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Abstract

This thesis investigates applicable indoor navigation systems for the next
generation of hand-held shopping scanners, on behalf of the company Virtual
Stores. The thesis research and review applicable indoor localization meth-
ods and ways to combine and evaluate received localization data in order to
provide accurate navigation without introducing any other worn equipment
for a potential user. Prototype navigation systems was proposed, developed
and evaluated using a combination of carefully placed radio transmitters that
was used to provide radio based localization methods using Bluetooth or Ul-
traWide Band (UWB) and inertial sensors combined with a particle filter.
The Bluetooth solution was deemed incapable of providing any accurate lo-
calization method while the prototype using a combination of UWB and
inertial sensors proved promising solution with below 1m average error un-
der optimal conditions or 2.0m average localization error in a more realistic
environment. However, the system requires the surveyed area to provide 3 or
more UWB transmitters in the line of sight of the UWB receiver of the user
at every location facing any direction to provide accurate localization. The
prototype also requires to be scaled up to provide localization to more than
1 radio transmitters at the time before being introduced to the Fast moving
consumer goods market.

Keywords

Indoor navigation, Inertial measurement unit, Dead reckoning, Pedestrian
dead reckoning, Bluetooth, Ultra-Wideband, Trilateration, Shopping scan-
ner, Particle filter.
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Sammanfattning

Denna avhandling undersöker tillämpliga inomhusnavigationssystem för
nästa generations handh̊allna shopping terminaler, p̊a uppdrag av företaget
Virtual Stores. Avhandlingen undersöker och granskar tillämpliga inomhus-
lokaliseringsmetoder och sätt att kombinera och utvärdera mottagna lokalis-
eringsdata för att bist̊a med ackurat navigering utan att introducera n̊agon
ytterligare utrustning för en potentiell användare. Prototypnavigationssys-
tem föreslogs, utvecklades och utvärderades användandes en kombination av
väl utplacerade radiosändare användandes Bluetooth eller UltraWide Band
(UWB) och tröghetssensorer i kombination med ett partikelfilter. Bluetooth-
lösningen ans̊ags oförmögen att tillhandah̊alla n̊agon exakt lokalisering medan
prototypen som använde en kombination av UWB och tröghetssensorer visade
sig vara en lovande lösnings med under 1m genomsnittligt fel under optimala
förh̊allanden eller 2,0m genomsnittligt lokaliseringsfel i mer realistisk miljö.
Systemet kräver emellertid att det undersökta omr̊adet tillhandah̊aller 3 eller
fler UWB-sändare inom synfältet för UWB-mottagaren hos användaren vid
varje plats och riktning för att tillhandah̊alla ackurat lokalisering. Proto-
typen behöver skalas upp för att kunna bist̊a med lokalisering till mer än 1
radiomottagare innan den introduceras till detaljhandlen.

Nyckelord

Inomhus navigering, Inertial measurement unit, Dead reckoning, Pedestrian
dead reckoning, Bluetooth, Ultra-Wideband, Trilateration, Shopping scan-
ner, Partikel filter.
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Dictionary

Pedestrian - A person walking rather than traveling in a vehicle.

Inertial - A property of matter by which it continues in its existing state
of rest or uniform motion in a straight line, unless that state is changed by
an external force.

Jitter - Is the deviation from true periodicity of a presumably periodic
signal, often in relation to a reference clock signal.

RSSI - Received signal strength indication is a relative measurement
of the power of a received radio signal and is the standard way of measuring
any wireless signal

ToF - Time of flight the time it takes something, (in our case a signal)
to travel in air from its sender to its receiver

RTT - Round Trip Time the time it takes a package to be sent from its
source and received by its destination and then return to its source, over any
link

MIMO antenna - Multiple Input Multiple Output antenna is an
advanced type of antenna array that can receive several signals at the same
time, developed for higher bandwidth but can also receive the same signal
multiple times.

Gaussian - Is an alternate term for normal distribution in mathematics.

FMCG - Fast moving consumer goods This term is used to refer to
the retail markets throughout the report.
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Chapter 1

Introduction

This chapter describes the purpose of the paper and is divided into several
subsections. In section 1.1 the reader is introduced to the problem this report
attempts to address. Section 1.2 describes the objectives and goals of the
paper. Section 1.3 reviews the delimitations of the project and will combined
with section 1.2 give the reader a good idea of the scope of the project.
Finally in section 1.4 contributions from previous works by the participants
is reviewed.

1.1 Problem description

There is a large demand for applications that use location and navigation
based services today. GPS is an e�cient and well developed technology that
provides excellent outdoors localization that can be used to provide navi-
gation based services. However GPS signals su↵er from interference from
thick materials such as rooftops and produce building wide localization er-
rors when used from indoors [1]. As such services that demand accurate
indoor navigation require other localization methods. As of today there is
no standard for achieving indoor navigation for pedestrians and achieving
acceptable working indoor navigation for ordinary smartphones is currently
a particularly researched topic due to its widespread availability as can be
seen in [2, 3, 4]. The methods that has achieved accurate indoor navigation
for handheld devices requires an area specific setup in order to work which
can be seen if looking into the methods in [1]. Researched smartphone solu-
tions use a combination of its built-in sensors and well placed wireless radio
field-transmitters to achive navigation. However, the wireless technologies of
today’s smartphones were never designed for navigation and produce meter
wide localization errors as can be seen in [1]. More specialized wireless tech-
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nologies have been designed for the purpose of navigation and should yield
more accurate results than their smartphone counterparts [1].

