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ABSTRACT 
Indoor wayfnding poses unique challenges for people with dis-
abilities. Large, unfamiliar indoor environments can be difcult to 
navigate even for people with no disabilities. This paper presents a 
Bluetooth Low Energy (BLE) beacon-based indoor wayfnding sys-
tem that factor in the unique needs of people with diverse abilities. 
The system was designed using the methods previously developed 
for an indoor wayfnding system called GuideBeacon. Mobile ap-
plications for both android and iOS devices were developed for 
operating the wayfnding system. This work documents the guide-
lines that were formulated and the design decisions that were made 
when setting up this system in a multi-foor indoor environment. 
The results obtained from preliminary usability testing suggests 
that the indoor wayfnding system can be used efectively by people 
with diverse abilities. 

CCS CONCEPTS 
• Human-centered computing → Accessibility technologies; 
• Social and professional topics → People with disabilities; • 
Information systems → Location based services. 
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1 INTRODUCTION 
People with disabilities face several challenges that prevent them 
from being engaged citizens. These include navigating indepen-
dently in and to buildings that provide important services (educa-
tional services, services for medical care and so on), and exploring 
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unfamiliar environments safely. Wayfnding therefore remains a 
challenge for people with disabilities in our communities. 

The wayfnding process consists of three main parts: a) estimat-
ing a person’s current location in an indoor or outdoor environment, 
b) learning the location of their desired destination and fnding a 
traversable path from their current location to the destination, and 
c) navigating that path. In outdoor environments, global positioning 
systems (GPS) and its mapping technologies provide a quick and 
easy means of wayfnding that is mostly accurate. However, in most 
indoor environments, GPS is neither reliable nor accurate. Hence, 
most people rely on following static signage and reading indoor 
maps of buildings while navigating indoor spaces. This wayfnding 
strategy, however, fails to consider the unique needs of people with 
disabilities. In large, unfamiliar indoor spaces, it is not uncommon 
for even a person with no visual impairments to have trouble fnd-
ing their way around. This could be due to the lack of well-marked 
signs and maps, not being familiar with the conventions or lan-
guage used on this signage, or just the fact that the space layout is 
disorienting. A solution to the indoor wayfnding problem for the 
blind or visually impaired (BVI) could also have broad implications 
for the sighted population. 

The early systems for enabling auxiliary location-based services 
(ALBSs) for independent wayfnding in GPS-limited areas were 
based on radio-frequency identifcation (RFID) tags [4, 12, 13, 17, 19] 
or infrared technology [2]. These were not very fexible for chang-
ing embedded information and required special hardware to be 
carried around by users. Such limitations had created barriers for 
widespread use and adoption for ALBSs. There has been recent work 
in developing ALBSs specifcally for indoor wayfnding using BLE 
beacons embedded in the environment that interact wirelessly with 
smartphones carried by users [1, 6, 10, 11, 18]. The early success of 
these approaches indicates that utilizing BLE beacons is promising 
to serve the various wayfnding and related challenges faced by 
persons with disabilities. However, to provide community-wide 
ALBSs, many further technical challenges in large-scale beacon 
placement and seamless interaction with existing GPS-based sys-
tems need to be addressed. In addition, the biggest limitation of 
existing work is that they have targeted solving challenges for just 
one type of disability (such as vision loss) which has resulted in the 
potential user base being very small. The primary goal of this work 
is to be inclusive in addressing the unmet auxiliary wayfnding 
needs of people with various disabilities and the general population 
using a common technology infrastructure, thus aiming to achieve 
both economies of scale and scope towards sustainable community 
solutions. Such economies of scale and scope are particularly im-
portant in small to medium-sized communities (as defned in [15]) 
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where there may not be enough potential users to justify custom 
information accessibility solutions and associated infrastructure 
for each disability. 

