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Abstract
Urban environments, university campuses, and public and private buildings often present architectural barriers that prevent
people with disabilities and special needs to move freely and independently. This paper presents a systematic mapping
study of the scientific literature proposing devices, and software applications aimed at fostering accessible wayfinding and
navigation in indoor and outdoor environments. We selected 111 out of 806 papers published in the period 2009–2020, and
we analyzed them according to different dimensions: at first, we surveyed which solutions have been proposed to address
the considered problem; then, we analyzed the selected papers according to five dimensions: context of use, target users,
hardware/software technologies, type of data sources, and user role in system design and evaluation. Our findings highlight
trends and gaps related to these dimensions. The paper finally presents a reflection on challenges and open issues that must
be taken into consideration for the design of future accessible places and of related technologies and applications aimed at
facilitating wayfinding and navigation.
Keywords Architectural barrier · Indoor navigation · Outdoor navigation · Universal design · Urban accessibility ·
Wayfinding system

1 Introduction
Wayfinding and navigation technologies are strategic in
improving the quality of life of people. A variety of devices
and software applications are daily used by several persons
to detect their position and provide them with useful information while moving across the urban environment and
within buildings [106]. These technologies are becoming
increasingly important for people with special needs, such
as visually or mobility impaired users, to support them in
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obstacle avoidance and coping with architectural barriers.
However, the same devices and software applications can
represent a different form of barrier: if their user interface is
not accessible or not suitable for assistive technologies, they
fail in reaching the goal of providing persons with disabilities with a tool that could actually enforce their independent
living [117]. Thus, current research on wayfinding and navigation technologies should consider both types of accessibility requirements: accessibility of the urban environments
and buildings [51] and accessibility of the applications that
provide information about it (e-accessibility) [102].
A wealth of research has been conducted, along the last
decade, to study and design software and devices devoted
to improve the quality of life of users with disability while
moving across the urban environment, with the aim of shifting the smart mobility paradigm into a smart and accessible
mobility [5, 118]. Scholars provided variegate approaches
to accessible wayfinding and navigation, focused on different aspects, ranging from specific citizens’ needs (i.e., blind
users, wheelchair users [3, 16]), to different contexts of use
(i.e., indoor or outdoor [20, 27]), to specific technologies (for
instance to identify user’s position [28]), to different data
sources exploited (such as open data provided by municipalities or crowdsourced and crowdsensed data [31, 48]). In
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spite of that, the presented approaches do not seem mature
enough to be deployed in large-scale scenarios and in a pervasive fashion.
Among the several studies conducted on this field, only
very few are devoted to survey research papers (for instance
[34] and [140]) aimed at describing different approaches to
support persons with different kinds of disabilities through
systems for accessible wayfinding and navigation, to be used
in different contexts and exploiting different kinds of technological solutions. While some investigations have been
conducted with the aim of reviewing proposed technologies
(such as those presented in [93] and in [111]), the users’
points of view in terms of accessibility and usability are
generally left out by those surveys. Hence, a systematic mapping study, analyzing and classifying the research works
conducted on different dimensions characterizing this topic
(including also the target users’ needs and the roles played
by the users in the design and evaluation phases of the proposed solutions), could bring a wider and more complete
comprehension of the current state of the art.
In this paper, we present a systematic mapping study
that aims at investigating the different proposed solutions
in literature and identify the challenges that still need to be
solved. To do so, the study aims at answering this Research
Question (RQ): Which devices and software applications for
accessible wayfinding and navigation have been proposed
in scientific literature?
The final goal is to categorize and summarize the knowledge currently available in the literature about this topic,
in order to identify gaps in current research for suggesting
areas of investigation and for providing indications to novice
research practitioners in this field. The adopted methodology
is inspired to the work reported in [23, 89], and [54].
The rest of the paper is organized as follows. Section 2
presents related work, focusing on studies that illustrate similar literature analyses. Section 3 describes the methodology
that has driven our study. Section 4 presents the results of
the analysis of the selected papers. A discussion about the
conducted analysis is presented in Sect. 5. Finally, Sect. 6
concludes the paper.

2 Related work
Considering city accessibility, with a focus on sidewalks
and points of interest (restaurants, parking lots, etc.), Comai
et al. [34] present a literature review and an analysis of the
app market. They underline that literature work includes a
variety of users’ surveys and studies mostly targeted at users
with mobility impairments; in addition, the apps available
on the market usually focus on the accessibility of points
of interest (POIs). The work of Comai et al. [34], however,
examines a limited amount of literature and does not deepen
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the details of the proposals; in addition it can be considered
too dated now.
Indoor navigation for blind and visually impaired people
is considered by Wise et al. [140] who propose a set of criteria for evaluating navigation devices. Three applications are
analyzed and compared taking the previously defined criteria
into account. The work is very preliminary: it proposes an
initial basis for further exploration into indoor navigation
systems for blind and visually impaired users. More recently,
Silva and Wimalaratne [127] have presented a survey of
indoor navigation and positioning aids for the same target
users. They present an interesting taxonomy of assistive
technologies for traveling and compare the different sensor
technologies adopted for positioning and navigation, with a
specific focus on indoor positioning and sensor fusion.
Obstacle avoidance in indoor and outdoor navigation is
considered in [38], where 22 portable and wearable solutions for blind and visually impaired people are surveyed,
by underlining their advantages and disadvantages, with a
specific focus on the feedback provided to the user (e.g.,
audio, tactile). In the paper, electronic devices are classified
as electronic travel aids (ETAs), electronic orientation aids
(EOAs), and position location devices (PLDs). This classification is adopted in a more recent and extended survey [50];
here, further dimensions (e.g., coverage, time, range) are
used for an in-depth analysis of several electronic devices for
visually-impaired people. The paper [80] classifies walking
assistants for visually-impaired people in sensor-based walking assistants, computer vision-based walking assistants, and
smartphone-based walking assistants. These are described
and evaluated in the paper, on the basis of performance features concerning capturing device, feedback, coverage area,
weight, and cost. A systematic review of outdoor pedestrian
navigation systems for visually impaired people reported
in literature from 2015 to 2020 is presented in [49]; even
though the system analysis is very accurate leading to an
interesting hierarchical taxonomy, the scope of this review
is limited to one type of users moving in urban environments
only. A systematic review of solutions for blind and visuallyimpaired people is presented in [87]: 191 most relevant articles published between 2011 and 2020 have been selected
from different digital libraries and analyzed according to
different dimensions, such as approaches and technologies
proposed for navigation, hardware components used for
obstacle avoidance, and adopted performance metrics. This
is the most recent and extended review available in literature,
but it pays attention only to visual disabilities.
Camenar et al. [25] have analyzed papers discussing
urban mobility issues faced by people with physical disabilities in cities of developing countries. They considered different characteristics to compare the applications proposed in
six papers, such as the availability of code, the use of open
data, the type of device needed to run the application, how
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the collection of accessibility information took place, the
involvement of the population in the application development and advertising, the quality of the problem verification,
and the methods employed for route calculation. We have
taken these characteristics into account in the definition of
our analysis dimensions.
An analysis of the works dealing with indoor and outdoor
navigation for wheelchair users, published in the literature
over a period of eighteen years, is reported in [41]. This
work presents a tabular mapping of the systems described
in the retrieved papers with respect to a set of features
(e.g., outdoor navigation, indoor navigation, information
visualization, etc.) and adopted technologies (such as,
GPS, beacons, fiducial markers). It demonstrates the scarcity of research that addresses the problem of supporting
wheelchair users to navigate in complex indoor environments through mobile augmented reality; given this result,
the authors of [41] propose their architecture and mobile
application filling the identified research gap. Even though
the proposed mapping is interesting, the analysis focuses
only on wheelchair users. The review presented in [111]
also focuses on solutions aimed at supporting people with
mobility impairments; this paper compares the technological components employed in different system architectures
based on crowdsensing and crowdsourcing and proposes a
novel architecture to overcome the main limitations of the
analyzed solutions. The review selected only six systems for
the comparison, and therefore does not provide an extended
overview of all existing solutions in the literature.
A more in-depth work is presented in [93]; the authors
carried out a systematic literature review on digital libraries with the search string “accessible maps”. Paper search
found more than 500 papers, which were then filtered down
to arrive at a set of 43 papers to be analyzed. The analysis mainly focused on the activities reported in the papers
for the creation of accessible maps, such as crowdsourcing, open data, tagging, and automatic capturing of data;
indeed, the authors explicitly declared that they were interested in the use of collective intelligence to improve the
quality and quantity of data necessary for the creation of
accessible maps. The work in [139] surveyed approaches for
localization and navigation in indoor environments based on
sensors embedded in users’ smartphones; these approaches
allow designing infrastructure-independent solutions, which
may guarantee universal availability and avoid outage and
disruption problems. However, this paper does not consider
the accessibility aspect in its analysis. Even though these
two last surveys (i.e., [93] and [139]) have been very well
conducted and provide interesting results, both of them have
a narrow scope, by considering only some specific aspects
of the proposed solutions. We considered the data source
dimension in our study, as well as the different types of

technologies employed in indoor and outdoor contexts, but
we also adopted further analysis dimensions.
The literature review described in [70] selected and analyzed 15 papers that present state-of-the-art solutions for
wayfinding in emergency situations based on mobile applications and sensors embedded in the smartphone or in the
environment; both actual disabilities and situational disabilities (e.g., impaired vision from smoke or impaired hearing
from alarms) are considered in these papers, and thus, universal design is taken as a framework to examine the various
solutions. Unfortunately, none of the analyzed papers takes
a universal design perspective. In our work, we deepen this
aspect to understand if this is an actual limitation of the
approaches proposed in the scientific literature.
As it emerged from the above discussion, very few studies
aimed at surveying research papers that describe approaches
to support people with different types of impairments
through systems for accessible wayfinding and navigation,
to be used in different contexts and employing different types
of technologies. In addition, these surveys are focused on
the proposed technological solutions, while the perspective
of end users in terms of e-accessibility is often neglected.
Therefore, there is space for a systematic mapping study
that presents a different analysis and classification of the
research carried out so far in the field, by identifying the
main strengths and weaknesses of the proposed solutions.

