitable for the

individual needs of different users.

The limited testing conducted in a realistic environment was also identified as a challenge
(n=3). Of the eight studies that specified the user demographic of trial participants, six
conducted user studies consisting of blindfolded sighted participants. Three studies
explicitly cited this as a limitation of the EBATs as much of the testing was conducted using
sighted participants. Massiceti, Hicks and van Rheede (2017) emphasized this as a limitation
of the study as they mentioned that congenitally blind users or BLV users who have become

blind at a young age may have an altered representation of locomotor space, potentially
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interfering with the current design of the SSD in navigation tasks. Moreover, Watanabe,
Sumiya and Terada (2022) also discussed the use of sighted participants with no prior
experience in echolocation as a limitation to the study as the spatial perception of sighted
users may significantly differ from BLV users, which may result in unmet needs of the target
user group. Two studies also mentioned the use of highly controlled environments during
the user study as a potential challenge in validating the system for real-world environments
as the fail to take into account the interference of background noise. Conversely, it also does
not test the user’s ability to hear auditory clues from the environment alongside using the
SSD (Sohl-Dickstein, et al., 2015; Watanabe, Sumiya and Terada, 2022). These factors
combined highlight the need for more user testing in realistic use cases and strengthening

the collaboration between research and BLV users.

Other minor challenges of EBATSs in navigation tasks include individual preferences (n=1),
unsuitable device dimensions (n=1), and high costs of hardware (n=1) as additional

limitations to current echolocation-based SSDs.

Challenges of EBATSs

Learnability Technological Individual Study limitations Interpretation of Device dimensions High cost
limitations preferences feedback
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Figure 5. Number of included studies which mention each category of challenges preported

for EBATSs in navigation tasks.
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4.3 Smartphone assistive applications

This section introduces key features of assistive smartphone applications and provides
insights into the benefits and challenges of their use as assistive technology in spatial

perception and navigation tasks.

4.3.1 Key features

The chosen studies underline several key features and functionalities that provide value to
the BLV user. Each of the smartphone applications uses existing smartphone technology,
such as GPS sensors, gyro-based sensors, and other alternative sensory and processing
capabilities currently available on smartphone platforms. Among the applications, primary
features include navigational assistance and pedestrian mobility tracking (n=3), obstacle
avoidance and recognition (n=2), information about street crossings (n=1), and the provision

of other contextual information (n=2).

Table 2. Summary of the smartphone applications, their objectives, and key features.

Number Application Objective Key features
1 In Situ Audio Service | Allows the user to identify specific Secondary mobility aid
(ISAS) locations in the outdoor

) Uses available smartphone
environment .
technology and commercial

location databases

Spatialized audio (spatialized
category name, spatialized

audio icon)
Non-spatial audio

Walking mode and stop &

listen mode
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Teleguidance-based
remote navigation

assistance

Allows the BLV user to connect
with their sighted guide in order to
navigate through video connection

both indoors and outdoors

Connects the user with the
familiar sighted guide

remotely

Integration of a smart cane,
the smartphone application,
and a Bluetooth-connected

earpiece

Utilizes voice-based
instructions from the remote
sighted guide and tactile

feedback from the smart cane

Smart accessible
pedestrian signal system

(SAPSS)

Allows the user to gain information
about nearby street crossings, their
names, relative locations, and

statuses

Uses Bluetooth connection
with external traffic light

SENSors

Speech-based instructions to
convey vital information

about the nearby crossings

Smartphone-based

Mobility Assistant

Allows the user to perceive their
environment and navigate around

objects

Application is controlled
though voice and gesture

control

Audio feedback is provided
based on the direction of the

obstacle

Obstacle identification and

recognition

BlindRouteVision

in real-time

Allows the user to detect near-field

obstacles and track their mobility

Connectivity with external
sensors mounted on traffic

lights
Obstacle detection

GPS tracking of pedestrian
mobility
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Feedback based on voice

instructions and guidance to

the BLV user
6 Smartphone application Complements conventional Secondary mobility aid
and wearable tactile mobility aids, assisting decision-
Integrates a smartphone
display making when navigating in urban o )
application with a wearable
environments

in-shoe tactile display

Tactile vibration provided by
the in-shoe tactile display for

directional instructions

Tracks the user’s position
using the smartphone GPS

sensor

Two of the studies specifically mentioned that the purpose of the system was to be used
alongside conventional mobility aids, such as a white cane or a guide dog (n=3). This
indicates that although some smartphone assistive applications can be used as standalone
solutions for spatial perception and navigation, they do not necessarily aim to replace
existing mobility aids. Instead, they complement conventional aids in the needs that they
currently do not address. This claim is also supported by Martiniello et al.’s (2023) study, in
which questionnaire respondents underscored that even though assistive technologies are
useful in many tasks, they are often used to supplement conventional aids rather than to

replace them.

