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Abstract

Multiple Model-based Indoor Localization via Bluetooth Low Energy and Inertial
Measurement Unit Sensors

Mohammadamin Atashi

Ubiquitous presence of smart connected devices coupled with evolution of Artificial Intelli-

gence (AI) within the field of Internet of Things (IoT) have resulted in emergence of innovative

ambience awareness concepts such as smart homes and smart cities. In particular, IoT-based in-

door localization has gained significant popularity, given the expected widespread implementation

of 5G network, to satisfy the ever increasing requirements of Location-based Services (LBS) and

Proximity Based Services (PBS). LBSs and PBSs have found several applications under different

circumstances such as localization profiling for human resource management; navigation assistant

applications in smart buildings/hospitals, and; proximity based advertisement and marketing. The

focus of this thesis is, therefore, on design and implementation of efficient and accurate indoor

localization processing and learning techniques. In particular, the thesis focuses on the following

three positioning frameworks: (i) Bluetooth Low Energy (BLE)-based Indoor Localization, which

uses the pathloss model to estimate the user’s location; (ii) Inertial Measurement Unit (IMU)-based

Indoor Positioning, where smart phone’s 3 axis inertial sensors are utilized to iteratively estimate

the headings and steps of the target, and; (iii) Pattern Recognition-based Indoor Localization, which

uses Deep Neural Networks (DNNs) to estimate the performed actions and find the user’s location.

With regards to Item (i), the thesis evaluates effects of the orientation of target’s phone, Line of Sight

(LOS) / Non Line of Sight (NLOS) signal propagation, and presence of obstacles in the environ-

ment on the BLE-based distance estimates. Additionally, a fusion framework, combining Particle

Filtering with K-Nearest Neighbors (K-NN) algorithm, is proposed and evaluated based on real
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datasets collected through an implemented LBS platform. With regards to Item (ii), an orientation

detection and multiple-modeling framework is proposed to refine Received Signal Strength Indi-

cator (RSSI) fluctuations by compensating negative orientation effects. The proposed data-driven

and orientation-free modeling framework provides improved localization results. With regards to

Item (iii), the focus is on classifying actions performed by a user using Long Short Term Memory

(LSTM) architectures. To address issues related to cumulative error of Pedestrian Dead Reckoning

(PDR) solutions, three Online Dynamic Window (ODW) assisted LSTM positioning frameworks

are proposed. The first model, uses a Natural Language Processing (NLP)-inspired Dynamic Win-

dow (DW) approach, which significantly reduces the computation time required for Real Time

Localization Systems (RTLS). The second framework is developed based on a Signal Processing

Dynamic Window (SP-DW) approach to further reduce the required processing time of the two

stage LSTM based indoor localization. The third model, referred to as the SP-NLP, combines the

first two models to further improve the overall achieved accuracy.
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Chapter 1

Thesis Introduction

Recent developments and advancements in information processing, communication systems,

networking, and cloud technologies have resulted in widespread use of reliable and affordable in-

ternet services around the world. As of 2013, there were 9 billion interconnected devices that are

poised to reach more than 24 billion in 2021. This has resulted in evolution of an intriguing concept

referred to as “The Internet of Things (IoT)” [1–5]. The basic motive behind the IoT concept is to

provide advanced residential and enterprise solutions through the latest technologies in an energy

efficient and reliable fashion without jeopardizing the service and comfort level for clients. The

IoT paradigm rapidly gained ground in different applications of significant engineering importance

including but not limited to medicare [6], smart home [7], vehicular networks [8], and smart public

environments [9]. It is expected that IoT penetrates the everyday entities by 2025 including but not

limited to furniture, home appliances, buildings, and hotels.

Within the IoT context, to establish trustworthiness into autonomous multi-agent networks,

knowledge of the precise physical location of smart agents within indoor environments is critically

needed [10–12]. However, localization is particularly challenging in Global Positioning System

(GPS)-denied indoor environments. Localization in indoor environments is different not only in

terms of the deployed sensors but also in terms of network design and signal propagation. Indoor

positioning for providing Location-Based Services (LBSs) and Proximity Based Services (PBSs),

where user’s exact location is obtained satisfying high accuracy requirements, is of primary impor-

tance in IoT based services [13]. The user location, once obtained, can be leveraged to provide a
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wide range of services such as context aware solutions, targeted advertisements, tenant assistance,

and automated access, to name but a few. More particularly, LBSs play a vital role in emergence of

many novel and intriguing IoT concepts such as smart homes and smart cities [23,24]. Many indoor

localization technologies, however, require proprietary infrastructure for network design. Recently,

Local Positioning Systems (LPS) based on Bluetooth Low Energy (BLE), Inertial Measurement

Unit (IMU), Ultra Wide Band (UWB), vision, sound, geomagnetic, and radio technologies have

been investigated in great number of research works, attempting to implement a reliable indoor

positioning system [25–28].

Of particular interest to this thesis is application of IoT-based technologies within the context

of path trajectory estimation and proximity profiling in an indoor environment. In brief, the focus

of the thesis is on the following three main localization frameworks when it comes to LBSs and

PBSs in an indoor environment: (i) BLE-based Indoor localization, which uses the Received Signal

Strength Indicator (RSSI) value to estimate the location of a BLE enabled device; (ii) IMU-based

Indoor Localization, which iteratively estimates the position of an IMU-enabled agent (e.g., a smart

phone) across its path trajectory, and; (iii) Pattern Recognition-based Indoor Localization, which

attempts to recognize the actions performed by an agent using advanced and innovative sequential

signal processing solutions.

Bluetooth Low Energy: Within the IoT context, BLE-based indoor localization [9, 13] for pro-

viding LBSs is of pivotal importance. In such methods, RSSI, as a measure of the distance of a

device to a BLE sensor, is calculated dynamically using path loss model [3, 14, 15]. Despite the

numerous advantages of BLE-based localization, such as low cost and low energy consumption of

BLE sensors, RSSI values have drastic fluctuations adding random error and inaccuracy to such

systems [16–18]. In fact, harsh and drastic fluctuations and noisy RSSI values would result in in-

accurate distance estimation. To tackle this problem Kalman Filter (KF) is utilized to smooth the

RSSI values and mitigate the effect of such errors on distance estimations [19]. Apart from the

aforementioned challenges regarding RSSI values, there are other sources of noise negatively in-

fluencing BLE based systems such as orientation effect of receiver and transmitter of BLE packets,

different RSSI ranges of mobile phones from different brands, and Line of Sight (LoS)/ Non Line

of Sight (NLoS) signal propagation of BLE sensors on RSSI value to name but a few [20]. As
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the initial step, this thesis evaluates the aforementioned influential parameters within the context of

BLE-based indoor localization.

Inertial Measurement Unit: To address the aforementioned issues associated with BLE-based

localization techniques, the thesis focus is on development of multiple-model IMU assisted posi-

tioning approaches. Generally speaking, IMU-based localization consists of two major components,

i.e., heading estimation and step detection. Among different localization methods to analyze IMU

data for the purpose of indoor positioning, Pedestrian Dead Reckoning (PDR) is the most popular

and widely-used framework. In brief, based on the PDR algorithm, by determining heading and

step length at each step, one can estimate the location of the user holding the smartphone over time.

IMU-based positioning is prone to cumulative error, however, it can localize a target without depen-

dence on any external hardware/sensors. Therefore, IMU-based frameworks are attractive solutions

to be merged with BLE to enhance the overall localization accuracy. In this regard, the thesis pro-

poses a Multiple Model (MM) framework to enhance the accuracy of RSSI based indoor positioning

by compensating for the negative effects of orientation on the RSSI values.

Pattern Recognition-based Indoor Localization: For the third area (Item (iii) defined above), i.e.,

pattern recognition based indoor localization, the thesis proposes a framework that measures and

validates the bodily acceleration and angular velocity patterns of the subject during indoor move-

ments. The proposed architecture includes two Long Short Term Memory (LSTM) networks and

a moving distance estimator. In fact, two separate LSTMs would be trained to learn the distinctive

patterns of different movement and Action Units (AUs). The moving distance estimator predicts

the final position of the subject based on the output of those two LSTMs. Conventional LSTM

based indoor positioning solutions are not able to estimate the user’s location in a real time or at

least near real time fashion [21, 22]. In this thesis, however, the challenge of high computation

requirement of two stage LSTM based indoor positioning is addressed by proposing two Online

Dynamic Windows (ODWs). In fact, the initial goal of the thesis is to address the aforementioned

challenges by proposing two different Natural Language Processing (NLP) and Signal Processing

(SP) based online dynamic windows. In the first attempt, NLP inspired Dynamic Window (DW)

is introduced which significantly reduces the computation time required for indoor positioning. In
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another attempt to analyze the IMU sequential signal, Signal Processing Dynamic Window (SP-

DW) is implemented which could further decrease the processing time for two stage LSTM based

indoor localization. Finally, in order to establish a trade-off between running time latency and ac-

curacy of the aforementioned DWs, a fusion ODW referred as SP-NLP based DW is proposed. The

implementation of such framework renders near real time localization system.

1.1 Contributions

The main contributions [20, 43, 44] of the thesis research work are briefly outlined below:

(1) Multiple Model BLE-based Tracking via Validation of RSSI Fluctuations under Differ-

ent Conditions [20]: A new BLE-based tracking framework is proposed, which evaluates the

effects of different parameters on the RSSI fluctuations. In particular, effects of the follow-

ing parameters on the RSSI values are investigated: (i) Users’ orientation, different handling

and gestures are tested; (ii) Users’ distance to the BLE module; (iii) LOS or NLOS connec-

tion between the sensor and the Fusion Centre (FC), and; (iv) Presence of different obstacles

between the BLE receiver and transmitter. Moreover, a part of the focus of the thesis is on

investigating feasibility of micro-locating and tracking a person within a delimited physical

space (e.g., an office building) via BLE signals. To perform BLE-based identification, local-

ization, and tracking within indoor environments, a LBS platform is implemented consisting

of the following two main sub-systems:

• Acquisition sub-system: The acquisition sub-system is responsible for collecting BLE

packets and performing initial pre-processing and data aggregation tasks such as RSSI

identification.