3 Methodology
This study has been carried out following the guidelines
for systematic mapping studies proposed in [23] and [89].
A systematic mapping study provides an objective procedure for identifying and classifying the papers published in
a given research field. Therefore, after defining the research
question of the study and the search process, exclusion criteria are defined for data selection. Selected papers are then
analyzed to answer the research question.
The goal of this paper is to describe the characteristics
and evolution of systems for accessible wayfinding and
navigation that have been proposed in literature, in order
to underline their most interesting features and weaknesses
to be considered in future development of similar systems.

3.1 Research question
The general RQ for this study, introduced in Sect. 1, is:
Which devices and software applications for accessible
wayfinding and navigation have been proposed in scientific
literature?
We defined five dimensions to deeply investigate the proposed devices and software applications:
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• (D1) Context of use: this dimension refers to the context
•

•
•

•

of use of the proposed solutions, considering indoor, outdoor, and indoor/outdoor contexts;
(D2) Target users: this dimension takes into account the
different users’ characteristics and related needs, also in
terms of information support required for wayfinding and
navigation;
(D3) Technologies: this dimension analyses the hardware
and software technologies adopted to implement the proposed solutions;
(D4) Data sources: this dimension reports about the
exploited datasets, i.e., open data, official data, data provided by users through crowdsourcing mechanisms, and
data gathered by sensors (crowdsensing);
(D5) User role: this dimension considers the role end
users have played in the design and evaluation of the
proposed solutions.

3.2 Paper search process
The process of paper search has been carried out on March
9, 2021, with an automatic search in the Scopus citation
database1 using a search string applied to title, abstract and
keywords of the publications. To compose the search string,
we selected the main dimensions we would like to investigate: indeed, we were searching for papers that presented
applications about accessible wayfinding and/or navigation
in a given place (e.g., city or indoor). Therefore, we identified the following main and related concepts:
• main concepts: accessible; city, indoor; wayfinding, navi-

gation; application;

• related concepts: accessibility; urban, campus, univer-

sity; mobility; system, map.

Consequently, the following search string was defined:
(accessible OR accessibility) AND (city OR indoor OR
urban OR campus OR university) AND (wayfinding OR navigation OR mobility) AND (application OR system OR map)
In addition, to narrow the search scope, we limited the
query to the Scopus subject areas “Computer Science” and
“Engineering”. Finally, we set the publication time range
between years 2009 and 2020.
At the end, the automatic search provided 806 results.
Then, as described in Sect. 3.3, we selected a subset of those
papers (111) by applying two sets of exclusion criteria. We
then analyzed in detail the selected papers, according to our
RQ and the five dimensions.

1

https://www.scopus.com/
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3.3 Paper selection
All of the 806 papers have been considered to decide which
to include in the study and which were to be excluded.
Paper selection consisted of two stages. In the first stage,
we applied a set of exclusion criteria by analyzing the title,
abstract, and type of each paper. We excluded the papers that
met at least one of the following criteria:
• Off-topic papers;
• Duplicates;
• Introductory papers to conference and workshop pro-

ceedings;

• Papers not written in English.

At the end of this first stage, we excluded 609 papers; thus,
197 papers out of 806 were still under consideration. In the
second stage, we examined the remaining 197 papers and we
applied a second set of exclusion criteria:
• Papers presenting a preliminary work or an extended

abstract;

• Papers presenting only a requirements analysis and not a

working system;

• Papers presenting systems for data collection and storage,

rather than for wayfinding and navigation;

• Papers presenting a conceptual model (e.g., an accessibil-

ity ontology), a user study, or a list of guidelines;

• Papers presenting a survey, a review or a comparative

study (these papers have, however, been taken into consideration in the Related Work section).

After the second stage, 111 out of 197 papers were selected.
Figure 1 shows the distribution of the 111 selected papers
according to the publication year.
We also analyzed the selected papers’ keywords (out of
the 111 papers, 97 have keywords). The average number of
keywords per paper is 4.53 (standard deviation 2.34, median
5). The most frequent keywords are Visual impaired people (25 occurrences), Navigation (20 occurrences), Indoor
navigation (14 occurrences), Mobile application (12 occurrences), Assistive technology (11 occurrences), Impaired
people (9 occurrences), Blind people (9 occurrences),
Crowdsourcing (8 occurrences), Beacons (7 occurrences),
and Wayfinding, GIS, and Wheelchair (6 occurrences).
Table 1 reports the references of the selected papers classified according to their publication year and venue - journal
publication, book chapter, or conference proceedings.
Figure 2 summarizes the search strategy and the selection
carried out at the different stages of evaluation.
All papers included in the study have been downloaded
from the respective digital libraries and uploaded on a Mendeley private group. The papers have been assigned to two
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Fig. 1  The 111 selected papers
grouped by publication year

Table 1  Papers included in the
study

Year

Journal

Book chapter

Conference

2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

–
[1, 22, 28]
–
[53, 67]
–
[84]
[20, 68, 125]
[7, 41, 76, 103]
[119, 121, 143]
[15, 16, 58, 98]
[107]
[59, 75]

–
–
–
–
–
–
–
[19]
[90, 126]
–
–
–

[8, 11, 40]
[52, 63, 99, 104]
[66, 85, 138, 141]
[4, 64, 77, 96, 124, 130, 133]
[5, 95, 123]
[65, 102, 105]
[10, 17, 24, 55, 61, 78, 79, 82, 83, 92, 108, 114]
[6, 32, 73, 97, 100, 101, 110, 122]
[9, 33, 72, 74, 88, 115, 116, 129]
[3, 12, 14, 31, 42, 44, 57, 71, 81, 128, 134, 142]
[2, 13, 21, 29, 30, 36, 37, 47, 48, 137]
[27, 43, 46, 62, 69, 86, 91, 109, 112, 120, 135]

Fig. 2  The flow of search
and selection of papers to be
included in the study
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Fig. 3  Distribution of the analyzed papers according to the
type of application/device

of the authors (half each), who first read and then classified them using a shared spreadsheet. The other two authors
cross-checked the classification of the papers. All doubts and
disagreements have been discussed by at least two authors.

4 Results
This section aims at answering our main RQ: Which devices
and software applications for accessible wayfinding and
navigation have been proposed in scientific literature? Section 4.1 classifies and summarizes the different solutions
proposed in the selected papers.
Then, to deepen the characteristics and use of the above
solutions, we analyzed them by considering the dimensions
presented in Sect. 3.1: D1) Context of use, D2) Target users,
D3) Technologies, D4) Data sources, and D5) User role.
Paper analysis according to these five dimensions is presented in Sects. 4.2–4.6.
Finally, in Sect. 4.7, the most interesting mapping results
are reported, in order to analyze how the selected applications and their dimensions are related one another.

4.1 Devices and software applications for accessible
wayfinding and navigation
This section provides the answers to our main RQ by illustrating the solutions proposed in the literature to support
users in accessible wayfinding and navigation. We classified
the analyzed devices and software applications as follows:
• mobile applications: these include native applications

for smartphones, personal digital assistants (PDAs), and
special tablets;
• web applications: these applications are mainly oriented
to support wayfinding and identify accessibility information of places and roads;
• wearable devices: these devices include smart glasses,
smart watches and other smart objects that the user may
wear to obtain real-time information about the environment and instructions for moving inside it;
• smart devices: these are physical objects used by people
with disabilities, such as white canes and wheelchairs,
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which are endowed with sensors, actuators, and communication features to detect obstacles and find the most
suitable routes within an environment;
• tactile and public interfaces: this category includes solutions that provide citizens with accessibility information
in public spaces.
Figure 3 shows the distribution of papers by considering the
above mentioned classification. The total number of proposed solutions is 124 (more than the number of selected
papers, that is 111), since some papers propose more than
one application: for instance, in [76] the authors propose a
smart white cane coupled with a mobile application, or in
[59] the authors provide end users with a mobile application
and experts with a web application to set up the system and
populate the database. As expected, the majority of papers
propose a mobile application, usually for only one platform,
Android or iOS, rarely for both. There are then a limited
number of papers that propose a web application, to be used
on different types of devices, but with fewer functionalities than native mobile applications. Finally, an interesting
number of papers (22 out of 111) experimented advanced
solutions for wearable devices, smart devices, and tactile
and public systems.
Figure 4 provides an overview of the selected papers classified according the type of device/application they propose.
The adopted diagram allows to also obtain an account of
papers describing more than one solution component.
4.1.1 Mobile applications
Most of the proposed mobile applications described in the
surveyed papers are smartphone-oriented (85); 3 works
(developed a few years ago) present mobile applications for
PDAs or special tablets [1, 28, 123].
Considering the smartphone operating system, in the
majority of the cases, the applications are developed to run
on Android, taking advantages of the high diffusion and the
affordability of Android devices (e.g., [16, 29, 88, 119]). The
Apple iOS architecture seems the best choice for applications focused on blind and visually impaired users, thanks
to the advanced built-in accessibility features provided by
Apple devices (e.g., [6, 13, 57, 71, 75]). To solve the issues
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video frames captured by the device camera, and following
the movement of detected visual feature points, estimating
their position in the 3D space.
4.1.2 Web applications

