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ABSTRACT Outdoor navigation remains a challenging activity for People with Visual Impairments (PVI).
Having examined the current literature, we conclude that there are very few publications providing a nuanced
understanding of how PVI undertake a journey in an outdoor environment and what are their main challenges
and obstacles. This is a critical step towards developing robust solutions that meet the requirements of this
user group. We undertook a questionnaire-based study with the National Council for the Blind of Ireland
(NCBI) and 49 PVI. According to the feedback from our questionnaire, current journey navigation apps
do not provide PVI with sufficient information about traffic lights, crossroads, and physical obstacles to
support a satisfactory interaction. Our study reveals key aspects of how PVI interact with outdoor navigation
applications. Critical gaps exist, for example, over 63% of respondents indicated they had suffered an injury
on at least one previous occasion when navigating outdoors. Based on the questionnaire feedback, we present
a solution covering the main aspects of outdoor navigation for PVI. Our work aims to contribute to the
improvement of outdoor navigation applications for PVI in the future.

INDEX TERMS Accessibility, outdoor navigation, users with blindness or visual impairment, sensory
substitution devices, assistive technology.

I. INTRODUCTION

Vision impairment affected at least 2.2 billion individuals
worldwide in 2021 [1]. Vision disabilities affect the inde-
pendence of people in daily life activities such as reading,
shopping, or commuting. This problem is more common in
older adults, with one in three having vision loss after the
age of 65 [2]. The main causes of vision loss in elderly peo-
ple are age-related macular degeneration (AMD), cataracts,
glaucoma, and diabetic retinopathy [3].

As assistive and universal approaches to technologies
advance, People with Visual Impairments (PVI) are becom-
ing more integrated and independent in society. Public ser-
vices, public transport, and other entities need to adapt
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services, facilities, and information channels to their needs.
Even though human aspects are crucial in the design process
of assistive technologies, there is frequently a disconnect
between the requirements of PVI and the developed products.
This results in PVI opting to reduce or avoid the use of
assistive solutions [4], [5].

Creating better applications also includes adapting them
to the range of user types and needs. Therefore, a thorough
understanding of the PVI’s interests, activities, and habits is
needed [6]. Increasing accessibility awareness is at the core
of achieving universal design [7]. There is a variety of assis-
tive technologies to support people with a visual impairment
such as selecting clothing [8], differentiating banknotes [9],
[10], and identifying people [11]. However, in the realm of
outdoor navigation systems and Sensory Substitution Devices
(SSDs), while some progress has been made [4], [12], [13],
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there is still a great deal of improvement to be achieved. As we
have encountered in our survey, outdoor navigation remains
one of the most difficult tasks for PVI, with over 63% of
respondents in our survey injured during outdoor navigation
at some point.

The navigation support needs of PVI, as well as the iden-
tification of the barriers they face for safe and independent
travel, have been the subject of previous studies in the litera-
ture [4], [14]. We examined these studies in detail in Section
II, noting that they do not investigate critical aspects of the
PVI’s outdoor navigation such as the preparation stage of
an outdoor journey, locating and using safe crossing points
at street junctions (intersections), and accessing visual infor-
mation on the road such as signage, and temporary changes.
We saw the need to conduct a comprehensive questionnaire,
covering the gaps in the literature, to give insights into ways
to decrease barriers, improve the provided support from insti-
tutions, and enhance the interaction between PVI and naviga-
tion technologies.

In this work, we designed and launched a questionnaire
in collaboration with the National Council for the Blind of
Ireland (NCBI).> The questionnaire includes 24 questions
about outdoor pedestrian navigation and defines challenges
that PVI face during outdoor navigation (i.e., moving from
one location to another, walking through different roads, and
using public transport). We then report, analyze, and discuss
the responses of the 49 PVI to our questionnaire.

Our contribution is two-fold. First, we highlight the infor-
mation needed by PVI about the environment before and dur-
ing their journey. This information includes road networks,
whether or not there is a pavement, and public transport
information (e.g., timetables, accessibility to the stations and
stops, or stop locations). Secondly, we propose a solution
for the development of assistive outdoor navigation systems
based on the important insights provided by the participants’
responses.

Our aim in this work is to address current gaps in the
field and to propose a solution that improves the interaction
between PVI and navegation applications. We expect our
contribution expands the awareness of governments and insti-
tutions that support the PVI community, as well as the public.
While our survey is based in the Irish context, we suggest
that the needs of this group will be common across urban
environments throughout the world.

The following is the outline for this paper: Section II
discusses related work. Section III explains the question-
naire method and defines the focus group. Section IV reports
the details of questions and answers. Section V provides a
discussion about the main findings and limitations of our
questionnaire. Section VI presents a potential solution. And
finally, section VII highlights the key conclusions.

1

IThe questionnaire is freely available and is open access: https://
doi.org/10.21427/YQH2-1362

2The national association for PV is a sight loss charity that serves approx-
imately 55,000 people who are blind or vision impaired to live confidently
and independently https://www.ncbi.ie/
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Il. RELATED WORK

This section provides a review of earlier work along three
areas of investigation: outdoor navigation assistive systems,
SSDs, and previous user-needs surveys. For each of these
areas, we examine where gaps exist in understanding and
serving PVI for outdoor navigation. A summary is provided
for each of the three areas.

A. OUTDOOR NAVIGATION ASSISTIVE SYSTEMS
Significant development has been achieved in the field of
assisted outdoor navigation systems for PVI over the past
decade [4], [12], [13]. Assistive outdoor navigation systems
refer to any technology related to supporting PVI in safe
outdoor navigation. Therefore, it may include technologies
aimed at enhancing maps for route planning or it can refer to
any real-time application or technology useful to PVI during
their journey. In a previous paper [4], we developed a taxon-
omy (Figure 1) for tasks and phases in outdoor navigation.

This taxonomy was created based on a systematic review of
the research published on navigation supports for PVI. At the
most basic level, it identified three key sequenced phases that
cover the entire field of outdoor navigation systems, from
environment mapping through journal planning and real-time
journey execution. Each phase includes different tasks. The
tasks are a set of actions and challenges that people with
visual impairment must do to safely and efficiently go from
the starting point to the final destination. These three phases
effectively represent the higher-level research fields, while
each task represents the research sub-domains.

Al is used to build navigation systems. Different Al
approaches are utilized in environment mapping, journal
planning and real-time navigation phases. However, to under-
stand the area of outdoor navigation, further specifics need to
be studied and analyzed.

1) ENVIRONMENT MAPPING

This phase entails mapping elements of the environment to
information that PVI can access and use. These elements
include intersections, traffic lights, crosswalks, sidewalks,
and public transportation information.

In general, the purpose of the intersection detection’ task
is to detect features of intersections (e.g. location and shape)
to support other downstream navigation tasks [15], [16]. It is
regarded as the foundation of the route selection task [17],
[18]. With the rise of Al for automated navigation, machine
learning can now be used to digitise physical street fea-
tures into map information. To date, three machine learning
approaches have been used by researchers in the Al domain
to address the problem of intersection detection: classifica-
tion [19], [20], [21], [22], road detection and intersection
detection [16], [23], [24], and object detection [25].

Defining the location and type of traffic lights is an impor-
tant part of the environment mapping phase. Traffic lights are

3Note that in this section, words in italic style refer to one of the tasks in
Figure 1.
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FIGURE 1. Taxonomy of navigation support tasks for people with visual impairment. It contains three
main phases: environment mapping, journal planning, and real-time navigation [4].

necessary for crossing roads but are particularly critical for
the PVI community [26]. The aim is to determine whether
traffic lights are available at intersections and to define the
type of traffic lights. Recently, the detection and geolocation
of different objects from street images, such as traffic lights,
telegraph poles, and trees are solved using two different
approaches: one based on semantic segmentation using a
machine learning segmentation model called fully convolu-
tional neural networks (FCNN), [27], [28] and another one
based on object detection approach using the Faster-RCNN
model [29].