Among the included applications, auditory feedback was the most popular feedback
modality (n=5). Three studies identified speech-based instructions as a primary mode of
feedback to the user. The In Situ Audio Services (ISAS) application used speech-based
descriptions to notify the user of nearby locations using the location category and name
(Blum, Bouchard and Cooperstock, 2012). The teleguidance-based remote navigation
assistant and the BlindRouteVision application also utilized speech-based guidance to
provide audio descriptions of the environment and continuous navigational instructions to

the BLV user (Chaudary et al., 2021; Theodorou et al., 2022).
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A spatialized audio implementation was also used in some smartphone applications to
indicate the direction of nearby locations and obstacles (n=2). The ISAS application used a
spatialized audio implementation for both speech-based and sonified descriptions, which
included providing the user with a spatialized category name according to which type of
location the user faced. In addition, it included a spatialized audio icon, aiming to describe
the location through relevant sounds, such as ice clinking in a glass, to signify that the user
was facing a bar (Blum, Bouchard and Cooperstock, 2012). Spatialized audio was also
implemented in the smartphone-based mobility assistant application, which provided
directional auditory feedback to indicate the relative locations of nearby obstacles (See,

Sasing and Advincula, 2022).

Two of the included studies also used tactile feedback. The teleguidance-based remote
navigation assistant used a combination of auditory and tactile feedback, incorporating a
smart cane to provide additional information to the user regarding the texture and potential
obstacles in the immediate environment (Chaudary et al., 2021). On the other hand, the
smartphone application and wearable tactile display implemented an in-shoe tactile display,
through which the user could receive navigational instructions in the form of tactile

vibrations under their foot (Velazquez Guerrero et al., 2021).

smartphone

electronic
module

In-shoe tactile
interface

Figure 6. An illustration of the connectivity between the smartphone application and

wearable display (Velazquez Guerrero, et al., 2021: 100)
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Most of the provided solutions also integrated external sensors or services into the
application (n=5). The ISAS application integrated the available smartphone technology
with commercial location databases in order to access information related to the names and
other contextual information about the location that the BLV user was in (Blum, Bouchard
and Cooperstock, 2012). The teleguidance-based remote navigation assistant and
smartphone application with a wearable tactile display both incorporated external
components, including the smart cane and the in-shoe device, for providing additional tactile
feedback and mobility instructions to the user (Chaudary et al., 2021; Velazquez Guerrero
et al.,, 2021). Moreover, two studies leveraged existing urban infrastructure to provide
additional information about road crossings and provide more precise GPS readings of the

user’s current location (Huang, Wu and Liu, 2022; Theodorou et al., 2022).

Figure 7. Integration of a smartphone application with an external component to provide

connectivity with street crossings in Taipei, Taiwan (Huang, Wu and Liu, 2022: 4).
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4.3.2 Benefits of smartphone assistive applications

The most reported benefit of smartphone applications in navigation was the perceived
usefulness for purpose (n=6). Martiniello, et al.’s (2023) questionnaire results indicated that
96% of the respondents use and find value in smartphone applications during navigation
tasks. Such applications were especially popular during independent travel and among the
younger demographic (Martiniello, et al., 2023). One user study indicates that the
combination of a smartphone application and an external device resulted in high travel
efficiency overall. Quantitative analysis of survey results in another study also indicates that
the application was generally perceived as useful, helpful, beneficial, and sufficiently
rewarding (Velazquez, et al., 2021; Theodorou, et al., 2022). On the other hand, Chaudary,
et al.’s (2021) study stated that the perceived helpfulness of the smartphone application
stems from the ability to connect the BLV user with a sighted guide provided an efficient
and relatively easy method of navigation in unfamiliar environments. Another study
attributed the perceived helpfulness of smartphone applications to the ability to make
accurate and precise distance estimates, while still maintaining an adequate battery

consumption rate in many of the implemented approaches (Hamilton-Fletcher, et al., 2024).

Six of the studies reported the simplicity, ease-of-use, and learnability as significant
advantages to smartphone assistive applications. The results of one user study show that on
a scale from -5 to 5, the smartphone navigation system received an overall rating of 4.4,
indicating high user satisfaction (Chaudary, et al., 2021). Two of the selected studies claimed
that the use of the smartphone application for navigation tasks did not add further cognitive
load to the user as do many other assistive technologies on the market (Theodorou, et al.,
2022; Velazquez, et al., 2021). This was in part due to the perceived organization,
practicality, and efficiency of using the application on a smartphone platform. Additionally,
the different components were easy to use as integrated into the smartphone application,
rendering the system intuitive and easy to understand. The two remaining studies found that
the smartphone application was beneficial due to it already being a natural part of the BLV
user’s daily activities, and therefore it was easy to learn as well as flexible and comfortable

to use in navigation (Huang, Wu, and Liu, 2022; See, Sasing and Advincula, 2022).