Fig. 4  Overview of paper distribution among the identified application/device categories (for the sake of readability, the size of the sets
is not proportional to their numerosity)

about architecture compatibility, a few studies illustrate
applications for both the operating systems, exploiting also
hybrid solutions (e.g., [12, 44, 100]).
When the mobile application is targeted to blind and
visually impaired people, different strategies are proposed
to guarantee e-accessibility, including speech recognition
(speech-to-text) (e.g., [88]), synthesis (text-to-speech) (i.e.,
[133]), verbal cues and simplified touch interfaces (e.g., [5]).
Gintner et al. describe a conversational UI within a mobile
application, which provides the user with the instructions
about the localization process using VoiceOver [71], the
built-in text-to-speech engine of Apple iOS. VoiceOver is
also adopted in the applications described in [13, 69, 73].
In the Android platform, Google’s speech recognition and
speech synthesis application programming interfaces have
been utilized in [90]. Android TalkBack is exploited in the
most recent solutions, such as SafeExit4All [30], which supports visually impaired people (as well as the general population) to independently find a safe exit in case of emergency.
To enhance indoor navigation for wheelchair users, de
Oliveira et al. [41] presented an Android application that
exploits Augmented Reality (AR): the app is capable to
find the best route for wheelchair indoor navigation (taking stairs and other obstacles into account), allowing the
visualization of virtual directional arrows in the smartphone
display. Moreover, this solution also incorporates touch and
voice commands to interact with the application [41]. AR
has been also investigated in a recent study that presents an
app built on ARKit (Apple’s augmented reality platform).
This app provides turn-by-turn assistance for indoor navigation using real-time localization obtained by exploiting 2D

The web applications presented in [92, 99, 143] are conceived as additional tools, with respect to mobile applications, to obtain information about accessible wayfinding and
navigation. The works in [8, 16, 53], instead, present original
web-based solutions that deal with GIS (Geographical Information System) data and applications.
A social network where users can share information about
the level of accessibility has been proposed in [63]. A similar approach is described in [85], where a web application
allows users to report information about the accessibility
of city facilities (such as restaurants). In [32], the authors
present a web application, designed following a mobile-first
approach, so as to be compatible with both Android and iOS
devices, as well as with desktop environments.
An interactive web mapping service, called PAM (Personalized Accessible MAP) and presenting the map of the
accessible sidewalk network of the University of Pittsburgh’s
main campus, has been introduced in [83, 84]. Through its
visualization component it is able to communicate the accessibility of travelling environments to people with disabilities,
urban planners, and software developers.
AccessMap [21] is able to provide information about
route accessibility according to the user’s profile and it is
widely used in several towns in the US. It is not properly a
navigator, but a website that highlights routes with different
colors on the basis of their accessibility.
In the research reported in [76], the authors provide a
web interface to visualize the collected tracking information,
while the actual device used in mobility is a smart cane.
4.1.3 Wearable devices
In [7], the use of Google Glass, coupled with QR codes mapping information about POIs, has been investigated to assist
visually impaired users. Smart glasses are also exploited in
[2]: this paper proposes the ARSAWP (Augmented Reality
System for the Assistance of Wheelchair People) system,
which allows wheelchair users wearing smart glasses to
select a destination, obtain information about its accessibility, receive indications to reach the desired destination, and
be notified of obstacles detected during navigation that may
lead to redirection on an emergency route.
An application for smart watches has been implemented
in [57]. The idea is that a blind person can use an iPhone
app, controllable through an Apple Watch, to record a path
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as a sequence of turns and step counts between turns. If
the user wants to backtrack the same path, the system can
provide assistance by tracking the user’s location in the
recorded path, and producing directional information in
speech form about the next turns and step counts to follow [57].
A wearable visual aid able to accept speech commands
by visually impaired people and provide them with audio
instructions to reach a required object is described in
[42]. This solution exploits a Raspberry PI with a universal headphone jack for audio output, a USB port through
which a microphone can be connected to enable speech
input, and a camera module to take videos and images of
the surrounding, thus allowing object detection and signboard recognition.
The wearable device proposed in [46] integrates different devices and sensors, including a camera to capture
the images of the surrounding environment, an ultrasonic
sensor to provide information about the detected obstacles, and a heart rate sensor to determine if a message
must be sent to the user’s caregiver along her/his location.
The device is able to perform live tracking of visually
impaired people and provide them with assistance to move
anywhere.
Bluetooth headsets enriched with a commercial voice
assistant (Amazon Alexa) have been experimented in [47].
This solution is specifically designed for museum exploration: natural language interaction is implemented to
obtain indoor navigation information, as well as descriptions about objects and gallery spaces encountered during
museum exploration.
4.1.4 Smart devices
Different types of smart devices, able to exchange information with the deployed infrastructure, have been proposed
in the surveyed papers. They include smart wheelchairs [1,
66, 105, 135], smart canes enhanced with RFID (Radiofrequency identification) readers [52], and haptic sensors
to detect obstacles above the waistline [67, 112].
Mancini et al. investigated the usage of a modular sensor box that exploits the benefits of ROS (Robot Operating System) in integrating the different sensors installed
according to the selected operational scenario, i.e., able
to detect and analyze obstacles in real-time when the
impaired user is following the planned path. This sensor
box can be embedded in a white cane or in a wheelchair
[92], and provide information to a smartphone application
that performs route planning.
In [4, 53], the authors designed ad-hoc devices able
to provide text-to-speech, a 4-button command-pad, and
vibratory output.
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Fig. 5  Distribution of the analyzed papers along the context dimensions: Indoor, Outdoor, and both

4.1.5 Tactile and public interfaces
In [3], tactile elements in the bus stop, as well as a braille
guide, are employed to provide information about the
public transportation system. In the system described in
[143], the users are able to acquire accessibility information about POIs while interacting with tactile street maps
on pin-matrix displays.
A touch screen public display (i.e., a kiosk) has been
experimented by Wen et al. to allow users to download
the mobile application and the maps of the area through
Bluetooth or USB connection [138]. To make the kiosk
accessible to blind users, NVDA, an open-source screen
reader for Windows, is adopted, and alternative texts for
images are used.

4.2 Context of use
All selected papers were then analyzed by considering
dimension D1, the context of use of the solutions they
propose. We identified the following contexts:
• Indoor: this category includes papers proposing solu-

tions to be used inside buildings, such as houses, hospitals, and malls. These papers address problems related
to user localization, to generate paths inside buildings
that may avoid stairs, and/or to provide paths to points
of interests, like toilets, meeting rooms, and exits;
• Outdoor: papers proposing solutions for this context of
use mainly consider path findings and navigation inside
cities or university campuses. Different kinds of paths
and information are identified, beyond pedestrian ones,
such as bus routes, private car routes, or inter-modal
transportation;
• Indoor and outdoor: finally, there are papers addressing
the more complex problem of supporting both indoor
and outdoor navigation, by integrating different localization technologies, types of maps, and path finding
algorithms.
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Figure 5 shows the distribution of papers along the three
context types. As one may notice, out of 111 papers, 44
(39.6%) consider the indoor context of use, 41 (36.9%) the
outdoor context, and only 26 (23.4%) address the problem of both indoor and outdoor accessible wayfinding and
navigation.
4.2.1 Indoor
Indoor wayfinding and navigation should be facilitated for
wheelchair users, blind people, or simply those who are new
in an environment (like a big hospital, an airport, or a train
station). The work in [104] describes one of the first projects aiming at creating a mobile application for indoor wayfinding, which helps people easily reach specific locations
within a hospital by taking into account accessibility needs
of different people; in this way, a wheelchair user might be
directed on a route that include elevators or ramps rather
than stairs, while blind users might be directed via audio
instructions.
A critical problem in indoor navigation is the accuracy of
user localization, which cannot exploit the GPS technology
available in most of mobile devices, but must rely on other
technologies that are usually tuned and tested specifically for
a project. The article by Chang and Wang [28] presents an
approach to localization based on wireless sensor networks
with Bluetooth Low Energy (BLE) beacons placed at decision points (doorways, corners, room interiors, intersections
of hallways) and proposes an ambient intelligence system
to provide context-specific navigation assistance. Even
though the system exploits mobile technologies provided at
that time (a PDA with limitations in the graphical interface
and interaction possibilities), it represents one of the first
attempts addressing indoor navigation problems of users
with different disabilities. Almost ten years later, the work
by Murata et al. [107] experimented the use of beacons and
smartphone-based localization to help blind people navigate
in complex indoor environments, such as shopping malls.
As explained in [1][125], indoor navigation can be classified as local navigation or global navigation: the former
indicates moving around in a space to identify walking paths
and avoid obstacles, as in the case of blind people using a
white cane to explore the surrounding environment; the latter stands for navigation in large buildings to reach specific
locations. Different kinds of technologies are proposed to
address these two types of navigation. As to local navigation, in WizMap [73] the user may take a photo of the environment with her/his smartphone and obtain information
about nearby POIs. Computer Vision is exploited also in
the wearable visual aid described in [42], which allows visually impaired users to detect objects and sign boards around
them. PERCEPT-II is instead a system supporting global
navigation in complex buildings (e.g., university buildings);