• Fusion Centre: The FC is in charge of executing the localization algorithm, storing re-

sults in the database, performing data analysis, and visualization. The collected data via

the acquisition module is communicated to the FC, which consists of a processing mod-

ule where tracking/localization algorithms are implemented; A local storage database,

and; A local interface module to display and visualize processed data.
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The implemented LBS platform is equipped with the following main properties: (i) Collect-

ing synchronized measurements; (ii) Collecting measurements simultaneously from all the

active locating devices installed in the physical space in a real-time fashion, and; (iii) Creat-

ing an efficient database for storing and accessing collected data with associated time-stamps

and device IDs. Positional data are then collected in different areas using BLE enabled de-

vices and are classified using learning methodologies to form fingerprints. The trained model

is then coupled with a dynamic multi-model tracking algorithm. More specifically, the pro-

posed BLE-based indoor localization framework consists of two integrated components: (i) A

dynamic state estimation module based on Particle Filters (PF) [45,46], and; (ii) A K-nearest

neighbour fingerprinting module that constructs (through the training phase) the RSSI map of

the selected venue.

(2) Multiple Model Framework to Evaluate and Eliminate Orientation Effects on RSSIs: [43]

The thesis has evaluated and modeled different possible effects associated with orientation of

the transmitted signal on the estimated distance to enhance the accuracy of BLE-based in-

door localization. In this regard, a MM framework is developed to eliminate the orientation

effects. Furthermore, to minimize the effect of prior orientation of the smartphone on the

distance estimation based on RSSI values, PDR technique is adopted to record the heading

(orientation). In contrary to existing RSSI-based solutions that use a single path-loss model,

the proposed framework consists of eight orientation-matched path loss models coupled with

a multi-sensor and data-driven classification model that estimates the orientation of a hand-

held device with high accuracy of 99%. By estimating the orientation, we could mitigate the

effect of orientation on the RSSI values and consequently improve RSSI-based distance esti-

mates. In particular, the proposed data-driven and multiple-model framework is constructed

based on over 10 million RSSI values and IMU sensor data collected via an implemented

LBS platform.

(3) Online Dynamic Window Assisted two stage LSTM for indoor positioning [44]: An on-

line two-stage LSTM indoor localization framework is proposed as a near Real Time Lo-

calization System (RTLS). The main objective is to obtain a trade-off between accuracy
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and latency of the localization system to put one step forward towards having an efficient

and respectively accurate indoor localization model. The proposed method consists of two

phases, i.e.,

• Offline Phase: First, raw IMU values are collected using the embedded iPhone Oper-

ating System (iOS) Software Development Kit (SDK), and then smoothed via a KF or

moving average filter. The labeled IMU sequential signal is then processed to be fed as

the training input to the LSTM classifiers.

• Online Phase: In the online phase, the location of pedestrian would be estimated based

on the performed actions. The inertial IMU data, however, is not splitted into AUs. To

resolve this challenge, two innovative online dynamic windows are proposed to receive

the sequential IMU data and split it into AUs. The proposed methods rely on advanced

SP and NLP techniques. In conventional LSTM-based indoor localization methods,

the AUs used to be splitted either by a fixed window or offline DW. The proposed SP

and NLP inspired ODW mechanisms provide a fair trade off between the accuracy and

processing time. An integrated SP-NLP based ODW is proposed to enhance the overall

performance of the two-stage LSTM based indoor localization.

1.2 Thesis Organization

The rest of the thesis is organized as follows:

• Chapter 2 provides an overview of the literature on pre-processing units as well as BLE,

IMU and pattern recognition based indoor localization techniques. In addition, this chapter

provides the background required to follow developments presented in the reminder of the

thesis.

• Chapter 3 considers the effects of different parameters on the RSSI values and distance es-

timation. In this regard, the chapter presents the multiple model BLE-based tracking frame-

work, which validates the RSSI fluctuations in distance estimation.
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• Chapter 4 elaborates more on the orientation effects on distance estimation. In this regard,

a multiple-model estimation framework is proposed to analyze and address effects of orien-

tation of a BLE-enabled device on indoor localization accuracy. The proposed data-driven

RSSI-IMU fusion framework is constructed based on over 10 million RSSI values and IMU

sensor data collected via an implemented LBS platform.

• Chapter 5 considers the application of pattern recognition in indoor localization and presents

two-stage LSTM-based indoor positioning techniques. Three online dynamic windows (e.i.,

SP DW, NLP DW, NLP-SP DW) assisted are proposed for near-online indoor positioning.

• Chapter 6 concludes the thesis and provides potentials directions for future research works.
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Chapter 2

Literature Review and Background

As mentioned previously in Chapter 1, one of the prominent factors in service differentiation

and personalized control systems is the ambient intelligence. Thus, having the knowledge of current

location of a subject can facilitate and ease the chores in various domains (e.g., military, medicine,

public safety services to name but a few). Owing to the conspicuous and fast-paced advancements

in outdoor localization systems, many objects (things) in outdoor spaces can be inter-connected

and have knowledge about precise location of one another in a designed network. As a promising

advancement in this domain, GPS provides real-time geographical location information based on

the use of satellites. Embedded in all smart phones, GPS can fully meet the needs of outdoor

localization.

Recent developments and advancements in IoT domain, low power wireless networks, and pro-

cessing methodologies have resulted in the emergence of several different and innovative indoor

localization technologies, including InfraRed (IR) systems [47], Ultrasonic (US) systems [48],

Radio-Frequency IDentification (RFID) [48], ZigBee [49], WiFi [55], BLE [56], UWB [57] and

Optical-based frameworks [49]. The aim in this domain is to identify, track, and monitor intelligent

agents in an autonomous multi-agent systems. These systems share several common underlying

properties, such as being sensitive to multipath effects, high costs and complexity and in some cases

not being readily available [55]. Considering indoor localization, however, a fully scalable, accurate

and affordable indoor positioning approach is yet to be proposed. In this chapter, a detailed review

on the most widely used conventional indoor positioning frameworks is presented. It is worthy to
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mention that this chapter provides the background required to follow developments presented in the

reminder of the thesis.

2.1 BLE-based Indoor Localization

To localize a person inside an indoor venue, typically, digital chips referred to as “BLE Beacons”

are utilized. In recent years, such BLE-enabled devices have gained increased popularity [9, 13]

mainly due to the ongoing interest in the IoT concept [2, 5, 8] and the progression made in the

Bluetooth technology. The practicality of Bluetooth signals in the indoor environments for posi-

tioning purposes [1, 4, 41], particularly after the introduction of the new specifications of the BLE

(BLE v5.0 and v5.1), increased significantly. In order to perform micro-location based on BLE

tags, the main-stream methodology is to analyze the RSSI values [14, 16, 38]. Basically, RSSI is

regarded as an important parameter, representing the distance of a user to BLE chip in an indoor

environment [3, 14, 15, 58]. As one of the most widely used indoor localization methods, RSSI of

BLE signals can be related to the distance between the transmitter and receiver of the digital packet

using the path loss model. Stand alone RSSI based localization models, however, fail to provide

acceptable indoor localization accuracy. The low accuracy of the algorithms implemented based on

the RSSI signals, mainly stems from their high fluctuations [16]. Apart from drastic and inevitable

RSSI fluctuations, there are other important parameters affecting accuracy of RSSI-based indoor

localization.

2.1.1 Bayesian Filtering

Throughout the thesis, the following notations are used: non-bold capital letter X denotes a

scalar variable, lowercase bold letter x represents a vector, and capital bold letter X denotes a

matrix.

We consider an indoor localization scenario where the first goal is to test and validate effects

of different parameters on the RSSI values. The second goal is to perform information fusion and

estimate trajectory of a single user walking within the surveillance venue equipped with Nb > 1
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number of BLE beacons (sensors). The following general non-linear state-space model is considered

xk = f
(
xk−1

)
+wk (2.1)

and zk =


h(1)(xk) + v

(1)
k

...

h(Nb)(xk) + v
(Nb)
k

 , (2.2)

where zk ∈ RNb denotes the sensor’s measurement vector at iteration k; xk ∈ RNx is the state

vector; functions f and h, respectively, are the state and observation models; terms wk and vk

represent the forcing terms and uncertainties in the observation model, and assumed to be mutu-

ally uncorrelated white Gaussian noises with known covariance matrices Qk > 0 and Rk > 0,

respectively.

Generally speaking, to track a target within indoor enurements via BLE measurements, a Bayesian

filter is developed based on Eqs. (2.1)-(2.2), which has the following two key steps:

(i) Prediction Step: In this step, the a-priory density at time k is calculated, i.e.,

P (xk|z1:k−1) =

∫
P (xk|xi:k−1)P (xk−1|z1:k−1)dxk−1. (2.3)

(ii) Update Step: In this step, after receiving measurements at time k, the a-priory density is

updated using Bayesian rule as follows

P (xk|z1:k) =
P (zk|xk)P (xk|z1:k−1)

P (zk|zk−1)
, (2.4)

where P (zk|zk−1) depends on P (zk|xk), and

P (xk|zk−1) =

∫
P (zk|xk)P (xk|zk−1)dxk−1. (2.5)

Kalman Filter: In KF formulation, it is assumed that the posterior probability distribution at time

k is Gaussian. Furthermore, KF is based on linear state-space version of Eqs. (2.1) and (2.2), which
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can be written as follows

xk = Fxk−1 +wk (2.6)

zk = Hxk−1 + vk, (2.7)

where wk = N(0,Q) and vk = N(0,R). The prediction stage of the KF is then implemented as

follows

x̂−
k = F x̂k−1 (2.8)

P−
k = FPk−1F

T +Q, (2.9)

where x̂k−1, is the posterior state estimate at time (k − 1) given observations up to and including

time (k−1). Matrix Pk−1 is posterior error covariance matrix (a measure of the estimated accuracy

of the state estimate) at time (k − 1). The update step of the KF is then implemented as follows

Kk = P−
k H

T (HP−
k H

T +R)−1 (2.10)

x̂k = x̂−
k +Kk(zk −Hx̂−

k ) (2.11)

and Pk = (I −KkH)P−
k . (2.12)

Particle Filter: The particle filtering algorithm is based on the principle of Sequential Importance

Sampling (SIS), which is a sub-optimal approach for implementing recursive Bayesian estimation

(Eqs. (2.3)-(2.5)) through Monte Carlo simulations. Importance sampling is an approach to evaluate

an integral, e.g.,

E{h(x)} =

∫
h(x)p(x|z)dx =

∫
h(x)

q(x|z)
q(x|z)

q(x|z)dz (2.13)

where E{·} denotes expectation. A numeric way to compute E{h(xk)} is to draw Np random

samples (vector particles) {Xik}
Np

i=1 from a proposal distribution q(xk|zk) with normalized weights

W i
k, for (1 ≤ i ≤ Np), associated to the vector particles. Assuming that the evolution of the state
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variables is Markovian, the weights are updated as follows

Wk = Wk−1
p(zk|xk)p(xk|xk−1)

q(xk|x0:k−1, z1:k)
, (2.14)

where z1:k includes all observations from iteration 1 to k. A similar notation is used for the remain-

ing variables. A common choice for the proposal distribution is the transition density, p(xk|xk−1),

where the weights are pointwise evaluation of the likelihood function at the particle values. In brief,

the PF approximates the posterior distribution P (xk|zk) using a set of Np particles {Xik}
Np

i=1 and

their associated normalized weights W i
k. More details on PF is available in Reference [45].