This paper documents the guidelines that were formulated and 
the design decisions that were made when setting up a BLE beacon-
based wayfnding system (that relies solely on proximity detection) 
in an indoor environment. The wayfnding system presented in 
this work utilizes the methods previously developed for a BLE 
beacon-based indoor wayfnding system called GuideBeacon [6]. 

2 RELATED WORK 
Bluetooth-based indoor localization is not new [3], but it only 
gained traction after the introduction of Bluetooth 4.0 (also called 
Bluetooth Smart) and its BLE feature [16] in 2010. There have 
been some recent eforts using BLE beacons for wayfnding for 
the BVI. These include: StaNavi [11], GuideBeacon [6], ASSIST 
[14], PERCEPT [9], and NavCog [1]. NavCog uses a fngerprint-
based positioning method whereas GuideBeacon and StaNavi use 
proximity-based methods for localization. All report signifcant im-
provement in the ability of BVI persons to navigate indoor spaces 
independently. Such beacon-based navigation systems may be a 
viable solution for indoor wayfnding for the BVI if the underlying 
challenges to their deployment can be overcome. 

NavCog and ASSIST are not pure BLE approaches; NavCog com-
bines proximity-based localization with computer vision techniques 
while ASSIST combines fngerprinting-based localization with com-
puter vision. The ASSIST app is part of the SatHub project [7] 
with accessible transit as its main focus with a future intention to 
include people with autism spectrum disorders [8]. GuideBeacon, 
the underlying wayfnding/navigation service used in CityGuide 
[5], is a pure BLE approach that achieves its accuracy from noise 
fltering and smoothing mechanisms. A major diference in Guide-
Beacon/CityGuide from other eforts that attempt to localize a user 
at all points indoors is that only strategic localization at points of 
interest (PoIs) is deemed necessary (a feature that should help with 
scalability), with dead reckoning used between these PoIs. 

3 SYSTEM OVERVIEW 
Figure 1 shows the components of the BLE beacon-based wayfnd-
ing system. Every point of interest in an indoor setting that the 
user may wish to navigate to can be associated with a BLE beacon. 
These beacons and the paths that connect them together can be 
depicted in a connected graph � (� , �) where � is the set of vertices 
that represents the beacons and � is the set of edges that represents 
the paths that exist between the beacons. Each path that a user 
can take between any two beacons � and � has a certain weight 
� (�, �) which could be a function of one or more of the following: 
the distance between the beacons, the ease at which one can move 
between these beacons (infuenced by the presence of obstacles, 
pedestrian trafc, path surface characteristics and so on). All this 
graphical information that assists in wayfnding can be stored in a 
database and later retrieved using a mobile application. 

In order to estimate the position of a user in an indoor space, 
the wayfnding system utilizes a beacon-based proximity detection 
mechanism. It relies on received signal strength indicator (RSSI) 
readings to determine if a user is near a beacon; the RSSI increases 

as the user moves closer to a beacon. Most smartphones come 
equipped with a magnetometer that shows the direction the phone 
is pointing which reveals the user’s orientation. This information 
can be used to let the user know in what direction they must turn 
next so that the direction that they face aligns with the direction 
they must travel to reach their destination. Oftentimes, the smart-
phone receiver detects more than one beacon in an indoor space. 
To fnd the closest beacon, the smartphone receiver needs to rec-
ognize the beacon that lies within a range of 1.5 to 2 meters from 
the user and ignore the beacons that are farther away. Various mul-
tipath efects can cause RSSI values to fuctuate over time for the 
same beacon. To minimize the efect of this constantly changing 
RSSI, the proximity detection algorithm uses a weighted moving 
average (WMA) over a window size of last n RSSI advertisements 
observed [6]. A weighted moving average puts more weight on 
recent RSSI values and less on past RSSI values. This is carried out 
by multiplying each RSSI value by a diferent weighting factor. 