Several studies also cited the ability to gain more information about the user’s surrounding

environment as a significant benefit to the smartphone-based assistive applications (n=4).
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Two studies named the ability to detect objects at far distances as an advantage over
conventional mobility aids, with one study claiming that the user can sense objects up to
eight meters away (Chaudary, et al., 2021; See, Sasing and Advincula, 2022). Moreover, the
use of advanced smartphone technology, such as the 3D depth camera used in See, Sasing
and Advincula’s (2022) research, allowed users to sense obstacles at full-body length, which
is often not easily perceivable using a conventional mobility aid. The user study conducted
by Theodorou et al. (2022) found that the quick application response time increased the

amount of information that the user was able to gain from their environment.

The increased feeling of personal security and independence of mobility was mentioned as
an advantage in four studies. According to two of the studies, the smartphone application
contributed to the perceived safety and reliability of the navigation experience, and the
application itself was perceived as trustworthy (See, Sasing and Advincula, 2022;
Theodorou, et al., 2022). A user study participant in Charuadry et al.’s (2021) research found
that the features provided by the smartphone application contributed to feelings of
independence and security by reducing the pressure and negative feelings associated with

asking for outside help while navigating, especially if they refuse to help.

Cost-effectiveness and portability were both mentioned in several studies (n=3). One study
mentioned that many people, including BLV individuals, already own smartphones and use
them regularly in their daily lives (Velazquez Guerrero et al., 2021). As most modern
smartphones already contain the necessary sensors and processing capability to implement
complex systems, the study claimed that it made using smartphone applications as assistive
technology feasible in terms of the implementation and the associated costs. The study
conducted by See, Sasing and Advincula (2022) also stated cost-effectiveness as a benefit of
the smartphone solution as there were no associated costs with purchasing additional
hardware. Furthermore, the portability of smartphone assistive technology was reported as
an advantage by participants in several studies (n=3) as they were generally lightweight and
easy to carry, thus making it comfortable for the user to use it without having an impact on

their walking speed (See, Sasing and Advincula, 2022; Velazquez Guerrero et al., 2021).

Technological benefits of smartphone platforms were also recognized as a benefit in some
studies as three studies mentioned the connectivity and ability to integrate various
components to the smartphone application as a benefit. User feedback gained from the

SAPSS application indicated that the connectivity of the smartphone application with street
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crossings increases the interactivity of essential urban infrastructure, further lowering the
gap between BLV individuals and their sighted peers (Huang, Wu and Liu, 2022). In
addition, the ability to integrate built-in smartphone accessibility features, such as screen
readers like TALKBACK for Android phones and VoiceOver for Apple products, improved
the overall user experience (Theodorou, et al., 2022). Moreover, two of the studies
implemented updates to the application software after receiving feedback from the user
studies, which resulted in further improving the system and developing more value-
providing features to the user, indicating maintainability and the possibility of adding new

functionalities over time (Blum, Bouchard and Cooperstock, 2012; Theodorou, et al., 2022).

Benefits of smartphone applications

Information gain  Personal security and  Ease-of-use and Connectivity Usefulness for Cost-effectiveness Portability
independence learnability purpose

4

0

m Number of studies

Figure 8. Number of included studies which mention the category of benefit provided by

the smartphone assistive application in navigation.

4.3.3 Challenges of smartphone assistive applications

The most reported challenge of smartphone assistive technologies was its technological
limitations (n=5), of which four described limitations of built-in sensors as a disadvantage
of using smartphone assistive applications. User studies of the ISAS application revealed
inconsistent error estimates between trials, causing several of the locations to be rendered in
the wrong directions (Blum, Bouchard and Cooperstock, 2012). Hamilton-Fletcher et al.’s
(2024) study also found differences in error measurements depending on the selected sensory
technology and data processing approach, which could significantly impact both the

produced distance estimates and the information given to the user. Similarly, See, Sasing



38

and Advincula’s (2022) research concluded that although the smartphone-based mobility
assistant could detect objects up to eight meters away from the user, a distance greater than
two meters was not reliable due to inaccuracy over longer distances. The accuracy of
distance estimates during the user study were further influenced by the walking speed of the
user as faster walking speed produced more inaccurate readings. Some of the studies (n=3)
also expressed inaccuracy of the image periphery, inconsistencies due to hardware and
software limitations, processing delays, and limitations in the detection range creating need
for extra caution during navigation (Hamilton-Fletcher, et al., 2024; See, Sasing and
Advincula, 2022; Martiniello, et al., 2023). This, as well as the inability to convey textural
information to the user using the smartphone application, made it challenging to ensure the
safe mobility of the BLV user, particularly in areas with low pavement quality. Additional
concerns related to technological limitations included the high battery consumption of some
applications as well as processing delays due to the use of large quantities of sensory input

and resource intensiveness of data processing (Martiniello, et al., 2023).

