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Abstract: The continual proliferation of mobile devices has encouraged much effort in using the smartphones for indoor position-
ing. This article is dedicated to review the most recent and interesting smartphones based indoor navigation systems, ranging from
electromagnetic to inertia to visible light ones, with an emphasis on their unique challenges and potential real-world applications.
A taxonomy of smartphones sensors will be introduced, which serves as the basis to categorise different positioning systems
for reviewing. A set of criteria to be used for the evaluation purpose will be devised. For each sensor category, the most recent,
interesting and practical systems will be examined, with detailed discussion on the open research questions for the academics,

and the practicality for the potential clients.

1 Introduction

Indoor positioning is the technology that helps locating objects or
guiding people in unfamiliar, complex buildings. Despite its help-
fulness, it has been almost two decades since GPS was introduced
for outdoor positioning, yet the search for an equivalent ubiquitous,
affordable, and accurate indoor counterpart is still going on. The
challenge for such technology stems from the complex indoor inte-
rior design, and the building materials which block and distort the
radio, satellite signals.

For the past five years, the proliferation of the mobile devices,
along with the continuing miniaturisation of sensors, have propelled
the smartphone as an potential instrument for future indoor position-
ing systems. Mobile phones have now eclipsed desktop computers in
terms of worldwide market share™. For the developers, smartphones
are not just mini-computers, but are also sensing devices with full
awareness of its surroundings, providing a complete yet compact
computing package. For the consumers, they need not buying new
hardware, nor having to carry an extra device just for the positioning
service.

Since 2005, the number of research papers involving smartphones
indoor positioning has steadily increased (see Figure 1), which
implies the overwhelming interest on this topic. At the time of writ-
ing, there have been over 30,000 related papers indexed by Google
Scholar since late 2007 when the first iPhone and Android were
released. Hence, to cater for the research community, there has been
a wealth of surveys spreading across the research domain in the past
decade. However, many of which are either too broad by covering
most technologies in a general sense including impractical ones, or
too narrow by focusing on a certain niche market using proprietary
devices that most consumers do not possess or cannot afford. There-
fore, this article is dedicated to the emerging smartphones based
systems, which inherit a massive user base as well as the high level
of interest from the academic researchers. At the end of the article,
we aim to answer the following research questions.

e What is the most promising, practical smartphones based
system for mass adoptions? This review will judge the system’s
practicality on the same set of criteria.

* https://gs.statcounter.com/platform-market-share/desktop-
mobile/worldwide - last accessed in 5/2020
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e What are the most interesting open questions for each sys-
tem category? Academics working on smartphones based indoor
positioning may find interesting novel ideas for future research.
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Fig. 1: The estimation of the number of research work on smart-
phones indoor positioning indexed by Google Scholar. The search
criteria was that the paper must contain both the ‘indoor’ and
‘smartphones’ keywords, and either ‘navigation’ or ‘positioning’ or
‘localisation’ or ‘tracking’, within the text. The results were then
filtered by the authors based on their relevance.

1.1  Article’s contributions

With the growing interest in the domain, and the high number of
relevant research outputs, it would be beneficial for the research
community to have a review article every 3 to 5 years. In addition
to this fact, our article offers the following contributions.

e Only smartphones sensor based systems were reviewed (i.e. ultra-
sound, laser scanner, etc. which are not present on the smartphones,
are omitted). All sensors are discussed from the smartphones’ per-
spective, and how they may be adopted for the positioning purpose.
e We emphasise on the practicality of each technology, and the open
research questions.

e We devise a taxonomy to group different smartphones sensors.



Table 1 The applications of smartphone indoor positioning system.

Tracking purpose

Navigation purpose

Security For the guards:

* Being notified if the precious object has been moved.

For the clients:

* Automatically granting access for authorised personnel.

For the guards:
* Finding the shortest way to the stolen/lost objects.

For the clients:
* Quickly evacuating personnel during an emergency.

Healthcare For the patients:
* Locating the nearest wheel-chair.

 Automatic checking-in/out upon entering the hospital.

For the doctors:
* Locating medical equipment.
* 24 hour monitoring of mental illness patients.

For the patients:
* Route-finding to the doctor’s office.
* Automatic wheel-chair navigation in the hospital.

For the doctors:
* Finding the shortest route to the patient in an emergency.