A routing function helps compute the shortest end-to-end path 
from a user’s current location to their intended destination in the 
indoor space (analogous to fnding a path between two vertices in a 
connected graph such that the sum of the weights of its constituent 
edges is minimized) and provide navigational instructions to tra-
verse this route. To make such a system truly accessible, people 
with diverse abilities should be able to interact with the system 
without difculty and comprehend the information it provides. Dif-
ferent users require diferent navigation information. For example, 
when navigating between foors, a wheelchair user is more likely 
to choose a route that has an elevator over a route that has stairs. 
It is therefore recommended that application developers carefully 
consider diferent user characteristics/preferences early on during 
the design phase. A proximity detection algorithm is used to contin-
uously check the proximity of a user to the BLE beacons that they 
encounter along the way to confrm if the user is moving along 
the computed route. If a user deviates from the computed path, a 
rerouting mechanism kicks in and computes a new route from the 
user’s current location to the intended destination and guides the 
user along this new route. 

The mobile applications developed for indoor wayfnding fea-
tures two modules that can help with both localization and naviga-
tion. The exploration module is activated when the user is near a 
BLE beacon that is part of the indoor beacon network. This module 
is responsible for providing information about the nearby points 
of interest associated with a beacon. As the user moves through 
the indoor space and encounters new beacons, they will be able 
to discover new points of interest. This is useful for users who 
simply wish to learn about their new surroundings with no specifc 
destination in mind. While standing close to a beacon, users can 
perform a voice search or type in a search box to look up their 
desired destination in a database of indoor points of interest. If 
matches are found, they are displayed in the form of a list. Once 
the user makes a selection, the navigation module is activated. This 
module (which includes routing, route advancement and rerouting 
mechanisms) is responsible for computing the end-to-end route 
and generating guidance instructions that help users navigate to 
their desired destination. 
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Figure 1: BLE beacon-based wayfnding system 

4 BEACON DEPLOYMENT 
Using BLE beacons for gathering proximity information is quite 
straightforward but utilizing them for accurate indoor positioning 
requires detailed planning. There are several important aspects 
to consider when designing a wayfnding system that relies on 
proximity detection alone. With proper planning, 1-to-2-meter po-
sitioning accuracy is feasible with BLE beacons. It is important to 
plan large-scale beacon deployments carefully before actual instal-
lation because remapping beacon locations and reinstalling beacons 
can take considerable time and efort. 

4.1 Planning and Design 
The three-story college campus building that houses the author’s 
research laboratory was chosen as the beacon deployment site. Its 
2-meter wide, double-loaded corridors served as a testing ground 
for the BLE beacon-based indoor wayfnding system presented in 
this paper. Due to its low cost and long battery life, the Gimbal 
Series 21 beacon was the beacon of choice for this project. The 
Gimbal Series 21 beacon uses four standard AA alkaline batteries 
and has a battery life of around 18 months. 

Beacons need to be placed in a way that facilitate proximity 
detection during exploration and navigation. Possible indoor lo-
cations for beacon placement include entrances to rooms, corner 
spaces of angled corridors, and entryways to vertical circulation 
spaces such as elevators and stairwells. The beacons placed near 
elevators and stairwell doors served as foor transition beacons 
that allowed for navigation between foors. For environments with 
aesthetic concerns, the beacons can be mounted in ways that help 
them blend in with the surroundings. Applying a vinyl skin or 
coating the beacons with paint devoid of any metallic materials 
are some other possibilities to consider. A single beacon may be 
inexpensive but dense beacon placements will require many bea-
cons that will make the total cost go up quite signifcantly. Thus, 
each beacon needs to be judiciously placed. Pushing out too much 
information at once (information regarding the points of interest 
nearby) can overwhelm the users. To mitigate information overload, 

a maximum of four points of interest were associated with each 
beacon. 