In the environment mapping phase, indicating crosswalk
locations is a critical task to help increase the safety of
crossroads [30]. Recently, different deep learning approaches
are used to detect crosswalk form images such as classifica-
tion [24], [31], [32], object detection [33], [34], segmenta-
tion [35], and location detection [26].

In outdoor navigation, the sidewalk is the safest place to
walk, especially for PVI. Detecting sidewalks to produce a
precise map is a considerable piece of work. A precise map
can help in offering PVI more accurate instructions [36].

Public transportation is an important stage of outdoor
navigation. To use public transportation, a lot of information
must be detected and provided to PVI such as locations and
accessibility information about stations or stops [37], [38].
The environment mapping phase as a pre-stage for PVI navi-
gation has not been addressed by previous outdoor navigation
assistive systems [12].

2) JOURNEY PLANNING

The journey planning phase involves determining travel
routes between the starting and ending points. The user can
choose the route between two points or between his location
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and destination. The journey planning phase contains two
tasks: localization and route selection.

The user’s current location is defined in the localization
task. For generating correct directions, localization precision
is critical. Global Positioning Systems (GPS) [39], [40], [41],
[42], [43], [44], [45], [46] and image-based [47], [48], [49],
[50] techniques can be used to allow PVI to identify their
location.

After defining the start point, route selection determines
the shortest path between two points. There is a scarcity of
research to address this issue from the standpoint of this
user group [51], [52]. The majority of PVI outdoor naviga-
tion systems relied on public route navigation services like
BaiduMap [40], and QQMap [46]. These services do not
consider the preferences of PVI.

3) REAL-TIME NAVIGATION

The purpose of the real-time navigation phase is to support
PVI during the journey. This includes environment under-
standing, obstacle avoidance, crossing roads, and using pub-
lic transportation.

The goal of the environment understanding phase is to
assist PVI in comprehending their surroundings. This can
be accomplished by reading any road signage, such as
temporary closure notices [53], [54]. And also by describ-
ing their current environment. Understanding the envi-
ronment boosts the confidence of PVI during outdoor
navigation [50], [55], [56].

Obstacle avoidance is a critical task during outdoor nav-
igation, enabling PVI to avoid colliding with obstacles such
as post boxes, lamp posts or other pedestrians. There are two
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main approaches in this task: obstacle detection [57], [58],
[59] and obstacle recognition [60], [61], [62].

Road crossing is a dangerous task for PVI. To do so
securely, PVI must first align themselves correctly with the
crosswalk [30]. Secondly, they must be able to recognize
when a pedestrian traffic light turns green to determine when
it is safe to cross the road [26].

For longer journeys, it is critical to use public transporta-
tion. PVI need assistive outdoor navigation systems to sup-
port them in using different public transport such as bus and
metro [4]. The bulk of assistive systems does not incorpo-
rate functionality such as reading signs or interpreting the
environment. There are numerous systems to avoid obstacles,
but each one covers a restricted number of obstacles. There
is currently no general way to support the use of all public
transportation modes.

B. SENSORY SUBSTITUTION DEVICES AND APPLICATIONS
PVI utilize Sensory Substitution Devices (SSDs) and appli-
cations to support them in outdoor navigation. SSDs are used
to convert an external input (audio, vision, etc.) into different
inputs for helping individuals with an impairment in each
sense. An example of SSD applied to PVI would be those
devices that transform the images obtained from a camera into
sound. Table 1 shows the tasks coverage in various SSDs and
applications. A ranking from limited to high functionality is
assigned, depending on the tasks supported by the application
or device: one to two tasks supported for the phase are ranked
as limited functionality. If most tasks are supported, they will
be rated as having high functionality.

Environment mapping is not included in most SSDs and
applications. In the real-time navigation phase, most SSDs
and applications serve a subset of PVI navigation needs, such
as obstacle avoidance. None of them provides PVI with the
full breadth of support across all three areas.

To summarize, earlier work in real-time outdoor navigation
assistive systems has not addressed all the tasks required to
complete an outside excursion. It is critical to understand
the gaps and wants of the end-user before introducing new
enhancements to the field. Past attempts to understand PVI
preferences need to be analysed to understand the gaps.

C. PREVIOUS END-USER SURVEYS

Although different surveys have been conducted to study
PVI’s preferences and needs when they navigate outdoors,
there are still important gaps in the literature that need to be
covered. This section provides a review of surveys in this area
and discusses, from the PVI’s perspective, the main findings,
and gaps in the literature about the problems PVI face with
the current applications.

In the last decade, there had been numerous surveys cov-
ering the disconnect between the information provided by
navigation applications and the information required by PVI.
Navigation applications have been geared towards people
with full sight, with limited effort to cover PVI’s needs.
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An example of this is shown by Williams et al. [82] who
revealed these inconsistencies after a series of interviews with
PVI. Their paper shows that sighted people struggle to under-
stand the challenges faced by PVI when walking outdoors.
It also points out that navigation instructions provided by
sighted people to PVI are generally ambiguous or inaccurate,
which makes clear the lack of understanding of PVI’s needs
and the importance of investigating the navigation activity
from the PVI’s perspective.

Along the same lines, Quinones et al. [83] conducted
semi-structured interviews (a research methodology that
allows open questions that give more space to the inter-
viewer to focus on particular aspects) to discover PVI’s strong
dependence on mental maps to navigate to a familiar des-
tination. Furthermore, when changes occurred in a familiar
environment, PVI reported difficulties in navigating to the
point of getting lost. This is not surprising because when
navigating unfamiliar routes, they depend on private trans-
portation services, sighted guides, or being accompanied by
friends or family. The work of Quinones et al. [83] provides
an accurate overview of the outdoor navigation process but
without including details about the subtasks of each step, e.g.,
how to cross roads.

Another attempt to understand PVI’s needs in outdoor
navigation systems is the work of Alwi and Ahmad [84].
In their research, they designed a survey that contained
groups of questions: two questions about occupation details,
four questions about vision medical history, five questions
about outdoor navigation history, and one question about
the required features of a navigation system. Although this
survey gives insights about outdoor navigation history, it only
asked one question about PVI’s needs in outdoor navigation
systems. Since PVI’s needs regarding navigation systems
and the critical stages of outdoor navigation (e.g., journey
planning) are such an important area, many more questions
need to be asked for a proper understanding.

Interviews are a suitable approach to getting insights into
PVI’s experiences in navigation. An example of this is the
work of Williams et al. [6] which presents the results of inter-
views with 30 people with vision impairment. The analysis
of these interviews reveals valuable information in terms of
orientation, mobility training, daily navigation issues, helpful
and unhelpful devices, and the significance of social interac-
tion in navigation. And it also gives a better understanding
of the many personalities and scenario-based characteristics
that influence navigation. Although these interviews cover
many PVI-navigation subjects, Williams et al. [6] only asked
one question about each subject during these interviews, and
more questions are required to dig into the specific aspects of
each area. There is still a lot to learn about the difficulties and
the planning phase for outdoor navigation, even if these inter-
views go over a lot of material in terms of PVI navigation.

The literature in this area also shows important efforts
to understand PVI navigation insights. For example,
Nagraj et al. [85] studied the commuting habits of 14 PVI
in India from low and middle-income neighbourhoods. They
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TABLE 1. Extent of functionality support by Sensory Substitution Devices and applications for tasks in three navigational phases for users with visual

impairment.