Retailer For the customers: For the customers:
» Shopping assistant for the latest in-store offers. * Finding the correct shelf for a particular item.
For the managers: For the managers:
* Sending out relevant e-coupons when the customers are ~ * Improving store layout by analysing footfall and
near a particular shelf. congestion.
* Pinpointing staff’s location in realtime.

Industry For the customers: For the customers:

* Tracking luggage at the airport.

For the administrators:
* Locating products in the warehouse.

¢ Be notified when an item leaves the warehouse.

* Finding seats in large venue.
¢ Personalised computer guided tours.

For the administrators:
* Automatic adjusting the speed of conveyor belt for
transporting heavy items.

1.2 Style and structure of this review

To cater for the readers with interest in different systems, this arti-
cle is written in a balanced narrative and systematic fashion, where
a detailed, comprehensive literature survey is carried out, yet it
is structured in a coherent, well formatted template, allowing the
readers to pick up any chapter independently. The mathematics are
kept to a minimum, with only well-proven formulas describing the
foundation of the technique included.

For each sensor category, we describe the general underlying
technology, followed by how it is used specifically on the smart-
phones, including the provided measures and the challenges. At the
end of each category chapter, we review the positioning methods
that are applicable to this class of sensor, from a theoretical view-
point with open research questions targeted at interested academic
researchers. Then, we compare the performances of those techniques
implemented on real world systems as reported in the literature,
aimed at practical implementations.

The remaining of this article is structured as follows. Section 2
introduces the concepts of smartphones based positioning. Section
3 devises a taxonomy of smartphones sensor categories along with
the criteria to review them. So that, Sections 4, 5, 6, 7, 8 and 9 will
review individual category in detail. Lastly, Section 10 summaries
the article and outlines further work.

2 Smartphones based indoor positioning

This section introduces the concept of smartphones indoor posi-
tioning, highlighting the applications and challenges facing such
systems.

2.1  Tracking with smartphones

For this type of system, we assume that the user must carry a smart-
phone with them at all times, in order to deliver the positioning
service. This assumption is justified, given that 3.5 billion people

possessing a smartphone in 2019, and over 94% of adults in the UK
have one, according to a recent survey™.

However, smartphones do not come ready with indoor tracking
capability. Thus, most solutions rely on an app running in back-
ground to deliver such service. This app receives data from the
built-in sensors, some of which require the user’s permission at
launch time. Some systems may require additional supporting infras-
tructure to interact with the phone app, as we will discuss in detail in
the upcoming sections.

Compared to other indoor positioning competitors, smartphones
based system offers unique benefits for the users in its compact form,
and its self-contained package as a mini computing unit with an
interactive touch screen. Most importantly, the clear advantage is
being a ubiquitous device, the users need not carrying an extra piece
of hardware for indoor positioning service.

2.2 Challenges

Despite the aforementioned advantages, it is worth emphasising that
most smartphones sensors, apart from GPS, were originally designed
for other functionalities in mind, rather than purposely for indoor
positioning. Hence, we face the following challenges.

e The sensor design is minimal. Over the years, sensors continue
to be miniaturised in order to fit into the small phone body. The chal-
lenge is that their sensitivity drops consequently (i.e. a bigger sensor
will have longer range with more accurate measures).

o The measures are noisy. This includes the mechanical noises as
the sensors are packed closely together in tight space with other con-
ductive components like battery, and unintended interference from
external sources.

*hitps://www.statista.com/statistics/300378/mobile-phone-usage-in-the-
uk - last accessed in 5/2020.
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Table2 Comparison of the characteristics of 18 most common smartphones sensors, in alphabetical order, for the indoor positioning purpose. The sensors are
surveyed from the mid-range Lenovo Phab 2 phone.