A graphical user interface (GUI) application was created to man-
ually mark the points of interest and the possible locations for 
beacon placement on a foor plan. Although challenging, determin-
ing the optimal number of beacons and the possible locations for 
their installation can have a signifcant impact on the efciency of 
the wayfnding system. Figure 2 shows the GUI application that 
was used to mark the PoIs and possible beacon locations on a foor 
plan. The round markers represent the beacon locations, and the 
square markers represent the PoIs. Each beacon is connected to 
its neighboring beacon using a straight line. If a point of interest 
needs to be associated with a beacon, then it is connected to that 
beacon using a straight line as well. A connected graph is generated 
where the beacons serve as vertices and the paths between beacons 
serve as edges. These edges are simply the walking paths. Each of 
the edges has a weight (the edge length) that determines if a path 
needs to be part of the end-to-end route computed during naviga-
tion. With the help of this application, one can also fnd the length 
and orientation of each of these edges or walking paths. Knowing 
the directional orientation of these paths allows users to orient 
themselves to the next point along the route to their destination. 
All this connected graph data can then be pushed to a database. 
The shortest path algorithm (such as Dijkstra’s algorithm) can be 
applied to this connected graph structure to fnd the shortest path 
between the source node (the beacon that the user is close to) and 
the destination node (the point of interest that the user intends to 
navigate to). 

The Gimbal Series 21 beacon can be confgured for proximity 
detection by adjusting its advertising interval and transmission 
power. Advertising interval specifes how often a beacon transmits 
its signal; the shorter the interval, the more often the beacon broad-
casts its signal and the more stable the signal becomes. However, 
reducing the advertising interval can take a toll on the beacon’s 
battery life. All beacons used in this project had their advertising 
interval set to 100 milliseconds. Transmission power specifes the 
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Figure 2: Beacon placement tool 

strength of the signal that the beacon transmits; the stronger the 
power, the further the signal travels. Like the advertising inter-
val, the transmission power has an impact on the beacon’s battery 
life. For a beacon to be detected when the user is close by and not 
when far away, the transmission power will need to be reduced. In 
an environment with minimal interference, using a transmission 
power of -8 dBm (decibel-milliwatts) was observed to work well 
for proximity detection. All beacons that were to be deployed had 
their transmission power set to -8 dBm initially. In situations where 
beacons had to be placed close together, signal interference was a 
common issue. To tackle this problem, the transmission power of 
both beacons were reduced further (usually by the same amount). 
Although time-consuming, tuning these parameters by trial and 
error is necessary to optimize the beacons to get the best possi-
ble combination of battery life, signal coverage, and wayfnding 
experience. 

4.2 Beacon Installation 
The beacons were physically installed at locations marked by bea-
con markers on the foor plan. For narrow double-loaded corridors, 
ceiling mounting is preferred to wall mounting since it ofers the 
best proximity detection performance. The beacons were mounted 
in the middle of the corridor (as shown in Figure 3) so that their 
signals could spread out evenly. Mounting beacons on ceilings also 
reduces the chances of crowds and other dynamic elements ob-
structing a beacon’s line of sight. The human body is capable of 
absorbing Bluetooth signals which causes considerable attenuation 
in the received signal strength. The beacons were afxed to ceiling 
regions that were fat and had no major construction or metallic 
objects nearby. When the optimal position of a beacon was found 

to interfere with other building elements such as light fxtures or 
metallic signage, the beacon was placed at least 0.5 meters away 
from these elements. Corridors with a ceiling height of around 2.8 
meters (up to 3.0 meters) from the foor level were found to be ideal 
for ceiling mounting. 

For large open spaces or indoor spaces with high ceilings, wall 
mounting is preferred to ceiling mounting. If the beacons are 
mounted too low on the walls, passers-by may tamper with them. 
If they are mounted too high up on the walls, the signal reception 
will most likely be very poor. A good rule of thumb is to always 
place beacons on walls above eye level, at around 2.4 meters above 
the foor level. 

The BLE beacons used in this project were initially mounted 
on ceilings using double-sided adhesive tapes. Within a matter of 
weeks, several beacons started falling of despite being properly 
mounted. These tapes were then replaced with industrial-strength 
hook and loop fasteners that are more durable and have signifcantly 
more holding power. 