The second most reported (n=4) challenge of using smartphone applications as assistive
technology in navigation tasks included the effect of contextual distractions on the usability
of the application. Two of the studies mentioned loud ambient sounds and other
environmental noise as distracting during navigation, largely due to the need to listen to
auditory instructions whilst simultaneously paying attention to the surroundings, with one
study claiming that 54.55% of survey respondents found this a significant challenge during
navigation. Another study found that this issue would discourage the continuous use of such
applications (Blum, Bouchard and Cooperstock, 2012; Martiniello, et al., 2023). Conversely,
Huang, Wu and Liu (2022) found some users were discouraged by the low volume of
instructions and the lack of continuous auditory feedback from the application, which
highlights the differing preferences among users with different needs and varying levels of
vision. The user study conducted by Chaudary et al. (2021) also found challenges due to
poor Internet connectivity in some areas of the city, resulting in limited ability to navigate

in those locations.

Challenges resulting from failure to integrate the application with built-in accessibility
features functionalities was mentioned in four studies. Feedback from one user study
indicates that the lack of support for a wider range of virtual assistants on the application

platform made using it somewhat inconvenient, whereas another study found a complete
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lack of compatibility between the application and the iPhone VoiceOver technology (Blum,
Bouchard and Cooperstock, 2012; Theodorou, et al., 2022). This caused a member of the
research team to have to manually turn off VoiceOver prior to opening the application, and
then turn it back on once the application was no longer needed, making operating the
application independently unrealistic to many BLV users. Similarly, another user study
found that the application could not be used simultaneously with other applications on the
smartphone, which caused the user to feel frustrated due to the need to end and begin a new
navigation session each time they had to perform another function on their phone (Chaudary,
et al., 2021). Incompatibility was also observed between different smartphone platforms as
applications may be developed for a specific operating system, such as iOS or Android, and

are thus not universally usable across platforms (See, Sasing and Advincula, 2022).

Negative emotions experienced during the application use were observed in three of the
studies. Two studies cited the complexity of the user interface as the main cause of negative
emotions (Blum, Bouchard and Cooperstock, 2012; Huang, Wu and Liu, 2022). Two of the
studies also mentioned the overwhelming quantity of information presented to the user
causing exhaustion and increased feelings of passiveness as opposed to independence (Blum,
Bouchard and Cooperstock, 2012; Chaudary, et al., 2021). Other usability challenges
included the learning curve and the time taken to learn to use the application correctly (n=2)
as well as the lack of awareness about smartphone assistive technologies (n=1). The
questionnaire results obtained from Martiniello et al.’s (2023) study verify that the most
common reason for not using smartphone applications in navigation is the lack of knowledge
of such applications, the lack of understanding about how they can assist the user, as well as
not knowing how to select the appropriate application for their needs to guarantee safe and
efficient mobility. The study also concluded that many BLV individuals do not use
smartphone applications for dynamic navigation as they already use other forms of mobility

aids which already assist them in spatial orientation and navigation (Martiniello, et al., 2023).

Finally, two of the studies discussed the ability of currently available applications to respond
to the users’ needs as an additional limitation. Study participants in Theodorou et al.’s (2022)
research stated that the low customizability of the application to target the user’s needs
negatively impacted the usability of the application. Martiniello et al. (2023) supported this
claim by highlighting that many of the current assistive technologies, particularly

smartphone applications, do not consider the needs of different user demographics as the
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chosen navigation aids and the needs of the user heavily depend on their age, level of vision,
frequency of travel, the onset of their vision loss, and several other factors. Overall, the study
concluded that 50% of the questionnaire respondents expressed that there are still navigation

needs which are not being met by current assistive technologies.

Challenges of smartphone applications

Technological Contextual User interface Overwhelming  Incompatibility with Learnability Response to current
limitations distractions complexity information quantity accessibility features needs

m Number of studies

Figure 9. Number of included studies which mention each category of challenges reported

for smartphone assistive applications in navigation tasks.

4.4 Synthesis of findings

Martiniello et al.’s (2023) study found that the primary factors influencing the adoption of
assistive technology are their ease of use and accessibility. Additionally, the study found that
the ability of the assistive technology to respond to a certain need as well as the price have
a significant influence on the decision to purchase and adopt the technology. Based on the
included studies, several additional findings were made based on the perceived benefits and
challenges of the developed EBATs and smartphone assistive applications, which provide

insights into the usability and user experience of currently available assistive technologies.

According to the findings made by the examined studies, both EBATs and smartphone
assistive technologies have similar objectives with regard to supporting the BLV user’s
spatial perception and navigation both indoors and outdoors through the use of advanced
sensory and processing technologies. Such spatial perception and navigation tasks include
obstacle detection and avoidance, object recognition and identification, route planning, as

well as the provision of additional contextual information about the environment, among
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several other tasks. Smartphone applications are commonly used as secondary mobility aids

to complement conventional aids in supporting the user with daily activities.