Retail Companies today desire the statistics of customers behavior in
their stores in order to improve the layout, placement of goods and provide
individualized advertisement to customers. The company Virtual Stores set
the authors to research a reliable navigation system for a product being
developed to a Fast Moving Consumer Goods (FMCG) Hypermarket as a
replacement of their current hand held scanning devices to provide these
services. The product should also be able to target most of the FMCG mar-
ket which requires a navigation component that can work in most indoor
environments and results in restrictions to installation costs. The authors
proposed the development of prototypes to provide accurate indoor naviga-
tion for pedestrians using a smartphone as well as custom made hardware
prototype. The custom hardware solution contained specialized navigation
hardware not present in todays smartphones.

1.2 Objectives

The project is divided into 3 phases: a literary study phase, implementation
phase and an examination phase. Each stage has the following objectives.

• Literary study phase

– Review currently working indoor navigation solutions.

– Evaluate the navigation methods in terms of accuracy, cost and
di�culty of implementation inside a FMCG environment.

– Determine whether multiple methods can be combined in order to
provide better navigation, and which are most suitable.

– Propose and motivate the development of a smartphone solution
for indoor navigation.

– Propose and motivate the development of a custom made hand
held device solution for indoor navigation.

• Implementation phase

– Develop the proposed prototypes.

– Develop a test that can evaluate the performance of the proto-
types.
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– Perform the tests on each prototype and store the results.

• Examination phase

– Evaluate the performance of the proposed prototypes.

– Compare the performance of proposed solutions against similar
work and themselves.

– Propose future improvements for the developed prototypes.

1.3 Delimitations

The following delimitations was placed on the project in order to comply
with its scope.

• No computer vision.

• Only android devices are used for the prototype.

• No actual hardware development, use only o↵-the-shelf products.

• Only a very basic 2D map for UI will be developed.

• Need not to be dynamic (need a setup for every place to navigate on,
measurements and anchor placement).

• Should be cost e↵ective.

• The system only requires to localize a single individual.

1.4 Previous contributions to the theisis by
the authors

A Bluetooth trilateration module using RSSI signals in order to determine
the distance to placed bluetooth beacons was developed at the company
Virtual Stores by Lucas Persson in collaboration with other students at the
university of KTH.
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Chapter 2

Theory and background

This chapter reviews the methods and equipment used for indoor navigation
today. In section 2.1 the current state in the field is explained and grants an
introduction to the methods used for indoor navigation today. Section 2.2
reviews recent studies and current trends for providing more accurate naviga-
tion. In section 2.3 methods used for navigation is explained in greater detail.
Section 2.4 reviews hardware that is used for navigation today. Section 2.5
introduce filters which are crucial when dealing with raw sensor data.

2.1 Localization methods

Numerous research has and is currently performed in the field of indoor local-
ization and navigation in order to find more accurate, low-cost and general
solutions that work for pedestrians. As such developing smartphones solu-
tions capable of indoor navigation has been a particularly researched topic
due to it’s availability as seen in [2, 3, 4]. The individual methods used to
perform navigation can be classified as relative navigation systems and non-
relative positioning methods henceforth referred to as absolute navigation
systems.
Relative positioning methods determine a users current position by using one
or several reference points. Examples include calculating movement by esti-
mating speed and direction from a starting point using the inertial sensors
as can be seen in [3, 4] or by measuring the distance to other points using
sonic or lasers with corresponding sensors for picking up the signals [5, 6].
The typical absolute localization solutions attempt to assert a users position
through radio-signals either by continuously measuring distance to anchors
using time of flight or by measuring the anchors signal strength at the current
location. These types of solutions requires an area to be setup for navigation
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by strategically placing anchors transmitting radio signals in order to work
[4]. However, the radio sources in smartphones today su↵er from several
meter long inaccuracies when used for navigation which is not su�ciently
accurate for some indoor navigation systems [4].
Computer vision have also been used in order to determine position by com-
paring images against pre-taken images stored in a database [7]. These types
of solution requires the camera to be facing a direction that contains dis-
tinguishing features in the environment at all times which is usually not
desirable for hand held devices [7].
A less researched solution using MIMO antennas is to measure the same sig-
nal with multiple antennas and calculating the angel of the signal through
triangulation in order to determine the position.

2.2 Previous studies in the field of navigation

Recently, a lot of research is focused on combining navigation methods that
does not share the same error source in an e↵ort to detect and compensate
for faulty values as has been done in [2, 3, 4]. The studies that reported
the most accurate navigation all involved the use of specialized placement
of equipment such as placing accelerometers on the feet on pedestrians [8]
or counting wheel-spins to measure movement which is common in robotics
[9]. This report is looking into accurate positioning for pedestrians using a
single hand-held device without introducing any other equipment to be held
or carried by the user, making these types of solutions inapplicable.
Other successful solutions use optics as the primary or sole hardware com-
ponent in order to provide localization [6, 7].
Since relative positioning errors initially tend to be much smaller than their
absolute positioning counterpart for smartphones many papers has researched
ways to create a system that use the smartphones sensors as the main de-
terminant for positioning and use absolute positioning as an o↵set in order
to compensate for accumulative errors. Promising attempts of this was done
in [2, 4] using the smartphone as an IMU and a bluetooth fingerprinting
method. An distinguishing feature of in the [2] study was the use of activity
recognition in order to determine how the smartphone was currently being
used (hand held, next to ear, on belt, in pocket) in order to extract more
accurate data from it’s sensors, resulting in an average o↵set of 2.22m after
a distance of 200m traveled. While Bluetooth and Wifi RF solutions are well
researched due to their presence in smartphones other wireless technologies
such as Ultra Wide Band has proven to be very useful for RF navigation [1]
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and is of great interest. The paper [10] used a relative positioning solution
combined with ultra-wideband as the radio field transmitter with promising
results.