it exploits Near Field Communication (NFC) tags for landmark identification and generation of navigation instructions
[65]. Global navigation is also implemented in [114] and
[79]: both works use QR codes to localize the user and generate paths to desired destinations.
Further approaches to user localization and navigation in
indoor environments are discussed in Sect. 4.4.
4.2.2 Outdoor
Surveyed papers addressing outdoor accessibility have different scopes that span from just knowing the level of accessibility of an urban place, to obtaining information about
specific places (e.g., parking lots for disabled people), until
supporting user navigation in open spaces.
In 2010, Galan-Marti et al. [63] developed a social network, called Vadeo, to help users share information about
the physical barriers and POIs in their neighborhood; a
mobile application was then able to identify the user location through the GPS and show it along with the nearby
obstacles. Detecting obstacles in outdoor environments is
an important problem for blind people who desire to move
autonomously; to cope with it, in [67] a smart white cane
is proposed, which provides the user with haptic feedback.
SIMON, the mobile application proposed in [55], helps users
find parking solutions.
Most of the surveyed papers considering outdoor accessibility are focused on solutions and algorithms for generating accessible paths. For instance, the MEP (Maps for Easy
Paths) project [17][19][33] exploits, for path generation, the
traces collected by the smartphones of different users (with
different disabilities) and integrated through the MEP fusion
engine. The work by Balata et al. [15] aimed at generating
landmark-enhanced itineraries, that is, itineraries including information about sidewalks, railings, crossings, etc., to
improve safety and efficiency.
Another aspect that allows characterizing papers focused
on outdoor accessibility is the area they considered: we may
distinguish between works addressing city accessibility,
papers that propose solutions to make a university campus
accessible, and papers specifically oriented to the public bus
network. The whole city is taken into consideration in [98],
where a platform based on microservices and open data for
the development of scalable and multi-modal mobility services is presented. Karimi et al. [84] present a wayfinding
service that supports trip planning by university students
with and without disabilities; it has been applied and experimented in the University of Pittsburgh’s main campus, and
provides both pedestrian paths and information about nearest
shuttle stops. As to public transportation, [24] presents an
approach to supporting wheelchair users to use public buses
in the city of Madrid.
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4.2.3 Indoor and outdoor

4.3 Target users

Dealing with both indoor and outdoor accessibility means
implementing different techniques for localization and
navigation, as well as managing different types of maps
and data. System architectures for addressing the various issues characterizing indoor and outdoor localization/navigation thus become more complex, such as that
of the e-Adept project [40] in the city of Stockholm. In
e-Adept architecture, the functionalities are implemented
on the server, interact with external services (e.g., public
transport, taxi service), and apply various algorithms for
localization and navigation (depending on the context); in
addition, since indoor- and outdoor-related data are stored
in different databases, they must be properly integrated
and used.
Indoor–outdoor intermodal navigation is considered
in [15]; in this case, the problem is providing navigation
instructions that guide the user in the transitions between
indoor and outdoor environments and in the usage of public
transportation. Similarly, CityGuide [29] is a system specifically designed to cope with indoor–outdoor intermodal navigation problems; it leverages indoor wayfinding solutions
in conjunction with GPS signals, in order to provide users
with turn-by-turn shortest route directions from an indoor
location to an outdoor location.
Most of the surveyed papers that present approaches to
supporting indoor–outdoor navigation experimented their
solution in university campuses. The paper [53] presents
SmartVision, a system that allows blind users to navigate in
the University of Trás-os-Montes and Alto Douro campus in
Portugal, by providing information about obstacles and POIs
like zebra-crossings, building entrances, etc. AlmaWhere
[44] combines navigation support for disabled people with
information about cultural heritage encountered in ancient
buildings belonging to the University of Bologna, Italy, thus
creating an accessible tourist guide. Almawhere is based
on beacons, which are regarded as a flexible means to provide a rich and invisible context-aware digital signage that
can be used in different situations and buildings. Similarly,
Yang et al. [141] propose TP3, a mobile location-aware
system targeted at visually impaired people to visit unfamiliar environments and gain spatial awareness thanks to
enhanced environment legibility, surrounding environment
exploration, and serendipitous discovery. Particularly, this
work addresses the problem of fostering spatial awareness
in different types of buildings: to this aim, TP3 is not conceived as a turn-by-turn direction system but as a mixture
of navigation modes corresponding to different modules: (1)
Automatic Notification, to obtain automatic notifications of
POIs; (2) Nearby Locations, to receive indications about
distance from target locations; and (3) Directional Finder,
which offers directional finding features.

A further analysis we performed on the selected papers aims
at investigating dimension D2: the different target users’
characteristics and related information support required
for wayfinding and navigation. Most of the papers included
in the study propose solutions to help people with a specific kind of disability. There are, however, also papers that
address the problem according to a Universal Design (UD)
approach [132], thus proposing solutions that can be customized to different user profiles and that we regard as solutions
for all users. Therefore, we classified the papers according
to the following users’ characteristics:
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• Visually impaired: this category includes both blind and

low-vision people;

• Mobility impaired: this category refers to people with

physical disabilities, including wheelchair users;

• Other kinds of impairments: in this category we collect

those few papers addressing people’s cognitive problems,
such as dementia or autism, one considering people with
hearing impairments, and papers that address the needs
of users with different disabilities, that is, visual or cognitive impairments, and visual or mobility impairments;
• All users: the papers in this category aim at designing
solutions for all users, including non-disabled people,
elderly people, and people with the disabilities mentioned above.
Figure 6 shows the distribution of papers according to this
classification. As one may notice, out of 111 paper, 65
(58.6%) propose solutions for visually impaired people;
among them, there are 53 papers where visual impairment
is the only characteristic taken into consideration, 10 papers
that consider both visually and mobility impaired users, and
2 papers addressing the problems of visually and cognitive impaired people. Then, there are 35 papers out of 111
(31.5%) proposing solutions for mobility impaired people,
including 25 focused on mobility impaired users only, and
10 that consider both blind and mobility impaired users.
There is 1 paper focused on cognitive impairments only, and
1 on hearing impairments. Finally, among the 111 papers
included in the study, 19 (17.1%) propose solutions for different user profiles, both with or without impairments.
4.3.1 Users with visual impairments
Visually impaired people can be supported by novel technologies in indoor and outdoor pedestrian paths, with speech
information that describe them the routes, the obstacles,
and the points of interest. iCampus [22] is one of the first
projects aimed at creating an ambient intelligence environment able to improve the mobility of blind and low-vision
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Fig. 6  Surveyed papers grouped
by addressed kind of disability

students within a university campus. A student may download a guide, which is a software agent for mobile phones
able to help proactively the student find places, events, and
friends within the campus; the screen reader reads to her/
him the information visualized on the screen; the user may
also ask the system to guide her/him to a specific destination
along a pedestrian path. NavCog [6] has similar goals, but
provides a more up-to-date solution based on smartphone
technology, BLE beacons, artificial intelligence algorithms,
and a simplified touch interface. NavCog also encompasses
an authoring tool to prepare the maps used in the system.
Public transportation poses further hurdles to low-vision
and blind people: identifying and recognizing the correct bus
line and bus stop are fundamental for independent mobility
in a city, as well as for obtaining information about bus location and route. Article [58] presents a system that helps blind
people know which bus line to take, when its departure is,
and where to board it; while inside a bus, passengers may
receive information about the progress of the bus along the
foreseen route. Similarly, paper [3] addresses the accessibility of public transportation for visual impaired people;
however, it does not require users to hold a smartphone, but
proposes two devices: the former must be anchored to a bus
stop, to provide audiovisual information about bus routes;
the latter, on board the bus, to provide information about bus
location on its route.
Visually impaired and blind older adults are considered in
[126]; this work proposes an assistive system aimed at supporting navigation and personalized services within residential facilities. The system comprises a cloud-based repository and web-based services to allow facility staff members
to carry out appropriate data management, a smartphone
client for older adults providing a multi-modal interface, and
localization hardware constituted of beacon devices.
Service personalization is the standpoint taken by recent
papers that propose solutions to enrich the experience of
blind people visiting museums [13, 47]: they provide not
only turn-by-turn navigation instructions inside the museum,
but also a novel type of interaction with its exhibitions, by

