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Abstract

In this thesis, a Simultaneously Localization and Mapping (SLAM) algorithm is designed for the
purpose of indoor localization and navigation map generation using the millimeter-wave (mmWave)
radio detection and ranging (radar) technology. The motivating application is ultimately to support
firefighters or search and rescue team to explore and unknown environment that has low visibility due
to hazardous smoke. The proposed system is designed to be self-contained and uses only a single
mmWave radar to sense the environment. In comparison with other fused techniques, like working with
Inertial Measurement Unit (IMU), this system is using Iterative Closest Points (ICP) algorithm to work
out the displacement information, i.e. rotation and translation. The system does not require any prior
knowledge of the environment, nor pre-installed infrastructure. The system is evaluated in a
commercial building with a square shaped corridor. Three experiments with different walking paths are
conducted to evaluated and demonstrate that the system is able to achieve reliable results with submeter
accuracy. However, the system performance does decrease with travelling distance, which requires

further investigation in the future.
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1. Introduction

The geographical position information of users is commonly obtained and used to provide the Location
Based Services (LBS), which include directory service, gateway service, and location utility service,
etc. [1]. The topic around localization system became popular and have been frequently discussed
since the Global Positioning System (GPS) is firstly introduced in the 1970s by the United States
government and became accessible worldwide for civilian applications in the 1980s [2], [3]. The GPS
Is based on using satellites to achieve its wide coverage and the target location is determined through
triangulating the received space and time signals from at least three satellites.

Due to its wide coverage and availability, GPS has dominated the majority of outdoor positioning and
navigation applications. However, it is facing a challenge as the usage of it requires the line of sight
(LoS) to multiple amounts of satellites to achieve the full capability [4], [5]. Therefore, the Global
Message Services (GSM)-based outdoor positioning technology which was deployed on a cellular
network and accessed by cellphone is introduced in 1992 as a complement when GPS is not available
[6] [7]. This positioning method measures the signal strength from the base station to a user’s
cellphone, and locate the geographical point through triangulation or multilateration in a single cell.
The hybrid of GPS and GSM eventually become a popular option, and many research efforts and
techniques have been proposed for outdoor localization as access to smart devices is easier than ever
[8]-[10]. However, these systems mainly focuses only on outdoor applications due to the limited and
interfered indoor reception of satellite and cellular network signals.

In modern days, the position information is frequently acquired as it offers valuable insights that can
assist our daily activities. The indoor positioning is highly beneficial to Internet of Things (loT) and
home automation applications by offering real-time location information to the gateway devices. For
instance, the research [11], [12] shows the investigation toward the aspect of mobile robot localization
and the collection and analysis of path pattern in an indoor environment, and the research[13], [14] is
illustrating how the positioning information could use to improve the assisting of the elderly and

telecare for home automation.

Although the GPS and GSM can be used to provide localization information for both outdoor and
indoor purposes, they are still limited due to the loss of accuracy in indoor conditions. The research
shows people are likely to spend up to 80% of their daily time in indoor environment which raising

interest in the technologies like Indoor Positioning System (IPS) and personal radar, which are used to
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provide position and landmark information for both objects and surroundings within a room [15], [16].

The indoor environments are enclosed by walls and ceiling which block the satellite signal. This leads
to significant performance reduction for GPS-based outdoor localization technologies such as like
Global Navigation Satellite System (GNSS). In addition, the coarse spatial resolution offered by GPS-
based technologies also does not satisfy the needs for indoor applications, where finer motions are
required to be detected to fully analysis the trajectory or behavior [17]. Similarly, there are some
existing research toward the GSM-based indoor positioning, but they also suffer from the attenuation

caused by buildings and have limited performance[18]-[23].

Indoor environment is often more complex than the outdoor environment. For example, various
obstacles (walls, furniture, and occupants) result in a more reflective environment which leads to issues
such as multipath fading of wireless signal [19]. Recently, there are many researches on different
indoor positioning systems using WIFI [24]-[27], Bluetooth [28], [29], Infrared (IR) [30], [31], and
ultrasound [32], [33]. Other notable techniques are the IMU and a series of radar sensors, which can
provide the trajectory information or the scanning of the environment to the poisoning system
respectively [34]-[37] . However, those techniques are always working as a part of a larger system,
which is used as a fused technique, due to it is hard to construct a concrete positioning outcome solely
by their measurement. In practice, different technologies have different shortcomings in various indoor

positioning and navigation applications, and till now there is still no universal solution.

Typically, a positioning problem can be categorized as either localization or mapping, for instance,
localizing the position for navigation purpose or mapping the environment to determine the location of
fixed infrastructure or objects. The localization refers to the process of determining one’s position, and
the mapping means depicting the feature of the surrounding environment with the knowledge of
walking path [38], [39]. However, prior knowledge of any given environment or pre-installation of any
measurement/sensing infrastructure is very rare and/or costly. Therefore, it is important for an IPS to be

able to operate in an unknown environment without relying on any prior installation of sensing devices.

In this thesis, a SLAM algorithm will be proposed as a solution for the indoor exploration under
unknown condition, as it is able to estimate the position while exploring the environment and
constructing a map at the same time. The SLAM problem is firstly introduced in 1991 and an Extended
Kalman Filter-based (EKF) SLAM solution has been proposed at the same time [38], [40]. Another
significant filter-based SLAM algorithm is the Particle Filter-based (PF) solution, which helped with
covering the non-linearity issue of the SLAM problem [41], [42], and in 2002, a fusion algorithm of
EKF and PF was proposed [43]. Rather than filter-based solutions, there are also some graph-based

algorithms that try to solve the SLAM problem in a view of the graphical model such as [38], [43],
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which will be discussed in Chapter 4.

Currently, one of the most popular technologies for collecting data in indoor scenarios is optical-based
solution, such as stereo-camera, or laser-based radar (i.e. lidar). However, both options have significant
drawbacks in indoor conditions, for example, the stereo-camera is highly vulnerable to the lighting
condition especially when a significant illumination transition present in the environment [44].
Similarly, the lidar sensor also require a good visibility of the environments, as it could be affected by

the dust and unclear field of view (FoV).

Therefore, in this thesis, a state-of-art mmWave radar has been chosen as the solution for an indoor
positioning system due to its unique features that can overcome the aforementioned limitations of poor
visibility.

In addition, considering the indoor SALM, it is important to reduce the size of the data collecting
device and avoid the data integration, as the portability and the computational cost should be evaluated.
Instead of using traditional localization devices, like the GPS and IMU, the iterative closest point (ICP)
algorithm is used to work out the movement of the target. The ICP is an iterative algorithm that has
been widely used to minimize the geometric difference between two sets of cloud points data in three
dimensions [45]. In this project, the ICP is used as the replacement of IMU to provide the translation

and rotational matrix that help with building the map.

The goal of this research is to investigate and propose a SLAM algorithm that enables a human to
explore and navigate an unknown indoor environment using only a single mmWave radar. A wearable
mmWave radar collects and provides point cloud data, which is subsequently processed by the SLAM
algorithm to produce a map. The proposed system offers an infrastructure-free and seamless service
that is able to trace human position and to map the surrounding environment simultaneously, which is

helpful for navigating both unknown and familiar physical environment.

In the rest of the thesis, the Chapter 2 provides an overview of some fundamental positioning
techniques with their pros and cons. This Chapter introduces the fundamental theory of positioning,
including how the distance between the obstacle and the target could be evaluate and how the

coordinate (i.e. (x,y) for 2D condition) of the obstacle could be sensed.

In the Chapter 3,, a variety of indoor positioning technologies will be introduced and compared to

demonstrate why mmWave is chosen and what are the advantages of using it.

The Chapter 4, will start with a basic introduction of the SLAM algorithm, the details on the proposed

algorithm will also be described in this Chapter.



The Chapter 5, is reported with particular specific on the technology and ideal related to the device that
used in this research, IWR 1443 mmWave Sensor [46], The information of IWR 1443 includes the
analysis of the parameter setting, device features, working flow, data structure, and the mathematical
theory of the radar. In this chapter, an overview of the radar device will be presented with the basic

ideal of radar theory

In the Chapter 6, the technical detail of the ICP algorithm will be explained, this section will be
focusing on the mathematical theory behind the algorithm and a demonstration of the ICP algorithm

will be shown.

The Chapter 7 is the system implementation, it is mostly about the procedure code, and the system
architecture. This section will explain how the whole system working, and the parameter selection, a

flowchart will also be used to demonstrate the system working flow.

The Chapter 8 will mainly discuss the result of different experimental trials. This chapter involves the
compare and contrast of the outcome for each experimental set under different conditions based on

certain criteria that are used to evaluate the system performance.

Moreover, the visualized final experimental result will be shown in this chapter, and based on the result,

the comparative trials, for example, compare the system outcome with the ground-truth will be reported.

In the last of the thesis, the result of the comparative experimental trials will be discussed in this section
to generate an overall conclusion to verify and justify the system to conduct if the system is a
reasonable solution for the task of indoor localization and mapping. In addition, any potential

improvement strategy or further investigation direction will also be presented in this chapter.



2. Fundamental Localization Techniques

To determine the position of a target, the ability to sense the environmental information is essential.
Therefore, at least one kind of rangefinder should be used. As mentioned in the previous Chapter, radar
system will be the primary focus in this thesis. A working radar system should contain at least two
parts, which are the transmitter and receiver, and they are used to emit certain signal and receive the

returning reflected signal from an object respectively [47].

In this case, some attributes of the signal that is sent and received by the antennas are used to compute
the location information. In this thesis, some fundamental positioning (or localization) techniques will
be discussed, and they can be categorized into two types, the Time and Space Attributes of Received
Signal (TSARS)-based method, and the Received Signal Strength (RSS)-based method [16]. In the

following subsections, these techniques will be introduced and discussed.

2.1 The Angle of Arrival

P1

R1 R1

Figure 2.1: AoA Measurement

The Angle of Arrival (AoA) is a TSARS based approach that determines the arrived signal direction by
performing the measurement and calculation to estimate the angle of signal impinge the antenna array
[16]. Generally, the signal direction will be calculated by the phase or time difference of the arrived
signal sensed by individual antenna within an array. Referring to Figure 2.1, based on the estimated
arrival angles, the intersection point is considered as the estimated target location [16]. In other words,
an AoA system can determine target’s location through the signal received by base stations or antenna

arrays at known geographical locations.



Figure 2.1 illustrates a simple AoA measurement, in a two-dimensional situation, at least two anchor
nodes will be required to obtain the signal direction. The reference points R1 and R> can be used to
determine the position of target P1 by extending a line in the direction with the measured arrival signal
angle, the intersection point of the lines will be treated as target location. To improve the accuracy,

additional reference points could be added for triangulation.

Although the AoA measurement is a time-synchronization-free option and can achieve a submeter
accuracy, from 0.5 to 1m, it requires more complex hardware equipment and calibration [48]. The
accuracy may also be deteriorated when the target distance increases, due to measurement error is
amplified during the process of calculating the estimated location. In other words, a slight error in
measurement will cause a large deviation in the location [49]. In addition, the LoS is required by AoA-
based method, it is usually hard to fulfill in indoor conditions due to the severe multipath effect, and

this property significantly limits the interest for AoA in indoor applications.