2.3 Navigation methods

2.3.1 Relative methods for navigation

The Relative localization methods vary greatly in implementation and re-
quired hardware. Some methods measure the distance to the immediate
environment using light, ultrasonic waves or images and can be used to com-
plement other data in order to provide more accurate estimations. Other
methods measure acceleration and heading in order to determine the current
location based on a previous location. Although relative localization meth-
ods alone is su�cent to create a map of the environment and navigate within
the mapped area, it is not possible to provide navigation towards a certain
point without either encountering the location by chance or gaining context
from other sources. As such all of the relative localization methods require
context in order to provide navigation within a known location.
The most common terms and methods are reviewed below.

Dead reckoning - DR is the process of continuously measuring speed
and direction from the previous position in order to determine the current
location. However sensor data is a↵ected by the environment and calibration
errors resulting in inaccurate readings leading to accumulative errors since
calculations is based on previous data [11]. Finding accurate DR algorithms
that works well for pedestrians is common enough that it has received it’s
own name: Pedestrian Dead reckoning or PDR [11]. In addition to ordinary
DR implementation di�culties PDR algorithms su↵er from inaccuracies due
to humans tendency to frequently alter speed and direction while walking
as well as having to take individual walking styles into account. As a result
PDR requires other non-relative positioning measurements in order to ac-
commodate for the accumulative errors to provide accurate navigation over
time. Significant research has been put into finding accurate PDR algorithms
as seen in [2, 3, 11].

Visual Odometry is the process of determining the position and orien-
tation of an object by analyzing associated camera images. The method use
images taken in sequence at a known time in order to identify and determine
the relative distance changes to objects in the images. [6].
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2.3.2 Signal based navigation

Common for the signal based techniques is that they require careful place-
ment of anchors in order to provide accurate navigation services, making
orientation limited to the prepared location. The receiving antenna also re-
quires to be in contact with several anchors in order to determine localization.

Approximation using trilateration or bounding box when know-
ing the distance and position of 3 or more reference points it is possible to
approximate the location of the sender in an area using methods such as tri-
lateration or bounding box [1, 2]. The distance between a receiving antenna
and an RF anchor can be determined by measuring the ToF of the transmit-
ted radio signals. However, the measurements are susceptible to jitter which
can be an issue if there is alot of tra�c since it will a↵ect the round trip
time due to longer queue delays because of the increased tra�c [11]. An-
other way to measure the distance to an RF beacon is to measure the signal
strength loss of a signal upon reaching the antenna. This way of measuring
distance does not su↵er from jitter but is generally less accurate than the
ToF method. These solutions also su↵ers from errors due to the phenomena
of multipath. Multipath refers to the fact that wireless signals can bounce
of reflective surfaces resulting in a longer than optimal path which results in
incorrect distance measurements and the same signal and can potentially be
received multiple times further interfering with the estimates. The method
su↵ers heavily from inaccuracies from multipath issues whenever the receiver
is outside line of sight of an anchor [1].

Fingerprinting Fingerprinting is a method that takes advantage of the
fact that the signal strength from multiple RSSI sources will result in unique
RSSI reading combinations for every location in a surveyed area. As such
fingerprinting requires a setup-/o✏ine-phase where the signal strength for
all surveyed positions is stored in a database in the o✏ine-phase. Once
the o✏ine-phase is complete the system is ready for the online-tracking
phase where the user compares its read signal strengths against those in
the database in order to determine its position [12]. Some Fingerprinting
solutions has a margin of error of several meters while others show very
promising results of 0.9m [4]. Fingerprinting is notably prone to changes in
the environment since it might change the signal strength of certain positions
in the system [12].
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2.3.3 Other navigation methods

Computer Vision Computer vision can be used to identify the current
position of the camera by comparing it to previously taken pictures at known
positions. This method has a significantly time consuming setup phase which
usually involves machine learning in order to accurately determine the loca-
tion of the user [6].

2.4 Navigation hardware

This section has been divided into three paragraphs based on whether the
equipment provide relative positioning, through RF signals or achive local-
ization by other means.

Relative Sensor hardware Relative sensors operate independently of
localization although they are still susceptible to disturbances from the en-
vironment. Relative methods alone cannot perform localization without ad-
ditional context and must be combined with other data in order to provide
navigation. As such they are often used as a complementary navigation com-
ponent to improve the accuracy of the system or to identify sudden changes
in the environment.

• Inertial measurement unit - IMU is an electronic device that measures
the current acceleration and direction of an object and is used for de-
termining the object’s location. The IMU sensors commonly consists of
an accelerometer as well as a gyroscope and a magnetometer. By com-
bining the sensor data it is possible to calculate the speed and direction
of an object which can be used to determine the current relative loca-
tion of a previous position using a calculation method known as dead
reckoning as mentioned in section 2.3.1 [13].