means of continuous user tracking and audio content provided in front of each artwork.
4.3.2 Users with mobility impairments
Most of the surveyed papers that focused on mobility
impaired people propose solutions for wheelchair users.
Among them, [11] presents an ambient assisted route planner for intelligent wheelchairs. The work by Montella et al.
[105] describes the Smart Wheelchair System, which is
able to autonomously navigate in outdoor environments
thanks to 3D perception sensors for detecting ground planes,
obstacles, and landmarks. Recently, a similar approach has
been investigated in [135], where an intelligent wheelchair,
endowed with a variety of sensors and motion controllers for
path planning and object grabbing, is presented.
Other papers paying attention to wheelchair users propose
software applications for visualizing paths that are suitable
to wheelchairs. In [16], a sidewalk-based model is specified
to satisfy the requirements of a wheelchair route planning
service; characteristics of sidewalks are very important for
wheelchair users because they may present different accessibility conditions (e.g., inclinations, curb ramps, path width).
A prototype of an Android mobile application is then proposed, which calculates wheelchair routes and displays them
according to their accessibility characteristics; it also allows
citizens to report accessibility issues to the department of
urban planning.
Among the selected papers, solutions aimed at supporting people with reduced mobility (including elderly people) in using public transportation or following multimodal
paths are proposed. The paper by Melis et al. [97] presents a
microservice-based platform that allows orchestrating smart
mobility applications; one of them helps users find multimodal paths tailored to their characteristics and preferences
about street lights, crossing facilities, stairs, etc. The SIMON
project [55] focuses on public transportation and private car
usage by people with reduced mobility, including the need of
information about parking areas and restricted traffic areas.
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4.3.3 Other types of impairments
The authors of [92] consider people with visual and/or physical disabilities who move in an urban scenario. They underline the lack of integration between the information about
obstacles coming from sensors and the tools that support
navigation. Therefore, they propose a framework integrating an ad-hoc route planner running on a smartphone with a
sensor box embedded in a white cane or a wheelchair, which
is able to identify possible threats to navigation.
As to cognitive impairments, [61] presents a study on
how to adapt an existing cloud-based application for people
with mild dementia. The system aims to provide users with
help when they are outdoor, including suggestions to find the
way back home, to keep track of their movements, and to get
in touch with their caregivers. Gong et al. [74], instead, consider people with special needs, including visually impaired
people, people with Autism Spectrum Disorder (ASD), or
simply those with navigation challenges. Visual and cognitive disabilities are also addressed in [28].
Finally, the focus of [100] is on accessible tourism for
deaf people: the authors propose two mobile apps to visit
indoor and outdoor archaeological sites, respectively. These
apps are designed to visualize interesting locations on the
site map and obtain related information in the form of videos
for hearing impaired people.
4.3.4 All users
Papers that adopt a UD approach propose applications that
could be used by any kind of user, regardless of her/his disability or temporary impairment condition, through a proper
setting of user profile in the application. UniBS4All [12, 59]
pursues this goal for outdoor wayfinding and navigation, by
providing route generation for private cars and public transportation, beyond accessible pedestrian paths; users that do
not declare any type of disability can use the application as
well, finding the same features of well-known commercial
map navigators. A similar approach is adopted in [10], where
the goal is making a university campus accessible to all students and visitors. All kinds of users are considered in [108],
with a focus on public transportation, while only pedestrian
paths in indoor and outdoor environments are taken into
account in the GAWA project [121], which adopts UD and
multi-modal interaction customized to users’ characteristics.

4.4 Technologies
This section aims at analyzing the papers according to
dimension D3, by presenting the hardware and software
technologies adopted to implement the proposed solutions.
Therefore, we analyzed the selecting papers and classified
these technologies as follows:
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• Technologies for environment representation and mod-

eling: this category includes all those hardware and
software technologies that allow obtaining information
about the environment where the users should move,
and properly modeling it for accessible wayfinding and
navigation; this is a crucial issue in the indoor context,
while, in the outdoor context, standard solutions are usually adopted;
• Technologies for localization: this category includes
hardware and software technologies for user or POI
localization; this is again a challenge in indoor environments and thus different approaches are proposed; in the
outdoor context, data from GPS are accurate enough to
solve this problem;
• Technologies for wayfinding and navigation: this category includes technologies for searching accessible paths
towards desired destinations (global navigation) or for
obtaining real-time guidance to explore the nearby environment (local navigation).
4.4.1 Technologies for environment representation
and modeling
In the indoor context, the challenge of creating a 2D/3D
modeling of the environment is investigated. Wireless
devices, Internet of things (IoT)-enabled equipment, and
smartphone sensors (such as accelerometers and gyroscopes)
are used by the AccessBIM model to generate an indoor
map in real-time [81]. Smartphone built-in sensors have
been used for environment representation in [7], where the
building map is created by tracking movements of sighted
people through accelerometer and compass.
To address the same issue, the smartphone camera is
often exploited. VizMap uses videos taken by on-site sighted
volunteers to create a 3D spatial model [73]. These video
frames are semantically labeled by remote crowd workers
with key visual information and embedded into the reconstructed 3D model, forming a query-able spatial representation of the environment. Real-time video feeds from surveillance cameras are also used by Gong at al. [74]. These
data are combined with additional software and hardware
techniques, like visual analytics, facility semantic models,
BLE beacons, and terrestrial laser scanner, in order to create
a high-fidelity 3D model of the facility [74].
When similar automatic approaches are not feasible or
would require to address challenging issues, scholars rely
on web applications where expert users or administrators
could manually insert the needed information about the
environment. In the system described in [11], floor maps,
accessibility information, available routes and calibration
landmarks are coded in XML description files, which are
created, located and maintained in a server application specifically dedicated to this purpose. Similarly, Delnevo et al.
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take advantage of a web application to allow experts to configure the system providing information about the indoor
environment layout and POIs [44].
In the outdoor context, a feasible solution to present mapbased information and routes is leaning on Google Maps
web services (e.g., [4, 16, 31, 82, 85]). Alternatively, OpenStreetMap is an open-source web mapping service that is
often adopted by developers for the same purposes (e.g.,
[22, 92, 97, 99, 114, 121, 122]). Finally, in [8, 124, 125],
information is retrieved from a GIS that can feed the system
with spatial or geographic data about the urban environment.
4.4.2 Technologies for localization
In the indoor context, the most frequent technologies
adopted for user localization are BLE beacons (e.g., [6, 44,
74, 88, 107, 128]).
The authors of [52] use RFID transponders to provide
contextualized geographical information to blind users
exploring the environment with a smart cane. RFID technology is also investigated in [90, 95].
An interesting approach, targeted to visually impaired
people, exploits wireless optical communications; in particular, an indoor localization system is implemented using LED
lamps as beacons: the LED lights and smartphone cameras
are employed as a receiver, and headsets as a transceiver for
translating information into voice [116].
QR codes are also used in indoor localization scenarios.
In [79], the authors present an Android application for assisting blind users in navigating on pre-defined paths: when a
QR code is scanned, it provides the user with the information of the current location and asks the user to select the
destination.
In [1], a mix of sensors and communication strategies
are exploited to create an intelligent environment, including
ultrasound beacons, sonar, radio-frequency, and a Zigbee
sensor network. A similar approach, but including also a
wheelchair controller, is investigated by Garcia et al. [66].
The WiFi infrastructure can be used to increase the
localization accuracy of the smartphone (e.g., [4, 58]) or as
localization strategy exploiting passive tracking and WiFi
triangulation (e.g., [10, 130]). This technique has the advantage to avoid the deployment of additional infrastructures,
benefiting from existing WiFi network infrastructures.
Several software strategies are proposed to calculate
the user’s position once the communication technologies
have been defined. For example, knowing the last known
user position (thanks to beacons, RFID, WiFi, etc.), and
the person’s speed and direction (using accelerometers and
gyroscopes), the dead reckoning method can be used to
estimate the current position (e.g., [5, 11]). Another wellknown method that scholars are using is K-Nearest Neighbor
(K-NN) algorithm, which is able to estimate the position of