The studies found both EBATs and smartphone applications to be helpful in providing users
with information about the environment primarily using auditory feedback modalities.
EBATS often use sonification to emulate natural echolocation cues, whereas smartphone
applications can include a variety of feedback modalities, such as sonification or spatialized
audio feedback, speech-based feedback, and tactile vibrations. Several studies regarding
both technologies emphasized the availability of multimodal feedback options as an
advantage as it can better accommodate the user’s individual needs. These findings indicate
that support for multimodal feedback would provide significant benefit to BLV
users. Studies that focused on EBAT devices also recognized the availability of multimodal
feedback options alongside sonified auditory cues as a benefit due to their ability to provide
users with additional information about their surroundings. It also aided the user in
distracting environments in both EBATs as well as smartphone assistive technologies, where
loud ambient sounds and other contextual distractions made following auditory commands
challenging. The ability to supplement auditory feedback with tactile vibrations enabled the

user to gain sufficient information from the environment despite external distractions.

Overall, smartphone applications were generally perceived as helpful in navigation tasks and
useful for the intended purpose, contributing to the users’ willingness to adopt them to
continuous use. As many BLV individuals already used smartphone applications for daily
activities, the users found adopting another application relatively easy and comfortable.
Therefore, learnability and continuous use were primary reasons for high user satisfaction in
the included studies. In contrast, the assessment of learnability of EBATs varied across
studies, and overall, learnability was the most recognized challenge among all EBAT -
related studies. The studies found that although EBATs were easy to use compared to natural
echolocation, the sonification cues still required significant time and effort from the user to
learn to interpret effectively, which limited the users’ independence during the training
period. However, observations during the user studies also noted rapid improvements in the
participants’ ability to distinguish auditory cues and use them to make general judgements

about the environment as well as specific observations about individual objects.

Despite being perceived as challenging to learn to use effectively, several studies reported

positive user feedback regarding the ease of use of EBATs as they were able to lessen the
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cognitive workload associated with spatial perception and navigation. Similar benefits were
reported in the studies assessing the use of smartphone assistive applications. The ability to
easily gain valuable information about the user’s surroundings can therefore be viewed as a

major benefit of both EBATs and smartphone applications.

Moreover, as affordability is among the most important factors for adopting assistive
technology, the ability to use existing smartphone technology to accommodate the mobility
needs of BLV users is viewed as an essential benefit. Even though EBATSs are generally
considered affordable compared to most other SSDs, they still include the purchase of
external hardware. On the other hand, modern smartphones already include various sensory
technology and advanced processing capabilities, which enable the user to complement
conventional mobility aids by allowing them to perceive the environment more
comprehensively. As many BLV individuals already own smartphones, adopting a
smartphone application could be done without the purchase of external hardware if preferred,

and thus it is viewed as a notable advantage.

Although the ability to use the existing capabilities of smartphones, the possibility to
integrate urban infrastructure within the application was viewed as another important factor
improving the usability of the assistive technology in the included studies. Several of the
applications studied cited the ability to incorporate external data and integrate into existing
urban infrastructure as beneficial in providing the user with relevant information about the
environment. Similarly, the benefits of connectivity were also recognized in the EBAT -
related research as some studies mentioned the current or future ability to integrate devices
with smartphone applications as an important step in advancing user experience. Moreover,
despite compatibility challenges, the ability to use built-in smartphone accessibility
software, such as text-to-speech software, whilst interacting with the application reportedly
also made the application simple and easy to interact with. This indicates that connectivity
with external infrastructure and compatibility of the assistive technology with accessibility

features should be considered a priority in the development of new assistive technology.

Although both EBATs and smartphone applications were generally perceived as helpful for
meeting a certain need, technological considerations significantly affected the adoption of
both technologies. Overall, the high accuracy of distance estimates was viewed as an
advantage of EBATs. However, some studies reported that the need to make EBATSs

portable, lightweight, and affordable, resulted in limitations in the processing capabilities of
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the devices. Additional challenges were observed when the user attempted to detect objects
presented at an angle as well as objects with irregular surface shapes, which occasionally
caused confusion among study participants. Similarly, common limitations in smartphone
assistive applications included the inconsistent error estimates of the sensory input. The
inconsistent estimates impacted the distance and positional estimates, resulting in the user
receiving incorrect information about their surroundings. These technological considerations
emphasize the need to optimize current sensory technology as well as pay careful attention

to selecting the appropriate technologies for navigation assistive technology.

Studies determined that both smartphone assistive applications and EBATSs provide the user
with a sense of independence, confidence, and personal security. Participants involved in
testing the echolocation technologies found that in addition to supporting the BLV user in
gaining information about the near-distant environment, they also increased the users’ sense
of accomplishment as users could rely on their own senses to navigate. The increased sense
of accomplishment, in turn, positively affected the user’s confidence. It is important to note
that these observations were made based on short trials with minimal training, which
suggests that the technology may significantly enhance the user’s independence and
confidence of navigation in the long-term. Conversely, some smartphone applications
caused negative emotions due to increased feelings of passiveness and exhaustion as they
completely relied on verbal instructions to navigate. These findings emphasize the need to
maintain the user’s sense of independence by supporting their existing senses and skills in

the navigation process as opposed to replacing them completely.