• The encoder is a measurement tool for the rotation speed on a wheel.
Encoders can provide highly accurate heading and travel distance and
is suitable for DR systems (explained in section 2.3.1) that use wheels
for transportation such as robot-navigation [9].

• A LiDAR consist of a pulsed laser light and a corresponding sensor.
The lidar measures the round trip time of the laser in order to deter-
mine the distance to objects around itself. By continuously rotating
and measuring the distance to everything around itself it is possible to
create a map of the immediate surroundings. As such LiDAR provides
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Figure 2.1: Logarithmic bar chart that displays the achievable localization
accuracy in meters for given hardware. The presented measurements are
stated in [1].

relative measurements and is often used to o↵set localization errors
from other methods, or report changes in the environment [5].

RF based localization hardware The di↵erent RF technologies that can
be used for navigation are listed here. In section 2.4 the accuracy using each
technology is reviewed.

• Ultra wide band - UWB is a radio technology that use a low energy
level for short-range, high-bandwidth communications over a large por-
tion of the radio spectrum a large bandwidth > 500 MHz. Unlike other
radio technologies, UWB transmits data in a manner that does not in-
terfere with conventional narrowband and carrier wave transmission in
the same frequency band, making it far less susceptible to- and cause
less interference to other sources such as wifi or bluetooth transmis-
sions. This marks ultra-wideband as a very suitable technology for
ToF localization methods such as trilateration or bounding box [13, 1].

• Wifi IEEE 802.11 is a well known technology present in most smart-
phones today. When used for fingerprinting in combination with IMU
measurements it can provide localization with 1 meter inaccuracies in
optimal environments according to [4]. However the technology is very
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prone to signal blockage and disturbance and usually results in the 5
m accuracy range in practice [1].

• Bluetooth Low Energy v4 RF transmitters are called Beacons and con-
tinuously transmit packets and can be used for both RSSI and trilater-
ation methods for localization. Like Wifi the technology exists in most
smartphones today and like wifi it su↵ers from interference in the en-
vironment. The localization accuracy of these types of implementation
varies between 1-5 meter depending on environment [1].

Other localization hardware

• VLC (Visible light communication) is a technology in led light bulbs
and light sensor that communicate with the wavelength and refresh
rate of a network attached bulb. It can be use for localization.

2.5 Data filtering

Sensors are susceptible to outside disturbances to various degrees and soft-
ware needs to take this into account when processing the data. Data filtering
is used to reduce the noise and disturbances from the raw data into the model.
More advanced filters such as a kalman or particle filter is also able to com-
bine di↵erent data sources as well as evaluate the validity of incoming data.
The filters achieves this by introducing estimates for the next state based on
the previous one and then compare these estimates against incoming data.
The following paragraphs each describe a di↵erent method that can be used
in order to filter the data.

Kalman-filter Kalman filters is a method to measure consecutive data
inputs to estimate the true value of the measured object when the measured
values contain unpredicted or random error, uncertainty or variation. The
kalman filter use a mathematical formula in order to approximate the likeli-
hood that the system takes a certain value represented by a single gausian.
This limits the kalman filter can only handle a single area or range for esti-
mation and is known as unimodal estimation in mathematics. The in data is
then compared to the estimation to form the probability of the system taking
that value. As for performance, the filter introduces quadratic computations
to the system with each iteration. The ordinary kalman filter can only handle
linear systems, however an extended kalman filter could be used to improve
localization in a system by minimizing the impact of bad in-data in order to
produce better position estimates [14].
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Particle filter Like Kalman filters, Particle filters is a method to measure
consecutive data inputs to estimate the true value of the measured object
when the measured values contain unpredicted or random error, uncertainty
or variation. However unlike kalman filters it produces several estimates
known as particles when determining the next state of the system. In the
estimation step the particle filter takes advantage of probability by randomly
taking on a new value using a estimation model produce multiple suggestions
each given a probability. In the next step known as weighting each particle is
evaluated against the in-data and a relative probability of being correct com-
pared to the other particles is determined based on the belief in the particle
and how well it match against the in-data. The third step is known as the
resampling step and this is where particles for the next iteration are chosen
based on their weight from the former step. Particles with high probability
survives and may be picked more than once whereas low probability particles
are removed from the next iteration [15, 16].

Low pass filter A low pass filters can be used whenever sensor readings
tend to produce sudden random spikes in that cannot reasonably occur. Low
pass filters only allow for incremental changes and achieves this by using a
large portion of the previous value and a small portion of the current value
as shown in eq. (2.1) where F is a factor between 0 and 1.

old = (old ⇤ F ) + (new ⇤ (1� F )) (2.1)

High pass filter A high pass filter ignores small changes in values and
leaves larger values unchanged. High pass filters are usually employed when
constant incremental noise is expected from the sensor and sensor readings
produce significantly larger values than the noise data.

Complementary filter Refers to a system that use a combination of low
pass and high pass filter in order to minimize noise and sudden random spikes
in the sensor data.
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Chapter 3

Method

This chapter will review the chosen methods, tools used in order to reach
the goals of the study as well as the proposed prototypes. In section 3.1 the
methodology used to reach the objectives stated in section 1.2 is reviewed.
Section 3.2 motivates the choices of methods in section 2.3 and hardware
section 2.4 for the proposed prototypes. Section 3.3 reviews the developed
prototypes.

