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Abstract
Despite significant advances in technology, the area of mobility and orientation for visually impaired persons
continues to present significant challenges. Digital maps have become essential for navigation, but their usability
is often compromised for users who rely on assistive technologies, especially when accessed on small touch
screens. This calls for innovative approaches to making digital maps more accessible and usable, as these tools are
crucial for creating mental maps of navigational spaces. This paper explores the need for inclusive localization
and positioning systems that accommodate a wide range of users, including those with visual impairments. It
highlights the critical role of user context, such as device experience and positional awareness, in improving the
usability of these systems. The integration of haptic and audio feedback may offer promising new interaction
methods, although further development is needed. In addition, user interface design and system characteristics
such as security, robustness and usability need to be aligned with user acceptance, with a focus on low cost and
simplicity. Our analysis identifies key requirements for the design of inclusive systems and proposes steps for
the scientific community to take to advance the field, with the aim of bridging the gap between technological
capabilities and practical usability, and promoting inclusive design principles for future innovation.
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1. Introduction

The terms “orientation” and ”mobility” are related to the concepts of wayfinding and locomotion,
respectively, and identify the fundamental components of spatial decision making [1]. Good ’orientation’
and ’mobility’ skills are very important for a visually impaired person who moves independently.
Orientation refers to the skill of planning a route from the current position to a given destination, thus
requiring knowledge of the whole area and its relevant landmarks, in a mental representation of the
environment (a.k.a. ”cognitive map”) [2]. Mobility, on the other hand, involves all the actions that
an individual takes in direct response to the physical characteristics of the environment as he or she
traverses it (e.g. avoiding an obstacle, descending or ascending stairs), and thus depends only on the
perception of the immediate environment at a given moment. Knowing in advance the structure of
a new indoor or outdoor environment and where its points of interest are located can help visually
impaired visitors find their way around and quickly reach their destination. Tools such as tactile maps,
3D physical models and accurate text descriptions help users to build a cognitive map of the space to be
explored. A preliminary physical exploration, either with the help of a person or relying solely on the
traditional white cane, is also a valuable aid.
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Nowadays, most public spaces provide visitors with navigation tools, such as digital signs, websites,
or mobile applications. Unfortunately, these tools often pose accessibility problems for visitors with
special needs. For example, digital maps integrated into mobile applications typically lack features to
support accessibility for persons with visual impairments [3], yet, accessible navigation mobile apps
have proven to be effective assistive solutions for this category of user [4]. In [5] are discussed the daily
challenges faced by visually impaired persons and pointed out how ICT, and more specifically assistive
technologies, can help them achieve greater social inclusion and autonomy.

Designing an application for visually impaired persons requires special hardware infrastructure
and positioning techniques, adapted to the characteristics of the environment (e.g. wall thickness and
geometry) and the specific needs of the users [6]. Commonly adopted infrastructures include Wi-Fi,
Radio-frequency identification (RFID), Bluetooth LowEnergy (BLE)1, Long Range (LoRa) communication,
and Ultra Wide Band (UWB), sometimes combined in hybrid systems [7].

Recently, the growing popularity of AI algorithms, has led to their integration into several assistive
solutions in the field23. In particular, deep-learning algorithms for image recognition have been used
to empower the traditional white cane [8] to facilitate object recognition and obstacle avoidance, or
integrated into mobile apps to simplify wayfinding and orientation tasks4. Impairments can pose
challenges to the accessibility of human-machine interfaces potentially impacting the overall user
experience [5]. In a mobile application, user interfaces need to be carefully designed to prevent
accessibility issues; for instance, avoiding pop-ups is critical when creating GUIs for visually impaired
users. Personalization of information (i.e., choosing which information to present and how to deliver
it) is another aspect that must be considered. Visually impaired persons commonly use non-visual
channels to perceive their surroundings [9]. While exploring an environment, blind subjects usually
rely on the sounds they hear and the obstacles they discover using the white cane, in order to identify
and remember landmarks, and to better orient themselves [2, 10]. Other signals such as smells can
also be associated with landmarks, and may become valuable aids for orientation. Moreover, blind
persons are not inclined to rely on assistive technology exclusively, as they do not want to give up the
traditional white cane to move around more safely. On the other hand, partially sighted individuals
may have a different approach, as they can make use of their residual vision. Besides these general
considerations, each individual has their own unique preferences influenced by factors like age, gender
and personal experiences [11]. For example, not all visually impaired subjects are equally responsive
when it comes to the sense of touch, depending on their age or familiarity with tactile devices. For
an orientation and mobility system to be effective, it is not only necessary to have a robust software
and hardware infrastructure, but also a properly designed user experience for the related software
applications and devices. To this end, the adoption of co-design strategies in a preliminary phase may
prove fundamental [12, 13].