Sensor type Temporal  Spatial Battery User Max Description
variation difference consumption permission frequency
Accelerometer low high low none 196 Hz measuring the changing rate of the device
acceleration
Ambient light low various low none 4 Hz measuring the ambient visible light’s intensity
Barometer high low low none 90 Hz measuring the atmospheric pressure
. . communicating with nearby Bluetooth beacons or
Bluetooth high low low yes various other Bluetooth-enabled devices
Camera * various high high yes 60 Hz capturing the scenery via the front or back lenses
Cellular low high high yes 20 Hz communicating with nearby cell towers
Fingerprint + low N/A low yes 0.5 Hz generating an image of the finger’s ridges and
’ valleys
FM f low high high yes N/A receiving information from nearby radio towers
. . receiving the satellite signals to compute the
GPS low high high yes 10 Hz latitude and longitude of the phone
. measuring the changing rate of the device’s tilting
Gyroscope low various low none 198 Hz angle
Heart rate | N/A N/A low yes 1 Hz measuring the pulse rate with reflected LED
Magnetometer low various low none 49 Hz measuring the ambient magnetic field strength
Microphone * high various high yes 48 Hz capturing the ambient acoustic noise
NFC various various high yes 1 Hz communicating with nearby RFID tags
Proximit low various low none 4 Hy measuring distance to the nearest object within 10
Y centimetres
Thermometer ' low low low none 10 Hz measuring internal phone components’ temperature
S I TIe measuring distance to the nearest object within 2 to
Time-of-flight low low low yes SHz 3 metres
WiFi high low high yes 0.03 Hz communicating with nearby Access Points or other

WiFi-enabled devices

* these sensors must operate in the foreground at all time.
T these sensors may not be available in all devices.

e The sensors are heterogeneous. The variety of smartphones
designers, and sensor manufacturers, makes it challenging to nor-
malise the measures across devices.

o The interior design is complex. The building material is made of
large ferrous metal structures (e.g. metal bars, steel rebars, reinforced
concrete) which greatly distort some sensor readings.

e The indoor environment is dynamic. The building is usually
occupied by many users moving about in their daily work, which
may impact some wireless signal based systems.

2.3 Applications of smartphones indoor positioning system

Overall, most indoor positioning systems have two general purposes,
tracking and navigation. For the tracking purpose, at any moment’s
notice, the system must be able to detect and pinpoint the loca-
tion of the person or object. For the navigation purpose, the system
must guide the users using the most optimal route. Table 1 compares
some specific applications of indoor positioning for the four popular
societal areas, which are healthcare, retailer, industry, and security.

3 Classification of smartphones sensors
Having discussed the general idea of smartphones based positioning,

we are now in a good position to delve deeper into the technological
details of each individual sensor.
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In short, a sensor is an electronic device that measures the changes
in electrical or physical signals, and produces a measurable digi-
tal response to those changes. These changes can either be internal
reactions within the mobile device, or externally in the surrounding
environment. There are currently 18 sensors in modern smartphones
(see Table 2 and Figure 3). Some of which are more useful for indoor
positioning than others. In particular, we identify five properties that
are most relevant for our purpose.

e Temporal variation. This is the sensor’s ability to produce con-
sistent measures over time, under the same environmental setting
(e.g. in the same location).

e Spatial difference. For indoor positioning, it is critical that dis-
tinct locations have distinguishable sensor signatures, which are
useful for pattern matching algorithms.

e Battery consumption. The lower the energy consumption, the
longer the positioning app may continue running.

e User permission. Some sensors such as inertial ones can be
queried at any moment, without a consent request, which enables
smoother user experience. Others require special attention from the
user in the form of a pop-up window to grant access (e.g. WiFi,
Bluetooth, GPS).

e Sampling rate. This metric determines how frequent the sen-
sor updates its measure. A high sampling rate sensor is critical for
tracking fast moving users and objects.
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Fig. 2: The taxonomy of smartphones sensors.

However, reviewing so many different sensors individually would
make it inconvenient for the readers to follow, not least some of them
sharing common properties, and many techniques may be applied
to multiple sensors. Hence, we derive a taxonomy to categorise
those sensors into four groups based on their functioning mecha-
nism, which are electromagnetic based, visible light based, inertia
based, and other sensors (see Figure 2).

o Electromagnetic based. These sensors operates on the electro-
magnetic spectrum, through the invisible waves of wireless signals.
e Visible light based. These sensors rely on visible natural lights to
function.

e Inertia based. These sensors uses motions to estimate the phone’s
position.

e Others. This group includes the microphone, fingerprint, ther-
mometer, and barometer, which do not directly fit in the above
groups.

The sensors from each group will be reviewed together in their
own separate section. In each section, we will overview the technolo-
gies behind each system category, from the smartphones’ perspec-
tive, emphasising on their challenges, the positioning algorithms,
and the results of the most notable systems in the recent literature.
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(a) The front of the phone. (b) The back of the phone.