3.1 Method

The project is divided into 3 phases. The first phase is a literary study
phase where former research into the subject is reviewed and will act as the
foundation for decisions in the implementation phase. The implementation
phase use the information gained to plan and design the proposed prototype
systems stated in the list below. It will also contain measurements to evaluate
the performance of said systems. Third is the evaluation phase where the
measurements of the implementation phase is examined.

• Literary study phase:

– Research relevant signal systems for indoor positioning.

– Evaluate whether or not di↵erent technologies can be combined
in order to improve the precision for indoor navigation.

– Determine the current state of indoor positioning as of today.

• Implementation phase:

– Propose an indoor navigation system for a smartphone
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– Propose an indoor navigation system for a custom handheld device

– Determine necessary hardware for production of the system.

– Create prototypes of the proposed indoor navigation systems with
an maximum o↵set of 3 meters in a lab environment.

– Create prototypes of the proposed indoor navigation systems with
an maximum o↵set of 3 meters in a FMCG store.

– Measure the battery usage and performance of the prototypes.

• Examination phase:

– Analyze raw data and compare lab environment results against
store environment data and identify variance of data and its de-
termine the cause.

– Use the previous method to compare data from di↵erent environ-
ments.

– Determine whether or not it’s possible to run the app on an ordi-
nary smartphone or tablet.

3.2 Evaluation of Navigation methods

The most successful experiments for pedestrians using a hand held device
without introducing any extra equipment for the user all used a combination
of a PDR method and a RF based localization method to complement one
another. It is logical to develop such a system for the smartphone prototype
since ordinary smartphones posses all the necessary localization sensors nec-
essary to perform PDR as well as support for both bluetooth and wifi that
can perform radio based localization. UWB could be used as an alternate RF
source for the custom hardware solution in such a system since it has been
shown to provide more accurate localization than any other RF technology.
Optic based solutions require a camera to be facing distinguishing features
in the surveyed area at all time in order to operate and are computation-
ally expensive due to extensive image processing operations. Optic based
methods also require a long setup phase for each surveyed location and are
di�cult to implement. Given the time constraints this method was deemed
a low priority.
A LiDAR system could theoretically be considered as a component for im-
proving the accuracy of the system by planting units in the roof of buildings.
However, the LiDAR units are many times as costly as their RF anchor coun-
terparts and was deemed to expensive to implement.
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GSM/GPS are far to inaccurate to be used for indoor navigation with an
average inaccuracies between 10-50 meters.
Encoders count wheel-spins and are not applicable for handheld devices.
Ultra sonic sensors could have been used to help o↵set errors in order to
provide better localization estimations. However, the sparse research done
using ultra sonic sensor in combination of their absence in smartphones made
this type of module a low priority implementation.

3.3 Proposed prototypes

Proposed indoor navigation system The prototypes use a combina-
tion of Bluetooth and UWB trilateration methods and a PDR solution as
the systems localization methods. The Bluetooth module used trilateration
by approximating the distance using RSSI measurements while the UWB
module employed a trilateration method developed by a third party that
measures RTT in order to determining the distances to the anchors. The
PDR module used IMU data as its in-data source and its implementation is
explained in detail in the next paragraph. The system use a 2-dimensional
grid to represent the surveyed area.
A navigation module acts as the authority for determining the position of the
pedestrian by combining and evaluating the data from all available sources
using a particle filter. A simple overview of the system is displayed in fig. 3.1

Particle filter implementation The particle filter contains a multitude
of particles, each representing a possible position in the system. Together
they form the current estimated location in the surveyed area. The particle
filter continuously update the current state of the system based on the pre-
vious one by going through 3 steps: estimation, evaluation and resampling.
In the estimation step each particle is given a new position based on former
location, heading, speed and the uncertainty in the system. The position is
randomly chosen within the particles area of uncertainty and given a score
based on its previous probability and the likelihood according to a model of
arriving at the chosen position given the former location. The model will
for example, consider a particle less likely to move in the opposite traveling
direction than to keep on moving in roughly the same speed and direction
and is therefore given a low score. The particles relative score to one another
determines their new probability in the system.
Next is the weighting/evaluation step where the proposed location is com-
pared to the reported positions from the localization modules and is then
given a new probability. The evaluation step considers the distance between
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the particle and in-data as well as the localization method when determining
the new probability of the particle.
The third and final step is the resample step in which the particles for the
next iteration is chosen. The purpose of the resample step is to remove par-
ticles as they become invalid. Particles are picked from the current set of
particles according to algorithm 1 where a particle may be picked more than
once and is based on the probability of the particle and results in an equally
large particle set.

Algorithm 1 resample

N = particles.size
index = Random(1, N)
threshold = 0
newParticles = []
for i = 0 to N step 1 do

threshold = threshold+Random(0, (2 ⇤mostProbableParticle.probability))
while particles[index].probability < threshold do

threshold = threshold� particles[index].probability
index++

od

newParticles.add(particle[index])
od

particles = newParticles

PDR implementation the modules current location is continuously up-
dated from the navigation component in order to compensate for drift error.
It use magnetometer data to determine heading and a step detection and
step-length estimation approach to provide high accuracy estimations. The
step detection component use accelerometer data and thresholds to detect
steps using eq. (3.1) as was done in [2, 3].

a(t) =
q

a2
x

(t) + a2
y

(t) + a2
z

(t)� g (3.1)

The following empirical algorithm is used for determining step-length eq. (3.2).
Where, ”SL is the estimated stride length; SF is the step frequency; and H is
the height of the user. The known coe�cients a and b are 0.371 and 0.227,
respectively, and k is the personal factor and is a value close to 1 as show by
[2]. As k is unknown the value was set to 1 for a small accuracy cost.