As the performances of smartphones have increased, they have gained popularity as tools to enhance
the independence of individuals with visual impairments. Mobile applications also benefit from the
large distribution capacity provided by app stores on the Internet. Thanks to features such as vibration
motors, text-to-speech (TTS) and accessibility services, smartphones offer cost-effective solutions for
providing information through tactile and auditory channels [14]. However, in many cases, audio
alerts can be intrusive or difficult to hear in noisy environments. In addition, the vibrations provided
by a smartphone may not be sufficient to guide a user through a complex physical environment, and
visually impaired users may find it cumbersome to hold a smartphone in one hand and a guide dog or
white cane in the other. There are many assistive devices designed to overcome these problems, with
software and hardware tailored to the computational demands of traversal and localization problems.
Some of these devices are designed as stand-alone modules, while others can be integrated by mobile
apps. Their rather high cost is, however, a limiting factor to their diffusion. Examples of such devices
include smart glasses and other wearables based on the haptic channel. Assistive smart glasses exist,

1The official iBeacon documentation: https://developer.apple.com/ibeacon/
2Seeing AI: https://www.seeingai.com/
3Be my AI: https://www.bemyeyes.com/blog/introducing-be-my-ai
4VoiceVista: https://www.applevis.com/apps/ios/navigation/voicevista



which may also come equipped with bone conduction headphones to reduce the burden of auditory
stimuli, or integrated with software libraries for augmented reality or artificial intelligence.5 Assistive
wearable belts are another type of hands-free device, consisting of a series of actuators6, which are
capable of transmitting fine-grained directional details. This work highlights several key issues related
to the development of assistive navigation applications for visually impaired persons, issues that should
receive more attention from the scientific community. The articles we have identified and discussed
have been carefully selected to underscore specific aspects such as user requirements, user experience,
usability, and accessibility of assistive navigation devices. While this work does not aim to be an
exhaustive or systematic review of the literature on the subject, it serves as a compass, a preliminary
effort designed to guide and inspire future, in-depth studies that will expand our understanding and
improve the development of these technologies.

The remainder of the paper is organized as follows: Section II outlines the key requirements for
defining a usability-centered and inclusive assistive navigation solution. Section III connects these
requirements to the context of indoor localization. Finally, Section IV and V respectively summarize
the main open challenges in this area and draw conclusions.

2. Understanding user needs: Requirements for an inclusive
experience

Designing an assistive device for users with special needs implies focusing on their expectations, in
order to develop hardware and software solutions which account for an effective and satisfactory user
experience. In[15], the authors conducted a survey involving twenty-five blind users, and highlighted
several important observations: blind persons prefer interactive tactile maps to navigate towards
distant destinations or specific nearby objects, such as elevators, stairs, entrances, room numbers, and
exits. Additionally, the survey found that blind users favor sound-guided navigation outdoors and
tactile navigation indoors. Another notable outcome of this survey is that blind individuals often face
challenges in locating the correct room and finding elevators or stairs indoors. The latter is qualitatively
important for applications designed to help visually impaired individuals move independently [16]. Key
specifications for these applications include:

1. Minimizing the information load provided to the user through feedback, using auditory and tactile
channels with the least intrusiveness possible, hopefully considering hands-free and ears-free
solutions.

2. Ensuring that the device is lightweight, easy to wear and transport, without restricting the user’s
freedom of movement.

3. Balancing the complexity of the system with a long battery life to ensure effective operation over
a long period.

4. Designing intuitive interfaces that require a short learning curve to minimize the effort necessary
to understand and use the device.

5. Ensuring safety, security, and reliability, so as to establish a sense of trustworthiness in the user,
rather than anxiety towards technology. For this reason, privacy and security aspects related to
sensitive information must be considered thoroughly.

The literature commonly distinguishes between outdoor and indoor navigation systems, each ad-
dressing specific and distinct user requirements. While solutions for seamless navigation between these
environments do exist, they are still in the early stages, with many challenges yet to be addressed, and
nothing specific on the topic [17, 18].

As reported in [19], outdoor urban navigation systems typically involve three main tasks: environ-
mental mapping, route planning, and real-time navigation. User requirements for these tasks vary.

5IrisVision:https://irisvision.com/electronic-glasses-for-the-blind-and-visually-impaired/
6FeelSpace: https://feelspace.de/en/
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Figure 1: An overview of the main user requirements for indoor and outdoor navigation solutions
developed for assisting blind and visually impaired persons.