Fig. 3: Relative position of most smartphones sensors, illustrated
on our Lenovo Phab 2 test phone. Some sensors are embedded
within the phone, while others are exposed. The battery occupies
the majority of space at the bottom half of the phone.

4  Electromagnetic signal based systems

This section examines the systems that operate on the electromag-
netic spectrum, with frequency ranging from as low as 10 Hz to the
crowded 2.4 GHz band (see Figure 4). These electromagnetic waves
carry information, generated by both electric and magnetic compo-
nents, across the space without the need of any transport medium,
and can be interpreted by the smartphones sensors. Some systems
are ubiquitous as the transmitters already exist for other purposes,
while others require dedicated hardware deployment, to be discussed
later on.

Distance wise, the lower the frequency of the system is, the longer
the wavelength is (i.e. the further the signal can travel, and the eas-
ier it can pass through walls, furniture). This attribute demonstrates
why low frequencies are reserved for AM, FM, Cellular transmit-
ters, which need to reach long distance users. In contrast, the higher
the frequency of the system is, the smaller the wavelength is (i.e. the
shorter distance they travel). To compensate for the lack of distance,
these systems have higher bandwidth capacity to serve many users
simultaneously, which explains why WiFi, Bluetooth transmitters
are on this frequency.

Data wise, electromagnetic signals are capable of carrying posi-
tion related information from the transmitters (e.g. the MAC address,
the wireless channel, geo-coded data, etc.) which the receiving
smartphone may infer to determine its location.

4.1  WiFi

WiFi describes the technology that allows the local devices to com-
municate wirelessly via an Access Point (AP) on the 2.4 GHz band,
or the newer 5 GHz band. It was designed to replace the wired
Ethernet cable for faster and more secured data transmission. Mod-
ern buildings are populated with plenty of APs for internet access
and wireless communication amongst the users, which inherently
benefits WiFi-based systems as no extra hardware is needed.

On the smartphones, WiFi was intended to allow the user to con-
nect to nearby hotspots or routers for Internet access, or the recent
WiFi Direct protocol that allows two smartphones to exchange data
directly without an AP. Therefore, the level of information expo-
sure is not as expansive as on a PC or laptop. In particular, from the
smartphones’ perspective, the visible information are just the name,
MAC address, and the received signal strength (RSS) of nearby APs.
To obtain these information, the phone initiates a scan, which lis-
tens on each of the 14 WiFi channel on the 2.4GHz band for a
short period of time for any data periodically sent by nearby APs.
This process is known as passive scanning. By default, WiFi APs
broadcast data simultaneously on all channels every 100 ms. Thus,
the entire scanning process takes about 1.5 seconds on most smart-
phones. Other devices such as laptop or PC may initiate a faster
active scanning process, that floods the probe request frames on all
WiFi channels, and waits for the probe responses from the APs.
The process normally completes within 200 ms to 500 ms, which
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Fig. 4: The electromagnetic spectrum.

is significantly faster than passive scanning. Unfortunately, active
scanning is not supported on Android devices to preserve battery
and reduce overloading the WiFi channels.

Therefore, the challenges for WiFi based system are:

e Indoor areas with similar RSS. Since the APs were primarily
designed with data communication in mind, their deployed positions
may not be optimal for indoor positioning.

e Changing indoor interior. Any rearrangement of furniture may
alter the way the WiFi signals are deflective, absorbed, and scattered
around the building.

o The missing APs. As these systems rely heavily on the WiFi APs,
an AP taken off-line may impact the positioning result, or worse,
requiring a new survey of the building.

e The scanning delay. As discussed above, passive scanning on
Android devices may take up to 1.5 seconds, which may not be
suitable for monitoring fast moving users.

o WiFi cell breathing. This mechanism is implemented in most
new WiFi network to permit overloaded APs with too many con-
nected users to offload their work to neighbourhood APs. The
consequence is that the coverage zone, and APs RSS, which are crit-
ical for a positioning system, dynamically change depending on the
number of active users.

Overall, despite some of its challenges, WiFi is still perhaps one
of the most popular choices for indoor positioning right now, due its
ubiquity.