Name

Environment mapping

Journey planning | Real-time Navigation

Maptic [63]

H

Microsoft Soundscape [64] L

H

SmartCane [65]

WeWalk [66] IL

H

Horus [67]

Ray Electronic Mobility Aid [68]

UltraCane [69]

BlindSquare [70] L

T

Envision Glasses [71]

Eye See [72]

Nearby Explorer [73] IL,

Seeing Eye GPS [74] IL,

PathVu Navigation [75]

Step-hear [76]

Lazarillo App [77] L

Lazzus App [78] L

as{fas(jasciifasifas

Sunu Band [79]

Ariadne GPS [80]

alf--laialinialialialialfsl-lialalallsleiolalis

BrainPort [81]

I:l No functionality

covered different phases of the journey such as crossing
highways and roads, travelling in the wet season, navigating
at night, and using older public transportation. The research
conducted by Banovic et al. [86] shows that PVI prefer to
learn about their environment through four types of spatial
information: high-level understanding, safety, navigation,
and destinations and activities of interest. And that many
factors influence how much information PVI acquire, includ-
ing user skills, navigation aids, changes in the environment,
frequency of visits, and familiarity with the path to the
destination [86]. The main limitation of Banovic et al. [86]
and Nagraj et al. [85] studies are that their sample size is
small.

There are also contributions to this area focused on
specific aspects of navigation activities. For example,
Shiri et al. [87] conducted semi-structured interviews with
PVI and hearing-visually impaired people to understand how
they use public transportation. In the same line, Brewer and
Kameswaran [88] interviewed PVI to understand how they
use ride-sharing services such as Uber and Lyft. Similarly,
Lee et al. [89] interviewed twelve remote sighted assistance
users to gain a deeper understanding of the technical and
navigational challenges that face both agents and users of
sighted-assistance services (services where a sighted person
guides remotely a PVI). Miyake et al. [90] conducted a
questionnaire and interviews with six PVI. The scope of
their work was to investigate problems that PVI faced when
they walked up and down stairs. And the participants were
asked about the importance of each guidance message and
where it was necessary to notify them. The main findings
were used to propose a navigation method for climbing stairs.
This highlighted the effect of understanding PVI needs in the
design of navigation aids.

VOLUME 11, 2023

Limited functionality

High functionality

Various research works have studied specific aspects of
outdoor navigation for PVI over the years. For example,
Kameswaran et al. [91] performed an investigation of how
persons with visual impairments utilise accessible naviga-
tion applications and technology during navigation. They
discussed the usage of navigation apps and technologies in
the pre-journey, on-journey, and post-journey stages. Simi-
larly, Hersh [92] interviewed one hundred PVI in five coun-
tries to investigate the importance of mental maps. These
semi-structured interviews were designed to address three
issues: how PVI understand space; how they use these rep-
resentations to travel; and the implications in their journey
of aids, assistance, and mobility training. In the same way,
Bandukda et al. [93] conducted semi-structured interviews
conducted with twenty PVI participants and eight mobility
and orientation trainers. Their goals were to learn about ori-
entation and mobility tools; give PVI training on orientation
and mobility technology; change personal and social circum-
stances; and evaluate social influences. The aforementioned
questionnaires and interviews [87], [88], [89], [90], [91], [92],
[93] are focused on particular facets of the PVI’s navigation
activity, which is crucial to fully comprehend these facets.
However, none of them covers critical aspects of the journey
such as crossing a road and understanding surrounding visual
features.

Many researchers have conducted their investigation into
the suitability of certain types of navigation and wayfind-
ing devices. For example, Arditi and Tian [94] conducted a
short questionnaire with a group of ten PVI. The aim was
to study the needs and preferences of a group of PVI who
used a wearable camera-based navigation and wayfinding
device in their journey. They mainly focused on the way users
received and sent the information through the user interface.
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Similarly, Limin [95] and Mauro et al. [96] conducted ques-
tionnaires about outdoor navigation for PVI. They focused on
the outdoor travel experience, mobile phone usage, and GPS
navigation tools. These questionnaires were not focused on
understanding the outdoor navigation process, instead, they
studied specific types of supportive tools.

To sum up, each of the previous surveys covers different
aspects of PVI’s requirements. However, we discovered that
there are three important gaps in the literature. First, we were
not able to find a survey that addressed the details of the
preparation stage of an outdoor journey, even though they
are critical for PVI navigation. And second, we did not
find investigations covering the navigation piece of locating
and using safe crossing points at street junctions (intersec-
tions). Additionally, we were unable to find a published study
that addressed utilizing various forms of public transit and
requesting assistance while doing so.

ill. METHOD AND FOCUS GROUP

This section is divided into two parts. In the first part, the
details of the methodology of this survey are discussed. In the
second part, the participants’ responses to our questionnaire
are presented. The questions are grouped into six categories:
outdoor navigation activity, navigation support, outdoor nav-
igation hazards, journey preparation, crossing a street inter-
section and surrounding visual features.

A. METHOD

We conducted the questionnaire as part of a large study
project on supporting PVI during outdoor navigation. Our
first step in our work analysing this domain was to study the
scope of outdoor assistive navigation systems. Our second
step was to collect the experiences and requirements of PVI
during outdoor navigation.

The purpose of the questionnaire is to understand what
problems PVI face in the navigation environment, both when
planning and while undertaking their journey. During the
design phase of the questionnaire, we worked with the NCBI
to identify appropriate questions regarding outdoor naviga-
tion as experienced by PVI. The questionnaire contained free-
text questions, in addition to multiple-choice, and check-box
questions. This approach was used to ensure the participants
were given sufficient flexibility and freedom to convey their
concerns regarding navigation. This includes inquiries on the
type of environmental information PVI look for, how they
prepare for a journey, what kind of assistance they require
along the way, and the challenges they face.

The questionnaire was conducted in Ireland in the English
language. To be able to take part in the study, participants
were asked to confirm that they had read and understood the
provided information about the project and data protection
statement. As the data is anonymous, any reported findings
are also anonymous. This study design was approved by the
Ethics Committee of the Technological University Dublin
(TU Dublin).
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TABLE 2. Characteristics of the participants with blindness or visual
impairment.

Characteristics Participants
Information of vision impairment(%)

- No vision 6.12%
- Light perception only 16.33%
- Loss of peripheral vision 38.78%
- Loss of visual acuity 46.94%
- Neurological vision loss 12.24%
- Difficulty with light adaptation/ glare -sensitivity | 51.02%
- Difficulty with depth perception 44.9%
- Other 24.49%
Geographical distribution(%)

- City or close to city 42.9%
- Rural or close to a town/village 55.1%
- Remote area 4.1%

- Other 2%

The questionnaire was prepared and carried out in collab-
oration with the NCBI. Given the COVID-19 environment
at the time, it was decided to conduct the survey remotely,
delivering the survey request by email to the NCBI service
users. The NCBI reviewed the questionnaire as part of the
survey development. With their expertise, they ensured that
the questions were meaningful to PVI. The PVI participants
responded to the questionnaire online.

The survey was promoted via Twitter and LinkedIn.
A direct email was also sent through an Advocacy Net-
work and promoted via the external NCBI Labs technology
newsletter (approximate readership of 550 per week), and
via the Labs Podcast. The survey users may have some bias
towards those with good tech literacy to access email/social
media.

As we seek to define the needs of PVI in outdoor naviga-
tion, we analyze the comments of participants and propose
solutions. Free text questions were answered by part of the
participants. The percentages of the participants in these
questions are calculated based on the number of PVI who
replied.

B. PARTICIPANTS

The questionnaire was open for three weeks and during that
time we collected responses from 49 participants. We col-
lected information on participants by asking them about
their level of vision impairment, their demographic location,
their age bracket, and the length of their vision impairment.
Some responses to these questions are described below (see
Table 2).