4.3 Beacon Management 
Efective management of the feet of beacons deployed at a site can 
be crucial to the success of a beacon project. All beacons deployed 
at the site were registered in a cloud-based beacon infrastructure 
management tool provided by the beacon manufacturer. This tool 
gives beacon administrators the ability to check the health status 
of every single deployed beacon from a remote location at any time. 
Proactive monitoring can maximize beacon uptime. If a beacon 
runs low on battery, an administrator will be notifed. They can 
replace the dying batteries and thus never sufer an outage due to 
battery issues. 
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Figure 3: A beacon mounted on the ceiling 

A beacon that falls of the ceiling it was adhered to is not a 
common problem, but it can happen if the beacon is not mounted 
correctly. In such cases, it is important to be able to identify the 
beacon, the location it was installed and the exact spot it fell from. 
If the beacon does not have an identifcation tag, fnding out the 
location where it was originally installed can turn out to be quite 
challenging, especially when managing many beacons. 

It is good practice to ensure all BLE beacons that are part of 
the indoor network are still up and running from time to time. 
Scheduling periodic walkthroughs of the indoor space armed with 
a mobile application that displays RSSI readings of beacons both 
near and far (within a certain range) is highly encouraged. If the 
application fails to detect a registered beacon, that is, if the RSSI 
values of a beacon are not being displayed in the mobile application, 
one must go to the beacon’s last known location (the place where 
it was installed) to troubleshoot it. If the beacon is still present at 
its location, one can, at the very least, rule out theft. 

5 MOBILE APPLICATION 
Two mobile applications were developed for operating the wayfnd-
ing system presented in this work: one for android and another for 
iOS devices. Both these applications can seamlessly switch between 
the exploration module (allows users to learn about their immediate 
surroundings) and the navigation module (provides navigational 
guidance to users as they move towards their destination). Since 
the wayfnding process begins with localization - a means of es-
timating a user’s current location, the exploration module is kept 
as the default mode. In an unfamiliar indoor setting, a user would 
want to know where they are with respect to their surroundings 
before they decide on a particular course of action to navigate to 
their intended destination. 

The mobile applications were equipped with a feature set that 
is the same for the most part. The route preview feature gives 

users a preview of the entire route (which includes information 
about the turns and the distances to these turns) from the user’s 
current position to their destination and thus helps them gain a 
better understanding of the end-to-end route before they set out 
on the journey. A few additional features were added to the iOS 
application to distinguish it from its Android counterpart and to see 
which of the two would be more efective during usability testing. 
Both applications were equipped with built-in accessibility features 
of their respective platforms. Users can play with various settings 
which include changing the audio narration speed, turning the 
route preview on or of, changing the unit for distance to the next 
point on the route (meters, feet, or steps), and changing the way 
in which relative directions are given (left-right-forward or clock 
position). Within the application, users can look up a destination 
in the database of indoor points of interest either by typing text in 
a search box or by using voice search (user input captured through 
voice is converted to text using a text-to-speech application). For 
both these types of input, users can search through partial or other 
known information associated with a destination. For example, the 
room number associated with a location could be used in lieu of 
the location name to search for a destination in the database. 

The diferences between the iOS and Android applications lie 
in the presentation of the system responses and navigational in-
structions. In addition to voice directions, users are provided with 
turn-by-turn directions (displayed as a list on the screen) in the 
android application (Figure 4a). In the iOS application, the user has 
to rely on voice directions for navigation, but the user’s position 
will be denoted as a dot on the foor plan that updates frequently as 
the user moves towards their destination (Figure 4b). This feature 
helps the user know where they are in the indoor space at any 
given time. Users also have the option to double tap anywhere on 
the screen to repeat the last spoken turn-by-turn direction (when 



ASSETS ’22, October 23–26, 2022, Athens, Greece Ajay Abraham 

(a) Android application (b) iOS application 

Figure 4: Guidance provided by the mobile applications when navigation module is active 

in navigation mode) or to repeat the audio description of their 
surroundings (when in exploration mode). 