Based on the AoA localization technique, several algorithms are developed in existing literature. For
example, the Multiple Signal Classification (MUSIC) algorithm which returns the decomposed
components of the autocorrelation matrix is widely used to obtain the angle of different arrived signals.
The MUSIC algorithm is popular for its good performance at low signal to noise ratio (SNR) [25][50].
Unfortunately it is unable to determine the existence of different LoS. Therefore, to identify the LoS of
an arrived ray, another algorithm named the Joint Angle and Delay Estimation (JADE) is proposed to
handle the situation when a single antenna needs to process multiple signals [50][51]. The JADE
algorithm can distinguish the arrival angles of rays with LoS from other multipath rays, but it is also

most costly because more resources and hardware support is required.

2.2 The Time of Arrival

The Time of Arrival (ToA) is another TSARS-based approach that estimates the location of the target
device by measuring the propagation time of the signal between target object and the anchor device that
located on a known geographical location. Therefore, the synchronization between the transmitter and
receiver is required to accurately calculate the travel time. The physical distance (i.e. the range between
the sensors) can be determined by the product of propagation time and the speed of the signal as shown
in Equation 2.1 [49].



d=cxt (2.1)

Figure 2.2: ToA Measurement

Although the mentioned process can potentially be performed with a minimum of two reference points,
in practice, the basic geometry method, like trilateration, is used to eliminate ambiguity, which means
at least three anchor devices are required [52]. In Figure 2.2, the location of the target object P1 is
determined by the intersection of those circles which are centered at the reference point R1, R2, and R3,

with the radius (ds, d2, and ds) calculated from Equation. 2.1 using the prorogation time of the signal.

However, due to errors in range estimation, the intersection of the circles could always result in a
region instead of a precise point. To improve the performance, Weighted Least Square (WLS) or Least
Square (LS) is used to overcome the gap between the most probable position with the consideration of
some error and the raw estimated location. Traditionally, this is not an issue with outdoor localization
applications due to coarser spatial resolution for outdoor applications. However, the ToA-based
methods that suffer from limited accuracy are less likely to satisfy the finer location precision required

by indoor localization applications.



On the other hand, the accuracy of ToA also depends on the bandwidth and the sampling rate [16], [25],
and hence the measurement also introduces error. For instance, in Figure 2.3, there is an interval
between the signal arrived and the system taking the measurement, and when the sampling rate of the

system is 10MHz, and an error of around 30 meters will be introduced.

(\/\/\/ : Received Signal y(t)

T : Sampling Point

v

t (time)
Real ToA Measured ToA

Figure 2.3: ToA performance vs transmitter bandwidth

2.3 The Time Difference of Arrival

The Time Difference of Arrival (TDoA) is also a TSARS-based approach that estimates the location
using the time difference among each receiving anchor node. Different from ToA, TDoA-based
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Figure 2.4: TDoA Measurement

approach does not require synchronization between the sender and receiver. For instance, in Figure 2.4,
there are two pairs of hyperbolas that demonstrate the possible position of the object P between R1, R3,
and R2. The solid one indicates the possible position of the object calculated by Equation 2.1 using the
value of t, the difference of the signal received in time between R2 and R1, Similarly, the doted one is
using the time difference of the signal received between R2 and R3. From the graph, the intersection of
those two curved lines could be found can could be ladled as the position of the object. In this figure,
two points are given as the solution, as the presenting of error and the intersection of hyperbolas can be
more than one, which are the ambiguous point P1 and calculated position P2. To improve the
performance, an extra measurement can be taken, in this case, the possible position with the time
difference between R1 and R3 could also be calculated to get a more concrete point of the intersection.

Compare with ToA, instead of measuring the propagation time of signal, TDoA use of the time
difference of a signal arriving at two reference points. The difference in arrival time between the two
reference points can be expressed as:

where t; and t2 are the signal arrival times at two difference reference points, R and R> are the distance

between the signal source and a reference point, and c is the speed of the signal.



In 2-dimensional case, the distance between two reference point can also expressed as:

Rij =/ (x; = x)2+(y; — y)? - J(xj — %)’ +(y; - y)° (2.3)

where Ri; is the physical distance between reference point i and j, (X, y) representing the x and y

position in 2-D coordination.

Equation 2.3 allows us to find a hyperbola that reveal the potential location of the target under a fix
distance [16], [23], [52], [53].

2.4 RSSI & Fingerprint

In indoor conditions, some measurements such as the propagation time and the received angle could be
seriously deteriorated by the multipath effect caused by the radio propagation between the transmitter
and receiver. Alternatively, in some approaches, the strength of the signal is measured as a replacement
of the arrival time or angle of the signal.

The Received Signal Strength Indicator (RSSI) is a relative measurement of received signal strength,
which reflects the distance information from the transmitter to the receiver. For this kind of localization
technique, a centralized or distributed synchronization system might be needed for the overall received

signal strength (RSS) collection and calculation [16].
Typically, the RSSI can be modelled as:

RSSI = —10n log 10 (d) + A * RSSI = —10n log 10 (d) + 4 (2.4)

where d refers to the distance between sender and receiver, and n is the path loss exponent that is
selected from 2 to 4 for emulating free space condition and dense environment respectively. The A is
the RSSI value at reference distance (usually 1 meter).

Referring to Equation 2.4, the distance, d, between the sender and receiver can be found. In practice, at
least three reference points (and hence three ranges) are necessary so that techniques such as
trilateration can be applied with RSS measurements. This is similar to Figure 2.2, where the nearest
three anchor points are selected as ‘centre’ and the circles are drawn with a radius calculated based on
the received signal strength [16], [54]. The intercept between those three circles will be found and gives
the estimated location. The intersection between those three circles gives the estimated location. The

RSSI-based localization technique is also known for its low cost and ease of deployment. However,
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with RSSI and trilateration alone, it also suffers from low accuracy as the complex indoor environment

can cause a severe multipath fading [16].

The RSSI alone approach could only offers a coarse estimate, one potential solution is proposed to
improve the precision by combining the RSSI with fingerprinting/scene analysis technique [25].
Fingerprinting is a site-survey based approach which includes a priori ‘environmental scanning’ and
real-time measurement. The fingerprinting strategy always contain two parts, which are online phase
and offline phase. The offline calibration phase build-up a signal intensity map according to the pre-
measured RSS. This process involves the collection of measured RSSI value from every potential
location to construct a RSSI map. The online phase will then compare the real-time RSSI data with the

offline map to determine a location estimate.

However, the accuracy of fingerprinting strategy is largely dependent on the size of grid where the
RSSI can be measured and distinguished in practice, and the smaller the grid size the higher the
accuracy [55]. Once the system is online, the real-time measurement will be performed to match the
offline map and find the possible location through several algorithms, such as probabilistic,
deterministic, and other methods [54]. For example, the Nearest Neighbour method can be considered
as a deterministic method as it calculates the distance between the real-time device signal strength and
the matched intensity vector in the database using the Euclidean metric. In addition, the K-Nearest
Neighbour (KNN) method can offer better accuracy, as the K (typically K =4) best matches the
intensity map database used to work out the average position [8]. For instance, the work in [54] shows
that within the scale of 0.5-meter rectangular grid cell, 90% estimated results given by the KNN
algorithm can achieve an accuracy which is within 1.5 meter from the ground truth. Although more
anchor nodes can be used to increase the performance, the raw fingerprint system can operate with a
single anchor condition, as the fingerprint is a unique set of signal properties that the anchor node will
receive from a certain position due to complexity of indoor condition and multipath effect [25], [54].
Therefore, the receivers can capture the estimated location by searching the most similar fingerprint
from the database rather than using the trilateration method. Based on this property, the number of
required anchor devices for each grid can be reduced.
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3. Localization Technology

Basically, the IPS can be categorized into two types, which are the active and passive systems. Both
systems require some degrees of pre-installed infrastructure within the indoor environment [56].
However, an active system could require a device to be mounted on the user (or target object) and may
need some degrees of corporation from the target object through the device. In contrast, passive
systems only require minimal or no participation from the end devices. In the extreme case, the target
object does not even need to carry a tracking device. The performance of different type of localization

technology will be discussed and compared based on the following merits:
@ Accuracy

Localization accuracy is the primary performance metric for evaluating different indoor positioning
systems. This term refers to the proximity between the estimated and the actual location. Typically, the
Euclidean distance between the estimated location and the actual target location will be used to

evaluate the accuracy.
(b) Complexity

In general, the complexity consists of three elements, which are the deployment of physical devices, the
processing of the raw sensing signals, and the computation of the localization algorithm. In this
research, we mainly focus on the last two elements to measure and compare the differences between
different localization technologies.

(©) Coverage

The coverage refers to the distance or area a localization system can support with promising accuracy.
This performance metric will be adopted from existing literature or calculated by the radius of one
single anchor node to compare different localization technologies.

(d) Scalability
The scalability refers to the cost for modifying the existing system deployment to a larger coverage.
(e) Adaptiveness

The environmental variations could significantly impact the system's performance. Therefore, the term
adaptiveness indicates the ability to cope with the dynamic changes of the environment, such as the

flow of occupants, temperature, and moving of furniture or other obstacles.
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)] Cost

For indoor localization systems, the cost could include not only the financial expenditure but also the
time spending on the installation and maintenance of the physical deployment. Therefore, the cost
factor of a localization system could also reflect the complexity of the distribution of the physical

devices.

3.1Wi-Fi

Wi-Fi is a wireless local area network (WLAN) that is widely deployed in our modern society. Due to
the wide adoption and availability, Wi-Fi-based IPS is also very popular. The Wi-Fi-based IPS is based
on radio frequency technology, and uses radio signal operating at 2.4GHz or 5GHz bands with a typical
coverage of around 100 meters. The IEEE 802.11 standard allows a Wi-Fi access point to be also used

as an anchor point as it is able to measure the signal intensity without physical extension.

In addition, most Wi-Fi-based IPS is using fingerprint techniques as it is promising, low-cost (i.e., can
be deployed without any extra hardware modification under existing Wi-Fi networks), and with high
precision. Therefore, the fingerprint combined with the RSSI technique is the primary focus of Wi-Fi-
based IPS. This because the measurement of the signal intensity also has a relatively low computational

cost, and have a better performance under the low-consumption condition [16], [57].

The research in [24] shows that a deterministic RSSI and fingerprint indoor positioning method can
achieve an accuracy around 0.1 to 0.5 meters. However, the RSSI-fingerprinting-based Wi-Fi
positioning system has a relatively high algorithm complexity as it requires more computational
support, and the usage of fingerprinting method makes this type of systems more vulnerable to external
changes. The variation not only means the changing of the big obstacle like the furniture, wall, and any
large objects, but also includes moving occupants. The dynamic of human movements could lead to an
increase of error by 11% in general as the signal operated in the 2.4 GHz band can partially be
absorbed by water, which accounts for 70% of the human body [57]. Moreover, the research also
indicated that the change in temperature can also impact the signal intensity and showed that Wi-Fi
signals are sensitive to temporal variation, which means the localization accuracy could reduce with a

distant time proximity [58].