1) DESCRIPTIONS OF VISION IMPAIRMENT

The participants had the option of selecting multiple descrip-
tions of their vision impairment: 6.12% of respondents have
no vision, 16.33% of respondents have light perception,
38.78% of respondents have a loss of peripheral vision,
46.94% of respondents have a loss of visual acuity, 12.24% of
respondents have neurological vision loss, 51.02% of respon-
dents have difficulty with light adaptation/glare sensitivity,
44.9% of respondents have difficulty with depth perception,
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Q4: For how long have you been blind or had a vision
impairment?

@ From birth {congenital)
@ Less than 5 years

Between 5 and 10 years
® Between 10 and 20 years
@ ore than 20 years

\

38.8%

FIGURE 2. The period of time that individuals were blind or partially
blind before taking the survey.

Q2: What age bracket do you fall into?

® 181030
AT @ 311049
e © 501064

@®65t075
® 751080
® 80+

FIGURE 3. Percentage of participants in each age bracket.

and 24.49% of respondents have other descriptions of their
vision impairment.

2) LENGTH OF VISION IMPAIRMENT

The length of time that each person has been blind or has a
vision impairment varies, as shown in Figure 2. 38.78% of
subjects are PVI from birth (congenital), 8.16% of subjects
are PVI for less than 5 years, 10.20% of subjects are PVI for
a period between 5 and 10 years, 16.33% subjects are PVI
for a time of 10 and 20 years, 26.53% subjects are PVI for a
period more than 20 years.

3) GEOGRAPHICAL DISTRIBUTION

Participants were grouped according to their geographical
distribution: 55.1% of them live in rural or close to a
town/village while 42.86% participants live in a city or close
to a city. Just 6.12% of respondents live in remote or other
areas.

4) AGE BRACKETS

The participants fall into different age brackets: 16.33% of the
participants are between 18 and 30, 44.9% of the participants
are between 31 and 49, 14% of the participants are between
50 and 64, 8% of the participants are between 65 and 75, and
2% of the participants is between 75 and 80 (see Fig. 3).

IV. SURVEY RESULTS

In this section, we analyze and discuss the questions
and the participants’ responses. We grouped questions
according to their focus as shown in the following
subsections.
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A. OUTDOOR NAVIGATION ACTIVITY

The purpose of the questionnaire is to understand what lim-
itations PVI encounter when navigating and how this can be
used to identify improvements. First, we asked them about
how frequently they walk alone in an outdoor environment
to familiar destinations, such as work or the store, as well as
to unfamiliar destinations. According to the responses, 73.5%
walk alone (summation of positive answers) to familiar places
on a daily and weekly basis (see Fig. 4). On the other hand,
only 22.5% travel alone to unfamiliar destinations on a daily
and weekly basis.

PVIindependence rises when they are acquainted with the
location in outdoor navigation (see Fig. 4). While 38.8% of
participants walk alone to familiar destinations on a daily
basis, only 8.2% of them do so in unfamiliar destinations.
According to the responses, the number of participants who
never walk alone in an unfamiliar place (26.5%) is more
than double that in familiar areas (10.2%). This indicates the
loss of independence that comes with not knowing the areas,
pointing towards a need for better environment information
to increase this confidence and ability to visit new places
independently.

Public transportation is a key component of outdoor nav-
igation, enabling longer journeys than pedestrian-only, and
thus, enabling PVI to be further integrated into society.
We asked participants about the means of transportation they
regularly use. In this question, the participants could choose
more than one option. According to the answers, 63.3%
prefer to use the bus as a means of transportation and only
18.4% need sighted-guide assistance during the journey (see
Figs. 5 and 6). 32.6% is the summation of infrequent users
or those who never use public transport which means that
they do not travel independently for anything other than a
pedestrian-length journey (see Fig. 5). Other factors influence
this outcome. For example, the bus network in Ireland is
larger than the tram (Luas in Ireland) and train networks
inside the same city, bus stops are street-based and generally
accessible, and bus journeys tend to be less expensive than
taxi or train journeys. Obviously, even for sighted people,
aeroplane usage is for rarer longer journey trips.

For PVI, using public transportation systems is a com-
plicated task as it entails a series of steps such as finding
a stop/station, buying tickets, and finding the correct ser-
vice [4]. Figure 7 shows that the number of people who
use public transportation on a regular basis is inversely pro-
portional to the percentage of people who need assistance
using the same mode of transportation. This could be due
to a variety of circumstances. If PVI used a transportation
mode more frequently, they would become more familiar
with it and better able to board and disembark with ease
(see Fig. 7). In addition, the type of station has an impact on
the accessibility of required services. For example, at a bus
stop, the ‘Finding the Correct Service’ step is about catching
the correct bus for the destination when it arrives at a bus
stop [97], [98], [99], [100]. In contrast, in an airport or in a
huge train station, this step is more difficult [37], [101].

14653



IEEE Access

F. E-Z. El-Taher et al.: Survey on Outdoor Navigation Applications for People With Visual Impairments

Combination of Q5: How often would you walk alone outdoors to a familiar location? and and Q6:How often
would you walk alone outdoors to an unfamiliar location?

B A familiar location

40% 32:70%

26.50%
30%

18.40%

20%

10.20% 10.20%

6.10%

10%

0%
Less than once a
month

Never
month

[ An unfamiliar location

Several times per

38.80%

26.50%

14.30%

0.00%

At least once a
week

Multiple times per
week

Daily

FIGURE 4. The change of independence in outdoor navigation based on destination familiarity.

Q7: Do you regularly use any of the following means of public transportation? (Multiple choice)

80%

0,
60% 63.30%

0
40% 42.90%

0,
20% 22.40%

0%
Bus Train Tram

20.40%

lam an No. | never use
infrequent user public transport

Taxi Aeroplane

FIGURE 5. Percentage of public transportation types used regularly.

Q8: Do you require sighted-guide assistance at any point along your journey when you use these modes of public

transport? (Multiple choice)
60%
40%
32.70%

20%

0%

No. | am
independent.

| require assistance
to travel by bus
train

| require assistance
when traveling by

22.40%
2.00%

No. | never use
public transport

| require assistance | require assistance
when taking the tram  when taking a flight

FIGURE 6. Percentage of requiring sighted-guide assistance by means of public transportation.

1) SUMMARY AND IMPLICATIONS

It can be stated that the level of independence with which PVI
navigate to various destinations differs substantially depend-
ing on whether or not they are familiar with the journey route.
They are more likely to be confident navigators when they are
in familiar surroundings. This emphasizes the PVI’s need to
become better familiar with the environment before embark-
ing on their journey. Knowing the route to the target desti-
nation, especially if it is unfamiliar, is insufficient. To navi-
gate independently, PVI need further information about the
environment, which will be confirmed in Section IV-D. This
opens a new area of research in the navigation assistive sys-
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tem to enable PVI to acquire information about the navigation
area.

Amongst PVI, the bus is the most popular mode of
transportation in Ireland. PVI may rely on a sighted guide
to use public transport, reducing their independence. Gov-
ernments can improve the accessibility of transportation
options to help PVI become more self-sufficient. Disabil-
ity service providers could teach PVI how to use vari-
ous modes of transportation. Since there is no assistive
outdoor navigation system that supports PVI in using all
modes of transportation [4], this is a promising research
subject.
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B. NAVIGATION SUPPORT

The following questions focus on discovering the different
types of supportive methods that PVI use when accessing a
community on foot.

We define technology here to refer to any form of elec-
tronic device or mobile application that is used to support
PVI when travelling within the community. 61.2% of the
participants use PVI-focused technology (see Fig. 8). Also,
20.4% of the participants would like to use technology but
they did not receive any training. The others either refuse to
use technology or do not have access to it. The high expense
of technology, its reliability, and its complexity could explain
why some individuals do not use it [6], [85], [91].