For environmental mapping, they include identifying road junctions, traffic lights, pavements, zebra
crossings, and transport options. For route planning, they include selecting locations and routes, and
choosing the type of path (pedestrian or public transport). For real-time navigation, requirements range
from understanding the environment through contextual information (e.g., distance to destination,
travel time and so forth) to identifying obstacles. User requirements for indoor navigation systems for
blind and visually impaired persons, instead, can be categorized into functional and usability require-
ments, and route description requirements [20]. Concerning functional and usability requirements,
blind and visually impaired users prioritize a navigation support system with functionalities like route
planning across devices (mobile and desktop), saving destinations for later use, and receiving current
location information with detailed descriptions of point-of-interest and environment facilities like
stairs, elevators, toilets, coffee and snack vending machines. They also require clear feedback on inputs,
advanced obstacle warnings (tactile and audible), route retracement options, wrong-turn alerts, and
the ability to store and share points of interest. As for route descriptions, personalization, concise
summaries, functional waypoint markers, and integration of environmental cues (tactile, auditory,
olfactory) are crucial. While mobile devices are preferred for navigation, some users value desktop
planning for its ease of information input. Fig.1 summarizes the main user requirements presented above
for indoor and outdoor navigation solutions developed for assisting blind and visually impaired persons.
Although addressing both outdoor and indoor environments, this work concentrates specifically on
user requirements for indoor localization.

3. Translating user requirements in indoor localization context

To deploy an inclusive localization system by design, we need to address all the requirements outlined
in the previous section. Our proposal for an inclusive indoor localization system focuses on maximizing
the accuracy of the user’s location at the room level and precisely identifying transition areas such
as elevators and stairs, using interactive and tactile maps rather than relying solely on sound-guided
navigation. Our vision emphasizes the importance of identifying landmarks as easily recognizable
objects that serve as external reference points. Elevators and stairs are primary examples of these
landmarks, but other objects defined within a tactile map can provide valuable information throughout



the wayfinding and navigation process. This approach is consistent with recent findings in [21], which
identified a set of landmarks for outdoor scenarios. Consequently, our maps are designed to help users
locate landmarks and rooms through tactile means. By integrating these features, our proposal for a
localization system aims to provide a highly accurate and user-friendly solution. This ensures that
visually impaired and blind persons can navigate indoor environments with greater independence
and confidence. Importantly, this approach addresses the privacy awareness and trustworthiness
requirement by providing a system that is not only reliable and secure, but also fosters trust in the
technology. The use of tactile maps enhances the user experience by making navigation intuitive
and reducing the anxiety related to technology use. Moreover, the design of the system prioritizes
privacy and the secure handling of sensitive information, further contributing to a safe and trustworthy
navigation aid.

We propose that the inclusive maps should be primarily tactile, produced for key areas to allow
blind users to feel their way around the map. These maps should be enriched to work seamlessly with
screen readers, providing audio descriptions of landmarks where appropriate, while prioritizing the
tactile cues. Users can receive spoken instructions and descriptions of their surroundings to help them
navigate. The color schemes used for the digital maps should emphasize high contrast to ensure that
users with low vision can distinguish between different elements. Important text and symbols should be
displayed in larger fonts to improve readability. Map layout should be kept deliberately simple, focusing
on essential routes and landmarks. Non-essential details should be minimized to avoid confusion and
ensure that users can quickly understand and use the map. The system should also include interactive
features, such as customizable haptic cues issued from the touch screen, allowing users to interact with
the map in a way that best suits their needs and preferences. All of these proposed features must be
implemented in accordance with the unobtrusive feedback requirement, which emphasizes minimizing
the information load provided to the user through feedback. By using tactile and auditory channels
with the least possible intrusiveness, the system ensures hands-free and ear-free solutions wherever
possible. This approach minimizes cognitive overload and allows users to navigate intuitively and
efficiently without being overwhelmed by excessive information.

In Table 1, we report significant works in outdoor and indoor environment highlight when user
needs are addressed (3) or not considered (empty box). Below we provide more detail on the works
analyzed, describing strengths and possible lessons learned for achieving inclusive indoor systems.