To achieve optimal utilization of Wi-Fi, smart devices like laptops and smartphones are commonly

used as positioning devices [24], [25], [58]. However, the device heterogeneity among different

vendors of devices could cause a different received signal strength measurement at the same reference
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point, according to the findings in [24], the difference of RSS measurements between different brands
of smartphones can be as large as 20 dBm.

For active Wi-Fi IPS, the largest problem is it may require some cooperation from the user’s side. This
means the overall performance could vary significantly without the participation of users and may

increase security risks due to lack of the ability to anonymize localization targets.

Therefore, the interest for passive localization systems rises as it provides a potential indoor positioning
solution with less involvement from the user and hence be able to minimize the computational
requirement on user’s devices. For example, some existing research proposed using an RSSI-
fingerprinting-based passive Wi-Fi IPS through the passive signal diagnosis from the access points [15]
[27]. The proposed system estimates the position of the target object through the RSSI of the Wi-Fi
beacon, which is a periodical signal emitted from the mobile devices that used to find the nearby access
points and contain the MAC address of the device. Such system can achieve an average accuracy of
about 3.72 meters with a 10-15 second Wi-Fi beacon transmission interval. Moreover, with further
improvement, an unsupervised online fingerprint collecting method is proposed, which significantly
increases the scalability and adaptiveness of RSSI-fingerprint-based Wi-Fi indoor positioning as it
offers the ability against environmental changes. However, the online method could also introduce an

error around 2.93 meters when generating the radio map, which decreases the overall accuracy [27].

3.2 Infrared

The IR is a type of radiation with a wavelength longer than visible light, which can be considered as an
optical technology. An IR-based IPS typically contains an IR light emitter that transmits the IR signal,
and a receiver (or sensor) to receive the IR signal. Typically, a light-based indoor positioning system
(LIP) consists of emitters (or sometimes referred to as LEDs) and receivers (or sometimes referred to as
photodiode or photo sensors).

The active beacon is a popular approach for exploring the IR signal, which the signal receivers are

fixed at a known location to sense the IR signals emitted from beacons that are placed on each target.
For instance, an Active Badge system is a widely deployed IR-IPS where an electronic identification
device, the badge, is used to emit a unique IR signal every 15 seconds. The sensors will be placed at

predetermined locations to collect IR signals with a fixed period [52].

The performance of IR-IPS could be affected by many ambient properties, for instance, IR-based
systems highly depend on the LoS condition between the emitter and the receiver because IR signal can
14



be easily blocked by non-transparent obstacles [49]. Moreover, the IR signal can also be influenced by
reflectivity, scattering, and ambient light[49].

Compared with a Wi-Fi-based system, the LIP system is more suitable for electromagnetic-sensitive
scenarios, such as the intensive care unit (ICU) or airport, as it does not produce any electromagnetic
interference. The main advantages of using IR-IPS is its lightweight and the cost for the devices is
relatively low [15]. However, the cost for the system could be high as the IR technique has limited
coverage, and hence many LEDs or photo sensors need to be installed to ensure good coverage and

performance.

Different to active IR systems, the IR-based passive positioning methods take advantage of the indoor
scenarios as human bodies are natural IR sources. In general, passive IR (PIR) sensor is the most
widely used device in IR-based passive indoor localization systems, multiple PIR sensors could be used
to sense warm objects and compose a global field of view for detecting the direction of movement [32].
Therefore, the accuracy of passive IR indoor positioning is highly dependent on the density of sensors

deployed and their overlapping for constructing the global map [32].

For instance, a PIR-based indoor positioning system combined with grid-based accessibility map is

investigated.

3.3 Ultrasound

Ultrasound is a sound wave-based technology that uses sound with a frequency higher than the audible
range. Typically, an ultrasonic-based positioning system operates at a frequency range between 40 -
75kHz and can reach a coverage of up to 10 meters [52]. The ultrasound based IPS are characterized by
its low system cost and high accuracy, but it is more susceptible to environmental changes as the speed

of sound could vary with humidity and temperature.

The Active Bat system is a popular ultrasonic IPS that utilizes a wearable small tag as the emitter to
generate the ultrasound signal. An ultrasonic IPS typically measures ToA or ToDA introduced in the
previous chapter to determine the distance between the emitter and receiver. Based on detected
distances, at least three microphones (sound sensors) are required in order to use trilateration to

compute the estimated target location.

The main advantage of an ultrasonic system is that it is not heavily constrained by the LoS condition

measurement [20]. However, it is limited by its coverage and cannot propagate through thick walls.
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The limited coverage is the main drawback of ultrasonic systems’ scalability because a large amount of

hardware infrastructure will be required for an ultrasonic system.

Different to active ultrasonic systems, Echolocation is an example of a passive positioning technology
that measures the reflected acoustic signal from a surface or object and estimates object locations based
on the characteristics of the echo signal [32]. This system utilized a single acoustic transmitter and four
receivers around the speaker that were on the center of the board [47]. The reflected signal received by
the microphone array (i.e. the four receivers) is then processed to work out the relative transmission
time, compared with the timing of the signal being transmitted. At last, the processed signal profile will
be compared with the reference, an empty room impulse response, to find out the estimated location of

the target.

3.4 Bluetooth

Bluetooth is a wireless communication technology that operates in the 2.4GHz Industrial, Scientific and
Medical (ISM) band. Bluetooth is typically used to establish a so-called personal area network that
interconnects multiple personal devices. Due to the bloom of smart personal devices, a newer version

of Bluetooth technology, Bluetooth Low Energy (BLE) has been released.

The BLE offers superior low power consumption with reasonable coverage at 70 to 100 meters in
comparison with the older versions of Bluetooth. In practice, two RSSI-based BLE localization
technologies, Eddystone and iBeacons (proposed by Google Inc. and Apple Inc. respectively), are
widely deployed on smartphones [59], [60].

For example, an iBeacons system consists the one-way iBeacon transmitter, which emit a signal with
16 bytes Universally Unique Identifier (UUID), and a receiver will be used to pick up the compatible
signal [59]. The position of the receiving end (e.g. a smart device on the target), could be determined
by the corresponding app through the RSSI measurement of the arrival signal that sends by the iBeacon
transmitter if it is located in a known place. In practice, the iBeacons system can achieve accuracy with

2.22 meters under 40ms reacting time [53].

3.5 Millimeter Wave

The mmWave refers to radio frequency signals that operate between 30GHz to 300GHz spectrum, it is
a wide spectrum that is less occupied [32] . The mmWave spectrum can support a wide range of
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applications. For instance, the fifth generation of cellular networks (5G) is utilizing 28GHz, 38GHz,
and 70-80 GHz bands [64]. Moreover, the recently developed IEEE 802.11ad standard allows Wi-Fi to
operate at the 60 GHz band [32].

For indoor positioning scenario, 60GHz is a commonly used spectrum, the high atmospheric absorption
and high path loss nature of this spectrum makes it an ideal option for positioning due to those
properties could largely reduce the self-interference. Technically, the double-bounce reflection is the
maximum multipath signal that a mmWave channel can take because the higher-order bouncing signals
suffer from severe attenuation at this frequency range, which means the LoS propagation path can be
easily distinguished [32]. Moreover, the beamwidth ranges between 7 and 10 degrees and has less
energy scattering with reflection, which takes advantage of angular-based positioning method, such as
AOA introduced in Chapter 1.1 [32].

As mentioned, the mmWave spectrum can also be used in future Wi-Fi and cellular networks, so there
is an overlap between those technologies, which offers great potential in the aspect of indoor
positioning. For instance, the research suggests 1.32 meters of accuracy can be achieved through a
RSSI-Fingerprint based indoor positioning method using a 60 GHz Wi-Fi system [62].

Regarding the passive method for mmWave technology, the interest of combining mmWave with
SLAM has attracted a lot of attention due to the short wavelength of mmWave offers the ability to
integrate a large number of antenna elements into a small device [32]. Therefore, there is a potential to
bring mmWave-based radar technology into personal applications and indoor environment to provide
the ability of target positioning along with mapping the environment [63]. Moreover, the short
wavelength and the wide bandwidth can also increase the capability of handling multi-target scenarios

which are very challenging using existing technologies.
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Coverage (radius,

Accuracy (m) ) Scalability Adaptiveness Cost
m

Wi-Fi (Active)

1.2 ~5.6 High Medium Low
[16], [24]
Wi-Fi (Passive)

1.2 ~13 High Low Medium
[27]
IR (Active)

2.3 ~5 Low Medium High
[52]
IR (Passive)

0.227 ~1 Low Low High
[31]
Ultrasound
(Active) 0.1 -8 Low Medium Medium
[32], [63]
Ultrasound
(Passive) 0.1 ~2 Medium Medium Medium
[33], [63]
mmWave (Active)

0.35 ~2 low Medium Medium
[62], [64]
mmWave (Passive)

0.098 ~5 High High Medium
[65], [66]
BLE

2.2m ~5 low Medium Medium
[50], [67]

Table 3.1: Performance analysis for different indoor positioning technologies
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3.6 Analysis

The detailed performance of each different positioning technology is summarized in Table 3.1.
Referring to the table, it is obviously that the Wi-Fi based positioning technology has the advantage of
low cost and high scalability as it can utilize the existing Wi-Fi infrastructure and function without any
additional modification. However, it has a relatively high computational consumption which leads to a
high complexity and a lower accuracy. On the other hand, high water-absorption also decreases the
performance with the present human, which makes existing Wi-Fi based technology less practical for

indoor localization applications.

IR-based positioning systems show higher accuracy than Wi-Fi. In comparison with other LIP methods,
such as visible light, IR technology is less sensitive to ambient light condition, leading to an increase in
adaptiveness [21]. However, the light-based nature largely affects its scalability, as IR signal cannot
penetrate through wall and obstacles such as furniture, and the accuracy of IR-based systems is highly
dependent on the overlap of FoV, the cost for this type of systems is also relatively higher. Similarly, as
the RSSI-based solution is widely used in BLE-IPS, it also suffers from low scalability as many fixed

transmitting devices are required to be deployed.

There are a number of common facts between ultrasound and mmWave technology. However, a wider
bandwidth offers mmWave a better performance when handling multi-object scenarios, and the short

wavelength also increases the accuracy as more antennas can be installed in the same area.

On the other hand, passive positioning methods are attracting more attention in recent years as the
unobtrusive design enables the system to track untagged objects without disturbing the user, which
requires less prior installation and knowledge from the user side. Moreover, as users can be anonymous

in the passive system, the privacy is better protected.