To understand their level of independence, we asked about
the kind of support that they use. 42.9% of the participants
are not independent on their pedestrian journey, i.e., they
depend on sight-guide assistance. A long cane is the most
popular supportive device used by 40.8% of the participants
(see Fig. 9) followed by mobile applications (34.7%). After
analyzing the responses based on the sort of information the
supportive methods supply to PVI, we can see that PVI relies
on long canes and guided dogs to avoid obstacles.

We also asked participants to define which device or
mobile application they normally use. This was a free-text
question to allow them to write the name of the device
or mobile application they use. For this question, we got
responses from 63.27% of the participants. We extracted the
used application and device from the answers. While we
asked them about devices or mobile applications they used,
only a few SSDs were mentioned such as a magnifier, Trekker
Breeze (a talking GPS for people who are blind or have low
vision), a large screen, AirPods, or bioptic glasses. The rest of
the answers are the names of mobile applications. Only one
of the participants did not mention any mobile applications
and depended on Trekker Breeze for navigation. Most of
them rely on Google Maps to support them in travelling (see
Table 3). Google Maps does not provide information such
as street layout, which is required by PVI. Despite these
limitations, Google Maps’ advantages include the integration
of public transportation and pedestrian routes, the accuracy
of the data points, and the tool’s relative accessibility [91].
Other aspects that may influence choices for using sensory
substitution devices and software are their cost, reliability,
and complexity [6], [85], [91]. According to the answers,
35.5% of the respondents use more than one application. This
is aligned with the responses of participants in interviews with
Kameswaran et al. [91] and Williams et al. [6]. PVI relied
on a variety of technologies and apps to navigate because
they required different forms of assistance in different situ-
ations [6], [91].

1) SUMMARY AND IMPLICATIONS

During outdoor navigation, the majority of PVI rely on
an electronic device or a smartphone application. Nearly a
quarter of the respondents do not utilize technology, either
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TABLE 3. Percentage of used technology to support travel in the
community.

Used Technologies Percentages
Google Maps 54.84%
Electronic Time tables | 12.90%
Soundscape 6.45%
Apple map 6.45%

Be my eyes 6.45%
Blind square 6.45%
Other 35.48%

because they need training or because they do not have tech-
nological equipment. The provisioning of training support
may be an important factor for a user to use navigation-
assistive technology.

Many PVI (42.9%) depend on the sighted guide’s assis-
tance in outdoor navigation. This means PVI are not inde-
pendent and the sensory substitution devices are not enough
to support them. We can state that PVI rely on long canes
and guide dogs to avoid obstacles. Google Maps is a popular
option for helping PVI to navigate outdoors.

C. OUTDOOR NAVIGATION HAZARDS

The following questions are related to hazards that PVI face
during outdoor navigation. Avoiding obstacles in a real-time
navigation phase is a constant problem for PVI. It entails
assisting PVIin avoiding collisions with stationary or moving
street objects, whether on the ground or on a raised level,
to reduce harm, distress, and loss of confidence. The majority
of assistive navigation systems provide obstacle avoidance
functionality [4]. First, participants were asked about their
confidence in avoiding obstacles and street furniture (e.g.,
benches, bins, bus stops, or sandwich boards). According
to the answers, nearly half of the participants do not feel
confident in avoiding obstacles.

Related to the frequency of injuries when walking in pub-
lic, 63.2% is the summation of the participants that have been
injured at least once when walking in public areas, confirm-
ing the reason why they do not feel confident in avoiding
obstacles. Only 36.7% of the participants did not get injured
(see Fig. 10). This could be because the participants did
not use a recent supportive navigation tool/app that provides
information about road obstacles, the type of used supportive
navigation device or app is unable to detect all types of
obstacles, or simply that the situation was extremely difficult
to navigate for a PVI regardless of assistive tools.

To understand more about the obstacles that they face on
the road, we asked them to describe details of the event(s)
when they were injured. This was a free-text question.
We got a variety of responses including details about a single
event, details about multiple events, and a list of obstacles.
For this question, we received responses from 59.22% of
the participants. We extracted and compiled the obstacles
from the answers. The most common responses are uneven
pavements/ground, poles, and hanging trees/branches (see
Table 4). The nature of these obstacles varies based on the
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Combination of Q7: Do you regularly use any of the following means of public transportation? and Q8:
Do you require sighted-guide assistance at any point along your journey when you use these modes

of public transport? (Multiple choice)
80%

B Usage

0,
60% 63.30%

40%
? 42.90%

20%
0%

Bus Train

I Needed assistance

Tram Aeroplane

FIGURE 7. The difference between the percentage of usage and the required assistance at public transportation.

Q10: Describe your use of technology to support your
travel in the community.

@ | choose not to use technology
@ | don't have access to a smart phone

| would like to but | haven't had training
@ | currently use it

FIGURE 8. The percentage of PVl who use support technology while
travelling in the community.

TABLE 4. Percentage of hazards that cause injury for PVI (Free-text
question).

Hazards Percentages
Hanging trees/branches 24%
Poles 24%
Uneven pavements/ground | 24%
Tied bike/scooter 17%
A bike/scooter rider 14%
Bins 14%
Cars 14%
People 10%
Steps 10%
Bollards 7%
Signs T%
Other 48%

level and the movement. Some are at head or waist level, such
as hanging trees/branches, and others are on ground levels,
such as uneven pavements/ground, bins, steps, and bollards.
Some obstacles are moving barriers, such as cars and people,
while others, such as poles and tied bikes and scooters, are
stationary.

1) SUMMARY AND IMPLICATIONS

Nearly half of the participants did not feel confident in
avoiding obstacles. The majority of PVI have been injured at
least once while walking outdoors. There are different types
of obstacles that PVI mentioned in their responses. These
obstacles are at different heights and can be static (bollard)
or dynamic (bike rider). Other road users’ behaviours are to
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blame for some of these obstacles such as tied bikes, scooters,
and cars.

Supportive institutes can provide training for PVI that
includes methods and approaches for avoiding obstacles. The
public’s awareness can aid in reducing the number of imped-
iments in the natural environment. PVI must avoid obstacles
at all levels (head, knees, and ground) and movement statuses
(static and dynamic). Despite the fact that there are several
obstacle avoidance systems, each one only covers a small
number of obstacles [4]. This is an active branch of research in
navigation assistive systems. Cost, complexity, and precision
must all be considered during the design process.

D. JOURNEY PREPARATION

Preparation for an outdoor navigation journey is a logical
step for everyone to ensure that the correct route is taken
on any journey. PVI participants depend on different ways
to plan their journeys such as journey planning apps, website
information, and a sighted person. For PVI, the most popular
way is journey planning apps (see Fig. 11).

We asked the participants to describe other ways in which
they plan their journey, if relevant, via a free text response.
Less than half of the participants (46.9%) answered this
question. The majority of them confirmed that they walk
on their own after preparing their journey using one of the
following methods: a navigation app, asking a sighted person,
and depending on their memory.

PVI use a mental map in their navigation activity [83],
[86], [92], [102]. A mental map is a route representation
using high-level spatial processing that includes a survey-type
image of the environment for efficient mobility between
sites [92], [103]. Participants interviewed by Hersh [92]
defined three advantages of using mental maps. First, mental
maps are employed to organize information and provide hints
about what is to come. Second, participants can determine
the optimum path using mental maps. Finally, mental maps
assist participants in comprehending the answers of sighted
individuals when seeking assistance from sighted people.

Travel aids can be thought of as information process-
ing devices that collect data from the environment and
provide it to the user in a useful fashion [92]. Previ-
ously, Banovic et al. [86] discovered four forms of spatial
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Q9: What supports do you use, when accessing a community on foot? (Multiple choice)
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20%
10%

10.20%

0%

Long cane Guide dog Support cane Electronic Monocular or ~ Mobile apps  Sighted-guide No support

or symbol travel aid (eg. magnification (eg. Google
cane Buzz Clip, devices maps,
Sunu Band, Lazarillo, Be
Smart Cane) My Eyes)

FIGURE 9. Percentage of used supportive methods when accessing a community on foot.