2.1.2 Pathloss Model

As one of the most widely used indoor localization methods, RSSI value of BLE signal can be

related to the distance between the transmitter and receiver of digital packets using the path loss

model [14, 62]. More specifically, the RSSI values obtained from the jth active BLE beacon, for

(1 ≤ j ≤ Nb), make the observation equation based on the pathloss model as follows

Z
(j)
k = −10N log(

D
(j)
k

D0
) + C0︸ ︷︷ ︸

h(j)(xk)

+ v
(j)
k , (2.15)

where

D
(j)
k =

√
(Xk −X

(j)
k )2 + (Yk − Y

(j)
k )2, (2.16)

with x(j)
k = [X

(j)
k , Y

(j)
k ]T denoting 2-D location of the jth sensor; D0 is the reference distance;

C0 is the average RSSI value at reference distance; N is the pathloss exponent. As mentioned in

Chapter 1, pathloss-based solutions are prone to multipath fading and drastic fluctuations in the

indoor environment. To deal with multipath signal propagation, one needs to resort to multitude

of advanced signal processing solutions to either deal with multipath propagation or even exploit

the presence of multipath effect, e.g., using KF and PFs [16]. The drastic and random fluctuations

of RSSI values make the system vulnerable to high level of noise and error [20, 59]. To mitigate
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the effect of drastic fluctuations in RSSI values, different localization methods such as fingerprint-

ing [60], tri-lateration [62] and triangulation [61] techniques have been deployed. Alternatively,

some solutions are developed based on machine learning schemes such as NNs [39, 40]. Although

very recently BLE-based indoor localization via NNs has been explored, such solutions for RSSI-

based localization are still in their infancy.

Fingerprinting: Apart from Bayesian filtering and the pathloss approach, to mitigate effects of

drastic fluctuations in RSSI value, fingerprinting technique has also been deployed. Fingerprinting

is a widely used approach [50–54], which at the first phase (offline phase) gathers training data (in

localization purposes RSSI, magnetic or Wi-Fi data) within pre-determined zones. Once the suit-

able amount of data for each zone is collected, the algorithm in the second phase (online phase)

estimates a particular location pattern by matching the new data with the training data stored in

the database. The whole process of collecting data for each pre-determined zone and implement-

ing RTLS based on the reported data is considered as a time consuming and non-efficient indoor

localization technique.

2.2 IMU-based Indoor Localization

Due to ubiquitous integration of IMU in smartphones, there has been an ongoing surge of inter-

est on utilization of inertial data to estimate the location of smart phones in indoor environments.

Relying on local deployed sensors and local central processing unit, the deployment of such sys-

tems is considered as a very efficient way to localize a user without utilizing external, proprietary,

expensive hardware or wearable sensors [43, 63]. The IMU module in smartphones consists of 3-

axis accelerometer, 3-axis magnetometer and 3-axis Gyroscope. Due to the high level of noise and

sudden drifts in IMU signals, the raw data reported by IMU sensors should be pre-possessed before

utilization to localize a target. The details of the required pre-processing steps are provided below:

(1) Moving Average (Smoothing) Filter: Typically, the raw data reported by IMU sensors are

prone to noise and sudden drifts, adding inaccuracy to the localization techniques. In order

to mitigate, and if applicable remove the level of drastic fluctuations in raw inertial reports

of 3-axis accelerometer, magnetometer and gyroscope, the data is smoothed using a low pass
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Figure 2.1: Raw and smoothed inertial reports and illustration of a peak detection algorithm.

filter or a moving average filter. The moving average filter used in this thesis is given by

xf (n)α =
1

N

N−1∑
k=0

xα(n+ k);α = {ax,y,z, gx,y,z}, (2.17)

where α represents the bodily acceleration ax,y,z and angular movements gx,y,z of the subjects

in the X , Y , and Z axes, respectively. Term N is the number of indexes in a sample inertial

signal. Fig. 2.1 illustrates the raw and smoothed versions of a sample accelerometer’s data.

The smoothed inertial data can be used as the input to signal processing (i.e., step and zero

cross point detection) and pattern recognition (i.e., Recurrent Neural Network (RNN), LSTM-

based AU classification) techniques.

(2) Magnetometer Calibration Unit: As stated above, smartphone’s IMU unit consists of 3-axis

accelerometer, 3-axis gyroscope, and 3-axis magnetometer. All IMU sensors report data with

respect to the 3 orthogonal and pre-defined axis in the smart phone. Due to soft-iron and

hard-iron effects, magnetometer is vulnerable to noise and error. In such cases, a calibration

unit should be adopted on the magnetometer’s data such as Ellipsoid Fit (EF) method [35].

This calibration unit estimates all parameters of the error model and then compensate the

errors caused by soft and hard iron interferences. The absolute heading angle estimated by

magnetometer reports is unreliable since the magnetic field received by a smartphone has

high correlation to the venue, surrounding walls, and the presence of other magnetic fields in

the venue. Hard iron and soft iron effects stem from the magnetometer’s distorted readings.
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(a) (b)

Figure 2.2: EF calibration unit for magnetometer. (a) Raw and error-prone magnetometer data. (b)
EF calibrated and error compensated magnetometer data.

Although there has been attempts to compensate the error caused by external magnetic fields

via implementing calibration units such as ellipsoid fit magnetometer calibration unit, the at-

tempts are not fully successful to significantly decrease the effects of such hurdles. Fig. 2.2(a)

shows the raw, distorted, and noisy magnetometer’s readings. In Fig. 2.2(b), by applying the

EF calibration technique on magnetometer’s data, the error from this inertial sensor reports

has been compensated. All of the mentioned challenges illustrate unreliable and error-prone

measurement picture of magnetometer-based heading estimation. Thus, in state-of-the-art

localization methods, the focal point in heading estimation is to utilize the information in

gyroscope reports to determine the direction of the target.

2.2.1 Pedestrian Dead Reckoning

Among IMU based indoor localization techniques, PDR is the most widely used technique to

iteratively estimate the current location of an IMU enabled object in indoor environments. Starting

from a known position, successive displacement of the object is estimated using the two major

heading estimation and step detection techniques, leading to the current Cartesian coordinates (i.e.,
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X and Y coordinates) of the user, as follows



Xk

∆Xk

Yk

∆Yk


=



1 ∆t 0 0

0 1 0 0

0 0 1 ∆t

0 0 0 1


︸ ︷︷ ︸

Fk



Xk−1

∆Xk−1

Yk−1

∆Yk−1


+wk. (2.18)

The coordinates of posterior steps are highly dependent on the location of the prior steps, adding

an inevitable and increasing cumulative error to the PDR-based positioning systems. In fact, an

inaccurate heading estimation or false step detection will directly influence the faulty location es-

timation in the posterior steps. Furthermore, the Cartesian coordinates and the heading of the user

at the starting point are regarded as strict requirements of the PDR method. Basically, PDR-based

indoor localization approach consists of the following two major “Heading estimation” and “Step

detection” steps:

(i) Step Detection: The distance travelled by the user holding an IMU enabled device can be

represented by her/his number of steps. Therefore, an accurate step detection algorithm can

render better positioning estimation. Although number of steps taken by a user in an indoor

environment can be estimated by counting the positive going, zero crossings of a low-pass

filtered version of the signal [33, 64, 65], the strongest indication of the step specific peak

signature is represented on the vertical axis relative to ground [37, 66]. However, the vertical

signal component may be distributed among all three accelerometer axis depending on the

present orientation and attitude of the smartphone. To resolve the aforementioned challenge,

the axis with highest variation can be selected for step detection evaluation process. Adopting

adjacent peak selection, our implemented step detection process is given by

Υi =

Υi ≥ τ −→ Step

Υi ≤ τ −→ Local Peak,
(2.19)

where the magnitude of consecutive local acceleration peaks (Υi) are subject to a defined
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threshold (τ ), which is an empirically determined constant value. Additionally, to insure a

valid global peak (step), the time interval between two consecutive steps should fall between

120ms to 400ms. Fig. 2.1 depicts the estimated steps based on smoothed version of accelera-

tion signal.

(ii) Heading Estimation Unit: In order to determine the heading of a planar smartphone, first

pitch and roll angles are directly calculated based on the accelerometer’s readings as follows

P = arctan
Ay√

Ax
2 +Az

2
(2.20)

and R = arctan
−Ax
Az

. (2.21)

Once the pitch and roll angles for each step are calculated, yaw angle can be determined as

follows

Xh = Mx cos (P ) +My sin (P ) sin (R) +Mz sin (P ) cos (R)

and Yh = My cos (R) +Mz sin (R), (2.22)

where

P = arctan{Ay/
√
Ax

2 +Az
2} (2.23)

R = arctan{(−Ax)/Az} (2.24)

and Y awRad = arctan−(
Yh
Xh

). (2.25)

In the case that the user holds the device in a plenary position, yaw angle is regarded as the

heading angle of the device. Fig. 2.3 depicts a brief overview of the aforementioned IMU

heading estimation approach. Yaw-based representation of heading estimation, in fact, is not

practical when the smart phone is swinging in the user’s hand or in rests in her/his pocket. To

consider the effect of the smartphone’s position on the heading estimation algorithm, Prin-

cipal Component Analysis (PCA) and PCA-based method coupled with global accelerations
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Figure 2.3: Heading estimation by IMU.

(PCA-GA) are employed in conventional PDR-based localization researches. These meth-

ods are, however, still error-prone since magnetometer is vulnerable and easily influenced by

interferences caused by external magnetic fields.

In addition to 3-axis accelerometer, 3-axis magnetometer, and 3-axis Gyroscope, barometer and

light sensors can be used to report the altitude of the smartphone and perform better proximity

localization.