In conclusion, the passive localization based on mmWave is the most recommended method that has a

promising accuracy, scalability, and adaptiveness.
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4 Localization Algorithm

The SLAM is a technique used to estimate a target’s position while exploring or constructing a map of
an unknown environment. The SLAM problem can split into two parts, the localization and the
mapping. The localization refers to the process of knowing one’s position in the environment, and the

mapping means the process of knowing the features of the surrounding environment [38], [39].

To solve a SLAM problem, it requires one to find out the map (m) and a sequence of target’s positions,

X, (i.e., the movement trajectory):

X1 = {X1, X2, oo e ,Xr} (4.1)

Zyr = {24, 22, e oon ,Zr} (4.2)

Uyt = {ul,uz, ...... ,uT} (43)

The SLAM problem is always described as a probability problem due to the uncertainty introduced by
the environment and the sensor, so the process of finding the map and trajectory can be treated as the
estimation of posterior probability [68]. Therefore, the SLAM problem can be generally modelled as
[69]:

p(x1.e,mlzye  ug) = p(mlxge, 21 ) - Pyt 12060 Use) (4-4)

The navigation of the environment could be done by inferring the location of the target and landmark of
the environment through Equation 4.4. Basically, the possible position of the target (or the trajectory)
is indicated by the odometry measuring and the observation, and the map could also be constructed by

combining the observation with the built trajectory.

Based on the aforementioned statement, the SLAM problem can also be described as an optimization
problem aimed to find the position of the target and landmark that best explains the observation within

the distribution of uncertainty.
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In the rest of this section, the different types of SLAM algorithms will be introduced based on their
categories.

4.1 Filtering Based Algorithm

The filtering-based SLAM algorithms make use of observations and odometry information to estimate
the posterior probability based on the Bayes theorem. The general methodology is to apply the
guessing-and-correction cycle to predict the system. Based on the current location observation and
odometry, upcoming target position can be estimated and then corrected by the environmental

observation in the next iteration.

The Bayes Filter can be written as a two-steps process, thus the pose of the object (i.e. positions and
orientation of the object, which a points that on the moving trajectory.), and the environment can be

estimated and updated recursively:

bel(x;) = p(X¢lZ1.0 Ur:e)

(4.5)
= np(z¢|x¢) j p(x¢|ug, xe—1)bel(xe_q)dxe_4
where the 1 is the normalization constant, bel(x;) is the position of the current position, with the
subscript t which means the current one.
Moreover, the Equation 4.5 can be separate into two parts, which are:
The prediction step:
bel(x) = | POl xe-2DbelCe 1)y (4.6)
The Correction step:
bel(x;) = np(z|x.) bel(x;) (4.7)

The prediction step advances the previous estimation based on the odometry measurement, and the
correction step uses the new observation obtained in the following iteration to correct the potential
mistakes. In practice, the most common filters that used to solve the SLAM problem are Kalman Filter,
Particle Filter, and their variant. Some typical filter-based SLAM algorithms will be introduced in the

following subsections.
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4.1.1 Kalman Filter
The Kalman Filter (KF) is a linear filter that can be considered as a subset of Bayes filter for solving
the SLAM problem, it assuming the problem can be solved by a linear model and follows a Gaussian

distribution assumption [70].

In KF, the trajectory and the observation are described as:
xt = Atxt_l + Btut + Rt (48)

zy = Cexy + Q; (4.9)

where R; and Q; are system parameters representing the uncertainty from the observations; the A is the
state matrix that describes how the state evolves from time (t-1); Bt refers to the effect that the
odometry ut has to the pose change, and C is responsible for mapping a certain pose to the

corresponding observation.

However, the application of KF is limited by the linear assumption and therefore unable to handle non-
linear models that commonly happened in a SLAM problem. Therefore, the Extended Kalman Filter
(EKF) is introduced to address the non-linear situation by a local linearization process through first-

order Taylor Expansion [71], [72].

The motion model and observation model in EKF is:
xe = g(upXxe—q) + Ry (4.10)

ze = h(x) + Q¢ (4.11)

In comparison with Equation 4.8 and 4.9, the linear terms have change to the non-linear function g( 9

and h(J . After the first order Taylor Expansion, these two functions are described as follows:

09 (ug, He—q)

9%+ (X¢—1 — Me-1) (4.12)

gue, xe—q) = g(ue, Me—q) +
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dh

(1)
ACe) =~ R + 5= (e~ ) (4.13)

09 (uehe=1) o g Oh(pe)

Xt-1 Xt

where the terms

is the Jacobian, the matrix of partial derivatives, that also refer to

G and H.

From the view of implementation, the process of positioning and mapping can be done through several
steps which cooperate with the aforementioned EKF motion and observation model together [72].

The first two steps involve calculating of the predict mean, p, , which represents the expected position

of the following movement, and the predict covariance, Y;, which illustrate the uncertainty:

Be = g(ue Me-1) (4.14)

Xt = GeXe-1Gl + R, (4.15)

Those two steps demonstrate how the prediction involves given the odometry measurement, u, where

U;_; represent the previous mean, the estimated position that has been corrected at time t-1.

On the other hand, after the prediction of the up-coming position and the corresponding uncertainty, the
next step of the EKF process is to correct the expected value through the comparison between the

prediction and actual measurement:

Ky = ReH{ (H R HT + Q) 7 (4.16)
He = He + Ke(ze — h(pe)) (4.17)
e = U = KH)Xe (4.18)

In the correction process, the first step is calculating the weighting factor, the Kalman Gain, which
indicates how solid the prediction is. Furthermore, the belief of the position, p.is produced based on the
difference between the actual measurement and prediction primarily. The last calculated value is the

covariance, Y., which helps with the estimation of new Y, value in Equation 4.15.

In practice, the prediction and correction process will be executed iteratively to build up the map target

trajectory and landmark.
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4.1.2 Particle Filter

The Particle Filter (PF) is another subset of Bayes Filter which estimates the posterior probability by
particles [73]. In PF, the probability distribution function can be represented as a set of particles that
own one set of state variables, and the probability approximating is processed through the collection of
those guess sets.

For each particle set, it contains the state hypothesis (x), the corresponding weight (o), and total

amount of the particle (t).

x = {0} jore (4.19)

And the state of the target contains at least three information, which are the x and y position and the

orientation of it [74].

Therefore, the probability representation of the sample sets is the sum of all the particles with its weight:

J
pE) = ) @lls;00 (4.20)
j=1

The procedure of PF is also composed of the prediction and update stage, but it has a special process

called re-sampling which samples the particles again.

In PF, the process of drawing a proposed particle set can be seen as the prediction step [75]:

x{ = p(xelxe—1,ue) (4.21)

And the correction process is:

w] % p(z¢|x,m) (4.22)

Similar to the EKF, motion and observation model is required to deal with the prediction and correction

process. The motion of the robot will be model in the view of velocity information:
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x{ = (x¢ ¥+ 6;)
= (Xt=1 Y1 0¢-1)

v v v v (4.23)
+ (——sm sin @ + —sinsin (6 + wAt) —cos cos 8§ —— cos cos (0
) ) w )

+ wAt) a)At)

where a single sample,x{ , repersent the particle j generated at time t. It contains at least three element,
which x, y, 0 signifies the 2-D position and orientation of the target, and v and o indicate the translation
velocity and rotational velocity.

In PF, the adjustment of the predicted pose is completed through the weight factor, and this step always
involve the comparison between the computational value and the measured value. Therefore, the
observation model can be expressed as [75], [76] :

; ‘ , match!
o =P _ i (4.24)
(xe)

Accordingly, the p(-) and ni(+) are the target and proposal distribution, the w!_, means the previous
weight, the match resulting by the comparison between the local map and global map, and f reflect the

weight’s distribution.

The process of the one complete iteration for the incremental localization and mapping through particle
filter is composed of five steps [74], [76]:

The first step is initialization which setup N predicted sample set, or the initial guess, and each of them
owns a weight of 1/N. The second step is the sampling process, the particles from the motion model is
taken as sample from the proposed distribution, sample from 7(xt), and the particle is generated based
on that. After this, the particle weight will be calculated based on Equation 4.24, and the resampling

process is taken for filter out those particles that not significant. The threshold is calculated as:

1
Threshold = ——— 4.25
]iV=1 (wh) 2 ( )

where N is the number of the sample.

The last step is updating those new particles and repeat the whole process, which similar to the KF.
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4.2 Smoothing Algorithm

- \i‘/

Figure 4.1: Example of Factor Graph

The smoothing SLAM algorithm also commonly referred to as full SLAM which analyses the entire
target’s trajectory, this method is characterized as an offline solution and directly reflecting the target’s

trajectory and the measuring of the landmark by constructing the graphical model [43].

The graph construction is constructing a map of the environment based on the sensor measurement, and
the graph optimization is determining the configuration of poses and edges of the graph. This kind of
method can be represented by a network graph as indicated in Figure 4.1 [77]. In this graph, the
circled and square symbols are referred to as a variable that indicates the location, and the edges
connecting those variables are factors that constrain those variables by related measurement. More
specifically, variables labeled with x are modeling the pose of the target, and L is the position of the
landmark. Moreover, the factors that connect two poses (x) can be referred to as the odometry,
otherwise, it could be called an observation if it is connecting a pose to the landmark (L).

In the earlier implementation, the graph-based SLAM technologies are mainly used to address the
challenge of full SLAM, which is to analysis the whole trajectory in an offline mode. However, in
recent years, the incremental graph SLAM algorithm is becoming more attractive as the online method
is more effective and useful in solving SLAM problems in real-time [73]. Therefore, our research will

primarily focus on the incremental graph algorithm.
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In the rest of this chapter, two different smoothing SLAM algorithm will in introduced and discussed in
detail.

4.2.1 Iterative Least Square

This graph-based approach uses a probabilistic model theory that offers a graphical optimization to
solve the SLAM problem utilizing non-linear square method [78]. This method converts pose
estimation and sensor observation into nodes and edges, which means constructing a graph with nodes
that represent the pose of the target or landmarks and edges that show the spatial constrains connecting
two poses or pose and landmark [79]. Each node consists of the sensor measurement acquired at a
corresponding location, and edges formed by odometry measurement or the observation matching
between two consecutive nodes [77]. However, the observation model is multi-modal which can
conduct multiple possible edges through a single observation. This means the connectivity between two
nodes can be represented by a non-Gaussian probability distribution. As a result, the critical problem is
estimating the constraint, in which adding the factors to the graph, and the process also known as data

association.

This section is mostly focused on the back-end map optimization, and the goal of it is to estimate a
state that best fit the measurement that explains the constraint, in other words, to minimize the

difference between the observation and estimation.

The goal of the graph-based SLAM problem is to find the most likely pose and edge configuration with
minimal difference between the prediction and the actual measurement. The error can be computed as

follows:

el-j = Zij - f(xi,xj) (426)

As the error of a measurement depends only on the state and is a scalar.
Fij(x) = e;;(x)TQy; - e;;(x) (4.27)

where the F(x) is the log likelihood, Q is the information matrix that represents the uncertainty of the

individual measurement, which means the weight of each trial.