the device by comparing the current RSSI (Received Signal
Strength Indicator) readings with previously gathered RSSI
fingerprints [6]. A similar approach is described in [137].
In the outdoor context, GPS is the obvious solution, both
to locate the users and to report, using the GPS coordinates,
urban accessibility barriers, POIs and facilities (e.g., [102,
119]).
The authors of [52, 53] investigated the use of computer vision, together with GPS and RFID tags, to improve
the accuracy of the user’s localization in both indoor and
outdoor environments. A Light Detection and Ranging
(LIDAR) sensor has been used to quantitatively validate the
reliability of the proposed method and collect ground truth
localization data both in indoor [107] and outdoor [105] contexts. Computer vision is also employed in [62] to estimate
the user’s location in an indoor environment by combining
informational sign recognition (e.g., exit signs detection),
2D maps annotated with a variety of information (including
walls and barriers), and dead reckoning. In [27], an approach
based on ARWorldMap and ARKit is proposed: the local
area map stored in the ARWorldMap can be retrieved and
used for determining the user’s local position using ARkit,
which detects the visual feature points and estimates their
position in 3D space.
4.4.3 Technologies for wayfinding and navigation
Different solutions for wayfinding and navigation are based
on the use of the smartphone camera. The paper [133] presents an indoor guidance system, where the captured pictures of the user’s surroundings are transmitted to the server.
The server processes the images and matches them to a database of stored images of the building (along with their stored
feature points); after matching, the location and orientation
of the user are estimated; finally, the direction information
is transmitted back to the smartphone and communicated to
the user via text-to-speech. A recent work exploits smartphone camera and machine learning (Convolutional Neural
Network) for object detection; the distance to the objects is
then calculated to guide the users in the right directions and
warn them about obstacles [86].
Beyond the camera, other smartphone built-in sensors are
exploited for navigation. In [17], the authors propose a system able to record raw data coming from the GPS receiver,
accelerometer, magnetometer, gyroscope, and barometer and
to employ the back camera to take several pictures at a fixed
frequency. These data allow reconstructing the path followed
by the user through a multi-sensor fusion algorithm, called
ROAMFREE [17, 33]. To fuse the data gathered by all the
sensors available on the phone (WiFi chipset, accelerometers, and magnetic field sensor), a Kalman filter is instead
applied in [64].
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The approach presented in [142] takes advantage of
the information coming from preregistered AR markers,
which identify specific accessible facilities (e.g., hallways,
restrooms, staircases, and offices). An RGB-D sensor (a
sensor that provides color and depth information of every
pixel) captures the scene that includes the AR markers; such
a scene-based information is then processed by a neural
network to recognize and localize obstacles and accessible
facilities, thus allowing visually impaired users to explore
the nearby, avoid obstacles and find desired destination.
Another technology supporting local navigation is represented by NFC tags. The authors of [65] developed an
Android application to read NFC tags on existing signage
at specific landmarks in the environment (i.e., next to the
Braille signs). In this way, users can obtain aural navigation
instructions when they “touch” the NFC tags using their
smartphones.
The installation and maintenance of the infrastructure is
a critical aspect of all projects addressing accessible indoor
navigation. Gong et al. [74] studied the navigation problem in large transportation hubs; they proposed a cyberphysical system to transform a transportation hub into a
smart facility able to provide location-aware services. The
authors proposed the retrofitting of existing facilities to
make them smarter by using Internet of Things, Big Data
analytics, and affective computing; the idea is implementing minimum infrastructure changes but leveraging existing
cyber infrastructures such as mobile phones, surveillance
cameras, facility semantic models, and integrating a minimum number of beacons for localization. Alternatively, the
exploitation of crowdsourcing is proposed in [72, 73] as a
way to associate semantics to visual POIs. The idea is that
on-site volunteers take videos of the environment to create
a 3D model and then remote crowdworkers assign labels to
key visual information; in this way, the system described
in [73] becomes able to localize a user through the photos
taken with a smartphone, without the need of installing any
kind of sensors and of maintaining a physical infrastructure;
however, the preliminary version of this solution resulted to
be quite ineffective, due to the difficulties encountered by
blind users to take good photos. Crowdsourcing is proposed
in [72] for the installation and maintenance of a beaconbased infrastructure, by defining simple tasks that can be
completed by volunteers with little to no training. The core
idea is using a chatbot to coordinate the overall deployment/
maintenance of the infrastructure by assigning volunteers
in beacon placement, data collection, or quality assurance
tasks. The final goal is to deploy and maintain a beacon
infrastructure to benefit visually impaired users.
As to outdoor wayfinding and navigation, the main challenge is generating accessible pedestrian paths for visually
impaired people and wheelchair routes for mobility impaired
people. To this purpose, existing web mapping services are
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often exploited in the selected papers. In [59], wayfinding
is achieved by exploiting Google Maps APIs: accessible
paths, suitable to the users’ characteristics and preferences,
are obtained by repeatedly calling the Google Maps Directions service passing as parameters the alternative points
associated with the architectural barriers identified in the
path returned by the same service; the procedure ends
when a path avoiding all architectural barriers is generated.
The OpenStreetMap web mapping service is instead used
in [98]; in this case, the OpenTripPlanner routing engine
has been customized, in order to generate paths that keep
into account the user’s needs and preferences about accessible POIs. Balata et al. [15] describe a system based on a
specifically modified GIS and a variation of the Dijkstra’s
algorithm, which is able to automatically generate humanlike landmark-enhanced itineraries for navigation of visually
impaired users. A GIS is used also in [16]: it stores data
about a graph model, composed of sidewalks and pedestrian
crossings, and its edge costs, such as distances, path inclination, maintenance conditions, etc.; a geo-spatial library for
shortest path routing is then exploited for wheelchair route
planning.

4.5 Data sources
A critical issue to deal with when designing and developing
wayfinding systems able to address specific needs and preferences is the definition of the dataset to use, which should
be up-to-date, trustworthy and dense enough to allow to
compute accurate paths. For this reason, we considered the
data sources used in the selected literature as one of the key
characteristics to investigate (dimension D4).
In particular, we grouped the different datasets on the
basis of the approach adopted for data collection:
• Crowdsourcing: in this case, data are collected by volun-

teers/end users while interacting with a system;

• Crowdsensing and pervasive sensing: the approach

adopted in this case for data collection is based on sensors;
• Official and expert data: in this case, data are collected
by experts and/or provided by official sources (e.g.,
municipality open data);
• Multi-source data: this category refers to solutions
encompassing the combination of different data sources.
Figure 7 shows the distribution of papers along the above
categories. In this case, we could classify only 96 papers
out of 111, since the remaining papers do not clarify how
the dataset is created. A comparable number of papers use
crowdsensing and pervasive sensing or official and expert
data (36 and 28, respectively), thus highlighting that very
different research directions are adopted in the selected
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Fig. 7  Distribution of the analyzed papers according to the
data source dimension

papers. There are also 20 out of 96 papers that adopt solutions using different types of data sources; these ones contribute to obtain more reliable and trustful systems, but
require much more effort and investment. The adoption of
crowdsourcing is chosen in 12 papers out of 96.
4.5.1 Crowdsourcing
The HandYwiN [31] project exploits crowdsourcing to collect data about the accessibility of public and private spaces
for people in wheelchairs. To collect such data, an Android
application has been developed and the level of accessibility
can be estimated by answering some predefined questions.
Moreover, pictures can be uploaded, together with their GPS
location. A similar approach is employed in MAPAAL [92],
a system based on crowdsourcing to report data about urban
accessibility, such as sidewalks (e.g., slope, roughness, and
width), crosswalks (length, type) and acoustic signals. These
data, and the related metadata, are then used to compute
accessible paths both for wheelchair and visually impaired
users. EasyWheel focuses on the need of wheelchair users to
know accessibility information about the POIs of an urban
environment [99]: it is a mobile social navigation system
where users are engaged through reputation and reward
strategies. In [37] da Silva et al. propose a solution where
crowdsourcing is used to directly mark accessibility issues
on a digital map. Users can take photos of city places that
may represent barriers for people with reduced mobility and
properly rate them. These data are then presented to the end
users with a heatmap visualization. A different approach has
been investigated in Vadeo [63], a social network developed
to let users share information about the level of accessibility of their neighborhood. The authors of [143] describe a
system that allows sighted volunteers and visually impaired
people to collaboratively annotate geographic features with
accessibility information. The possibility to engage users in
contributing to the dataset is also described in [85], where
people can register and upload categorized information
about the services offered in the metropolitan areas. In [129],
data collected by citizens are combined with comments and
pictures through fuzzy logic. Ruta et al. [122] make use of

the crowdsourcing information about indoor/outdoor accessibility of POIs, not only to provide mobility impaired users
with personalized paths, but also to visualize such information by means of AR.
4.5.2 Crowdsensing and pervasive sensing
Pervasive technologies and ubiquitous infrastructures are
increasing the possibility to exploit sensors to collect data.
In [1], the authors propose a context-aware intelligent
environment to support people with or without disabilities,
which exploits a network of sensors and intelligent wheelchairs. A different approach [27] takes advantage of Wi-Fi/
cellular data connectivity, beacon signal strength and 3D
spatial models, to create hybrid models of the interiors.
In [7], the indoor map is created by tracking the movements of sighted people with the smartphone accelerometer
and compass. Similarly, inertial sensors in the iPhone have
been used to backtrack a route taken in a building, recording
the sequence of turns and of step counts between turns [58].
Sensors, and in particular sensors commonly available
on a smartphone, are often used to collect data and provide
wayfinding services in the outdoor context. The most common ones are the GPS, for locating the user, and the accelerometer and gyroscope for computing the direction (e.g.,
[17]). GPS traces can also be used to identify urban pedestrian pathways, by tracking people with mobility impairments and sharing collected paths with the community [19].
Moreover, cameras can be exploited to collect data and train
a machine learning algorithm to recognize objects and/or
signs in the environment [5, 62, 86].
Machine learning is used in the WheelShare system [48]
to classify the surfaces encountered in the built environment
into accessible and inaccessible surfaces, depending on the
vibration data coming from a wheelchair that moves through
them. To this end, the wheelchair is endowed with sensors
(geo-tagged accelerometer and gyroscope) and readings are
used in the training phase of the classification algorithm. In
the live phase, surface classification reliability is improved
by crowdsensed surface information provided by contributors (volunteering wheelchair users). Route requesters may
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then use a web-based routing application to retrieve a path
to their destination: an accessibility level is overlaid on the
retrieved routes thanks to the previous surface classification.
4.5.3 Official and expert data
Open data or data created by expert users are exploited in
approaches that rely on official data sources. In [3], the
authors present a bus stop assistant to provide audiovisual
information about the bus routes, gathered from the official
website of the municipality of Tunja. Open data about transportation and real-time General Transit Feed Specification
(GTFS) feed are used in [88]. The authors of [20] use open
data from the municipality, which include information about
the urban environment, such as a path that is blocked by
work in progress, or a sidewalk that is unusable due to poor
conditions.
When open data are not available, experts manually create the needed data. Following this approach, in [11], the
authors designed an Ambient Assisted Route Planner, which
uses XML files, created by the building administrators, to
describe the floor characteristics. Similarly, though in the
outdoor context, barriers and alternative points are mapped
and uploaded by experts in the UniBS4All system through
an easy-to-use web application designed for this purpose
[59].
GIS datasets are exploited to address different problems:
reproducing an urban environment for testing purpose [4],
creating the indoor map (exploiting CAD software) [8], or
saving information about landmarks and POIs [124, 125].
Scalable Vector Graphics (SVG) is finally adopted to represent floor plans, along with information about rooms, walls
or doors, with the advantage of keeping the correct map
scale, which allows mapping graphical items to real world
conditions [130]. Additional information about areas and
POIs, as well as the connectivity of rooms and buildings,
must be added by manual annotation.
In [41], the authors propose an architecture that supports
indoor navigation by means of a system capable to configure CAD drawings of the building and record the position
of fiducial markers, POIs and obstacles to be avoided by
wheelchair users.
4.5.4 Multi‑source data
Often, one single type of data input is not enough to
provide accurate solutions. As an example, the authors
of [16] use input data coming from three main sources:
city sensing (referring to the possibility of collecting
data from general sensors, mobile phones, social media),
wheelchair users’ and other citizens’ feedback, and urban
planning authority’s feedback. mPASS [103, 119] exploits
heterogeneous data, including municipality and public
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transportation open data, OpenStreetMap data, crowdsourcing from citizens, and crowdsensing from wheelchair
users. The e-Adept system [40] integrates data about the
pedestrian network with local data and accurate real-time
position data, to provide high precision navigation for a
visually challenged pedestrian in the urban environment.
In [121], different mechanisms are used: automatic data
retrieval of information about POIs from web pages (Wikipedia, DBpedia, etc.), an online management service that
allows users to integrate and update information about
accessibility issues, the Google maps database for outdoor
locations, and a GIS database for indoor environments.
With reference to the indoor modelling, a recent study
discusses the possibility to exploit Building Information
Modeling (BIM) and OpenStreetMap data [120].