Q13: Have you ever been injured when walking in public?

@ Never
® Yes —once
Yes — multiple occasions

FIGURE 10. The percentage of the participants who were injured when
walking in public.

information users learn about their environment: high-level
information; safety; navigation; and places and activities of
interest. For more details, we inquired about the kind of infor-
mation PVI need to have before embarking on its journey.
According to Figure 12, the top five important pieces of
information for participants respectively are; whether there
is a pavement, public transport information, street crossing
point (e.g. zebra crossing), whether there are traffic lights at
a junction, and street junction location and type.

Challenges in outdoor navigation had been the subject
of previous surveys [95], [96]. Our results introduce new
details about the type of needed environmental information
to overcome these challenges. Most of these challenges can
be overcome by providing PVI with information about the
outdoor environment at various stages of the journey. For
example, before embarking on their journey, PVI can be
given information regarding public transition stops, traffic
signals, sidewalks, and pedestrian crossing places. During the
journey, information on a building’s entry, stairs, obstacles,
and holes could also be provided.

1) SUMMARY AND IMPLICATIONS

According to respondents, planning a journey in advance is
an essential part of the trip. The findings reveal a variety of
approaches used by PVI to assist throughout the planning
stage. Environmental data must be provided ahead of time
for the preparation stage.
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The technology could be very useful in detecting environ-
mental data and providing it to PVI during planning time.
This information could boost route selection flexibility by
allowing the inclusion or exclusion of roads based on PVI
preferences.

E. CROSSING A STREET INTERSECTION

To get to planned destinations, the ability to crossroads safely
is critical. For PVI, intersections are considered one of the
main challenges during outdoor navigation [6], [85]. We need
to know the level of information about a street intersection
that is useful for participants. The most significant informa-
tion for PVI is whether or not a street intersection is controlled
by traffic lights and whether or not it has a pedestrian island
or refuge (see Fig. 13). In Ireland, traffic light-controlled
intersections typically include pedestrian lights, and tactile
controls with audio feedback to indicate when it is safe for
PVI to cross the intersection.

In a survey by Nagraj et al. [85], participants based in India
explained their situation regarding crossing busy highways.
The justification for crossing was that it was either the quick-
est route or that they were unaware of other options (e.g.,
pedestrian crossings or bridges over highways). We asked
our participants about the strategy that they use to cross a
road in a free text question. These responses were aggregated
and summarized to define the common strategy. PVI depend
on sighted people and audible light when crossings a road.
If unavailable (no sighted people and no audible pedestrian
crossing), they wait for traffic to stop or walk until finding
a traffic light in another intersection area. In general, this
matched the Indian participants’ road-crossing method. How-
ever, the Indian participants stated that they cross the road
even if there are no pedestrian crossings or highway bridges,
whereas the Irish participants did not mention that.

1) SUMMARY AND IMPLICATIONS

For a street intersection, the presence of traffic lights and/or
a pedestrian island, and the layout of the intersection are
key pieces of information for PVI. Overall, PVI respondents
use consistent approaches for crossing the road. Sighted
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Q15: How do you prepare for undertaking a journey? (Multiple choice)
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FIGURE 11. Percentage of used journey planning methods.
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Google Maps)

Website information Other

Q17: What information would you like to know before embarking on your journey? (Multiple choice)
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FIGURE 12. Information required before embarking on a journey by the percentage of respondents.

Q18: What level of information is helpful to know about a street intersection? (Multiple choice)
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junction. Y lanes island or
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or other)
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(Audio-tactile)

12.20%
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FIGURE 13. Information required about a street intersection before embarking on a journey by the percentage of

respondents.

individuals and audible light are essential for PVI to cross
the road. They wait for traffic to stop or walk until they find
a traffic light in another intersection location if there are no
sighted individuals or audible pedestrian crossings.
Detecting information about intersections automatically is
a promising research topic. New approaches such as deep
learning can be used to detect intersections from satellite
images. Governments must consider PVI’s needs while con-
structing intersections by including audible traffic lights.
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F. SURROUNDING VISUAL FEATURES

For PVI, the objective of the environment understanding task
is to be able to get a picture of their physical surroundings in
real-time. This refers to the ability of PVI to read signs and
understand their immediate environment. Our aim is to find
out more details about what type of visual information PVI
can access. We asked them about their ability to access road
signage information as free text. We read and aggregate the
answers. The responses showed that 59% of them cannot see
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Q22: If so how does it impact you?

@ Reduced confidence

@ Limits independence
Compromises my safety

@ Near-miss

@ Caused injury

_—— |

FIGURE 14. Percentage of the impact of temporary changes to the road
and pavement on PVI.

road signage, 22.4% can, and the rest sometimes (it is unclear
if this is because they can see under certain circumstances or
because help is available).

On unfamiliar roads, the chances of mistakes, confusion,
or simply getting lost might cause a breakdown. Another
cause of the breakdown is the changes in the environment
such as a tree that once served as a landmark might have
been taken down; a sidewalk might be closed for develop-
ment; and the weather might make some paths more difficult
to navigate [83]. In a free text question, we asked PVI to
describe the difficulty of accessing temporary changes on the
road. According to the answers, 67.3% of them face prob-
lems accessing information about temporary changes such
as when a road is closed during construction work. Current
assistive navigation systems are unable to detect changes
in the surroundings, let alone redirect navigators when they
occur [4], [83].

PVI are affected in several ways by the difficulty of access-
ing temporary modifications on the road. In relation to this
question, 22% of them indicated that it reduced their con-
fidence in taking a journey, a further 24.4% of the partic-
ipants found that modifications limited their independence,
29.3% of the participants expressed that their safety had been
compromised, 22% of the participants had experienced near-
miss, with a further 2.4% of the participants being physically
injured (see Fig. 14).

The next question was about accessing information related
to immediate walking areas such as crowded roads, shops
on each side, or a construction area on a roadside. Almost
80% of the participants thought it would be helpful to have
confirmation of what environmental features are around (see
Fig. 15).

In another question related to external factors, the partic-
ipants confirmed, as shown in Figure 16, that the increase
in bicycles, e-scooters, shared spaces, and cycle lanes have
a negative effect on their confidence.

1) SUMMARY AND IMPLICATIONS

During outdoor navigation, temporary changes in the road or
surface have a negative impact on PVI. Most of them are
unable to access temporary adjustments or interpret infor-
mation posted on signs. PVI emphasizes the importance of
having access to information about the surrounding area dur-
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Q23: Would it be helpful to have confirmation of what
environmental features are around you?

® Yes
@ Maybe
No

FIGURE 15. Percentage of PVI who confirm the need for environmental
features.

ing navigation time. Bicycles and e-scooters undermine PVI’s
confidence.

Teamwork between governments and navigation apps/
websites is required to notify and reroute PVI when tempo-
rary changes happen. PVI could be provided with knowledge
about surroundings and read signs through the development
of a current navigation assistive system. Governments should
construct a separate lane for bicycles and e-scooters to offer
a safe environment for PVI.

V. DISCUSSION OF OUR STUDY

After analyzing the questionnaire’s responses, we highlighted
the key findings from PVI responses and we also discuss the
main limitations.

A. MAIN FINDINGS

The survey shows that 10.2% of the participants do not walk
alone even in familiar places. In addition, more than a quarter
of the participants never walk alone in unfamiliar places. This
finding is consistent with previous research on PVI outdoor
navigation [83], [95]. Also, the increase in the number of
PVI who travel alone in well-known locations is back to
using mental maps for familiar routes [83]. This indicates
that the used assistive technologies are insufficient for fully
independent outdoor navigation, with 42.9% of the partici-
pants dependent on sighted assistants in outdoor navigation.
The total percentage of infrequent or never-users of public
transportation—those who never travel for distances longer
than a short walk—is 32.6%.