6 PRELIMINARY USABILITY TESTING 
When using the mobile application, almost all BVI users wanted 
information relayed to them at a very fast rate and would therefore 
set the application’s narration speed to a high value. This proves 
that most BVI individuals can easily understand speech that is 
sped up far beyond the maximum rate that the average person 
can understand. Subjects with no visual impairments did not fnd 
listening to information pertaining to their immediate surroundings 

(the points of interest nearby) to be particularly useful since they 
possessed the ability to look around and see it themselves. But 
having a map of the indoor space in the form of a digital foor plan 
gave them a bird’s eye view of all points of interest that helped them 
learn about the indoor environment they were in more efectively. 
Also, having their position indicated as a dot on a foor plan image 
showed them where they were in the indoor space. The double tap 
feature that allows subjects to listen to the same information more 
than once was found to be helpful. 

Each user category had its own navigation information require-
ments. While some subjects (users who are hard of hearing) wanted 
turn-by-turn navigation instructions to be displayed as text on 
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screen, others wanted voice navigation. When looking up possible 
destinations to navigate to in the indoor space, most BVI subjects 
preferred using voice search to entering text manually in the search 
box. Since they had a smartphone in one hand and a mobility tool 
such as a white cane in the other, they wanted hands-free control 
of the application. This hands-free operation was favored by most 
wheelchair users as well. All subjects irrespective of the user cate-
gory they belonged to, found the navigation module of the mobile 
application to be extremely useful. 

When the application instructed users to take a sharp left or right, 
all of them made the correct 90 degree turns. But when instructed to 
turn slightly left or right, some subjects had difculty interpreting 
how much they needed to turn. Switching from a left-right-forward 
format to clock position for relative directions was shown to re-
duce ambiguity. Providing haptic/tactile feedback in the form of 
vibrations to orient users in the right direction was also found to 
be useful. Changing the distance units from meters/feet to steps 
helped some BVI users in creating a mental spatial representation 
of the indoor environment that was easier to remember. 

7 CONCLUSIONS AND FUTURE WORK 
Pedestrian Dead Reckoning (PDR) can be used to further improve 
the localization accuracy of the existing beacon setup. Proximity-
based localization techniques do not use the current position esti-
mate to determine the next position. This can lead to fragmented 
and irregular route predictions since it does not refect the con-
tinuity of the position change according to user movement. A 
BLE beacon-based wayfnding system that uses the PDR technique 
should be able to estimate the current position based on the previous 
position. 

Bombarding users with too much information at once can over-
whelm them. It would be useful to break down this big chunk of 
information into smaller parts spread across several layers, each 
with a priority score. The priority score selected by a user could 
indicate how much they wish to learn about the PoIs. For example, 
a user who selects a score of 1 would probably want to hear just 
the names of the PoIs they encounter and nothing more. 

Both wayfnding and object/obstacle detection is equally impor-
tant for the blind and visually impaired. While wayfnding helps 
them plan and follow a path towards the destination, obstacle detec-
tion prevents the user from bumping into objects/tripping/falling. 
Despite recent advances in the feld of robotics and computer vision, 
a navigation aid that can efectively tackle both wayfnding and 
obstacle detection remains out of reach. 

Comparing two or more indoor wayfnding systems can help 
identify the pros and cons of each. A computer vision-based 
wayfnding system that will be developed in-house can be com-
pared against the BLE beacon-based wayfnding system present in 
this paper. A feld study can then be conducted with BVI users to 
analyze the performance and usability of these systems in real-time. 
To compare the performance, efciency, and merits of the two sys-
tems, the navigation time, user errors, and user feedback about the 
systems will need to be considered. 

Deploying a BLE beacon-based wayfnding system is a technical 
undertaking that requires rigorous planning and an understanding 
of the key elements that can infuence user experience. To ensure 
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that the wayfnding system works well, proper installation and 
upkeep of the beacon infrastructure are essential. 
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