2.3 Pattern Recognition-based Indoor Localization

Due to the drastic and high level of fluctuations in sequential signal reported by inertial sensors

the aforementioned techniques, however, are highly prone to error, leading to false and inaccurate

step detection. The error in step detection (false either positive or negative labels) leads to distorted

and error-prone path estimation. To address the aforementioned issues, recently Machine Learning

(ML) and Deep Neural Network (DNN) based solutions [21, 22, 70, 71] are proposed commonly

based on the Long Short-Term Memory architecture. DNN-based techniques can also perform AU

classification (such as long step, short step, left turn, right turn, stop) and movement statuses (such as

walking, running, or stop). Real-time implementation of such an approach, however, is impossible
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due to the excessive tensor based computational power required for the model’s dynamic windowing

approach. In the recent ML based methods however, there are an ongoing attempts to reduce the

probability of false steps using ML based feature extraction techniques. In addition, in more recent

research works, the extracted numerical features such as acceleration magnitude, maximum value,

minimum value and variance are then used in neural networks as input training patterns.

2.3.1 Machine Learning-based Pattern Recognition

Pedestrian dead Reckoning approaches based on the motion mode recognition of the smart

phone were deployed to estimate the user’s location. The approaches to deploy a flexible and scal-

able PDR positioning have flourished to the point that modeling the arbitrary combination of phone

pose and movement state (walking, running, upstairs, downstairs) was proposed. Physical differ-

ences of different individuals such as height and step length added an adaptive point to the proposed

algorithms to establish the step length adaptive PDR localization techniques. Low pass filtered and

smoothed sequential data reported by IMU sensors are insufficient to distinguish various motion

modes. Thus, there is a need for feature extraction from filtered IMU data using a sliding window.

The length of the sliding window is typically fixed, which can include several steps. Once the slid-

ing window is applied on the sequential data, it provides an estimated label (motion mode) for each

scanned segment of the data. In fact, the periodic features of steps can be modeled in prior steps

to predict the occurrence of posterior steps with a higher confidence rate. As proven in previous

research works, time domain features such as acceleration and velocity’s variance and mean val-

ues, and frequency domain features such as Short Time Fourier Transform (STFT) are not reliable

enough to detect the posterior steps in the path trajectory. The extracted features are handcrafted,

and thus they do not sufficiently represent the input data. Therefore, it is a difficult task to obtain

the best representative handcrafted features from the input data for classification. The most recent

articles, therefore, have gone beyond the conventional feature extraction solutions to extract deep

features from the sequential inertial signal.
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2.3.2 Two Stage LSTM-based Indoor Localization

As mentioned in Section 2.2, analyzing the gait information in IMU data, step and heading

based indoor localization techniques have strict limitations and deficiencies making them non re-

liable positioning systems. To address the aforementioned challenges from a practical Artificial

Intelligence(AI) perspective, deep models have been emerged. Typically, deep learning methods

render a structure in which end-to-end learning, automated feature extraction and classification, is

performed instead of using handcrafted features. Due to the ongoing developments in sequential

data processing using ML models and ANNs, the solution to many challenges associated with tra-

ditional IMU based indoor positioning techniques are being solved by modeling indoor localization

experiments on AU recognition and classification models. Hence, to end up with reasonably accu-

rate positioning system the raw data reported by IMU sensors should be processed to be used as the

input to pattern recognition models.

The LSTMs are considered as the state-of-the-art technique for sequence learning. The LSTM

was first introduced by Hochreiter and Schmidhuber, and were further refined and popularized in

the following year. The LSTMs are designed to overcome the vanishing and exploding gradient

problem of the traditional Recurrent Neural Networks (RNNs). This is achieved by introducing a

memory state and multiple gating functions, that provide a memory-based architecture to control the

write, read, and removal (forget) of the information written on the memory state. Consequently, the

LSTMs have been successfully applied in wide range of applications, including speech recognition,

natural language processing, handwriting recognition, and image captioning to name a few.

Generally speaking, the LSTM model takes a single time window as the input and learns how

to model that sequence with respect to the provided label. The sequence lengths are considered to

be of fixed length and the structure of the incorporated LSTM is many to one. The output and the

cell states have the same vector size, which is defined by the number of nodes in the cell. When

the number of nodes is equal to m, the output of the LSTM cell is ht∈ Rm×1 and the cell state is

ct∈ Rm×1. The output ht−1 and the hidden state ct−1 of the LSTM cell at time (t)− 1 will be the

input to the LSTM at time (t) in addition to the sensor data xt. The information flow of the internal

cell unit is controlled by a gating logic consisting of three gates: (i) The input gate it∈ Rm×1,
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which determines what information based on (ht−1 and xt) will be forward to the memory cell; (ii)

The output gate øt∈ Rm×1, which controls what information will be passed to the next time step,

and; (iii) The forget gate f t∈ Rm×1, which controls how the memory cell will be updated. The

following equations describe the implementation and update of the memory cells in the LSTM layer

at every time step (t)

it = σ(W (i)xt + U (i)ht−1 + b(i)), (2.26)

øt = σ(Wox
t + Uoh

t−1 + bo), (2.27)

f t = σ(Wfx
t + Ufh

t−1 + bf ), (2.28)

at = tan(Wcx
t + Uch

t−1 + bc), (2.29)

ct = f t ◦ ct−1 + it ◦ at, (2.30)

ht = øt ◦ tan(ct), (2.31)

where W (i), Wo, Wf , Wc ∈ Rm×(l)
, and U (i), Uo, Uf , Uc ∈ Rm×m are weight matrices; Terms

b(i), bo, bf , bc∈ Rm×1 are bias vectors; σ(·) denotes the sigmoid activation function; Operator “◦”

denotes the Hadamard product (element-wise multiplication of two vectors), and; tan(·) represents

element-wise hyperbolic tangent activation function.
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Chapter 3

Multiple Model BLE-based Tracking via

Validation of RSSI Fluctuations under

Different Conditions

Of particular interest to this chapter, is indoor positioning via integration of information fusion,

localization, and tracking technologies with IoT devices equipped with sensing, processing, and

BLE communication capabilities. In particular, the objective is development of advanced signal

processing and machine learning solutions to micro-locate and track a person within a delimited

physical space (e.g. building) using BLE locating infrastructure installed within this space. As

stated previously in Chapter 1, different environmental parameters can negatively influence the RSSI

fluctuations. In this regard and as the first step, the chapter focuses on evaluation and validation of

RSSI fluctuations under different environmental conditions. Therefore, the first goal of the chapter

is to implement a LBS platform consisting of two main sub-systems, i.e., acquisition sub-system,

and the FC. The second goal of the chapter is to test and validate effects of different parameters

on the RSSI values and on the tracking performance. Based on real experiments, the implemented

LBS platform shows potential capabilities for incorporation of different fusion frameworks and

providing accurate tracking results. The reminder of the chapter is organized as follows: Section 3.1

formulates the problem and develops the BLE-based estimation framework. Experimental results
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Figure 3.1: Block Diagram of LBS’s platform for collecting RSSI measurements.

and comparisons are provided in Section 3.2. Finally, Section 3.3 concludes the chapter.

3.1 Fusion Framework

As shown in Fig. 3.1, the proposed fusion framework consists of a K-Nearest Neighbor (K-NN)

fingerprinting module, which is used to construct (through a training phase) the RSSI map of the

selected venue, and a PF-based state estimation module, which sequentially provides location esti-

mates. More specifically, in the K-NN step, the venue is divided intoNZone number of fingerprinting

zones, where zone l, for (1 ≤ l ≤ NZone), is defined based on its geometric coordinates. The K-NN
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step has the following two phases:

(i) An offline phase, where training database of the smoothed RSSI values is created from Nb

sensors resulting in the training model in terms of the following RSSI vector

Trained RSSI Set: {(µ(1)
RSSI,σ

(1)
RSSI), . . . , (µ

(NZone)
RSSI ,σ

(NZone)
RSSI )}. (3.1)

(ii) The online phase, where the RSSI vector of a real time user is measured and then compared

with the pre-recorded training RSSI set (Eq. (3.1)) to estimate the zone of user’s location. For

finding the best match corresponding to the user’s zone, K-NN classifier is used providing as

output the label (center coordinates) associated with the user’s zone together with its associ-

ated terms from Eq. (3.1). In other words, the output of the K-NN step is the centre coordinate

(X(l), Y (l)) of the predicted zone, where the target is expected, and its associated RSSI set,

i.e.,

µ
(l)
RSSI = [µ

(l,1)
RSSI, . . . , µ

(l,Nb)
RSSI ]T ,

and σ
(l)
RSSI = [σ

(l,1)
RSSI, . . . , σ

(l,Nb)
RSSI ]T , (3.2)

where T denotes transpose operator.

The PF uses the coordinates (X(l), Y (l)) corresponding to the centre of the predicted zone to perform

the prediction step. In other words, first we oversample Np + M number of particles from the

proposal distribution, i.e.,

{Xik}
Np+M
i=1 ∼ P (xk|xk−1). (3.3)

Then, only Np number of particles are selected such that they are limited to the zone (X(l), Y (l))

specified by the communicated coordinates form the K-NN module. As the transitional density is

used as the proposal distribution, the weights of the particles are updated as follows

W i
k ∝W i

k−1P (zk|Xik). (3.4)
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In the update step based on Eq. (3.4), instead of forming the likelihood P (zk|Xik) based on each

particle, we compute the probability that the measured RSSI for each sensor belongs to the variables

(Eq. (3.2)) identified by the K-NN module. In other words, for calculating the likelihood, instead

of considering just one RSSI value, a domain of RSSI values in a specific zone (e.g., zone l, for

(1 ≤ l ≤ NZone)) is used, i.e.,

W i
k ∝ P

(
µ
(l)
RSSI − 3σ

(l)
RSSI ≤ zk ≤ µ

(l)
RSSI + 3σ

(l)
RSSI|xk

)
. (3.5)

This completes presentation of the proposed multiple-model BLE-based estimation framework.

Next, we present our experimental results.

3.2 Experimental Analysis/Results

As stated previously, the RSSI values fluctuate over time due to interference, path-loss, and

other parameters that are yet to be identified. To classify the proximity of a user to a BLE device, it

is essential to investigate parameters that potentially have high impact on the RSSI values. In this

Section, first we empirically investigate, test, and compare effects of different parameters on the

RSSI values, then we provide tracking results based on the proposed multiple-model BLE-based

estimation framework.

3.2.1 Location-based Services Platform

Implemented LBS’s platform for data collection is designed to gather different attributes of

received BLE signals synchronously based on BLE module boards running BLE 4.2. The first step

of the implementation is to set proper commands to gather raw data from activated BLE sensors.