SL = [0.7 + a(H � 1.75) + b
⇣(SF � 1.79)H

1.75

⌘
]k (3.2)
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Figure 3.1: Displays a simplified overview of the system. The navigation com-
ponent determines it current position producing a multitude of predictions
of the new location and then compare these against the localization modules
reported coordinates. Once the new position is determined the navigation
component will update the PDR systems current location to compensate for
drifting over time.
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Chapter 4

Tests and Results

The tests was performed at the Virtual Stores o�ce and inside a partner
FMCG store. Each test stored the proposed coordinates of each localization
module as well as the navigation modules proposed location. The following
maps describe the testing areas for the Virtual stores tests fig. 4.1 and FMCG
store test fig. 4.5. The maps displays the walked paths, radio anchor place-
ment and roadblocking objects in the areas such as tables or shelfs. Most
figures in this chapter contain lines which is universally used to denote the
order of the reported positions.

Tests Pedestrians each carrying a prototype navigation system walked a
predetermined path for a total of 30 measurements for each prototype and
location. The testing areas is represented using a 2-dimensional grid where
each grid element is 1m2 in size. The prototypes would store the current po-
sition represented by the floating point values x and y in the order of arrival
together with a timestamp to a database at an interval of 0.5 seconds. The
walked path was divided into stop points where to user would stop and store
the current location along with a timestamp into a file for later analysis.
Figure 4.2 and fig. 4.3 displays example pre and post filter walked path using
a UWB only data source and a UWB + PDR solution for the o�ce area and
fig. 4.4 displays an example pre and post filter run using Bluetooth as the
sole localization module. fig. 4.7 displays the particle filters outcome for an
FMCG test run.
The measured positions for each stop point and prototype along with the
physically measured position in the o�ce testing area is presented in ta-
ble 4.3, table 4.2 and table 4.4 for comparison. Figure 4.10 displays the
reported particle filter results in the FCMG store area test. As shown in
fig. 4.5 place point 7 was placed outside the expected UWB coverage area
in order to study the e↵ects of signal loss and the range of the UWB of the
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system.
The navigation system ran on a samsung galaxy s6 edge device with a 2000
mAh battery and the UWB module ran on a separate device. The units
communicated over wifi within a 10cm proximity of each other. The battery
level and time on the smartphone was noted in FMCG test in order to esti-
mate battery usage and the measurements is displayed in table 4.1 and the
battery usage for the test was measured to be 607mAh.
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Figure 4.1: The laboratory setup in the o�ce environment. The large
rectangles are impassable locations, The number represents the ascending
order in which each position was visited.

Table 4.1: The table displays the battery usage and timestamps of the FMCG
test at the start of the test along with the measured battery usage per hour
at the time intervals. The resulting average battery drain is 607mAh.

Round Battery level time Energy usage (mAh)
0 95% 18:29:17 0
10 85% 18:54:19 479.6
20 70% 19:18:49 753.3
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Table 4.2: Results from o�ce UWB only solution. Distance refers to the
distance in meters between the measured position and the real position and is
calculated using Pythagoras theorem. The standard deviation � is calculated
using a 95% confidence interval. the same applies to the following tables

Index Distance (m) � (m)
1 0,48 0,23
2 0,59 0,15
3 0,39 0,24
4 0,37 0,31
5 0,45 0,37
6 0,45 0,24
7 0,57 0,22

All points 0,47 0,27
max 1,72

Table 4.3: Results from o�ce UWB + IMU.
Index Distance (m) � (m)
1 0,57 0,27
2 0,73 0,30
3 0,55 0,28
4 0,77 0,39
5 0,56 0,24
6 0,71 0,31
7 0,94 0,40

All points 0,69 0,34
max 2,59

Table 4.4: result from bluetooth in the o�ce
Index Distance (m) � (m)
0 1,5 0,5
1 3,1 1,5
2 3,7 1,5
3 2,8 1,5
4 4,2 1,6
5 3,7 1,5
6 3,6 1,4
avg 3,2 1,6
max 7,7
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Figure 4.2: A system run in o�ce environment using UWB as the sole data
source for the system. Left is pre filter suggestions and the right image is
the post filter positions. The axis represent the x and y coordinate location.
The same applies to the figures below

Figure 4.3: A system run in o�ce environment using IMU and UWB as in
data sources for the system.

Figure 4.4: A system run in o�ce environment using Bluetooth as the in-data
source for the system.
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Figure 4.5: Displays the FMCG test area. The red line represents the path
taken, red squares represent shelves, the blue squares are walls and the black
squares are tall shelves. The yellow circles represent anchor placement and
the numbers are placed at the stop points in ascending traversed order.

Figure 4.6: The reported UWB module positions of a system run is split into
2 halves. The left side is contains the values recorded between point 0 and
12 and the right side contains the values recorded between point 12 and 22.
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Figure 4.7: Example run of the traversed path in the FMCG store test accord-
ing to the navigation component. The axis displays the x and y coordinate
in the system.
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Figure 4.8: The reported PDR module positions from a run in the FMCG
store.