4.6 User role
We finally analyzed the surveyed papers on the basis of
dimension D5, that is, the role that end users have played
in the development of the proposed solutions. In particular, we classified the papers as follows:
• No user involved: this category includes all those

papers focused on system architectures, technologies,
and algorithms that address specific problems, such as
service orchestration or data integration, which do not
necessarily require user involvement for their design
and development;
• Users involved at design time: papers that present solutions designed with the participation of end users by
means of different research methods; these papers usually arrive at presenting prototypes that have not yet
been tested with users;
• Users involved in system evaluation: this category
includes papers that describe novel solutions for accessible wayfinding and navigation and present their evaluation with users;
• Users involved in both design and evaluation: these
papers describe the user-centered approach adopted for
designing the proposed solution and the evaluation carried out with users.
Figure 8 shows the distribution of papers in this classification. As one may notice, 36 papers out of 111 (32.4%) do
not involve users neither in design nor in the evaluation
of the proposed solution, 16 papers (14.4%) discuss how
they involved users for designing the proposed system, 25
papers (22.5%) present system evaluation with users, and
34 (30.6%) discuss how users have been involved both in
design and evaluation.
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model on the basis of a survey with 85 potential users (either
with disabilities or not); interviews with 17 participants with
visual impairments are mentioned in [3].
4.6.3 User role in system evaluation

Fig. 8  Distribution of the analyzed papers along the user role dimensions: no user, design, evaluation, and design/evaluation

4.6.1 No user involved
A high number of papers do not mention the role that users
played in the design and evaluation of the proposed system.
Abascal et al. [1] present an ambient intelligence middleware to support the development of different types of
applications tailored to the different users’ needs; the paper
focuses on technology for precise localization in indoor
environments and on how to foster the development of
context-aware services. The work in [20] addresses outdoor
navigation by focusing on data processing and integration
aimed to generate a graph of paths to enable accessible routing. A processing algorithm for image and depth profiling
aimed at supporting obstacle avoidance inside buildings for
visually impaired people is presented in [142]. Faria et al.
[52] present the design and development of a novel electronic white cane for blind people, while Deepthi et al. [42]
propose a wearable visual aid based on image processing to
help blind people reach recognized objects.
4.6.2 User role in design
Most of the works that involved users in system design mention user-centered design (UCD) as their preferred research
methodology. For instance, the authors of the MEP project [33] explicitly declare that a UCD approach has been
adopted, as well as the authors of the project BlueEyes
[128], which aims at supporting the orientation and navigation of blind people moving in a city. The latter is carried out
and supported by three Beacon’s Living Labs constituted by
three Portuguese towns; at the time of the paper publication,
the project was under development, thus the system had not
been evaluated yet.
Specific UCD techniques are mentioned also in other
surveyed papers: personas and scenarios related to the most
significant use cases are considered in [97] [98] [44]; focus
groups and paper prototyping have been adopted in [99] to
design EasyWheel; the work [134] derives a conceptual

Twenty-five papers selected for this study do not explicitly
mention the design approach adopted in the reported project, therefore the role played by users in the design phase is
not apparent. However, they describe evaluation activities
carried out with users. Usually, these evaluations involve a
good number of representative users, even considering that
recruiting people with disabilities to carry out user tests is
often a difficult task. Around 5-6 blind people are normally
involved in the evaluation of tools targeted at this type of
users: [4] mentions a pilot study in an outdoor environment
with 5 users; Flores and Manduchi [57] have carried out a
test with 6 blind people (5 using a white cane, 1 with the
help of a dog) in a controlled indoor environment; 6 visually
impaired people participated in the study described in [68];
user tests and interviews with 4 blind people have been conducted in [58]; three applications have been experimented in
[123] with 5, 6, and 6 blind people, respectively.
A few studies involve a greater number of users: 9 visually impaired users participated in the study within a shopping center described in [115]; 11 users (8 blind people and
3 low-vision people) participated in the usability evaluation
of the system presented in [112]; 12 participants have been
involved in the evaluation of the system presented in [78]; 24
participants (15 sight people and 9 blind people) participated
in the evaluation of Ebsar [7].
4.6.4 Users in system design and evaluation
A good percentage of works have involved representative
users both during design and evaluation. Biagi et al. [19]
report that they adopted focus groups, personas, scenarios,
wireframes, and mock-ups for application design and then
describe the tests of mock-ups carried out with 2 users,
the former on electric wheelchair and the latter on manual wheelchair. UCD has been followed by Spindler et al.
[130], who present an evaluation consisting of a Wizardof-Oz experiment with one blind expert and a pilot study
with 6 blind users. The article [121] declares to adopt a UD
approach and presents the results of an evaluation with 20
participants, divided in 4 groups associated to different disabilities, contexts, and types of smartphone. During requirements analysis of the GeoCoach project [143], an international survey has been conducted with the participation of
64 blind subjects and 33 people with low vision; after system
implementation, two user studies (with 5 visual impaired
participants and 10 participants, respectively) have been carried out. In the design of the Ways4All system [95], a target
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Fig. 9  Mapping application
types to contexts of use

Fig. 10  Mapping application
types to target users

group of people has been involved repeatedly from an early
stage of development; the system has been evaluated in a
field test with 16 participants, by adopting a thinking aloud
technique. UD and participatory design has been adopted in
[59], which reports on an iterative design approach involving various stakeholders and the system evaluation with 20
participants. In [13], a survey with 19 participants allowed
to specify the system requirements, while 9 blind participants have been involved in the user study conducted in a
real museum.
Only two papers [31, 100] describe long-lasting iterative
design and evaluation activities. Another important gap is
the lack of evaluation with different types of target users.

4.7 Mapping results
We combined the results obtained by analyzing the papers
included in the study to provide some additional insights
about the characteristics of solutions for accessible wayfinding and navigation proposed in the scientific literature.
In what follows, we discuss the most interesting mapping
results emerged from this additional analysis.
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Figure 9 shows how the different types of applications
map to the type of context. One can observe that mobile
applications and smart devices have been almost equally
experimented in indoor, outdoor, and indoor/outdoor contexts. Web applications have been proposed primarily for
outdoor contexts, while the use of wearable devices have
been mainly considered for indoor environments.
Figure 10 shows the mapping of applications to users’
disabilities. Most of the mobile applications (54 out of 88)
have been designed to support visually impaired people or
people also affected by visual impairments, thus highlight
that operating systems of mobile devices are ready to offer
robust APIs for accessible interaction with such devices.
Mobile applications can be easily developed according to
a UD approach (note that there are 14 papers that provide
mobile solutions for all users), thus promoting social inclusion: indeed, these applications could be better accepted by
users than ad-hoc solutions like smart white canes, smart
glasses or other wearable devices.
As expected, Fig. 11 shows that crowdsensing and pervasive sensing is proportionally more used in mobile applications than in other solutions, since they exploit the variety
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Fig. 11  Mapping application
types to data sources

Fig. 12  Mapping target users to
contexts of use

of sensors currently embedded in smartphones. However,
there is still a quite high number of papers (19 out of 88)
proposing mobile applications that rely on data coming from
experts or official databases; this is the same type of data
source exploited in the majority of web applications. Multisource data, which represent the most promising solution,
are less adopted, in proportion, than other methods in all
types of applications.
Another interesting mapping is related to the dimensions
that investigate target users and contexts of use. Figure 12
shows the mapping between these two: as one may observe,
visually impaired people have been more considered in solutions for indoor contexts, while mobility impaired (mainly
wheelchair users) are more supported in outdoor contexts.

The solutions targeted at all users are more equally distributed among indoor, outdoor, and indoor/outdoor contexts,
although these solutions can be found in a limited number
of papers.
Finally, Fig. 13 shows how the data source and context
dimensions are related to one another in the selected papers.
Crowdsensing and pervasive sensing result to be more used
in indoor environments than in other contexts; this seems an
obvious result, even though it is not so obvious that the same
type of data source is used in 18 papers out of 36, which also
consider the problem of outdoor navigation; this requires
general solutions for user tracking and localization to be
applied in different kinds of environment. As expected, official and expert data, multi-source data, and crowdsourcing
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Fig. 13  Mapping data sources
to contexts of use

are more used in outdoor than in indoor and indoor/outdoor
contexts. However, multi-source data often mean that official
open data are combined with data coming from crowdsensing and pervasive sensing, thus highlighting once again that
general solutions for indoor and outdoor navigation should
rely on different types of data.

5 Discussion
This section highlights the main challenges and open issues
that emerged from our literature analysis. Limitations of the
study are also reported at the end of the section.