Finally, the studies highlight the need for change in the future as several of the studies
investigating the use of EBATs mentioned that limitations in the user studies hindered the
compatibility of the SSDs with the needs of the target user group. Several of the systems
were validated with the help of blindfolded sighted participants, leading to potential gaps in
the ability of the system to accurately address the needs of BLV users. Conversely, some of
the user studies were carried out with the help of BLV individuals who were already experts
in natural echolocation. Similarly, the findings made about smartphone assistive applications
highlight the unmet needs of currently available assistive technologies as 50% of
questionnaire respondents found that there are still needs which are not addressed in
currently available applications. Alternatively, some respondents indicated being unaware

of applications which could aid in daily tasks. This points out a need for further
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improvements in the development and testing of future assistive technologies as well as the

need to create better information channels to spread awareness about such solutions.

Discussion

This section aims to discuss the findings made from the results and to address the research
questions of the study. The first research question, “What are the key features, benefits, and
challenges of current EBATs and smartphone assistive applications?” is first discussed based
on the key findings presented in the previous section. After this, the second research
question, “How can current EBATSs be implemented as smartphone technologies to further
improve the usability and user experience of navigational assistive technologies?”, is
addressed by formulating a set of design principles to guide future research and

implementation of such assistive systems based on the synthesis of findings.

4.5 Summary of findings

The results of the systematic review underline the key features of modern assistive
technologies used for spatial perception and navigation tasks. The studies point out the
diversity of application of both EBATs and smartphone assistive technologies as versatile
use cases can be found in obstacle detection and avoidance, object recognition, object
identification, route planning, navigation, as well as the provision of other contextual
information. EBATs are considered particularly valuable in providing the user with complex
and nuanced information about their surroundings through sensory substitution, whist
smartphone assistive applications are generally viewed as an affordable and convenient
alternative to standalone SSDs. Both findings indicate the potential of such technologies to
support BLV users in spatial perception and navigation tasks through improving information
gain in versatile environments, increasing accessibility, as well as supporting the user’s
confidence and independence. Supporting the user’s spatial perception and navigation
ultimately aim to further contribute to societal inclusion as well as safe and independent

mobility. On the other hand, learnability, technological limitations, the effects of
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environmental distractions, among several challenges still hinder the usability and user
experience of currently available technologies. Therefore, the findings emphasize the need
for improvement in the design and usability of EBATSs and smartphone applications to better

address the individual needs of BLV users.

4.1 Formulation of design principles

The analysis of the usability and user perception of both EBATs and smartphone assistive
applications has allowed the identification of advantages and challenges of modern assistive
technologies. Moreover, the findings underscore several areas of improvement regarding the
technologies, based on which a set of design principles (DPs) can be formulated to help
guide the future research and implementation of echolocation-based smartphone assistive
applications. Therefore, this section aims to identify a set of guiding statements that outline
concrete factors to consider in the future improvement of such assistive systems to support
BLV users in spatial perception and navigation. The context of the design principle is not
noted separately as the context of each of the principles is the same: spatial perception and

navigation in versatile environments.

Supporting the findings of Levy-Tzedek et al. (2012) as well as Bharadwaj, Shaw and
Goldreich (2019), standalone EBAT devices are known to be useful for providing the BLV
user with nuanced information about their surroundings. However, the findings of this study
indicate that they tend to have a steep learning curve as sonified auditory cues are minimally
processed and thus initially may seem unintuitive to the user. To increase the learnability
and user friendliness of echolocation-based smartphone assistive applications to BLV users
in daily contexts, researchers and software developer should leverage the familiarity of
smartphone applications by incorporating universally recognized voice commands and
interactions commonly used by smartphone accessibility features, such as VoiceOver or
TALKBACK, in the development of echolocation-based smartphone assistive applications.
Following the conventions of smartphone application design for BLV individuals increases
familiarity, and thus allows the user to interact with the application in a way that is intuitive
to them. This is especially important as the learning curve associated with echolocation
technologies is already rather steep, and thus ensuring the intuitive design of the application

can reduce the challenge of learnability. Using familiar auditory commands also allows the
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user to feel more comfortable with the basic functions of the application even during the

learning phase of adoption.

Table 3. Principle of multimodal feedback.

Design Principle 1: Principle of multimodal feedback

Aim To support BLV users in spatial perception and navigation in

versatile environments,

Mechanism by providing the possibility to incorporate more than one mode of
feedback,
Rationale because it allows the user to customize the application to their

individual needs.