4.2  Bluetooth

Bluetooth describes the wireless technology that allows devices to
communicate directly to each other, on the same 2.4 GHz band
as WiFi. Although both Bluetooth and WiFi appear to facilitate
the same wireless communication purpose amongst devices, their
design intention are different. Firstly, Bluetooth’s target audience are
small peripherals (e.g. mouse, keyboard) with a few concurrent con-
nections (typically between only 2 devices), while WiFi’s target is
delivering high speed connection amongst many larger devices (e.g.
laptop, PC). Secondly, Bluetooth devices are easy to switch on/off
and be ready connect to others, whereas WiFi APs require excessive
configuration. Thirdly, Bluetooth’s coverage is much shorter at 5-
10 metres, comparing to typically 30-50 metres from WiFi’s. Lastly,
Bluetooth was designed for power efficiency and affordability (i.e.
a single 1.5V cell battery may power a Bluetooth beacon for up
to 9 months), whilst WiFi’s aim was to maximise high speed data
transmission.

On the smartphones, Bluetooth was intended to connect the phone
to peripherals such as headphone, fitness tracker, and to exchange
small pieces of information where speed is a non-issue with other
Bluetooth-enabled devices. Hence, similar to WiFi, the level of expo-
sure is rather limited, in the form of just the MAC address and
the RSS of nearby Bluetooth devices, which are obtainable from
a scan. However, the major difference to WiFi is the duration of
the Bluetooth scan, which depends on three parameters - the scan
window (i.e. the length of a single uninterrupted scan), the scan
interval (i.e. the gap between scans) of the phone, and the adver-
tising frequency of the peripheral device (i.e. how often the device
announces its existence on the 3 Bluetooth advertising channels).
Once setup, WiFi sticks on one channel through out its life, whereas
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Bluetooth frequently hops between its 3 channels. Ideally, it is pre-
ferred to have a long scanning window with short interval, and a
high advertising frequency to maximise the discoverability of nearby
Bluetooth devices. However, the consequence is the high power con-
sumption for both the phone and the peripheral device. By default,
the most optimal Bluetooth scanning profile on Android (i.e. the
SCAN_MODE_LOW_LATENCY) sets both the window and the
interval to 4,096 ms. This means the phone will scan uninterrupt-
edly for just above 4 seconds, with another 4 second break till the
next cycle. Therefore, the Bluetooth peripherals should be config-
ured to advertise at least once every 4 seconds to be discovered by
the phone.
Nevertheless, the challenges for Bluetooth based systems are:

e Deployment of Bluetooth beacons. Having to manually install
and find the optimal placements for all beacons as well as maintain-
ing these devices are challenging.

e Signal instability. Due to the implemented frequency hopping
technique, the Bluetooth signals from a beacon often fluctuate even
when observed from the same location.

e High latency. The 4 second interval between scan may pose a
challenge for applications requiring constant location update.

Overall, with its relatively short range and low power consump-
tion, Bluetooth is suitable for beacon based solution.

43 GPS

Global Positioning System (GPS) describes the constellation of 24
satellites circling the Earth in a precise orbit two times per day [1].
The GPS sensor on the smartphones acts as a receiver to measure
the distance from itself to the satellites, based on the receiving sig-
nal, and applies trilateration to determine the location of the phone
(to be discussed in the positioning method section) using the satel-
lites as reference points. In contrast to the above WiFi and Bluetooth
technology, which were designed for the indoor environments, GPS
was designed primarily for outdoor use.

From the smartphones’ perspective, the available information are
the phone’s current longitude, latitude, timestamp, and accuracy (i.e.
the radius of the circle with the phone at the centre), which are pre-
cisely what most positioning systems need. However, GPS-based
indoor positioning faces the following challenges.

o Extremely weak satellite signals. Theoretically, the satellite
orbits are arranged in such a way that at least four satellites are
seen at any place on Earth. In reality, skyscrappers may block such
view. Additionally, by the time the satellite signals reach the Earth’s
surface, they become too weak to penetrate most modern building
materials.

e Coarse positioning. In normal working condition, GPS has an
average of 5-10 metre accuracy, which is sufficient for outdoor navi-
gation. However, such accuracy means the user may be estimated to
be in a different room or building.

o Excessive battery consumption. GPS receiver on smartphones is
known to drain battery quickly when used for long period of time.

Overall, in the indoor context, GPS is usually employed as
opportunistic signal information, rather than a stand-alone indoor
positioning solution.