The process is to find the maximum likelihood trajectory based on the observations and can also be
considered as finding the configuration of nodes x” and edges that minimize the non-linear error

equation by solving the lest-square problem:
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x* = F(x) (4.28)

x* =Y e;j(x) Q- e(x) (4.29)

The cumulation of the error is a non-linear process, and the optimization problem can be solved by a
local iterative process with the following steps:

a) Local linearization for the non-linear error function around the current solution
b) Work out the first derivative of the local linear error function.

¢) Find the minimum value of the derivative function.

d) Introduce new sampling.

e) Repeat

In a word, this is a graph-based algorithm that convert SLAM problem into the posterior probability
estimation through the expression in Bayes Network. Moreover, the maximum posterior probability can

also be expressed by least square problem and solved by interactive Gaussian-Newton method.

4.2.2 iSAM2

In the ISAM2 algorithm, the factor graph is used to describe the SLAM problem, and it solves the
SLAM problem by matrix factorization, and builds up the graphical model of Bayes tree by factor
elimination [80], [81].

In this case, the SLAM problem can be represented by a factor graph. In general, a variable is
equivalent to the vertices, or the variable illustrated on the Figure 4.1, and the factors can be seen as the

edges. The factorization of function f (©) can be shown as:

re =] fien (4.30)

where the 6j is a set of variables which near to the factor fi.

Based on Equation 4.30, the factor graph can be seen as the product of all the factors on the graph. The
SLAM problem could also be described as maximization problem:

0" = arg mgle(e) (4.31)

where ©” is the variable assignment.
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On the other hand, Equation 4.31 can be converted to the expression of a minimization problem:

0" = arg mien (—log(f(©)) (4.32)

Moreover, the iISAM2 is modeling the measurement as a Gaussian function, by substituting the

Gaussian model into Equation 4.32, the following expression could be obtained [80]:

1
* __ : 2
0" = argmin> E [1hi(8:) — z; |5, (4.33)
l

The Equation 4.33 is showing how the problem could be solved by the non-linear least-square way,
where the hi(6i) is the measurement function and the z; is the measurement, and the Y is the covariance

matrix.

The Equation 4.33 could be solved non-linear optimizer, and the linearization process will be

performed at each iteration of the ISAM2 to obtain a linear approximation of it.

The first step of iISAM is the variable elimination by removing all the factors that link to the target,
f(6i), and define the separator S, which the variables that directly adjected with it. Then, a joint density
fioint (65, Sj) is defined where the 0 refers to the eliminated variable [80]. For instance, in Figure 4.1, if

the variable L1 is be eliminated, then it could be expressed as fjoint (L1, X1)

After the elimination of all variable, a Bayes net could be defined with the density:

r@ = | [Hep=][reisy (4.3
J J

Then, the Bayes tree can be constructed based on each conditional density P(6j|S;) in the Bayes net, and
those nodes will be processed with a reversed order compared to the elimination, which has shown in
Figure 4.2.

For each conditional density P(6;|5;) of the Bayes net, in reverse elimina-
tion order:
[f no parent (S; = {})
start a new root clique F containing 6;
else
identify parent clique C, that contains the first eliminated variable of S;
as a frontal variable
if nodes Fj, U S, of parent clique C,, are equal to separator nodes S; of
conditional
insert conditional into clique C,
else
start new clique C’ as child of C, containing 6,
29
Figure 4.2:The Algorithm of Creating a Bayes Tree [80]



For those conditional densities that have an empty separator, their variable 6 will be contained in a new
root clique Fr. Otherwise, the parent clique Cp is defined as a clique that contains a frontal variable, F,
which is also the first eliminated variable in the separator. After that, the result of the comparison
between the union of frontal Fyp and separator Sp of the parent clique Cp, and the separator S; of the
conditional is obtained. If they are equals, then the conditional will insert to the clique Cy, or the

conditional density will send to a child clique of C,.

For updating the Bayes Tree with the new factors, the first step is removing all the cliques that are
affected by the factor, corresponding parent clique, and the root, then re-interpret it to the factor graph.
Secondly, the new factor will be insert to the factor graph, after the re-order of the variable, the factor
elimination and Bayes Tree construing is preformed again. Also, the incremental process of updating
the Bayes Tree is only applied locally. This means that if a new measurement f (xi, x;) is added, only
the subtrees that contain x;and x; and its root will be affected, but not the whole Bayes Tree, other parts
of the Bayes tree remain unchanged. For the affected part, the changes will be handled in the original
factor graph, and the variable elimination and tree constructing process that mentioned before is

performed. Eventually, the remaining sub-trees are reattached to form the new Bayes tree.

Moreover, the iISAM2 also performed a fluid relinearization, which is used to handle updates of non-
linear data, which can simply be explained as performed relinearzation only when needed. This
process involves three steps, the first step is marking all the current updating value that above a

threshold. The second step is updating the linearization point:

where the 4; us the current updating value, and @; is the localization point, and the last step is marking

all clique which involving to the ;.

Therefore, one single ISAM2 processing can be described as:
1. Add the new factors.

2. Initialize any new variable and add the new variables.
3. Fluid linearization as mentioned.

4. Re-estimate the top of Bayes tree with the process of updating non-linear factor.
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5. For each clique from the root, compute the update Ax from the local conditional density. Then
determine those variables in A that changes more than the threshold, and recursively process
each descendant containing such variable.

6. Updating the current estimation.

4.3 Comparison

For filter-based algorithms, the KF is suffering from the lack of ability to handle non-linear situations,

and the limitation from Gaussian assumption.

According to [82], the pose estimation by EKF illustrates an observably linear feature and diverges
from the real measurement at the turning point, which means the error accumulation in EKF has
significant boost in higher order models. Even the study also indicated that EKF can produce a steady
output when mapping the environment, but it still has a slightly higher root mean square (RMS) error
compare with PF [83].

In comparison, the graph-based approach shows the potential that has better accuracy than the PF-based
approach as the error accumulation is slower than PF [84]. The greatest advantage of PF is that it
eliminates the process of Jacobian calculation, which is computationally expensive. However, graph-
based SLAM approaches show similar potential, and the nature of graph-SLAM make it relatively
memory efficient than filter-based method [85]. Among all the graph-based approaches, the iISAM2
algorithm is one of the best options that can avoid complex calculation as it expresses the problem as
Bayes tree rather than in matrix form. The nature of the Bayes tree makes the new measurement that
comes into the system makes a limited effect on the existing graphical structure, and only a small part
needs to be modified. This mean iISAM2 do not required repeat the whole process step for every
increment like other mentioned algorithm, but only locally redo the estimation process. While iISAM2

is still limited by the Gaussian assumption, it has demonstrated promising accuracy in [81].

31



5 Radar Sensor

To obtain position information, certain sensor such as a camera or radar needs to be used to sense the
world. The radar is a detection system designed for exploring the information of obstacles presented
within its functioning range. It is a rangefinder system that is widely deployed around the world and
can be separated from other similar systems like lidar or sonar as it transmits radio signals. It offers

good accuracy and is immune to light condition [86].

Fundamentally, a radar system should contain two parts, which are the transmitter and receiver. A
transmitter is responsible for generating certain radio waves to the physical environment. The receiver
is an antenna that is used to sense the signal that reflects from the obstacle or the echo signal. Moreover,
the receiving end is also responsible for revealing and analyzing the echo signal, and the result will be
used to estimate the angle and distance of an obstacle depending on the type of signal that the system
used. Ideally, the distance and the angle of the object could be workout by sampling the time delay or

phase difference between the transmitted signal and the echo signal.

In this thesis, IWR1443 mmWave sensor module developed by Texas Instruments is used and hence
the mmWave radar discussion in the following sections will be based on the IWR1443 sensor. It is a
frequency modulated continuous wave (FMCW) based mmWave sensor and operates between 76 to 81
GHz bandwidth [46]. The detail of the radar module will be discussed in the later of this chapter.

5.1 FMCW Radar

The FMCW is a signal modulation method that changing the signal frequency while it working. Rather
than pulses, FMCW radar transmits a continuous modulated sinusoidal wave, this could reduce the
signal overlap caused by the echo on the returning and could be helpful especially in indoor
environment [86]. Moreover, the frequency modulation also leads to a simpler signal processing
compared to the modulating in temporal.
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Figure 5.1: Example of FMCW in time
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Figure 5.2: Example of FMCW in frequency

In FMCW modulation, a sinusoidal wave that experiences a complete cycle of frequency increment is
considered as a “chirp”. Referring to Figure 5.1(a) and 5.2(a) illustrate how the FMCW signal behaves
in both time and frequency domain in comparison with a standard sinusoidal wave (i.e. without any
modulation) in Figure 5.1(b) and 5.2(b). In practice, the increment process iterative, and changes the
frequency from the minimum to the maximum and then return to the minimum for the next sweeping

cycle.

For IWR1443, one chirp refers to a signal that has a linearly increased frequency from 77GHz to
81GHz as it has a 4GHz bandwidth. The signal has a period of 40us and the rate of increase is at

100MHz/us [46].

On the receiving end, the received signal will be fed into a mixer along with the instantaneous FMCW
signal from the transmitter to estimate the distance of the object. This process is shown in Figure 5.3,
the Synth is a synthesizer that generates the “chirp” signal which will be emitted by the transmitter, TX.
The received signal will be compared with the instantaneous signal generated by the synthesizer to

work out the distance, in which, the mixer is helping to find the frequency and phase difference.
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Figure 5.3: FMCW radar block diagram

Mathematically, the transmitted signal x1, and the echo signal x2 can be modeled as:

x1 = sin (w1t + ¢4) (5.1)
x2 = sin (wyt + ¢5) (5.2)

Then, the output of the mixer will be:
Xour = sin [(wy — w)t + (P — P2)] (5.3)

The operation of finding Xout is also corresponding to generating the intermedia frequency, the IF signal,

For instance, assuming there is only one obstacle in front of the radar, the x1 and x2 can be expressed

as shown in Figure 5.4 below.
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Figure 5.4: Example of IF signal

As shown in Figure 5.4, the echo signal will have a delay to the x1 caused by the round-trip-time t of

the reflection, and the slope of the frequency increase is S.

When the echo signal is received, it will be sent to the mixer and multiplied with the instantaneous
signal, x1, generate by the synthesizer, and by applying FFT to it, the process will finally result in an IF
signal which:

IF =St (5.4)

where the S is the rate of frequency change, and t is the round-trip time that can be represent as:

T=— (5.5)
where the R is the distance between the radar and the obstacle, and c is the speed of light.

From Equations 5.4 and 5.5, it is clear that the IF signal is proportional to R, which is the distance

between the object and radar. Also, based on the concept discussed above, the number of IF signals are
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also positively related to the number of obstacles sensed. For instance, if there are three objects sensed
by the radar, there will be three IF signals generated by the mixer, and each of them will have a value

corresponding to the distance to an obstacle.