The raw database includes RSSI values obtained from different devices, Unique Identifiers (UID),

and timestamps corresponding to the process of receiving different RSSI values.

A command line in Python 3.7 is coded to make a connection between the FC and the BLE

modules through the available serial ports. The code is written in such a way that different BLE

modules connected to the FC can be used synchronously to gather different information of the
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Figure 3.2: Orientation effect on the RSSI values.

devices. The devices, as peripheral in the advertising state, broadcast BLE advertising packets.

The implemented software structure first makes a connection between the FC and different BLE

modules simultaneously, and then sends request commands to the modules and asks them to gather

different BLE advertisement packets. Received packets from the active modules are then sent to

the tracking module implemented at the FC to be stored, processed, and plotted simultaneously.

These extracted data including measured RSSI values and their related UIDs, date and timestamps

from different ports connected to each module are sorted to be used in the proceeding processing

steps. To focus on potential factors affecting the RSSI values, data collection is performed based

on two different types of devices: At one hand, we used devices with commercially provided BLE

software. On the other hand, we used ordinary BLE devices advertising around. We use an iPhone 8

plus as our device advertising. During the initial experiments, two different BLE modules are used

simultaneously to gather BLE advertisement packets. Then the received raw data are processed and

the related data (device UID, RSSI, date, and timestamp) are forwarded to the tracking module.

3.2.2 Effects of Different Parameters on RSSI Values

Evaluation of the effects of different parameters on the RSSI values is of great importance.

In each experiment, we changed one parameter (e.g., orientation and distance to the beacon to
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Figure 3.3: The RSSI values in case of LOS and NLOS condition.

name a couple), while the remaining parameters were fixed. Effect of the following parameters are

investigated:

1. User’s Orientation: To investigate and learn the potential relationship between user’s ori-

entation and the recorded RSSI values, two BLE modules are fixed with distance interval

of 50cm. A mobile device is located at stable distances of 50cm and 100cm from the BLE

Module 1 (referred to as Port 1) and BLE Module 2 (referred to as Port 2), respectively. Dif-

ferent orientations to the two sensing modules are tested, where at each orientation, 200 RSSI

values from each of the two beacons are recorded simultaneously. Collected RSSI values are

refined based on the smoothing mechanism presented in Section 2.1.1, and averaged at each

orientation for evaluation purposes. Fig. 3.3 compares the transmitter’s orientation effect on

RSSI values for LOS and NLOS signal propagations.

2. Line of Sight/ Non Line of Sight: As is apparent, there is a relation between the RSSI values

and distance via path loss model. In this experiment, D0 is set to 50cm and RSSI values at

distance 50cm are measured. Given this information, when distance D is known, then N can

be calculated. To check effects of NLOS on the RSSI values, we considered the case where

the BLE module is behind the user. For this aim, 200 RSSI values are measured, smoothed,
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(a) (b)

Figure 3.4: Wooden obstacle effect on two BLE module measurements. (a) RSSI values of BLE
Module 1. (b) RSSI values of BLE Module 2.

and averaged at each distances ranging from 50cm to 190cm under two conditions, i.e., LOS

and NLOS. As Fig.3.3 shows, the RSSI values under the NLOS condition are smaller than

those associated with the LOS condition, therefore, the estimated distance computed based

on pathloss model becomes larger than the actual distance.

3. Presence of Obstacles in Environment: As in a real world scenario, there would be obstacles

between users and BLE modules. To investigate effects of such cases, we run this experiment

measuring RSSI values with and without a wooden obstacle in the environment while the

distance between the BLE module and the user is fixed. More specifically, we fix two BLE

modules with distance interval of 150cm and measure RSSI values at the constant distance of

150cm to the middle point of two BLE connection line. Then measure 120 RSSI values under

two conditions with and without the wooden obstacle. As can be observed from Figs. 3.4 (a)

and (b), the RSSI values computed in presence of an obstacle are smaller than those collected

in the absence of the obstacle.

The results and visions obtained from the above experiments provide insights for improving the

achievable localization accuracy. This will be the focus of next section to improve the overall

accuracy of the tracking framework by properly modeling and compensating the observed effects.
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Figure 3.5: User tracking scenario for BLE-based indoor localization.

3.2.3 BLE-based Tracking Results

In this sub-section, we evaluate performance of the proposed tracking algorithm. For performing

the tracking task, data collection is carried out in a 2m× 4m venue to experiment realistic situations

close to a corridor environment. The venue is divided into 32 zones each with dimension of 50cm

× 50cm. Total of 200 RSSI values are measured at the center of each zone. After smoothing and

averaging the RSSI values, the fingerprinting data is formed. For testing, the user walks in a path

around the venue as it is shows in Fig. 3.5.

First, K-NN algorithm is applied to find the zone where the user is located. After finding the

zone of the user (zone’s label), the PF uses the required information to form the overall estimate of

the location of the target. The Mean Squared Error (MSE) is calculated as the criteria for evaluating

the proposed multiple-model framework. Fig. 3.6 illustrates the calculated MSE values over varying

number of particles. It can be observed that the proposed approach has the capability to provide

near-optimal estimation results with increasing the number of particles to an acceptable range.
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Figure 3.6: MSE computation as a function of number of particles (N).

3.3 Summary

Recent developments and advancements in signal processing, information fusion, communica-

tion, networking, and cloud technologies have resulted in the widespread emergence of the promis-

ing paradigm of the IoT. A key objective within IoT context is development of advanced signal

processing and machine learning solutions to micro-locate and track a person within a delimited

physical space (e.g. building) using BLE locating infrastructure installed within that space. Before

achieving that ultimate goal, we performed an initial experimental phase where the goal was to test

and validate effects of different parameters on the RSSI values. A fusion framework is then intro-

duced by combining PF with K-NN algorithm. Based on real experiments performed through the

implemented LBS platform, the proposed multiple-model fusion achieved acceptable results.
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Chapter 4

Orientation-Matched Multiple Modeling

for RSSI-based Indoor Localization via

BLE Sensors

As discussed in Chapter 3, BLE-based localization is, typically, performed based on RSSI value,

which suffers from different drawbacks due to its significant fluctuations. As analyzed in Chapter 3,

orientation effects on RSSI values can be considered as a source of noise, reducing the localization

accuracy. More specifically, the RSSI received from a smartphone in a fixed distance to the BLE

receiver is subject to change when the orientation of the smart phone changes. In other words, the

orientation of the transmitter of BLE packets to its receiver is considered as one of the most impor-

tant parameters influencing the RSSI values. This chapter of the thesis, therefore, proposes a MM

based fusion framework [72] that enhances the accuracy of the received signals and compensates

the effects of orientation on the RSSI values. The proposed method highlights the importance of

using inertial measurement units of smart phone and taking advantage of the phone’s built-in sen-

sors in the LBSs. The fusion of RSSI and IMU data [32,73] would enhance the overall localization

accuracy and mitigates the error caused by orientation of the BLE transmitter.

The reminder of the chapter is organized as follows: Section 4.1 presents the proposed orienta-

tion detection and MM framework. Section 4.2 presents the dataset and experimental settings and
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the achieved results. Finally, Section 4.3 concludes the chapter.

4.1 Orientation Detection and RSSI Multiple-Modeling

We consider localizing a single target within the surveillance region monitored with Nb number

of BLE-enabled senors. The RSSI value Z(j) associated with the jth active BLE sensor, for (1 ≤

j ≤ Nb), at each iteration is models as follows

Z(j) = −10N log(
D(j)

D0
) + C0 + v(j), (4.1)

where D(j) =
√

(X −X(j))2 + (Y − Y (j))2, and D0 is the reference distance; C0 is the average

RSSI value at reference distance; (X(j), Y (j)) denotes location of the jth BLE sensor, and; N is the

path-loss exponent.

Orientation Classification via RSSIs: For finding the orientation of the user’s phone, first a set of

NP RSSI values Xi = {RSSI(j)i }
Np

j=1 received by Nb BLE modules are measured in No different

orientations ({X(1)
i , . . . ,X(No)

i }, for (1 ≤ i ≤ Nb). We have collected about Np = 10 million RSSI

values to be analyzed. The scenario that was chosen for collection of this dataset is to collect about

5 million RSSI values in 2 distances (1m and 3m). In each distance, we placed the user’s phone in

No = 8 different orientations and in each orientation 500, 000 RSSI values were collected. This

large amount of data can provide us with invaluable dataset to be analyzed, smoothed and used to

develop data-driven models.

As stated previously, RSSI values received from BLE beacons are prone to random and drastic

fluctuations, which could result in inaccurate distance estimates. To prevent erroneous localization,

a recursive Bayesian filter is used where a KF smoothing module is applied on each Xi to mitigate

the RSSI fluctuations [74]. After smoothing RSSI values, differentNo-class classification algorithm

including Support Vector Machine (SVM), K-NN, and Neural Networks (NN) are used to classify

the RSSI values corresponding to each orientation. For orientation detection, the following two

scenarios are considered:

(i) Stand-alone Orientation Prediction: In this scenario, RSSI values reported by just one BLE
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Figure 4.1: Block Diagram of the orientation-matched MM framework.

sensor are used as input to the classifier, therefore, we train Nb number of classifiers. In other

words, each BLE sensor will provide us with 1-D label vector representing the orientation of

the phone to that specific module.

(ii) Multi-sensor Orientation Prediction: Orientation prediction is performed in this scenario by

using allNb active BLE beacons. In this case, a classifier is trained based on features of length

Nb consisting of smoothed RSSI values obtained from Nb active BLE sensors. In brief, the

output of the classifier in this scenario is a vector representing the orientation of the phone to

each BLE sensor.

The output of the orientation classification step is an estimate of the device’s orientation, which as

shown in Fig. 4.1 will be used to select one of the No orientation-matched path-loss models. The

latter is described next.
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4.1.1 Multiple Modeling Framework

We constructed orientation-matched path-loss models by learning parameters {N (m)
j , C

(m)
0,j },

corresponding to orientationm, for (1 ≤ m ≤ No), and module j, for (1 ≤ j ≤ Nb) using the mean

of the smoothed RSSI values of module j and orientation m at two different distances (D0, D).