Additionally, 61.2% of participants employ PVI-focused
technology. Similarly, existing research has shown that the
majority of PVI use technology during outdoor naviga-
tion [6], [95]. In this study, 2% of the participants do not
have access to a smartphone and 20.4% of the participants do
not use assistive technology during their navigation because
they do not know how to use it. Therefore, training them in
the use of technology becomes a priority to increase their
independence. Almost half of the participants do not feel
confident in avoiding hazards. For example, 46.9% were hurt
multiple times and 16.3% at least once, while walking in
a public area. This is in line with the conclusions made in
previous publications [6], [84], [86], [95], where obstacles are
listed as one of the key issues that their participants cited. This
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Q24: Has the increase in any of the following reduced your confidence to walk or access the

community? (Multiple choice)
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FIGURE 16. Effect of different factors in reducing confidence in users with blindness or visual impairment.

may indicate that the currently used assistive technologies do
not fully fulfil the function of assisting in avoiding obstacles
in outdoor environments.

PVIneed to know certain conditions about the environment
above and beyond the directions to a destination such as
whether or not there is pavement, public transport informa-
tion, street crossing points (e.g., zebra crossing), whether or
not there are traffic lights at a junction, or street junction
location and type. PVI do not have access to this kind of
information, so it is considered a promising area of work for
the research community.

The main objective of outdoor navigation assistive systems
is to help PVI commute between different points of a city.
The importance of outdoor navigation technology in PVI
travel planning is highlighted by Kameswaran et al. [91].
As explored in the literature on challenges in outdoor naviga-
tion, crossing roads is considered one of the most challenging
tasks for PVI [6], [84], [95]. PVI find it difficult to traverse
routes that include intersections, especially if the intersec-
tions do not include traffic lights. According to our survey,
79.6% of participants affirm that knowing if an intersection
is controlled by traffic lights is essential, and 59% of partic-
ipants cannot read the road signage. Most of the participants
cannot access information about temporary changes in the
road and pavement because this information is not available
on websites or journey planning apps.

This finding aligns with the literature as updating PVI
about changes in the environment is not yet possible [83],
[86], [96]. Based on our survey results, lack of access to infor-
mation about environmental changes has a variety of negative
implications on PVI, including reduced confidence, limited
independence, compromises of safety, and an increase in near
misses. Also, most participants agree that knowing about
nearby environmental characteristics, such as busy roads and
shops, is also beneficial.

B. LIMITATIONS

Our study has some limitations. First, there is an unbalanced
number of respondents who live in various geographic loca-
tions, have various types of vision impairment, have been
visually impaired for varying periods of time, and are of vary-
ing ages. This may introduce some biases in the responses.
For example, the bulk of the participants (75.23%) is under
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the age of 50, probably because young users are more likely
to fill out a survey online. This may have an impact on the
type of supportive devices/applications PVI use during travel
in the community as younger people are more likely to use
phone applications.

Our survey is conducted with PVI with navigation experi-
ence in Ireland. Other countries may have different nuances,
such as the behaviour of pedestrians around jaywalking
versus using traffic lights, the availability of traffic lights
with PVI-friendly controls, and the cultural level of accep-
tance and ad-hoc support for PVI when venturing out alone.
We acknowledge such nuances exist and that our findings
should be considered with these differences in mind.

There is uncertainty about the number of PVI who do
not use public transportation. When PVI are asked about
the kinds of public transportation that they use on a regular
basis, 10.2% of the participants stated that they do not utilize
public transportation. In contrast, when we inquired about
the need for assistance in public transportation, only 2%
of the respondents answered that they do not utilize public
transportation.

The amount of information visually impaired people can
learn before and during their journey depends on a variety
of factors, including user skills, navigation aids, changes in
the environment, frequency of visits, and familiarity with the
area [86]. The impact of these variables was not investigated
in this paper.

VI. PROPOSED SOLUTION

This section discusses our proposed structure for a solution
for PVI support during outdoor navigation. In the ideal world,
a unified technical solution that contains all mapped envi-
ronment information to support journey planning would be
available - alongside a second or same solution to support
real-time navigation. Such a solution is emerging from the
research and technical community in a fragmented fashion,
as individual parts of what needs to be addressed.

Our goal is to find the safest and most comfortable route
between the start and destination points for PVI in outdoor
urban environments. As shown in Figure 4, 38.8% PVI walk
alone daily and 26.5% do it multiple times a week. This
means that 65.3%, travel on their own and therefore, they rely
heavily on technology to navigate. They also walk in familiar
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locations (only 8.2% go to unfamiliar locations daily and only
14.3% do so once a week).

For PVI, crossing the street is a difficult task. To sup-
port PVI safety, we define the safest path as the route that
has the most controlled intersections (intersections that have
traffic lights). Controlled intersections support people dur-
ing crossing roads, especially PVI. People depend on their
vision to perceive surroundings information and make the
best judgment about the right time to cross the road. Crossing
the road without traffic lights is extremely perilous for PVI.
Until they get to a junction, many times PVI do not know
whether it is controlled by traffic lights. If PVI were able to
receive information about intersections and traffic lights (an
offline stage), they could choose the route with a maximum
number of controlled intersections. Our proposed solution
for suggesting the safest route to PVI combines developing
approaches in an offline stage with generating an online
enhancement routing algorithm.

The offline stage and the routing online stage are the two
key steps of this solution. The information about the location
and type of intersections and if traffic signals can be detected
is done in the offline stage. Satellite and street view images
can be used to detect this information using state-of-the-art
deep learning models. This data can be added to existing
maps. Pre-defining controlled intersection information gives
flexibility to the routing phase by allowing users to select
roads based on their preferences.

A. STRUCTURE OF OUR SOLUTION

In this subsection, we explain the structure of our solution
using the diagram shown in Figure 17. According to Q15 (see
Fig. 11), most PVI prepare their journey using a website or an
application, therefore we proposed a navigation application
that covers the main aspects that have been highlighted in our
survey.

Our solution is structured in four different phases. The
first one focuses on gathering and structuring the data so that
when the user plans to undertake a journey, the system can
recommend the most suitable one. The other three phases are
executed just before, during, and after the user decides to take
a journey. Our solution is compatible with other SSDs such
as canes and guide dogs that PVI already use according to Q9
(see Fig. 9).

1) PHASE 1: BUILDING STATIC MAP

In this phase, information about roads is extracted from satel-
lite images. Using computer vision and ML is possible to
automatically create maps that can be used when calculating
the best route for PVIL.

The following activities can be performed using ML:

« Detect intersections, traffic lights, and crossroads:
Based on Q17 (see Fig. 12), PVI need information
mainly about street intersections, crossing points, and
traffic lights. Traffic lights include a sound signal that
alerts PVI when they can cross. Based on Q18 (see
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Fig. 13) knowing if the traffic lights had a sound signal
is the most important information with 79.6%.

« Detect and evaluate the pavement: According to Q17
(see Fig. 12), the most important thing for PVI before
embarking (with 75.5%) is whether or not there is a
pavement on the ground. There is a special kind of
surface designed for PVI called tactile pavement that
uses different textures (corduroy, blister, stripes...) to
assist PVI in their navigation.

« Detect static obstacles and cycle lines: According to
Q17 (see Fig. 12), 51% of the users find it difficult to
detect if they are walking over a cycle line. Cycles lines
are becoming more popular in cities as a strategy to
combat climate change [104], so presumably, there will
be more in the coming years, and it could become an
important factor for PVI outdoor navigation. According
to Q24 (see Fig. 16), the increase in bicycles, e-scooters,
and cycle lines impacts the confidence of PVI in a
negative way.

o Collect public transportation information: Informa-
tion about public transport is one of the priorities of PVI
according to Q17 (see Fig. 12). This fact is confirmed
by other publications [105]. PVI need to know where the
stop is (location), when the vehicle arrives (timetables),
which one is the right vehicle (vehicle identification),
or when to get off the vehicle (destination arrival).