5.2 IWR1443

Onboard Antenna

IWR1443

Micro USB Connector

5-V Power

60-Pin HD Connector
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Figure 5.5: IWR1443 Front View [46]

The IWR1443 has an antennas array with 3 transmitters and 4 receivers, and this array allows to sense
multiple objects and the elevation. With this array, the IWR1443 sensor features a 100-degree Azimuth

FoV with 15-degree resolution, and a 30-degree resolution in the elevation plane.

The processing chain of this radar device is illustrated in Figure 5.6.

Data _ — Doppler — . ‘ Angle

Figure 5.6: IWR1443 Processing Chain

Referring to Figure 5.6, it contains the processing steps based on the components provided by the

IWR1443 SDK, and the processing components from custom application code. Within the SDK, after
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the data input is captured, an FFT on first dimension is performed to estimate the range between the
object and the radar After this, the second FFT is performed on a different dimension to extract the

doppler information.

In IWR1443, the Constant False Alarm Rate (CFAR) theory is used, it is a technique that helps to
distinguish the amplified and converted signal from the echo (i.e. the IF signal) from the background
noise. In the process chain, the CFAR step filters out signals that have power less than a threshold
value [87]. This step also determines the number of obstacles sensed within a frame. In the same frame,

the larger the CFAR threshold, the less obstacle tends to be detected by the system, and vice-versa.

For the angle estimation, multiple antennas will be involved to perform the AoA computation.
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Figure 5.7: Obstacle Detection

Assuming a setup with two receiving antennas as shown in Figure 5.7, the distance of the echo signal
that traveled from the obstacle to the receiver can be labeled as d, and the distance to an adjacent

receiver is d + Ad. The difference in distance will also result in a phase change, which could be

modeled as:
2mAd
= 5.6
w =" (5.6)
o = 2rd sin 6 (5.7)
A

By rearrange the formular, the equation for obtain the angle can be seen as:
= g _1_(1) 58
6 = sin omd (5.8)

37



where 1 is the wavelength of the signal, w is the phase difference, and d is the distance between the

object and radar

Considering the 3D beamforming operation, the angular position of the obstacle is a composite of the
azimuth and elevation component. For IWR1443, the azimuth plane has 4 receiving antennas that work

with 2 transmitting antennas, and hence result in 8 virtual antennas in total:

r = Aleﬁ/) [1eijej2wxej3wxej4wxejswxej6wxej7wx] (59)

where A is the amplitude, v representing the initial phase, and ox is the phase difference among each

antenna.

Similarly, for the elevation plane, there are 4 receiving antennas working with 1 transmitting antenna,

which result in 4 virtual antennas:

r= A, e/ W+2wx—wy) [1eijej2wx] (510)

where ; is the phase difference between azimuth and the corresponding elevation of the antenna above

the azimuth plane, which is caused by and represent in the antenna array shown below:

3Tx configuration with elevation:

Relative symbol phases at 12 virtual antennas:
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Figure 5.8: Antenna Array [88]
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TX Antennas

RX Antennas

Figure 5.9: PCB Antenna [46]

The Figures 5.8 and 5.9 is showing the antenna array of the IWR1443, and what its looks like on the

board. In practice, TX2 can be used to measure the elevation angle.

Equations 5.9 and 5.10 is showing the azimuth and elevation component of the echo signal respectively,
and after the process of the FFT competed by the previous stage, the IF value can be calculated using

the peak P calculated from the azimuth plane and peak P> calculated from the elevation plane.
P1 = Aleﬂp (511)

P2 — A2 ej(1p+2wx_a’z) (512)
The phase difference along the azimuth plane, wx, can be expressed as:

21
Wy = WKMAX (5-13)

where N is the number of virtual antennas, and Kwax is the index of the peak in log magnitude FFT,

which in range of [—%,g — 1] [88].

For calculating the phase difference between azimuth and the corresponding elevation plane, firstly

should get the P and P> multiplied:
P1 . PZ* = A1A2€j(w_(w+2wx_w2)) (514)
w, = £(Py - P; - e12x) (5.15)
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For now, the range can be calculated by:

¢ Fsamp

where K is a range index, c is the speed of light, Fsamp is the sampling frequency, Neer is the 1D FFT
size.

Based on Equation 5.16, the position of the detected object in a 3D Euclidean space can be calculated
as follows:

x = Rcos(¢)sin(f) =R % (5.17)
z= Rsin(¢) = R ‘”;Z (5.18)
y = JRZ—x2 — 22 (5.19)

where the ¢ and 6 is representing the angle at different plane as shown in Figure 5.10, w, and w, phase
difference illustrates in Figure 5.8.

R sin(¢)

X
Figure 5.10: Coordinate Geometry of IWR1443 [88]

In practice, the result, the position of the sensed object, is usually transmitted to the computation device

for a further data processing. Similar in this positioning system, the data from the radar device will be
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the input for both ICP and iISAM2 algorithm.

The data structure of IWR1443 can be sent to the host computer via the UART protocol, which
contains a 36 bytes header, an 8 bytes TLV header, the group of information about the detected object
with varying size depending on the number of objects, a 32 bytes statistic profile and 0-31 bytes
padding bytes.

The header contains the following data group:

e Magic Word: A fixed 8 bytes sync word.

e Version: The SDK version of the used device.

o Total Packet Length: Indicates the total packet length of the current input frame.

e Device Type: IWR1443 in this case.

e Frame Number: The number of frame that be transmitted within this packet.

e Time: The CPU time when the message was created.

e Number of Detected Obstacles

e Number of TLVs: The number of groups of data.

The header is followed by the TLV header that indicates the type of information contained in the

following message and the payload length.
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—[ Structure Tag (4 bytes) ]
—I Length of Structure( 4 bytes) I
—I Descriptor (4 bytes) I
—— Object Struct ( while(i++ 1= #DetObj) )|
4{ Range Index (2 bytes) ]
4[ Doppler Index (2 bytes) ]
4[ Peak Value (2 bytes) I
4[ X coordinate (2 bytes) |
4[ Y coordinate (2 bytes) ]
4[ Z coordinate (2 bytes) I

Figure 5.11: Detected Objects Data Structure [95]
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Figure 5.12: Example of IWR1143 Output Data

The Detected Object is also a complex data structure as illustrated in Fig. 16. The Descriptor contains
the sequence number of the currently reading object, and the Q Formatting information if the X, Y and
Z value. Overall, the data comes from the IWR1443 to the host computer is a point cloud data of the
sensed environment. The example of two continuous IWR1443 data output frame is shown in Figure
5.12.
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6 ICP Algorithm

As discussed in the previous section, the SLAM problem can be separated into mapping and localizing
problems, which involve the steps of sensing and mapping the physical world and being aware of one’s
position. While mmWave radar can be naturally applied to map the surrounding environment, some
extra steps are necessary to estimate the target trajectory (i.e. localize). Typically, IMU is a popular
solution to be fused with other positioning technologies including mmWave to achieve better
localization accuracy [89]-[91], However, it suffers from disadvantages, such as extra hardware units
will be required, the error accumulation, and the data alignment problem. Therefore, a novel approach

Is proposed in this research to use only mmWave radar to achieve both mapping and localizing.

In this research, the ICP algorithm is used as a replacement for the IMU to measure the target’s
movement. It is a dominating algorithm in the aspect of aligning three-dimensional models and is first
proposed in 1992 [92]. The process of alignment is about estimating a relative rigid-body
transformation by minimizing the error metric of a pair of corresponding points on two related data sets
[45]. The ICP algorithm is commonly applied to point cloud data sets which are the outputs generated
by the mmWave radar. The process of alignment can be used to infer the location and orientation
change, which allows the use of mmWave radar data to trace target trajectories without using an IMU.
In general, the ICP algorithm is an iterative algorithm and each iteration is performed between two
consecutive data sets (e.g., two frames of point cloud data points). One of the data sets is treated as the
geometric reference, and the other input data set that is to be aligned to the reference is called reading,

this can be expressed as:

PTo = arg min(e(T(P),Q)) (6.1)

Where the P is reading, and Q is reference. The PTq is the transformation that can minimize the error

function e (P, Q), and the T(P) refers to the transformation applied to the input reading.

Moreover, the error function is an equation of the matching function, which is responsible for
associating the points pair between the reference and the reading. It equals the sum of an outlier
rejection function values the influence that each point-matching took, and a distance function to work

out the geometric distance between selected points.

Q)= ) wEdp,9) (6.2)

(v.9)eM

M = match(P,Q) = {(p,q):p € P,q € Q} (6.3)
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W = outlier (M) = {w(p,q): V(p,q) € M} (6.4)

where M is the matching function, W, or w(p, q), is the outlier rejection function, and d(p, q) is
distance function, . In another word, the minimum transformation that can best align the reading point
cloud and the reference point cloud is calculated through the error function, which sums all the distance

of correlating points with its weight.

More specifically, those process can be separated into five stages, namely selection, matching,
weighting, rejection, and minimizing, which will be explained in more details in the following

paragraphs.

In the selection stage, one or some of the points are selected for matching in both data sets. There could
be some selecting strategy that is used to improve the accuracy. A random selection can be considered
as one of the most basic point selecting methods, which will randomly choose the point pairs for each
iteration, so the effect caused by the outlier value will be reduced [93].

The matching stage aims to work out the correlation of those selected points. It is a process that
approaches the reading point cloud to the reference point cloud. In the most direct way, the distance
between the selected point with all of its near neighbors will be calculated, and the shortest one will be
kept. However, the nearest-neighbors-based method may also lead to a mismatch when the curvature
exists in the model data. Alternatively, as a complement to the uncertainty caused by curvature, the
line-surface intersection technique can be used

[93]. It can also be referred as normal shooting, in which the data point is paired to the surface
intersection indicated in the selection phase. The difference between those mentioned method could be
shown as Figure 6.1, which indicates the miss-matching for the nearest neighbor method, and how the

normal shooting performance under the same condition.
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Nearest neighbors Normals shooting

Figure 6.1: Nearest Neighbors vs Normal Shooting

In each iteration, it is impossible to have the data and model cloud point to perfectly match as there
exist outliers, and the radar movement will also result in the shift of the sampled points. Therefore, the
weighting stage is to evaluate the influence of each pair of matched points. As described in Equation
6.4, the weight could be calculated to evaluate the importance of the matching pairs. For instance, other
researchers have suggested that the importance of a point pair could be worked out by the distance
between two points [94]:

_q dist (p,q)

(6.5)

After weighting, the rejection stage is used to eliminate those point pairs which do not fit the criteria.

Moreover, the minimization is performed at the last step, as mentioned in Equation 6.1, the
transformation that could minimize the difference between the reading and reference is required to be

detected. This process could be modeled as:

E= ) IIRo+T—ql’ (66)
where R is the rotation, T is the translation, p and q is the reading and reference respectively.