After finding the phone’s orientation, orientation-matched parameters associated with that specific

orientation are replaced in Eq. (4.1) and distance D to the BLE module is calculated as follows

Z
(m)
j = −10N

(m)
j log(

D

D0
) + C

(m)
0,j . (4.2)

For each sensor and for each particular orientation of the device to the beacon, the parameters of

path-loss model are different. Therefore, in Scenario (ii) the distance estimated by each beacon is

calculated separately. This provides a distance estimation matrix consisting ofN values for distance.

Weighted average of the distance estimation matrix is considered as the final value for distance

estimation. In other words, considering that the classifiers has provided us with [W1, . . . ,W(Nb)]

where Wi denotes the accuracy of orientation classification for a given BLE sensor. Basically, the

accuracy of each beacon in estimating the corresponding orientation of the smart phone represents

the confidence rate of the classifier to accurately estimate the true distance with regards to the

orientation of the smartphone. Therefore, the estimated distance for each beacon is weighted based

on this confidence rate. By such definition, the higher the accuracy of a beacon in estimating the

orientation, the greater the weight of the estimated distance for that specific beacon, i.e.,

D =

Nb∑
i=1

Wi∑j=Nb
j=1 Wj

× di, (4.3)

where di states the distance estimated by each BLE module and weighted averaging method is used

to gain the final estimated distance of the user to BLE modules. In summary, based on the con-

structed BLE dataset, the proposed MM framework (as shown in Fig. 4.1) is constructed where

each one of the constituent components is an orientation-matched model resulting in total of eight

localized orientation models. The aforementioned multi-sensor and data-driven model is then im-

plemented that estimates the orientation of a hand-held device with high accuracy.
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Figure 4.2: Real data collection setup for orientation detection.

4.2 Experimental Results

Real Data Collection Setup: As shown in Fig. 4.2, Nb = 4 BLE sensors are fixed in the same

distance of 1m (for calculating the parameters of the orientation-matched path-loss models and 3m

(for distance estimation) to the user’s phone (IPhone 6). RSSI data is gathered for 8 orientations

(0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, and 315◦) of user’s phone to BLE modules. Moreover, all

sensors are simultaneously gathering the IMU data for each orientation of the phone. The sampling

frequency of RSSI values and IMU data is 16 samples per second. In order to prevent the effect of

surrounding walls on collected RSSI value, the experimental environment is designed sufficiently

far from any obstacle or wall in the vicinity of the sensors.

4.2.1 Stand-alone Classification-based on RSSI

Based on the mean of the smoothed RSSI values from D0 = 1m and 3m, the orientation-

matched path loss model parameters {N (m)
j , C

(m)
0,j for (j ∈ {1, 2, 3, 4}), and 1 ≤ m ≤ 8 are cal-

culated for each sensor. Firstly, orientation estimation is performed with respect to the RSSI values
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Table 4.1: Orientation classification accuracy comparison of the proposed algorithm for Scenario (i).

Approach Accuracy(%)
Classification Method ANN SVM K(5)-NN

BLE 1 0.73 0.70 0.65
BLE 2 0.68 0.62 0.72
BLE 3 0.66 0.69 0.70
BLE 4 0.66 0.69 0.70

Table 4.2: Orientation classification accuracy comparison of the proposed algorithms.

Approach Accuracy(%)
Classification Method Stand-alone RSSI Stand-alone IMU RSSI-IMU Fusion
ANN 70 90 97
SVM 72 93 96
KNN 74 92 99

received from each BLE module separately (Scenario (i)). In another attempt, the same orienta-

tion classification method is applied to the RSSI values received from all 4 modules simultaneously

(Scenario (ii)). In both scenarios, 80% of all RSSI observations are considered as the training data

and the remaining 20% RSSI observations are considered as the test data.

Table 4.1 illustrates the orientation classification accuracy for each BLE sensor for Scenario (i).

The overall accuracy is not greatly satisfying as the RSSI value has drastic fluctuations causing

misclassification of associated orientation. Consequently, based on the predicted orientations the

distance of the smart phone to each BLE module is estimated using orientation-matched path-loss

model. Compared to the conventional path loss models that estimate the distance with a fixed

(N,C0), the proposed method offers different parameters (N (m)
j , C

(m)
0,j ) for different orientations.

It is worthy to mention that the same experiment was implemented for different distances between

BLE sensors and smart phone and in most cases K-NN classifier gained the highest accuracy among

all classifiers. The estimated distance for each BLE sensor is then compared to the real distance

(3m) and mean error of 1.69m, 1.57m, 1.19m, and 1.45m is recorded for Modules 1-4, respectively.

Although the stand-alone approach based on Scenario (i) outperforms the traditional approaches in

which one pre-defined (N,C0) is considered for path-loss model, the difference is not significant.

To improve the overall accuracy of the orientation classification and mitigate the effects of RSSI

fluctuations on orientation classification, Scenario (ii) is designed. In Scenario (ii), the weighted
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Figure 4.3: Schematic illustration of the input data for classification.

mean vector of 4 estimated distance vectors with weights proportional to the orientation prediction

accuracy of the associated module (0.73, 0.70, 0.72, and 0.64) is computed as the final distance

vector using Eq. (4.3). The estimated distance vectors between phone to the 4 BLE modules is

formed by mean error of 0.79m, 0.88m, 1.26m, 1.53m and weights (0.73, 0.70, 0.72, and 0.64),

respectively. The first column of Table 4.2 depicts the average accuracy of orientation classification

in Scenario (ii). Comparing the average accuracy of Scenario (i) and (ii), it is observed that by

considering RSSI values received from 4 beacons, one can estimate phone orientation with consid-

erably higher accuracy. This improvement in Scenario (ii) highlights the efficiency of the proposed

weighted averaging algorithm.

4.2.2 Stand-alone Classification-based on IMU

In the stand-alone approach based on IMU signals, the orientation classification of smartphone

is implemented based on the IMU heading rather than RSSI values. As illustrated in Fig. 4.3, the

IMU values are subject of classification. For this purpose, the same classifiers are used to classify

the smart phone’s heading into 8 different orientations (0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, and

315◦). Then based on each orientation associated to (N (m)
j , C

(m)
0,j ), the distance between smartphone

and the BLE module is calculated. It is worthy to mention that for orientation classification purpose
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just the IMU values are fed to the classification unit. Since IMU heading is more robust, it renders

lower error in the distance estimation as shown in Table 4.2.

4.2.3 RSSI-IMU Fusion Classification

As for the RSSI-IMU fusion method, the vector consisting of the RSSI values and IMU values

is subject of the classification. Therefore, the classifier has simultaneously the knowledge about

the IMU sensors and the RSSI sensors resulting in a higher classification accuracy. In such a

case,similar to the other two scenarios (stand-alone RSSI and stand-alone IMU classification) the

distance is estimated based on the result of the orientation classification. Table 4.2 compares the

classification accuracy of the three proposed methods. As is evident from the information provided

in Table 4.2, the average classification accuracy of the fusion method is much higher. In the fusion

method, however, the data of all 3 axis IMUs and BLE sensors should be collected simultaneously

requiring more complexity in the data gathering phase. Furthermore, it is worthy to mention that

the high classification accuracy obtained based on the fusion method resulted in lower distance es-

timation error of 0.71cm, which highlights the importance of orientation of the smartphone for the

localization task.

4.2.4 Discussions

A major issue is faced during the data collection process, i.e., RSSI values captured from differ-

ent sensors in the same direction and similar situation act differently. In other words, the received

RSSI values in some cases are radically different from others, which was an expected phenomena

as sensor modules would not perform similarly. Based on this observed anomaly, we have two main

categories of sensors (among the ones tested), where sensors in one category, more or less, perform

similarly, while the other sensors act differently (higher average RSSI values at the same distance)

but still close to each other. Another interesting observation is that in 135 degree and across different

scenarios, there is a large decrease of the RSSI values in 1m. It was observed that the RSSI values

collected at 1m with 135 degree are much lower than those obtained at 3m, which is an unexpected

behavior. The conclusions discussed above are made based on several similar experimental analysis

conducted over different distances and different orientations.
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4.3 Summary

In this chapter, effects of a phone’s orientation are investigated on the distance estimated by

RSSI values. Since it is well known that variations occurring due to changes in orientation of a

hand-held device is a limiting factor for BLE-based sensors, the inertial measurement unit data is

also evaluated. In this regard, the chapter proposed an orientation detection and multiple-modeling

framework to refine RSSI fluctuations by compensating the orientation effects. It is observed from

the results of the proposed data-driven and orientation-free modeling framework that the location

estimation is improved considerably when RSSI-IMU fusion model is implemented. The final error

in distance estimation with combination of four BLE sensors is 0.72m. Without orientation con-

siderations, the phone orientation can be any of (0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, 315◦) with

mean error ranging as follows 1.69m, 2.57m, 2.19m, 3.45m. The error with orientation consid-

eration of 0.72m is, therefore, less than minimum possible mean error without the orientation effect

(1.69m).
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Chapter 5

Online Dynamic Window Assisted

Two-Stage LSTM Indoor Localization

As highlighted in Chapters 3 and 4, conventional IMU-based approaches, typically, use statis-

tical and error prone heading and step length estimation techniques, preventing them to be used as

practical, robust, real-time and accurate indoor positioning frameworks. In this regard, this chap-

ter of the thesis takes one step forward to transfer offline IMU-based models to online positioning

frameworks. More specifically, inspired by prominent advances in SP and NLP techniques, three

near real-time dynamic windowing mechanisms are proposed based on a two stage LSTM localiza-

tion architecture. The three underlying LSTM architectures are trained with 2100 AUs. Compared

to the traditional LSTM-based positioning approaches suffering from either high tensor computa-

tion requirements or low accuracy preventing them for real-time deployment, the proposed ODW

assisted two stage LSTM model can perform localization in a near-real time fashion. Performance

evaluations based on a real PDR dataset shows that the proposed model can achieve exceptional

classification accuracy of 92.4%, 96.4% and 94.3% for the three underlying LSTMs.

The remaining of the chapter is organized as follows: In Section 5.1, the conventional and the

proposed DWs for implementation of near-RTLS two stage LSTM are represented. Experimental

results based on prepared dataset are presented in Section 5.2 illustrating effectiveness and superi-

ority of the proposed fusion based DW. Finally, Section 5.3 concludes the chapter.
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Figure 5.1: Diagram of the conventional two stage LSTM.