To support BLV wusers during spatial perception and navigation tasks in versatile
environments, developers should also provide the possibility to incorporate multimodal
feedback options into the echolocation-based assistive application in addition to sonified
feedback by providing options to incorporate speech-based or tactile feedback when
applicable (DP1). The availability of different feedback modalities is important as it allows
the user to customize the application to the accommodate individual needs and preferences
of the user. Moreover, the ability of the application to provide feedback through different
sensory channels, such as auditory and tactile, allows the user to feel confident and secure
as well as ensure sufficient information gain during navigation, particularly in busy outdoor

environments, as supported by Csapd and Wersényi (2013).

Table 4. Principle of technology selection.

Design Principle 2: Principle of technology selection

Aim To support the user’s independence and confidence of mobility,

by identifying appropriate technologies for the specific use case,

Mechanism
because ensuring appropriate technology may significantly impact the

perceived application reliability and trustworthiness, thus impacting

Rationale confidence and independence.
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Confidence and independence are an important outcome of using mobility aids and assistive
technologies as evidenced by the findings of this study as they increase overall user
satisfaction. It is evident that both EBATs and smartphones contribute positively to the BLV
user’s sense of independence and confidence during spatial perception and navigation tasks
in various environments. Conversely, certain limitations exist regarding both technologies
which occasionally cause confusion and hesitancy among the users. Therefore, to promote
the BLV user’s independence and confidence during navigation, researchers and people
involved in implementing echolocation-based smartphone assistive applications should
identify appropriate technologies which suit each individual use case by assessing the
properties and limitations of different sensory and processing technologies (DP2). Different
use cases may differ in requirements regarding processing speed, distance estimation,
accuracy, and resource usage. Ensuring the use of appropriate technology may have a
significant impact on these features, ultimately affecting the user’s perception of the

reliability and trustworthiness of the application.

Table 5. Principle of sensory support.

Design Principle 3: Principle of sensory support

Aim To support the user’s independence of mobility,

by developing a solution that supports the user’s existing

Mechanism senses,

because supporting the user’s existing sensory perception
Rationale increases sense of accomplishment and thus improves overall

motivation and independence.

In addition, to support the user’s sense of independence in spatial perception and navigation
tasks, the application should also provide the user with information about their surroundings
which supports their ability to perceive the environment using their own senses by providing
continuous sonified feedback to the user (DP3). Findings show that the user’s ability to
comprehensively perceive the environment through their own senses using simulated
echolocation sounds allowed them to feel an increased sense of accomplishment, improving
the overall motivation and user satisfaction associated with the assistive technology. In

contrast, the findings show that the use of direct speech-based instructions contributed to the
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BLV user’s feelings of increased passiveness and frustration. Therefore, enabling the user
to perceive the environment through their own senses and allowing them to form
independent judgements increases the overall sense of accomplishment, which in turn allows

the user to feel independent and supported.

Table 6. Principle of affordability.

Design Principle 4: Principle of affordability

Aim To improve adoption of new assistive applications by

providing affordable technologies,

by maximizing the use of existing smartphone technologies

Mechanism and reducing the need to purchase additional hardware,

because affordability is identified as among the most important
contributors to a user’s choice to adopt a new assistive
Rationale technology and increasing affordability may influence the

user’s choice to adopt.

Affordability is also identified as a factor in whether the user is willing to adopt the
technology into use. Although some standalone EBATs are relatively affordable as
compared to other assistive technologies, smartphone assistive applications are perceived as
a low-cost alternative as many BLV individuals already own them. As modern smartphones
already contain advanced sensory and processing capabilities, the use of existing smartphone
features and capabilities may reduce costs significantly. Therefore, in order to further reduce
barriers to access and allow the BLV user to easily adopt the application into their daily
activities, software developers should aim to utilize the existing smartphone capabilities to

the maximum by reducing the need for necessary additionally purchased hardware (DP4).
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Table 7. Principle of technological integration.

Design Principle 5: Principle of technological integration

Aim To enable better access to information and improved

societal inclusion of BLV users,

Mechanism by providing ways to integrate the application to existing

external infrastructure,

Rationale because it increases the quantity of information about

vital urban infrastructure and environmental information.

On the other hand, the ability of smartphones to integrate functionality of external
infrastructure is considered beneficial to improving the societal inclusion of BLV individuals
and providing users with better access to information about the environment. Thus, to
improve the user’s opportunities for better societal inclusion and information access in their
daily life, people involved in implementing such applications should consider opportunities
to integrate external infrastructure by utilizing existing external services to improve the
user’s contextual awareness (DP5). This way, the user is able to gain sufficient information
about essential urban infrastructure, such as street crossings and locations independently

without having to rely on the help of by-standers.

Table 8. Principle of collaboration.