The ICP algorithm will finally output a rotation matrix and translation vector that best fitted the reading
point cloud to the reference point cloud. Where the rotational matrix is the combination of the rotation
in X, y and z direction, as shown in Equation 6.7 to 6.10.
1 0 0
R,(a) =0 cos(a) —sin(a) (6.7)

0 sin(a) cos(a)
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[ cos(B) 0 sin(B)
R®=| 0 1 0 ] (6.8)
|—sin(B) 0 cos(B)
[cos(y) —sin(y) O
R,(y) = |sin(y) cos(y) 0] (6.9)
L0 0 1
Raﬁy = Rz(y)Ry(ﬂ)Rx(a) (610)

Where the «, 8, and y are the rotation respect to X, y, and z axis respectively, and the translation vector

is indicating the displacement:

Figure 6.2: Example of ICP result

Figure 6.2 is showing an example of ICP result, where the blue points are referring the data point, red
points refer to the model points, and the green points are the data point after the application of the ICP

result.
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7 System Implementation
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Figure 7.1: System Overview

The SLAM system designed in this thesis is implemented following a sequence of stages as shown in
Figure 7.1, it contains four major stages, which are Data Collection, Pose Calculating, 2D Conversion,
and Position optimization. In general, the first stage collects the IWR 1443 mmWave radar input with
the format discussed in Chapter 5.2 and outputs a set of point cloud data that captures the radar
measurement of the surrounding environment. The point cloud data from the first stage was shown in
Figure 5.12, it includes the 3D information that is used by the ICP algorithm for the pose calculation.
Those point clouds will be sorted based on the sequence of frames in chronological order, then the
rotation and translation between each frame will be calculated in the second stage with the process
described in Equation 5.1-5.3. Theoretically, the outputs of the second stage (i.e. the ICP algorithm) are
the displacement and orientation information between the frames sampled from two adjacent positions.
This information can be used to trace the moving trajectory. Following the target scenario, this research
aims to generate a 2-D map with trajectory trace. Therefore, in order to minimize the negative effect
caused by the translation and rotation along the z-axis, the third stage is to convert the ICP results into a
2D format. Lastly, the final stage will use the converted 2D positioning information for a further
optimization to produce the SLAM output (i.e. a 2D map with movement trajectories). In this research,
the iISAM2 algorithm is used to perform the optimization [80]. The details of each stage will be
explained in the following subsections of this Chapter.

7.1 Data Collection

The sensed points that belong to the same detected frame are sent to the host following the packet
structure and header information such as the number of frames, number of detected obstacles, and the

number of TLVs as mentioned in Chapter 5.2. Among the header information, the number of TLV will
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be used to sort the income data. In addition, the obtained information is not only affected by where and
how the data is sampled, but also could be impacted by the parameter setting of the IWR1443. For
instance, the CFAR value could affect the number of detected obstacles. The experiments that been
conducted under the same physical environment and identical parameter setting showing different
average numbers of detected obstacles per frame of 32.25 and 59.44 for the trials with CFAR value of
20 dB and 15 dB respectively. Therefore, to identify and minimize the negative effect caused by radar
settings, various experiments have been conducted to evaluate the system performance under different
radar settings. As the outcome, the following parameters are used in the following chapters if the

parameter values are not specifically mentioned.

e Frequency Band: 77-81 GHz

e Frame Rate: 15 fps

e Range Resolution: 0.04 m

e Maximum Unambiguous Range: 8.19 m

e Maximum Radial Velocity: 2.67 m/s

¢ Radial Velocity Resolution: 0.34 m/s

¢ Range Detection Threshold (CFAR): 10 dB
e Range Peak Grouping: Disable

e Doppler Peak Grouping: Disable

e Static Clutter Removal: Disable

In practice, the ICP algorithm requires a large amount of point data (a dense point cloud), and hence
every six consecutive frames will be merged into one. Moreover, the radar device is mounted on a
user at a height that is 1.5 meters above the ground, and the antenna is always facing the marching
direction. At the end of this stage, the point cloud data which contains the x, y, and z information of
the detected obstacle and the number of frames that the point belongs is sent to the ICP processing

stage.

7.2 Pose Calculation

The pose between two successive frames will be calculated by the ICP algorithm as mentioned in
Chapter 6, and the walking path could be traced based on that information. In this thesis, the trajectory
(the walking path) of the device is calculated as:

D=D+TT

(7.1)
TT = RTSUM =TT
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where D is a vector that contains the x, y, and z value (initialized with [0,0,0]) of the current location,
the TT is a 1x3 translation vector representing the movement in three dimensions. The RTSUM is a 3x3
matrix that accumulates the rotation matrix from the first frame to the current, which could be

expressed as:

RTSUM = RT * RTSUM (7.2)

where the RT is a 3x3 rotation matrix representing the rotation of the current successive frame, and the
RTSUM is initialized with an identity matrix.

However, as expressed in Equation 7.2, the rotation between each frame is accumulated throughout the
iterative process of ICP and will result in an orientation distortion.

Ny

Figure 7.2: Point Twisting

Figure 7.2 shows the change in orientation, in which the red points are the original point cloud data,
and the blue points are the rotated red points after applying the RTSUM on it. It is clearly showing that
the features along the y-direction are changing to the z-direction after the rotation, which is not a valid
situation as the radar should always facing forward. This kind of orientation twisting will cause the

trajectory to go along the z-direction during the navigation, which is shown in the Figure 7.3.
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Figure 7.3: Example of Trajectory built by ICP Result
Figure 7.3 illustrates the situation which the trajectory is impacted by the orientation distortion, and
clearly shows how the trajectory is deviated along the z-direction. Therefore, a 2D conversion process

is performed after working out the displacement and trajectory to reduce the deviation along the z-

direction.

7.3 2D Converting

Algorithm 1 Trajectory Rearranging

Input: R Rotation Matrix. T Translation Matrix, Trajectory Trajectory matrix contains the location
information
Output: Trajectory
1: for i < length(trajectory) do
2: Calculate F, the euclidean distance between each continuous point € Trajectory
3 avell < E/length(trajectory)
1 if (i) > avelF x 1.2 then
5 indicator = 1

-
=

i else if E(i) < avel x 0.6 then
T: indicator — 1
& else
9 indicator = ()
10 end if
11: if indicator 1 then
12: R(i) « R(i — 1)
13: T(i) « T(i—1)
14: end if

15: Rebuild the Trajectory
16: end for

17:

18: return Trajectory

19:

Algorithm 7.1: Trajectory Rearranging

The process of converting the 3D results into a 2D space contains two steps, the first step is rearranging
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the trajectory to correct the errors shown in Figure 7.3, followed by the second step of 2D projection of
the corrected trajectory.

The trajectory is rearranged based on Algorithm 7.1. Firstly, the rotation matrix R, translation matrix T,
and the trajectory matrix built in the previous stage (as Figure 7.3) will be read as input. The algorithm
will loop over each point contained in the trajectory, and in each iteration, the Euclidian distance

between every successive point will be calculated then work out an average distance.

Based on Chapter 7.1, the radar device is having a sample rate of 15 fps, in which a sample of the
environment will be taken every 66.6 milliseconds. It is a considerably trivial time interval for the
movement of human beings, especially in indoor conditions. Even after the frame merging, it still has
an equivalent sampling rate at 2.5 fps, one sample per 0.4 seconds, which is also not a significant time
interval for indoor activity. Thus, the points that represent the user’s position should be approximately
uniformly distributed on the walking path theoretically, in which the gap between each position should

be relatively equal.

Based on this assumption, the trajectory could be evaluated by comparing the length between each
point on it. In this thesis, for every successive point, if the distance between two successive points is
larger than 1.2 times or less than 0.6 times of the average distance value, it will be rearranged. The
rotation and translation matrix responsible for this displacement will be replaced with the ones from the
previous points. After this step, the sorted trajectory is ready for the 2D projection. However, the
process of trajectory rearranging only solve the deviation appears on the localization, but not
orientation twisting, the error still exists when mapping the environment.

At this point, a sorted trajectory is available for the 2D projection. However, the process of trajectory

rearranging only solve the deviation appears on the localization, but not orientation twisting, the error

Original data points (blue) and rotated points (red)

T T T T | T
8 6 4 2 0 2 4 6

Figure 7.4: Exarﬁple of Point Twisting (2)
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still exists when mapping the environment.

Figure 7.4 shows the rotation of the sampled environmental features based on the Equation 7.2, using
the rotation matrix updated by Algorithm 1, and Figure 7.4 is illustrating the same problem as Figure
7.2. As the solution, the whole trajectory will be projected onto a 2D plane and the displacement will
be converted from rotation and translation matrix form to the 6, angle with respect to x-axis, and r, the
Euclidian distance between each pair of consecutive points. The similar process is also applied to the
sampled point cloud to re-calculate the angle and length between the aimed position and the

corresponding measurement.

2D Converting

POSitiO-rl Sorted Position 2D Pasition [J i 2D 2D Position
Information , Trajectory Information Trajectory Information Environment | y Measurement Information
T s}y Mrmectory [ niommation J onm
« Trajectory Graph (TG) Rearrange . TG Projection + 2D Trajectory Projection = 8, Angle resoect |» 2D Trajectory Graph
» Rotation Matrix (RT) * RT' = 8, Angle resoect to x fox « 2D Environment Plotting
» Translation Vector(TT . 1T + 1, The Euclidean « 1, The Euclidean
Distance Distance

Figure 7.5: Flowchart for 2D Converting Stage

In conclusion, the details of the processing chain of the 2D conversion stage are summarized in Figure
7.5. The position information from the previous stage is used as the input, and the rearrangement will
be performed in the first step to work out an updated positioning information. After that, the trajectory
will be firstly projected onto a 2D plane with the angle and length information, and then the
environment features (i.e. the landmarks or the obstacles in the physical environment) will also be
projected. At the output, the projected localization and mapping information will be combined to build

up the navigation map. The outcome of this stage will be further analyzed and discussed in Chapter 8.

7.4 Further Optimization

The last stage is the Further Optimization, which involves performing the iISAM2 algorithm (which has
been introduced in Chapter 4.2.2) based on the 2D information produced in the previous stage. The
ISAM2 algorithm is designed for incremental updates, which offers the capability to operate in real-
time. Even though the experiment trials discussed in this thesis are done offline, in which the sampling
of the environment is completed before the optimization stage, the incremental update features are still
used by performing the iISAM2 algorithm iteratively.

In practice, the iISAM2 update can be separated into three steps, which are factor adding, setting an
initial guess, and calculating the best estimation. The location and map information will be labeled as X

and L respectively, in which the X is the location information that represents the points (pose), and the
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L is the map information representing the landmarks, as discussed in Chapter 4.2.2. The factor adding
step is for updating the factor graph which was illustrated in Chapter 4.2.2. In practice, the X and L will
be treated as variables, and the constraints (factor) are 2D position information calculated in the 2D

conversion stage. The position information will also be used as the initial guess at the same time, and

the estimation calculation.
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8 EXxperiments

In this Chapter, the SLAM algorithm with the mapping and trajectory tracing mentioned in the previous
chapter will be demonstrated, evaluated and discussed in this Chapter. The parameters of the developed

mmWave system will follow the same values presented in Chapter 7.1.

Three sets of experiments have been conducted to evaluate the performance of the system, all the
experiment trials are completed using a square corridor with an inner wall of approximately 6.8 meters

long, and 9 meters long for the outer wall of each side.