2) PHASE 2: BEFORE JOURNEY

The journey planning phase involves determining travel
routes between the starting and ending points. Users can
choose the route between two points or between their location
and destination. The journey planning phase contains tasks
such as localization and route selection, temporary changes,
estimating human density, and estimating the best routes.

o Set start and destination points: Setting the starting
and finishing point might seem pretty obvious but PVI
struggle to do so. According to Q10 (see Fig. 8) 61.2%
already use technology, but there is still a large percent-
age (20.4%) that would like to use it but cannot because
they need training. Again, it is not just building the app,
we need to teach PVI how to use it. Some of them may
find it more difficult due to their advanced age.

o Check temporary changes in the area: According to
Q22 (see Fig. 14), temporary changes in the road or
pavement are a great threat to the PVI’s safety and also
limit their independence. Facilitating this information is
key for the safety and comfort of PVI.

« Estimate human density: According to Table 4, 10% of
the injuries have been caused by colliding with pedestri-
ans. Other studies confirm that crowded areas make it
difficult for PVI to interact with crowded areas because
they have to avoid bumping into someone while using
the mobile device at the same time [106]. Preventing PVI
from navigating high human-density areas makes their
journey more comfortable and prevents injuries.
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FIGURE 17. Proposed structure for the solution for PVl outdoor navigation composed of four different

phases.

o Calculate the best possible routes: The best route
should be calculated considering all the important things
that make a journey safe and comfortable for a blind
person. There is a trade-off between safety and distance,
and sometimes PVI users will need to decide based on
the different options. For example, if one route is twice
the distance of the other but the longer one has tactile
pavement, which one should the system recommend?

3) PHASE 3: DURING JOURNEY

The purpose of this phase is to support PVI during their navi-
gation in real-time. This includes environment understanding,
obstacle avoidance, crossing roads, and using public trans-
portation.

« Obstacle avoidance: Avoiding obstacles is one of the
main priorities an app should have since, according to
Q13 (see Fig. 10), 46.9% of the participants have been
injured multiple times during the navigation. Table 4
suggests that some obstacles could be removed if they
were reported such as hanging trees and branches, poles,
or bins. Those will always be in the same position,
and they can be removed. Alternatively, PVI can get
a warning message when navigating near an obstacle.
There are other obstacles such as parked cars, motor-
bikes, and bikes that are more difficult to avoid since
they appear for little time (normally a few minutes/
hours).

o Understanding surroundings: It is very important for
PVI users to have information if they are going through
a park, a pedestrian area, a crossroad, etc. And if there
is an intersection, they would like to know how many
roads the intersection has and if cars are coming in one
way or both ways.

« Using public transport: PVI in Ireland prefer to travel
by bus and according to Q7 and Q8 (see Fig. 7), it is also
the transport they required less assistance (only 18.4%).
Additionally, according to Q17 (see Fig. 12 ) in which
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73.5% require information about public transportation
before embarking on a journey. This fact is also con-
firmed by other publications [105]. PVI prefer to know
the timetables and when their bus arrives rather than
having to rely on other passengers.

o Crossing roads: According to Q18 (see Fig. 13) the
information related to street intersections is especially
sensible for PVI since it is here where there is more risk
of having an accident. Having information in advance
about the number of lanes, if there is a pedestrian
refuge/island, if the traffic lights include sound signals,
and so on, is also very important for them.

o Mark obstacles to warn other PVI: Reporting an
obstacle such as a fallen tree, a bench, or any other obsta-
cle, can prevent PVI from crashing in their future travel
by giving them a warning message when they are near
that location. As can be seen in Table 4, there are a lot of
obstacles that could harm them. And according to Q13
(see Fig. 10), 46.9% of PVI have been injured multiple
times. Reporting obstacles can be done in collaboration
with sighted people.

o Collect Statistics: This step gathers some statistics
about the journey such as time, average speed, time
stopped, and number of stops, among others.

4) PHASE 4: AFTER JOURNEY

In order to improve and refine the system we need
to ask users for feedback on different aspects of their
journey.

+ Request feedback about distance, comfort, and
safety: Asking PVI about their experience on their jour-
ney helps to update the information for improving the
route suggestions in the future. There will be questions
like the quality of the route if a larger distance justifies
safety, if there was any obstacle, if there was tactile
pavement, if the access was easy, or if they felt uneasy at
some point in the journey. Information about the level of
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crowding in the areas is also relevant. Finally, we suggest
including a text box in case users want to report anything
else.

VII. CONCLUSION

This paper adds to the body of knowledge on outdoor navi-
gation for PVI by providing in-depth information regarding
PVT’s habits and needs. It reports and discusses the responses
of 49 PVI to a study conducted in collaboration with NCBI.
The study questionnaire targeted PVI who live in Ireland. The
paper reports the responses of the participants and conducts
a deep analysis of them. After analysing the responses, the
main findings are highlighted and explained. We also intro-
duced a solution composed of four phases that include new
features and enhancements in assistive outdoor navigation
systems. We contend that our solution can improve the inter-
action between PVI and outdoor navigation systems.

The findings of this questionnaire can help the research
community, governments, support institutions, and the public
to better understand PVI’s needs to improve their interaction
with navigation apps. Our solution considers these aspects
to allow the development of more inclusive and accessible
applications in the future.

The main findings of our research are presented in the
following points:

o The research community needs a better understanding
of both PVI requirements and current gaps in meeting
those, towards producing assistive navigation systems
that match the end-user expectations. There is still work
to be done by the research community to make envi-
ronmental information available and accessible by PVI.
The research community has an important role in inves-
tigating and improving new technologies to support PVI
during real-time navigation.

o Governments, both local and national, should consider
PVI needs in environmental design and funding, such
as the provision of adequate pavements and the design
of appropriate traffic lights. We see the collaboration
between governments and providers of websites and
journey-planning apps as key to tackling the problem of
temporary changes in the environment. As a result of this
collaboration, routing apps and websites could ensure
that any changes in the environment are fed into the
route planning information sources that serve the PVI
community well. To help PVI, we suggest governments
ensure that every intersection is controlled by traffic
lights.

o The institutions that support the PVI community could
train PVI to walk alone in familiar and unfamiliar envi-
ronments. Supportive institutions can hold training to
teach PVI how to walk alone in a familiar and unfamiliar
environment and how to use technology. Older adults
tend to have the most problems with technology and
we found training them in the use of technology is
necessary.
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« For the public, greater awareness of the problems that
PVI face will make people more considerate and sup-
portive of their behaviour. The public could assist PVI
by removing obstacles from sidewalks to lessen the
likelihood of being hit and injured.

o PVI need to know more about the environment before
starting their journey such as knowing if there is a
pavement, reading public transport information, locating
street crossing points (e.g., zebra crossing), detecting a
street junction location and type, and knowing if there
are traffic lights at a junction. According to the answers,
63.2% of PVI have been injured in outdoor naviga-
tion. The participants’ responses show that PVI have no
mechanism to find out if an intersection is controlled
by traffic lights until they arrive at the intersection.
Intuitively, a lack of traffic lights at intersections makes
crossing a road a very dangerous and time-consuming
activity. PVI need training on how to use technology
during outdoor navigation to feel more confident and
independent.

For future work, we would like to design some of the
modules presented in our solution by implementing state-of-
the-art techniques in ML and computer vision. For example,
detecting intersections and crossroads from satellite images
and maps, detecting if those intersections have traffic lights,
and calculating the number of roads they have.
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