Figure 4.9: The UWB module reported data from the 4.8 run.
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Figure 4.10: Results from FMCG test prototype. The x axis is the stop
points index by the order they are traversed and the y axis is the average dis-
tance error in meters. The height refers to the distance in meters between the
measured position and the real position and is calculated using Pythagoras
theorem. Total o↵set average 4.67m (4.5 variance). The standard deviation
� is calculated using a 95% confidence interval. The maximum distance error
is 24.9m. The average distance error for points 1-5 + 17-22 is 2.0m with a
standard deviation of 1.6m
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Chapter 5

Analysis and Discussion

This chapter will analyze the results presented in chapter 4. In section 5.1 the
performance of the prototypes in the o�ce environment is reviewed. In sec-
tion 5.2 the FMCG test is reviewed and analyzed in great detail. Section 5.3
analyze the economic, social and environmental e↵ects of implementing the
proposed system on an industrial scale.

5.1 Analysis of o�ce tests

The prototypes with the exception of the bluetooth implementation seems to
perform amiably under the near optimal conditions of the o�ce environment
with each of the non-bluetooth prototype providing an average accuracy er-
ror of less than 1m. The UWB only solution performed better than the other
solutions in this environment with an average error of 0.47m. As such the
introduction of any of the other localization method to the system only in-
creased the uncertainty of the systems predictions in this environment. Yet
the FMCG area was expected to have more interference and so the PDR
system was included into the FMCG area tests.

Bluetooth module The Bluetooth trilateration module using RSSI as in-
data was shown incapable of providing any accurate measurements to work
even in a laboratory environment as seen in table table 4.4 and visually il-
lustrated by an example run in fig. 4.4. The Bluetooth module would most
likely produce better results had the trilateration method used ToF rather
than RSSI to determine the distance to the anchors since RSSI is greatly
a↵ected by the environment. The module could also implemented a finger-
printing method as an alternative to the trilateration method in order to
produce better results.
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5.2 Analysis of FCMG test

The FCMG tests using the UWB + PDR modules showed a significantly
worse result to their o�ce counterpart test with an average localization error
of 4.7m and a standard deviation of 4.5m. The accuracy error varied greatly
depending on the location in the store as seen in an example run plotted in
fig. 4.7. Point 7 as seen in fig. 4.10 showed the by far largest inaccuracy with
a consistent 20-22m o↵set.

The UWB component provided consistent and accurate localization data
until reaching point 5 shown in fig. 4.7 which indicate signal interference
around this point. In order to understand why an in dept event study is
necessary.
Figure 4.5 displays the walked path in the FMCG store and fig. 4.6 displays
the reported UWB module data of a test run. As the test subject traverses
between point 5 and 6 it becomes clear that the module suddenly and con-
sistently produced incorrect localization estimations.
When the subject reach point 7 and reverse its heading the UWB mod-
ule suddenly starts reporting consistent accurate data again. The extreme
change in localization accuracy indicates that the signals are incapable of
penetrating the test subject and did not reach the UWB antenna from the
shortest possible distance, but rather after having bounced of the far wall.
Since trilateration calculates the distance to the UWB anchors in order to ap-
proximate the antennas location the wall bounce explains why the consistent
20m localization error suddenly average to about a meter long inaccuracies
as the subject turns around since the anchors actually receive signals arriving
from the shortest path when facing the other direction.

The module then keeps producing accurate localization until about reach-
ing point 10 where some fluctuation in in-data starts to occur. Upon reaching
point 10 and turning around to face point 11 the UWB begins reporting in
several meter wrong approximations that fluctuate heavily within a 7-8 me-
ter area. And the inaccuracies worsen as the user turns towards point 12
and dramatically lessens as the subject face south. Upon reaching midway
to point 13 the fluctuation have stopped and the UWB starts reporting in
meter accurate data again. Again the fluctuation are believed to have oc-
curred due to blockage from line of sight from several beacons meaning the
signals bounced of the shelves and other objects in the area, which explains
the fluctuation from reported UWB data.
This theory is further reinforced when we look at the second half of the UWB
data shown in fig. 4.6 along with the walked path. At this point the subject
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face the anchors directly almost all of the time resulting in very accurate
approximations.

In short all errors can be traced to line of sight blockage meaning that
the UWB trilateration module should be able to provide meter accurate mea-
surements at all time, provided UWB anchors are placed in such a way that
a user always face three or more anchors at all times. As such the system
should be able to achieve an average accuracy within the 1-2 meter range as
was the case in the starting/ending area (stop points 1-5, 17-22) which had
line of sight to a su�cent number of anchors most of the time.
Some of the localization error in this area is likely due to the system being
o↵set from the previous incorrect in-data as well as measurements errors and
could potentially achive better than the reported 2.0m accuracy in the start-
ing/ending area. The hypothesis of line of sight blockage should be investi-
gated by traveling the same path with su�cient anchors and well thought out
anchor placement. If the hypothesis is proven correct it would mark UWB
trilateration as a most potent indoor localization method.