Design Principle 6: Principle of collaboration
Aim To ensure that the application meets the needs of BLV users,
Mechanism by increasing the collaboration between different

stakeholders and involving BLV individuals in the design,

development, and testing of new assistive applications,

Rationale because it allows researchers and developers to accurately

identify the needs of the target user group.
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Finally, based on the findings, there is an apparent need for improving the collaboration
between researchers, developers, and BLV individuals as much of the EBAT -related
research focuses on user testing with the help of sighted participants or BLV individuals who
are already experts at echolocation. Additionally, the findings identified a gap between the
needs of the BLV users and the current availability of assistive technology which provides
support in spatial perception and navigation tasks. Therefore, in order to develop assistive
applications that meet the needs of the BLV users in spatial perception and navigation tasks,
more emphasis should be placed on collaboration between various stakeholders by involving
both researchers and developers into the process as well as highlighting the role of BLV
individuals with varying backgrounds and different levels of vision in the application design,
development, and user testing (DP6). This way, the development can better focus making
improvements based on the feedback from the target user group, thus being able to better

meet the needs of the BLV users.

Table 9. Collection of design principles for developing echolocation-based smartphone

applications for BLV users in spatial perception and navigation.

Number Title Design Principle
DP1 Principle of multimodal | To support BLV users in spatial perception and navigation in versatile
feedback environments by providing the possibility to incorporate more than one

mode of feedback because it allows the user to customize the application

to their individual needs.

DP2 Principle of technology | To support the user’s independence and confidence of mobility by
selection identifying appropriate technologies for the specific use case because
ensuring appropriate technology may significantly impact the perceived
application reliability and trustworthiness, thus impacting confidence

and independence.

DP3 Principle of sensory To support the user’s independence of mobility by developing a solution
support that supports the user’s existing senses because supporting the user’s
existing sensory perception increases sense of accomplishment and thus

improves overall motivation and independence.

DP4 Principle of affordability | To improve adoption of new assistive applications by providing

affordable technologies by maximizing the use of existing smartphone
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technologies and reducing the need to purchase additional hardware
because affordability is identified as among the most important
contributors to a user’s choice to adopt a new assistive technology and

increasing affordability may influence the user’s choice to adopt.

DP5 Principle of To enable better access to information and improved societal inclusion
technological integration | of BLV users by providing ways to integrate the application to existing
external infrastructure because it increases the quantity of information

about vital urban infrastructure and environmental information.

DP6 Principle of To ensure that the application meets the needs of BLV users by
collaboration increasing the collaboration between different stakeholders and
involving BLV individuals in the design, development, and testing of

new assistive applications because it allows researchers and developers

to accurately identify the needs of the target user group.

5 Conclusions

The objective of this thesis is to gain a comprehensive understanding of the current state of
EBATSs and smartphone assistive applications as well as how they support BLV users in
spatial perception and navigation tasks. In addition, it develops a set of actionable statements
that can be used to guide the future research and implementation of echolocation-based
smartphone applications. This study aims to advance the current state of research by
addressing the challenges of assistive technologies for BLV users in spatial perception and
navigation by identifying areas of improvement. Simultaneously, it allows the development
of concrete ways in which the technologies can be made more suitable to purpose, accessible,

and adaptable to promote independence, social inclusion, and equal access to information.

The findings of this study indicate that significant benefits of using EBATs for spatial
perception and navigation tasks includes detailed information gain, accuracy, and ease-of-
use. On the other hand, smartphone assistive applications were found beneficial due to their
usefulness for purpose, ease of use and learnability, personal security and confidence, as

well as information gain. However, major challenges of current EBATs included the
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associated learning curve, challenges in interpreting sonified feedback, and technological
limitations. Similarly, smartphone applications were found limited due to technological
limitations of current implementations, the impact of contextual distractions, and
incompatibility with existing accessibility features. Following these findings, the results
were synthesized, and a set of design principles were devised to guide future research and

implementation of echolocation-based smartphone applications.

The results obtained from the systematic literature review provide a solid basis for answering
the two research questions of this thesis. The implications of implementing EBATSs as
smartphone applications were assessed by discussing the key features, benefits, and
challenges of both technologies individually. The synthesis of results highlighted ability of
such solutions to provide better access to contextual information, improved overall
accessibility, as well as an increased sense of confidence and independence. On the other
hand, research is still needed to find ways to improve learnability, optimize sensory
technologies, and mitigate the effects of environmental distractions. The second research
question addressed the areas of improvement by developing actionable statements to be

considered in the future development of echolocation-based smartphone applications.

As a continuation of the identified improvement areas and the design principles developed
in this study, future research should focus on designing and developing smartphone
applications which integrate the principles of echolocation to provide detailed feedback and
information about the user’s environment. Recommendations for future research include the
study of how to better utilize existing smartphone sensory technology and processing
capabilities that fulfil the requirements of distance estimation and accuracy requirements in
echolocation-based assistive applications. In addition, potential future avenues of research
include finding ways to improve user-centric design to increase the intuitiveness and thus
the ease-of-use and learnability of echolocation-based technologies in order to make them
more appealing to the end user. Finally, there is a need to increase collaboration between
various stakeholders, including researchers, developers, smart city development
organizations, as well as the BLV users themselves in order to allow for the comprehensive
planning and design of such applications, but also to ensure that future meet the needs of the

BLV users.
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