In [22], the development of an integrated system is described, in which a white cane is equipped
with two actuators in its handle to provide directional hints. The authors report findings from a
usability and user experience study conducted with blind and visually impaired persons, showing
positive participants’ perceptions and highlighting a preference for haptic guidance with two actuators.
Conversely, partially sighted participants preferred the single actuator method. These conclusions
underline the importance of vibration feedback for blind and visually impaired individuals as a useful
tool for improving orientation and providing feedback and input on user mobility, in line with the
respective orientation and mobility requirement. It is therefore essential to develop a system that is not
only lightweight and easy to wear and carry, thus satisfying the ergonomic portability requirement, but
also successfully balances system complexity with long battery life. By using lightweight materials and
an ergonomic design, the device will ensure the user’s freedom of movement. In addition, the use of low
power technologies and software optimizations allows the system to operate effectively for extended
periods without the need for frequent recharging.

Similar findings are provided in [23]. Authors propose a real-time system for blind persons which
exploits distance camera to provide feedback through speakers and vibration from a smart watch. Here
it is important to emphasise the need for near real-time capabilities in real-world applications. This is
particularly critical in indoor environments, given the number of meters that can be walked in a short
period of time and the potential hazards posed by walls, doors, stairs and furniture. Unfortunately,
their system relies on a camera placed above the user’s head, and while in theory such solutions can
work in a real environment, in this particular use case we should consider - and strongly reaffirm -
the importance of providing less invasive solutions for real users. This is a key requirement for user
acceptance and widespread adoption in the real world. Meeting the ergonomic portability requirement,



Table 1
User requirements in representative indoor and outdoor solutions (empty box means no/absent, 3means
yes/present).

Ref. Indoor (I)
Outdoor (O)

Feedback
optimization

Ergonomic
portability

Orientation
and

Mobility

Effortless
interaction

Privacy
awareness

and
trustworthiness

[21] O 3 3

[22] I & O 3 3 3

[23] I 3

[24] O 3 3 3

[2] O 3 3 3

[25] I
[26] I 3 3

[27] I 3

[28] O 3 3 3

the inclusive indoor localization system must be lightweight and easy to wear and transport, ensuring
that it does not restrict the user’s freedom of movement. The use of a head-mounted camera can be
perceived as cumbersome and intrusive, limiting the user’s comfort and willingness to use the device
consistently.

In [24], a mobile-based wayfinding tool is presented to address the challenges faced by visually
impaired persons in navigating independently in urban environments. The system consists of a software
application for Android devices that communicates with several external components. These include a
high-precision global positioning module that continuously monitors the user’s movement, a special
device that attaches to traffic lights to determine their current state, and an ultrasonic detection unit to
identify nearby obstacles in the pedestrian’s path. This comprehensive solution aims to increase the
autonomy and safety of visually impaired persons as they navigate public spaces without relying on
human assistance.

It is worth emphasizing that more mature solutions have been developed in terms of inclusivity for
outdoor environments, and this knowledge of outdoor navigation should be applied to the design of
indoor systems. These indoor environments present unique challenges where, for example, precision
and accuracy may be paramount in some areas and less critical in others. Similarly, the concentration
of potential hazards may be more pronounced in certain areas - such as near staircases - than in others.
This variability in environmental characteristics requires a nuanced approach to the design of indoor
navigation systems, one that incorporates lessons learned from outdoor solutions while addressing the
specific challenges of indoor environments.

In [2], instead, authors propose a low-cost solution for the construction of cognitive maps for visually
impaired users in urban environments, exploiting the TTS and vibrating capabilities offered by the
Android Operating System. Although the proposed prototype is based on GPS coordinates in outdoor
environments, the adoption of the GeoJSON (short for Geographic JavaScript Object) format for the
maps allows for no loss of generality, as the same format can also be used to describe indoor contexts.
The customization of GeoJSON metadata to provide accessible feedback tailored on the users’ needs is
described as well as other technical solutions adopted for allowing accessibility. The importance of
using a co-design strategy is emphasised by describing how target users were actively involved during
all stages of the design and development, by means of interviews and prototype testing. Gathering
feedback from these users proved to be extremely important both for defining application functionalities
and for learning the most suitable interaction modes according to specific individual needs.

In [25, 26, 27] authors propose portable and wearable solutions for detecting obstacles and providing
navigation directions. Most of the systems mainly exploit the haptic channel so as not to overload
the auditory channel. Nonetheless, a thorough study is required to determine the level of information
encoding that one can manage to (a) provide to the user, and (b) be able to perceive from the user in an