PDR module The purpose of the module is to assist the particle filter by
compensating for sudden faulty data from other modules. The PDR modules
current location is reset by the navigation modules currently decided location
with every iteration and as such would be a↵ected by the other modules data.
However, as fig. 4.8 shows the navigation module would disproportionately
favor the UWB data over the PDR inputs.
Upon looking into navigation module implementation it became clear that
the UWB module would inherently have a much greater impact than the
PDR module due to the fact that the UWB module continuously reporting
in data whereas the PDR solution would only report whenever a step was
detected and as such did not fully perform its supposed function. This inher-
ent favor towards the trilateration method could be o↵set by either having
the PDR module continuously reporting in the same position when no step
is detected, or simply have the particle filter not change the current position
until a step is detected.
However, should the current approximated position ever be be far o↵ from
the actual position it would increase the time it would take to recover from
this faulty position since the particle filters approximations won’t move long
distances. This would only be an issue during the startup phase as a sys-
tem that can achieve major localization errors during drift is not considered
su�cient in the FMCG market anyway. As such introducing a setup phase
for the filter in order to ensure the initial location is the correct should be
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implemented to prevent this from happening.
Another simpler fix would be to have the PDR module continuously report
in data in order to remove the bias without the setup phase. However, this
kind of solution would cause problems should a user is stand still in an area
where the antenna lack line of sight from 3 or more modules. The user would
slowly drift away from its actual position due to the PDR module constantly
receiving an updated position from the navigation module which would be
a↵ected by the UWB indata. As such the former method of not allowing the
system to change location when a step is not taken is proposed as the best
improvement to the current system.

5.3 Sustainable development

The system could be used to provide consumer movement data in FMCG
stores that could be used to analyze consumer behavior in order to optimize
the store layout to improve sales and customer experience. It could also
be integrated into other services that could provide special o↵ers to a user
based on the current location and previous purchases in the FMCG store or
show the way to a desired product or location and should enhance the overall
customer experience. The system should also provide a FMGC retail store
manager another dimension of information that provides a more informed
basis for deciding what items to buy, their placement and their quantity.
This should result in less unsold products due to better predictions as well
as fresh goods being less likely to expire, resulting in less waste. that gives
in a better economic and environmental footprint

As for privacy concerns, the system should fall outside the established
realm of personal privacy due to the fact that outdoor navigation services al-
ready collects this type of data. However, there may be some ethical concerns
to store all this data due to FMCG stores having incitements to maximize
profit through sales rather than looking out for the interests of the consumers.
FMCG stores will likely experience economic growth since marketing has a
large impact on the decision making in the store and custom tailored of-
fers towards the individual is likely to increase the consumption of goods.
Unfortunately this might cause problems with a certain percentage of the
population who su↵er from severe buy compulsions or is attempting to diet
due to increased exposure to these things makes it harder for these individ-
uals to change their habits.
The system use custom rather than preexisting hardware which will require
the manufacturing of new devices which will have a much larger environmen-
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tal impact on the environment than if a smartphone or tablet solution had
worked on existing hardware.
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Chapter 6

Conclusions

The prototypes employed a particle filter that would estimate the current
position based on the previous one and then compare it to the reported
location from di↵erent localization methods in order to determine the cur-
rent location. The prototypes that employed the UWB trilateration module
performed amiably in an o�ce environment with each test resulting in an
average localization error of less than 1 meter and a standard deviation of
less than half a meter. A test result that is well within the accuracy goal of a
3m average o↵set. Another test inside a FMCG market used a combination
of a UWB trilateration module and a PDR module. The test resulted in an
average localization error of 4.67m and a standard deviation of 4.5m. When
analyzing the the FMCG test data in detail it becomes clear that the system
su↵ered greatly whenever the test subject would block the line of sight be-
tween the UWB antenna and UWB anchors which at a certain point in the
path would produce an average localization error of 20meters. This error is
believed to be a result of UWB signals being unable to penetrate the human
body and as such the trilateration method employed would approximate the
position using incorrect calculated distances to the beacons. When analyz-
ing the areas where the UWB antenna had 3 or more anchors within line of
sight it would result in an average o↵set of 2.0 meters and a standard devi-
ation of 1.6m and should be more representative of the proposed prototypes
performance. The tests also show that UWB trilateration is a most potent
indoor localization method provided that anchors are placed in such a way
that the receiving antenna has line of sight towards 3 or more UWB anchors
at all times. Since UWB is susceptible to blockage from people eg. the user
of the device, it becomes necessary to have other localization methods to
be able to provide navigation whenever other individuals blocks the line of
sight between UWB antennas and UWB anchors. A PDR module should be
enough for this purpose provided that the blockage only occurs for a limited
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time due to PDR solutions drifting over time.
The FMCG prototype did show an inherit bias towards the UWB module
over the PDR module. This due to the fact that the PDR module would only
report data whenever a step was taken whereas the UWB module would con-
tentiously update the filter with new data. This problem could be addressed
by not allowing the system to change its position until a step is detected
as well as introducing a setup phase that would localize where the user is
located before turning on the step detection requirement.
The system along with its proposed improvements shows great promise for
being capable of providing accurate indoor positioning provided smart place-
ment of UWB anchors. Unfortunately the system will not be able to run on
a tablet or smartphone due to the poor performance of the Bluetooth RSSI
module and the lack of UWB antennas on these units. Other localization
modules will need to be developed in order to use the system on those units.

Future Research and Development New test should be performed with
better UWB anchor coverage in order to determine the practically achievable
accuracy of the system.
The system currently only supports one user and needs to be scaled to sup-
port multiple users in order to provide any useful service for commercial use.
Developing a Bluetooth/Wifi RTT fingerprinting modules might be a smarth-
phone alternative to the UWB module, although research indicate the system
would be less accurate than the UWB alternative and might not be viable.
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