5.1 Challenges and open issues
As a general consideration, we observe that the actual
deployment of a complete system for accessible wayfinding
and navigation working both in indoor and outdoor environments seems far from reality. This is due to several methodological and technological issues.
5.1.1 Methodological issues
Unfamiliar spaces may become more familiar whenever
someone or something helps people orient themselves and
guides them toward desired places. The solutions proposed
in the majority of papers included in this study address the
needs of specific groups of users; however, they do not consider that the general goal should be improving the quality
of life and independent mobility of all users, regardless their
permanent or temporary impairments, if any. Therefore, not
only inclusiveness but also universal design [132], to the
greatest extent possible, should guide the development of
future solutions, without the need for adaptation or specialized design [131].
Another methodological issue is concerned with user
participation in system design and evaluation. Our analysis
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highlights that one third of selected papers did not talk
about user involvement, neither in design nor in evaluation.
Recruiting representatives of different disability groups can
be a hurdle that designers and developers have to overcome.
On the one hand, user-centered and participatory design
approaches allow adopting a user perspective and better
understanding system requirements. On the other hand,
extended evaluation with users is important to discover
usability problems and e-accessibility issues: for instance,
speech-only instructions revealed to become annoying and
irritating for visually impaired users and imposed higher
cognitive load [78]; however, non-speech audio cues are
inadequate in complex situations. A combination of speech
and non-speech audio resulted to be a successful solution
in this case. Combining more than one interaction method
to satisfy different requirements is usually a good solution,
but it requires to carry out tests on the field to demonstrate
its validity [44].
Besides the evaluation of usability and accessibility, it is
relevant to measure the user acceptability of tools and technologies [39]. Knowing the extent to which users may accept
the presence of a new technology in their life, may help in
understanding the issues that need to be addressed before
technology deployment and distribution. Among the papers
analyzed in this study, nine directly refer to user acceptability, user acceptability evaluation, and acceptance of technology and applications (e.g., [7, 71, 143]) as hints of the
potential success of the technology and tools they present.
It is fundamental to involve the users not only in evaluation, but also in deployment and evolution of systems
for indoor and outdoor navigation. Providing non-expert
users with mechanisms for tailoring and customization of
applications in a real context might contribute to guarantee the long-lasting sustainability of complex projects. For
instance, caregivers may personalize the application of the
older adults they are assisting [60] or facility staff members
may collaborate to (1) enrich the environment with sensors
used by the system for correct navigation [72], (2) carry out
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data management [126], or (3) prepare maps with suitable
authoring tools [6]. In summary, techniques for end-user
development [18] [113] might support maintenance and evolution of both the infrastructure and the software application
over time.
Finally, it could be interesting to conceive more general
systems, namely systems that go beyond accessible indoor/
outdoor navigation but that can provide further services,
such as tourist information [44][100] emergency management [45][69] or assistance for independent living [26]. This
requires addressing the problem from a wider perspective
and promote system openness and evolution [56].
5.1.2 Technological issues
Creating and maintaining the infrastructure that supports
the correct operation of a system for wayfinding and navigation is one of the main technological challenges. In the
indoor case, there is the need of retrofitting existing facilities
with proper sensors, or to design and construct new ones by
adopting the most suitable instrumentation for intensive data
collection [137]. However, technology is rapidly evolving
and a solution developed today might become obsolete in
just a few years. The outdoor case is even more complex
since the deployed infrastructure and used technologies
must be contextualized in the wider themes of smart cities and smart mobility [31]. As underlined in [92], smart
accessible cities need a proper infrastructure that requires a
long-term planning of investments, so as new systems (e.g.,
a new smart public transportation) could be integrated in
the smart city, and technology evolution could be accommodated over time.
Aspects related to efficiency, availability and reliability of
the technology may influence long-term adoption of systems
for wayfinding and navigation. For instance, some solutions
propose route computation on server side, but this may have
negative effects on the efficiency of route navigation service
and on real-time availability of information [40]; turn-byturn instructions are seen as fragile in outdoor environments
due to their high dynamicity [141]; the use of crowdsourcing for outdoor accessible navigation poses questions about
data reliability [119]; the need of accurate user localization
in indoor context presents several challenges in the design
of navigation systems, considering in particular blind users
who need accurate turn-by-turn instructions [107].
The accessibility of the device used by impaired people
plays a fundamental role in the exploitation of a smart environment or a smart city. For instance, solutions that require
blind persons to take photos of POIs or that ask wheelchair
users to reach a QR code are doomed to fail in real situations. Developing different methods to carry out the same
actions by different users and providing multi-modal sensory

feedback (such as text, vibration and voice) might represent
a successful approach to achieve universal design.
The quality of data sources is a further technological
issue. Several approaches have been proposed in the outdoor case collecting information about accessibility barriers and facilities: information could be included in official
reports supplied by experts, they may be provided by citizens through crowdsourcing, or they may be collected by
mobile sensors through crowdsensing. However, these different sources of data must not only be properly integrated
and constantly updated, but their trustworthiness must be
evaluated through adequate models [119]. As mentioned,
in indoor navigation it is necessary to install and maintain
over time the instrumentation for intensive data collection
[137]. Moreover, after the installation, digital maps representing the indoor environment have to be kept updated and
data samples must be collected to construct a signal model
of the environment to be navigated [72]. Finally, in indoor/
outdoor navigation there may be data coming from different
sources, which are referred to the same place (e.g., a building entrance); in this case, data must be properly integrated
and kept aligned over time.

5.2 Limitations of the study
Some limitations affect our systematic mapping study. First
of all, we limited our paper search to the period January
2009–December 2020. Regarding the starting period, only
three papers selected for our analysis were published in
2009, and they were very preliminary with respect to up-todate proposals due to the rapid evolution of the technology
for localization and geo-mapping; therefore, we may assume
that the study covers an adequate period of time. At the date
of submission, there are probably other papers published in
2020 and early months of 2021 that might have been indexed
in Scopus and could have been included in our survey.
Moreover, our paper search was performed on the Scopus citation database, rather than searching papers in several digital libraries. This choice allowed us to include all
indexed articles appeared in venues of different publishers;
we assume that most significant works have been published
in international conferences and journals indexed in Scopus.
Finally, in choosing the concepts for our search string, we
tried to be as inclusive as possible, but it was also important
to obtain a manageable number of papers to be scrutinized.
For this reason, there can be more papers that cannot be
found through our search string, since they do not report
our keywords in their metadata. In particular, the concepts
accessible and accessibility, which we considered fundamental for our study, are not always included in papers proposing obstacle avoidance systems (e.g., [35][94][136]);
however, removing these concepts from our search string
leads to obtain a list of more than 23,000 papers instead of
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806. Systematic reviews focused on navigation systems for
blind and low-vision people (e.g. [49][87]) better address
topics like obstacle avoidance, crosswalk navigation, and
walkable area detection.

6 Conclusion
Scientific literature in different research fields includes several works dealing with the problem of supporting disabled
people and persons with special needs to move freely and
independently in urban environments and complex buildings. Most of these works address specific issues, by taking
a given perspective and proposing a novel solution to a portion of the whole problem. No in-depth survey exists, which
considers the variety of dimensions that are involved in the
design and deployment of systems for accessible wayfinding
and navigation.
The aim of our systematic mapping study was to identify
the nature and extent of the available research and properly
classifying it, in order to derive indications for future development of such systems. The selected 111 papers out of 806
retrieved through an automatic search have been read and
analyzed, to answer our research question. We firstly classified the solutions proposed in the analyzed papers into five
categories (mobile applications, web applications, wearable
devices, smart devices, and tactile and public interfaces) and
discuss frequencies and trends, by finally describing several
examples of the solutions proposed in each category. We
further defined five dimensions (context of use, target users,
adopted technologies, data sources, and user role) to deeply
analyze the characteristics and usage of the proposed solutions. As to the context of use, our findings reveal that the
proposed solutions focus on indoor or outdoor contexts and
in a few cases on both contexts at the same time. When analyzing the different target users’ characteristics, it emerged
that only visual impaired people or mobility impaired people
are usually considered, while rarely other kinds of impairment are taken into account. However, recent papers are
proposing solutions for all users (including the elderly and
people without disabilities, beyond visually and mobility
impaired users); these papers underline the importance of
adopting UCD and UD approaches. We then reported the
technologies adopted for solution implementation, by classifying them into: technologies for environment representation
and modeling, technologies for localization, and technologies for wayfinding and navigation. Considering the data
sources, it emerged that crowdsensing and pervasive sensing
is the preferred solution for data collection, but that the combination of different data sources is a promising alternative
able to cope with sensor limitations. Finally, this study considered the role of users in the selected works, offering a further classification that discriminates in no user involvement,
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user involvement at design time, users enrolled for system
evaluation, and users involved both at design and evaluation
time. The findings highlight that, in a high percentage of
works, users have not been involved neither in design nor
in evaluation, and thus their validity in real contexts cannot
be demonstrated.
In light of the results of this study, and considering our
expertise and research interests in the field of human–computer Interaction, we would like to promote the adoption
of user-centered and universal design approaches. We consider these approaches as promising not only when designing solutions for people with disabilities, but also when the
goal is facilitating people who access a place for the first
time or are prevented from moving freely (e.g., they carry a
suitcase or a stroller). Furthermore, we believe that it would
be desirable to aim for long-term investments not only in
physical infrastructures for facilitating accessible wayfinding
and navigation, but also in socio-technical environments that
support the management of these infrastructures over time
and in an easy manner.
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