intuitive and effective manner. Furthermore, the auditory channel is required to be left unobstructed, but
purposeful and accurate use deserves further investigation to enable systems to offer more information
based on the user’s context and preferences. A good combination of user location strategies, knowledge
of user preferences and usage patterns, with system customization features and functionality can open
up new possible user experience scenarios in the navigation tasks. The system should be able to detect
the context and at the same time allow the user to receive the information of his or her interest with
the preferred feedback, with the level of granularity not only at the user’s request but also based on
the user experience. In some cases a haptic signal is more immediate and efficient, while in others a
verbalization of information allows for more precise and targeted content. Systems proposed in the
literature attempt to bridge some of these issues, but we are still far from effective solutions. These
systems are often unacceptable to users because they are either expensive, flashy, or inconvenient to
use, thus failing to meet requirements such as ergonomic portability, orientation and mobility, and
effortless interaction. Although some low-cost solutions have been attempted, the technology does not
yet offer the ability to achieve the desired results at a relatively low cost, and the technology does not
yet offer precision and accuracy, features that would be greatly needed in the case of visually impaired
persons. As devices, sensors and applications evolve, more affordable solutions for the user should be
further investigated.

In [28], the authors discussed the potential use and effectiveness of an interactive map application
(i.e., OTASCE map) to provide route guidance for visually impaired users. They presented a study
with 50 visually impaired participants who successfully traced routes and reached destinations using
the map. People could reach their destination even when they momentarily lost contact with the
screen and re-established touch interaction. After the study, the authors interviewed 24 users and
received valuable feedback. Some users misinterpreted coordinates or orientation, while others found
next-direction indications inaccurate or delayed. Feedback on audio and speech levels varied, with some
users preferring vibration feedback for route deviations. These insights contribute to our understanding
of the complexities of designing inclusive mapping solutions and, more generally, inclusive navigation
solutions.

Finally, although energy efficiency was not listed among the highlighted user requirements, it is a
fundamental consideration for applications that make heavy use of sensors and computational resources.
None of the articles examined addressed this aspect.

4. Open challenges

Designing cost-effective, user-friendly, and functional assistive technology for navigation remains
challenging despite significant recent progress. Designers still need to enhance positioning systems
to offer greater accuracy and customizable interfaces, ensuring a positive experience and tailored
information for users with special needs. An inclusive system for indoor navigation and orientation
should at least address the following requirements:

• Precision and Accuracy: Precision and accuracy in an inclusive indoor localization systems
are a significant challenge, especially when it comes to complex environments characterized by
varying signal strength and many obstacles. It is crucial that a visually impaired user be guided
correctly through the environment, keeping into account unexpected obstacles, specific points of
interest, such as information desks, and features such as stairs and elevators, which do not have
the same relevance for common users. Technologies such as LiDAR, BLE and image classification
have been employed to this purpose.

• Integration: Individuals with visual impairments mainly rely on traditional aids such as white
canes or guide dogs. It is hence important to provide technologies that can work in combination
with such aids, augmenting the perception of the surrounding environment without being
intrusive. Too many audio or haptic stimuli may in fact hinder the overall user experience.
Finding the proper cues to be issued is a challenge which can be addressed with co-design
strategies and extensive user testing.



• Human-Machine Interaction: To ensure a satisfying user experience, user interfaces should
be carefully designed with the aid of the end users and extensively tested. The users’ needs
should be at first gathered through interviews, surveys or focus groups. Then, users should be
actively involved in identifying the most suitable strategies to convey information. Information
are typically provided to visually impaired persons via the audio or haptic channels. In mobile
devices, TTS and accessibility services (such as Android’s TalkBack) are extensively used to
provide verbal hints, but also simple sounds can be used to identify precise events, such as the
proximity of a point of interest. The haptic channel can be adopted in many different ways, as
a means to guide the visually impaired user towards a certain direction (typically in wearable
devices) or to signal the occurrence of an event, in which case patterns of vibrations can be
used (e.g., different patterns may indicate different points of interest). Since many kinds of
visual impairment exist and each user has their own peculiarities, it is important that both the
information to be provided and the ways in which hints are issued be customizable according to
the end user’s unique preferences.

• Awareness and Trustworthiness: Security and robustness are important features which be-
come even more relevant in systems designed for persons with special needs. Both software
and hardware need to be extensively tested, and AI techniques (e.g., image classification and
recognition) can be employed to avoid the disclosure of sensitive data.

5. Conclusion

This paper highlights the growing interest in developing inclusive localization and positioning systems
that can be used by diverse types of users. The main challenge is to determine how this inclusivity
can be achieved. While recent developments in localization systems have focused on aspects such
as precision, accuracy, and privacy, now that technological solutions appear to be robust enough for
market entry and mass distribution, we believe it is essential not to neglect the requirements and needs
of all types of users. Our work aims to outline the key requirements for designing inclusive systems and
identify the next steps that the scientific community should take to achieve this goal. As technological
solutions become more sophisticated, it is crucial to ensure that their benefits are accessible to users
with different needs and abilities.
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