5.1 Proposed ODW assisted Two Stage LSTM Architecture

The essence of IMU based Indoor localization is based on recursive plausible location estima-

tion based on prior step coordinates. In fact, smoothed 3 axis accelerometer and gyroscope data

form sequential time series. RNN with linear chin structure has been deployed to analyze time

sequence data in various domains (i.e., automation, NLP, speech recognition, image captioning

and handwriting recognition). Despite the numerous accomplishments made by RNN networks,

throughout the contemporary research works the limited capacity of contextual information and in-

ability to back propagate in time has been reported as the downfalls of such networks. Since RNN

consists iterative processing of the data segments, such networks and its variants are prone to van-

ishing and exploding gradient problems. LSTM is a type of artificial Recurrent Neural Network,

deployed to address the aforementioned problems [21, 22, 70, 71]. A typical LSTM unit is consist

if a memory cell, an input gate, an output gate, and a forget gate. The cell in LSTM is designed to

process sequential segments of the data and maintains its hidden state through the course of learn-

ing. The implementation of cell assists LSTM network to overcome the challenges of traditional

RNN during learning process. Recently there has been attempts to enhance the accuracy of indoor

positioning using RNN, LSTM and its variants [21]. Great number of such systems utilize IMU of

smartphone to measure bodily acceleration and angular velocity associated with different AUs. As
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depicted in Fig. 5.1, such systems includes two LSTM classifiers and a moving distance estimator.

While the first LSTM classifies the user’s movement state (i.e., stop walking, running), the second

one is designed to recognizing the AUs performed by the user (i.e., left and right turn, Short Step

(SS), Normal Step (NS) and Long Step (LS), abnormal activity). The accelerometer and gyroscope

readings representing bodily acceleration and angular movements of the subject in Cartesian coor-

dinates respectively have drastic fluctuations in a sample course of time, resulting in inaccurate and

misled classification model on AUs.

As an initial step for LSTM positioning, by utilizing a moving average filter on the sequential

raw data reported from IMU sensors, one can remove or at least mitigate the fluctuation in the raw

signal. In brief, the filter would average out the fluctuations or noisy patterns to obtain desired noise

free sequential signal of IMU sensors. Having the raw data applied to a Low Pass Filter (LPF) or a

moving average filter, the smoothed IMU data is then labeled empirically in an offline phase. The

labeled 6 axis inertial data (consisting 3 axis accelerometer and 3 axis gyroscope data) is then fed

to the LSTM network as training data. It is worthy to mention that once the smoothed inertial data

is derived, the training and test segments of data are splitted in an offline phase using a dynamic

window given by

A =



S1(x
a
f (n+ L)

S2(x
a
f (n+ L)

...

Si(x
a
f (n+ L)


(20 ≤ L ≤ 60), (5.1)

where Si(xaf (n + L) represents ith segment of the filtered inertial signal. The segmented inertial

sensor data reported by IMU sensors carry sufficient information about the bodily acceleration and

angular velocity patterns of different AUs and movements performed by the user during path trajec-

tory. Different data segments along with the empirically derived labels will be sequentially fed to

LSTM networks, which classify the segments into different movement states (i.e., running, walking,

stopping) and different AUs (i.e., left and right turn, SS, NS and LS and abnormal activity). The
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challenge preventing the algorithm to be identified as a real-time localization is a dynamic win-

dow, which excessively splits the sequential data into great number of data segments, as the input

to LSTM networks in an offline phase. The algorithm would then choose the most viable segment

based on the best recognition performance.

The implementation principle of moving distance estimator is similar to PDR, although in the

proposed two stage LSTM, the current location of the user updates based on each recognized activity

and its related AU rather than heading and statistical stride length estimation. The moving distance

estimator is given by Pk = Pk − 1 + Aqk, where k shows the current time index of the position

(P ) and the recognized action unit (Aqk). The step length of the participants using the mode length

value of step type recognized by LSTM (e.g., SS, NS, or LS) can be determined as follows

Aqk = Ψk, (5.2)

Ψk = Π(γk, λk, δk) (5.3)

and Ψk = Γ(k), (5.4)

where Ψk is the assumed step length, and Π is the function mapping each subject (γk) with the mode

of step length (Γ(k)) of the particular step length type (λk) according to type of activity (δk) per-

formed in the current time index (k). Once the most viable segment based on the best performance

of the recognition model is chosen, then the next segment is fed to LSTM network. The implemen-

tation of excessive tensor computation is not efficient in terms of time, memory and computation

power. The conventional dynamic window for two stage LSTM indoor positioning does not sat-

isfy the RTLS requirements. Although the algorithm yields high accuracy of AU classification, the

dynamic window slides through the test data in an offline phase, requiring excessive computation

for each AU recognition. Even if implemented in semi real-time running manner, there is lack of

processing power to deal with high requirement s of tensor computation and AU recognition. In this

article the goal is to address the aforementioned challenges by proposing three different (SP, NLP

and SP-NLP based) ODWs.
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Figure 5.2: NLP inspired online dynamic window.

5.1.1 NLP inspired Dynamic Window

Inspired by ubiquitous implementation of NLP techniques in various domains of AI, a solution

for near real-time implementation of two stage LSTM is proposed. Considering conspicuous sim-

ilarities between sequential IMU and text data, we can model the positioning problem in terms of

NLP model. In state-of-the-art NLP classification solutions, the algorithms can be trained based

on multivariate sentences as input data types. Once trained, these frameworks can perform classi-

fication on multivariate sequential data in the test phase. In fact, in order to process the real time

sequential data collected from iOS-based SDK, the LSTM models should be trained on multivariate

data stored in the database (Fig. 5.3) for each AU in the database. In other words, although the

patterns of the data for each AU are highly correlated, the length of that action unit can vary based

on physical parameters of the user’s body, frequency of steps taken by the user and the gait cycle

information of pedestrian. The “multivariate” term in sequential data refers to the non-uniformly

splitted subsets of time series sequential data in this research work. In fact, a typical statement is

consist of several sentences, each of which includes different number of words. In order for the al-

gorithms to be trained on the multivariate data a practical technique is deployed to turn meaningful

pieces of data (such as words) into random string of characters or numbers called token that has
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Figure 5.3: Multivariate AU data.

no meaningful value if breached. Therefore, the problem of training and testing multivariate data

is resolved by tokenization technique. In fact, tokenization is considered as a key and mandatory

aspect of working with text data in NLP applications.

Considering the aforementioned solution to resolve multivariate training of the NLP models,

one can model IMU sequential readings to the statements in NLP. Additionally, deploying tokeniza-

tion concept in AU classification, one can consider tokens as small subsets of an action performed

by the user. Similar to NLP classification methods, where the tokenized words as subsets of a state-

ment form a sequential meaningful statement, in this application uni-variate subsets of AUs form

a meaningful action performed by the user. Implementation of such method prevents excessive

tensor-based calculations and reinforces the performance of near real-time indoor tracking method.

In other words, the proposed NLP-based dynamic window would split the test set into consider-

ably fewer number of tensors. Consequently, the algorithm can assess the performance of LSTM

network with different input lengths (multiplies of token length) and recognizes the user’s AU. As

is shown in Fig. 5.2, the NLP inspired DW can split the sequential test data with fewer number of

segments, which reduces the computation requirement for the proposed framework.

5.1.2 Signal Processing Dynamic Window

An another solution to establish a near-RTLS framework, we attempt to analyse the signal pattern

using the accurate step detection method developed in our last research work to split the test data
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Figure 5.4: Signal Processing based online dynamic window.

based on the knowledge of the step indexes. As the accelerometer reports three axis inertial in-

formation of the smartphone movements, one can detect the step indexes of the signal using an

accurate step detection algorithm. Once the step indexes are identified, the SP-DW searches for

zero crossing points, representing the starting and ending points of each performed AU. Each zero

crossing point should abide all of the following rules to be picked as starting/end index of an AU.

First of all each zero-cross point should be between two consecutive peak points. Moreover, each

zero point should be in zero-cross vicinity. In the normal walking mode, each zero cross point

should be almost in the middle of two consecutive peaks. Additionally, there should not be two

zero cross points between two consecutive peaks. The pedestrian steps are represented through the

distinct peak patterns, as shown in Fig. 5.4 where the number of peaks indicate the total number

of steps. Although SP-dynamic window is not able to accurately recognize the starting and end of

AUs, the required computational delay in this method is less than both conventional and NLP-based

DWs since its performance is not dependent on any tensor assessment. In other words, SP-dynamic

window attempts to split the test data and recognizes the starting and end of each AU without trying

to identify the action. Once the test data is splitted the AUs will be transformed to LSTM classifier

to detect the corresponding label of each AU based on the signal pattern and deep extracted features
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in model.

5.1.3 SP-NLP fusion Dynamic Window

Each SP and NLP method benefit from particular and different advantages in real-time imple-

mentations. The methodology of NLP based dynamic window is based on fewer number of tensor

calculations and the assessment of LSTM model on multivariate test data while SP based dynamic

window provides significantly faster test splitting techniques. In fact, in real time scenarios SP

based dynamic window renders higher localization speed with lower accuracy while NLP takes ad-

vantage of multiple tensor assessments prior to AU classification. Such differences in performance

of real-time scenarios led to deploy a fusion model referred to SP-NLP fusion dynamic window.

The goal of implementation of such fusion model is to establish a trade off between accuracy and

run time delay required in RTLS.

The methodology of the proposed framework consists two phases:

(1) SP-DW: First the SP framework would detect the peaks and eligible step indexes in the se-

quential preprocessed signal reported by IMU sensors. Based on the peaks and rule based

zero cross vicinity, the zero cross points in sequential data would be detected. By determin-

ing the zero cross indexes, the sequential data can be splitted into segments while segments

are the inputs to LSTM classifiers. If the accuracy of LSTM classification exceeds a defined

threshold, the segment would be picked as an AU. Otherwise NLP-DW would be used to

segment the AU in a more accurate fashion. The algorithm evaluates the accuracy of SP-DW

segments (Υ), with regards to a predefined threshold τ1. Then the framework would either

implement the localization based on SP-DWs or pass the sequential signal to NLP-DW for

re-segmentation.

(2) NLP-DW: If the segments splitted by SP-DW does not exceed the threshold, an NLP based

model would receive the knowledge of the zero crossing indexes in the sequential data and

attempts to find the nearest k neighbor tokens of the step index. Consequently, k + 1 tensors

would be fed to LSTM to recognize the AUs and their corresponding labels. Finally, the seg-

ment with highest performance metric (i.e., accuracy) represents the AU. The overall decision
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Figure 5.5: SP-NLP based online dynamic window.

algorithm for the proposed algorithm is given by

Υ =



Υ ≥ τ1 −→ Localization

Υ ≤ τ1 −→ NLP-DW

η ≥ τ2 −→ Localization

η ≤ τ2 −→ No valid AU

As expected, the accuracy of SP-NLP dynamic window is higher than the two other proposed meth-

ods (i.e., SP and NLP based DWs) since it simultaneously benefits from not only the zero crossing

indexes but also the tensor calculation. Moreover, in SP-NLP dynamic window, as the tensors

are chosen based on zero crossing knowledge the probability of correct AU recognition would be

higher. Furthermore, compared to NLP based dynamic window, the SP-NLP model would recog-

nize the AUs much faster than proposed and conventional models. Fig. 5.5 represents the segments

in SP-NLP based online dynamic windowing approach.
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Figure 5.6: Path Trajectories designed for ODW assisted two stage LSTM approach.

5.2 Simulation Results

To evaluate the real-time implementation of NLP-inspired and SP-based dynamic windows, an

experiment protocol is designed prior to data gathering phase. The data used in this research work

is consist of data set collected by Ghulam Hussain et al in 2019 [21] and the newly collected data

using our developed iOS application and iPhone 11 pro IMU sensors for more comprehensive in-

vestigation. In the newly designed data gathering setup, total number of 80 inertial data sets were

collected by two different users in 4 distinctive path trajectories illustrated in Fig. 5.6. Each user can

follow the pre-defined path trajectories by their own choice. Based on the predefined instructions,

in half of the test data sets (40 tests) the user holds the smart phones by their right hand and the

rest of the data was collected while the user holds the smart phone by left hand. To be aligned with

the conventional data set the sampling frequency was fixed (50Hz). The inertial raw data collected

(Comma-Separated Values (CSV)) files in the smartphone is propagated to the back-end server us-

ing a smartphone SDK. As in real time scenarios, the movement statuses are not confined to stop

walking and running, the newly designed path trajectories consist two more movement statements

of upstairs and downstairs to further enhance the indoor localization technique. The corresponding

AU label to each time segment is reported by actively monitoring pedestrian trajectory using cam-

eras installed in the venue. In this experiment, 7 AUs (Long Step (LS), Normal Step (NS), Short
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Figure 5.7: Confusion matrix comparison of different DWs representing the LSTM performance for
Movement status recognition (test accuracy)

Figure 5.8: Confusion matrix comparison of different DWs representing the LSTM performance for
AU recognition (test accuracy)

Step (SS), Left Turn, Right Turn, Abnormal, Stop) and 5 moving states (Walking, Running, Stop,

Down Stairs, Upstairs) are considered for LSTM classifications. The LSTMs were trained over

the data on conventional research work as well as the newly collected data after initialization of

hyper parameters. Once the LSTM networks are trained, the implementation of different proposed

dynamic windows can be evaluated on the test set. Despite the conventional LSTM based position-

ing systems, the test set in this chapter is not splitted into AU in a passively in an offline manner.

In contrast to contemporary LSTM approaches, in this implementation, the algorithm receives the
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Table 5.1: Run time and average accuracy comparison of ODW assisted two stage LSTM based
indoor localization

Parameter Traditional Dynamic Window SP based Dynamic Window NLP inspired Dynamic window

Number of tensor calculations 280 0 15

Average running delay
(per AU) 30 sec 0.5 sec 2.6 sec

Average Accuracy LSTM#1 97.9% 78.6% 88.6%

LSTM#2 95.9% 70.4% 82.3%

test set of data simultaneously as the user walks through path trajectory in the venue. Assisted by

proposed dynamic windows, the methods attempt to split the test data stream into eligible subsets

representing AUs. Table 5.1 provides the run time and average accuracy comparison of ODW as-

sisted two stage LSTM based indoor localization. As expected, the required time to process an AU

in proposed methods (SP-DW and NLP-DW) are considerably less than the conventional model.

More importantly, the accuracy of AU and moving state classification (LSTM 1 and LSTM 2) re-

mained respectively high. NLP model is more accurate in positioning since the distance in such

model is obtained from high tensor computations whereas in NLP inspired DW model, an average

error of 0.934 m in an indoor area of 131.5 m2 was measured. The confusion matrix comparison of

conventional, SP based and NLP inspired DWs are reported in Figs. 5.7 and 5.8 .

5.3 Summary

Inspired by ubiquitous advances in sequential data processing, in this chapter three ODW as-

sisted two stage LSTM models are implemented. In first attempt NLP inspired DW is introduced

which could significantly reduce the computation time required for indoor positioning. In another

attempt to analyze the IMU sequential signal, SP-DW was implemented which could further de-

crease the processing time for two stage LSTM based indoor localization. While accuracy of 1.5m

and 1.1m were obtained for near real time SP and NLP inspired DWs, the proposed methods out-

perform the conventional framework where the implementation of near real time system was im-

possible. Finally in order to end up with a trade of between the accuracy and running time of the

proposed algorithms, SP-NLP based ODW is proposed.
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Chapter 6

Summary and Future Research

Directions

This chapter concludes the thesis with a list of important contributions made in this dissertation.

In addition, potential directions for future research will be outlined.

6.1 Summary of Thesis Contributions

The research works performed in this thesis are motivated by recent advancements and devel-

opments of autonomous multi-agent systems. Such applications require the network to be able to

identify, track, and monitor intelligent agents in an indoor environment and perform conditional

tasks with minimum human intervention. Current commercial indoor localization approaches are

based on different indoor localization technologies, including IR, US systems, RFID, ZigBee, WiFi,

BLE, UWB, and Optical-based frameworks. The focus of the thesis is on identifying and address-

ing the challenges of BLE-based positioning and enhancing its accuracy by proposing IMU assisted

MM frameworks. Moreover, in order to yield a scalable, efficient, and respectively accurate RTLS

systems, three ODW assisted two-stage LSTM frameworks are proposed. In summary, the thesis

made a number of contributions [20, 43, 44] as briefly outlined below:

(1) Multiple Model BLE-based Tracking via Validation of RSSI Fluctuations under Differ-

ent Conditions [20]: In this work, effects of different parameters directly influencing RSSI
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values in an indoor positioning system are evaluated. Furthermore, a multiple-model fusion

framework is proposed by combining PF with K-NN algorithm to micro-locate and track a

person within a delimited physical space (e.g., an office building) using BLE locating infras-

tructure installed within that space. Based on real experiments performed through the imple-

mented LBS platform, the proposed multiple-model fusion framework achieved an increased

overall accuracy. To be more specific, the proposed framework consists of the following two

components:

• Data Acquisition and Smoothing Module: This is an initial experimental phase with the

goal of testing and validating effects of different parameters on the RSSI values. Based

on the validation results, a KF-based smoothing filter is developed with the objective of

reducing the RSSI fluctuations.

• Fusion Centre: The second component is the tracking module, which is a fusion model

developed by coupling PF with K-NN algorithm. The objective is to test and validate

effects of different parameters on the tracking performance. In contrary to the conven-

tional PF-based solutions that use RSSI measurements regardless of the environmental

conditions (i.e., presence of obstacles in the environment), LOS/NLOS propagation,

orientation of transmitter and receiver of the BLE packet, the proposed MM framework

tests and validates the effects of different parameters on the RSSI values and on tracking

performance.

(2) Orientation-Matched Multiple Modeling for RSSI-based Indoor Localization via BLE

Sensors [43]: The thesis proposed an orientation detection and multiple-modeling framework

to refine RSSI fluctuations by compensating the orientation effects. It is observed from the

results of the proposed data-driven and orientation-free modeling framework that the location

estimation is considerably improved when the proposed RSSI-IMU fusion model is imple-

mented.

(3) Online Dynamic Window Assisted two-stage LSTM for indoor positioning [44]: The

thesis proposed a novel online dynamic window assisted two-stage LSTM framework for

near real-time localization based on distinctive IMU data patterns. The proposed framework
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consists of two LSTM classifiers and a moving distance estimator. The first LSTM classifies

the user’s movement state (i.e., stop, walking, and running states) while the second LSTM

model is designed to recognize the AUs performed by the user (i.e., left and right turn, short,

normal and long step, and abnormal activity). The moving distance estimator updates the

current location of the user based on each recognized activity and its associated AU. The

proposed framework consists of the following two phases:

• Offline Phase: The IMU values for each AU and movement state is collected, smoothed

via moving average filter, and labeled empirically using the video cameras installed in

the venue.

• Online Phase: This phase consists of pattern matching and post-processing steps. In

the online phase, the real-time sequential IMU data is measured, then a moving aver-

age filter is applied for two reasons: (i) To smooth fluctuations and sudden drifts in the

IMU signals, and; (ii) To prepare the data for step, peak, and zero cross detection al-

gorithms. The pre-processed sequential data would then be splitted using the proposed

ODW methodologies (i.e., inspired by NLP and SP techniques).

6.2 Future Research

In what follows, potential future research directions are presented to further improve the frame-

works proposed throughout the thesis:

(1) The proposed indoor localization frameworks have been evaluated based on real datasets

collected via 4 and 5 BLE devices in a 6m×5m room. It would be interesting, as a direction

for future works, to investigate performance of the proposed approaches in larger indoor

environments with more Bluetooth devices.

(2) Another potential research direction is to explore if a hybrid solution can be developed by

utilization of BLE devices and other infrastructures or different signaling technologies (e.g.,

WiFi and/or UWB) to help improve accuracy of RF-based indoor localization.
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(3) In this thesis, a near real-time solution to indoor localization is proposed. Inspired by ad-

vances in sequential signal processing models, one can implement an RTLS framework that

not only benefits from the RSSI values provided by BLE sensors but also takes advantage

of portable embedded inertia data reported by IMU sensors. Such a framework would be

scalable, efficient, cheap, and accurate.

(4) Extension of two-stage LSTM indoor localization approach can be a direction for the future

research. The proposed IMU based indoor localization approach can be further improved by

extending the two-stage LSTM framework to consider other embedded sensors in the smart

phone such as lightening and barometer sensors.

(5) Recent research works have shown benefits of using high time-domain resolution based on the

UWB technology, which enables accurate indoor localization/tracking. Existing UWB-based

systems are, however, designed to localize an object in a small target venue with limited num-

ber of tags. Moreover, the UWB based indoor localization methods such as Time of Flight

(TOF), Two Way Ranging (TWR), Time Difference of Arrival (TDOA) require either prop-

agation of several messages between tag and anchor node or time synchronization between

anchors, adding more complexity and computation to the method. Development of hybrid

BLE and UWB technologies is a fruitful direction for future research.
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