Figure 8.1: Viewing of Two Adjacent Corridor



One view of a segment of the square shape corridor is shown in Figure 8.1, and the corridor consists of
four similar segments. The top view of the corridor is shown in Figure 8.2 below, where the black lines
represent the inner and outer wall and the width of the corridor is approximately 2 meters. The blue line
is the ground truth walking path in our trial experiment. The four segments (A), (B), (C), and (D) will

be used together or separately in different experiments

(B)

(A) (@] 6.8m

(D)

Figure 8.3:The Schematic of The Square Corridor

In this thesis, to evaluate the system performance under different experimental trials, the RMS value is

used.

_ ?=1(Zi - Xi)z 7.1
RMS = \/ m (7.1)

Where the N is the number of sample data to be evaluated; Z is the ground truth value; X is the sample
value to be evaluated. In a typical localization scenario, it is impossible to find the exact ground truth
point that matches with the estimated location. Therefore, the linearly projected Z; on the ground truth

walking path is considered as the reference value.
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8.1 Straight-Line Test

A straight-line test has been conducted at the segment (A) illustrated in Figure 8.3, where the user will

start with the origin (0,0), and stop at the end of the inner wall nearly segment (B).

Figure 8.4: ICP Result for Straight-Line Test Trial 1

The solid dots in Figure 8.4 represent the environment features (or sometimes referred to as the
landmarks), which are the walls in this case, and the hollow dots show the user’s trajectory. Referring
to Figure 8.4, a linear pathway is shown clearly in both the trajectory and the environment. More
specifically, the RMS value of the estimated trajectory and the reference ground truth (i.e. the blue line)
is 0.25 meters, and is 0.45 meters between the estimated environment features (i.e. the solid red dots)
and the wall reference (i.e. the dark lines). This means under the straight walking path, the accuracy of
the navigation map build purely by ICP result can achieve a submeter-level accuracy.

However, the total length of the path should be 6.8 meters, and the trajectory is shown on the graph

Figure 8.5: iISAM2 Result for Straight-Line Test Trial 1



only has 4.6 meters, which results in a 2.2 meters error.

As discussed in Chapter 7, the ICP result will be sent to the ISAM2 for further optimization. The result
is shown in Figure 8.5, in which the green line represents the optimized trajectory, and the dark solid
point is the environmental features. The same criteria are used to evaluate the iISAM2 results, giving a
RMS value of 0.26 meters in the estimated walking trajectory, a RMS value of 0.29 meters in the
estimated landmark locations, and a total travelled distance of 4.6 meters. In this case, the ISAM2

algorithm is able to achieve a slight improvement in the landmark estimation.

While the iISAM2 seems to offer a better result as the RMS value is slightly smaller than the ICP result,
the graphical results show in Figure 8.5 shows that some points representing the inner wall have been

trimmed out during the optimization process.

The same experiment has been conducted 3 times to ensure the results are reliable and replicable. The
results of the three experiments are summarized in Table 8.1. Baes on the table, it is obvious that both
ICP and iISAM2 results are offering a trajectory and landmarks with a position that is very close to the
reference ground truth, and the iISAM2 result is slightly better. However, loss of information may

happen during the optimization process in iSAM2.

ICP ICP ICP ISAM2 ISAM2 ISAM2
1 2 3 1 2 3
Location
RMS 0.25 0.38 0.25 0.26 0.16 0.18
value (m)
Mapping
RMS 0.45 0.62 0.48 0.29 0.35 0.34
value (m)
Distance
Difference | 2.2 1.5 0.88 2.2 1.8 0.86
(m)

Table 8.1: Straight-Line Test Result
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Figure 8.6: The Graphical Result for All Trials in Straight-Line Test (ICP)

In addition, it is important to ensure the result achieved by the system is stable, which means no
significant variations across different trials. Figure 8.6 plots the three ICP results in Table 8.1 in one
figure, the Figure 8.6 (a) contains both the trajectory and environment features and Figure 8.6 (b) only
shows the trajectory. Those three experiments' result is colored red, green, and blue respectively.
Referring to the figure, the three paths largely overlap with each other with the blue path slightly
deviates from the reference path, which show a relatively stable result.

To evaluate the stability of the experiment result, the RMS value is calculated using the difference

between each pair of paths, which shown in the table below.

Red-green | Red-Blue Green-Blue | Average

Trajectory

0.2 0.39 0.49 0.36
(m)
Landmark

0.12 0.26 0.31 0.23
(m)

Table 8.2: ICP RMS Difference Result (Straight-Line Test)
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Figure 8.7: The Graphical Result for All Trials in Straight-Line Test (ISAM2)
The similar step is also applied to the iISAMZ2 result, as shown in Figure 8.7. The optimized iSAM2

result is more closely following the reference path than the ICP result. The RMS values of the

difference between each pair of experiments are listed in following table.

Red-green | Red-Blue Green-Blue | Average

Trajectory

0.3 0.38 0.43 0.37
(m)
Landmark

0.17 0.59 0.34 0.37
(m)

Table 8.3: iISAM2 RMS Difference Result (Straight-Line Test)

As shown in Table 8.3, the trajectory from the iISAM2 result is more stable than the ICP one, as the
differences between each pair of trials in the ISAM2 is less than the differences in the ICP results. The

ISAM2 algorithm also achieved an insignificant average difference between each trial.

Overall, in the straight-line test, the ISAM2 has achieved a slightly better performance than the ICP, but
it will cause some data loss during the optimization process. To further evaluate and compare the
performance of the ICP and iISAMZ2 algorithm, the L-shape and U-shape path are tested in the next two

subsections.
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8.2 L-Shape Test

Different from the straight-line test, the L shape test also involves a 90-degree turn (change in
orientation) which makes the localization and mapping more challenging. The walking path of the user
Is approximately 13.6 meters, including both segment (A) and (B). The user starts from the bottom-left

corner, and stop at the top-right corner .

10

10

Figure 8.9: ISAM2 Result for L Shape Test Trial 1

Referring to Figure 8.8, both the trajectory and the environmental features are clearly reflecting an L-
shape pathway, with the turning motion. In Figure 8.9, a similar observation can also be obtained in the
ISAM2 result, and the loss of information that occurred in the straight-line test still exists. However,

the distribution of the points that represent the environmental features in Figure 8.9 is more
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concentrated to give a clearer indication of the landmarks (i.e. the walls), and the features are less

overlapped with the trajectory after optimization, in comparison with the results in Figure 8.8.

ICP ICP ICP iISAM2 iSAM2 iISAM2
1 2 3 1 2 3
Location
RMS
0.81 0.74 0.60 0.81 0.69 0.6
value
(m)
Mapping
RMS
0.66 0.56 0.59 0.81 0.58 0.66
value
(m)
Distance
1.1 1.5 1 1 1.7 0.9
(m)

Table 8.4: L-Shape Test Result

Table 8.4 is showing the criteria used to evaluate the ICP and iSAM2 results for L-shape testing. The

RMS differences of the L-shape test experience a significant increase compared with the straight-line

test result, which is inside of expectation as the total distance and the spatial complexity (the change in

orientation is involved) of the path is increased. The iISAM2 is still showing slightly better performance

at the trajectory building as the iISAM2 result it tends to have a less RMS value in location difference.
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Figure 8.10: The Graphical Result for All Trials in L-Shape Test (ICP)
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Red-green Red-Blue Green-Blue | Average

Trajectory

0.86 0.47 0.7 0.68
(m)
Landmark

0.34 0.33 0.46 0.38
(m)

Table 8.5: ICP RMS Difference Result (L-Shape Test)

Referring to Figure 8.10 (A), it can be tall that all ICP result is showing an L shape feature, and the red
and blue trial seems to have a more similar shape than the green trial.

Table 8.5 shows the difference of the trajectory and landmark points between two of the ICP results. As
mentioned earlier, the trajectory difference between the red and blue trials is less in comparison with
the green trial. Moreover, compare with the value listed in Table 8.2, the error among different
experiment trials is increasing. However, the result still could be evaluated as relatively stable, as the
average RMS value shown in Table 8.5 achieved a submeter accuracy, which indicates the results are

accurate and repeatable

(A) (B)

Figure 8.11: The Graphical Result for All Trials in L-Shape Test (ISAM2)
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Red-green Red-Blue Green-Blue | Average

Trajectory

0.85 0.48 0.71 0.68
(m)
Landmark

0.47 0.67 0.68 0.61
(m)

Table 8.6: ISAM2 RMS Difference Result (L-Shape Test)

Figure 8.11 is showing the three repeated experiment results of the iISAM2 algorithm as the navigation
map. The difference between the trajectories of two trials achieved by the iISAM2 algorithm is almost
as same as the values listed in Table 8.5 for the ICP algorithm. However, Table 8.6 shows a significant
increase in the RMS value for the landmark points with an average value of 0.61 meter (vs. 0.38 meter
for the ICP). This could be explained as the ICP results contain both the inner and the outer wall,
whereas the iISAMZ2 results contain mostly just the outer wall. This could lead to the issue that some
points representing the inner wall in a trial actually compared to the points for the outer wall in the

other trials, which can lead to a misconducted RMS value.

However, its sill offers a sub-meter level accuracy as both the difference among trials or between the
trials and reference is less than one meter, which means the iISAM2 has a reasonable accuracy and

stability.

Based on the L-shape test results, it can be told that both the ICP and iISAM2 results are showing
reasonable performance with submeter accuracy and both algorithms are able to handle the movements
with changing orientation (i.e. turning). The observed results are consistent with the straight-line test

and further verified the validity and performance of the proposed algorithms
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8.3 U-Shape Test
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Figure 8.13: ISAM2 Result for U-Shape Test Trial 1

The U-shape test is a further extension to evaluate the system performance under more complex
movement and spatial variations. The user is starting from the bottom-left corner and stopping at the
bottom-right corner, which involves three segments (A, B and C) of the corridor and two 90 degree
turns. The total walking distance is about 20.4 meters. From the graph, a strong U-shape feature could

be detected, based on this, it is reasonable to argue that this graph is reflecting the real-world situation.

Referring to Figure 8.13, a clear U-shape navigation map is produced by the ICP algorithm which

reflects the actual motion of the experiment.
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ICP ICP ICP iSAM2 iISAM2 iSAM2
1 2 3 1 2 3
Location
RMS
) 1.5 0.94 1.16 15 0.94 1.15
difference
(m)
Mapping
RMS
) 0.89 0.67 0.74 1.19 0.73 0.67
Difference
(m)
Distance
8.7 1.13 4.6 8.31 0.97 4,26
(m)
Table 8.7: U-Shape Test Result
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Figure 8.14: The Graphical Result for All Trials in U-Shape Test (iISAM2)
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Figure 8.15: The Graphical Result for All Trials in U-Shape Test (ICP)

The U-shape navigation map and trajectory is also generated after the optimization process of the
ISAM2 algorithm. Based on the visual inspection of Figure 8.14 and 8.15, it can also be found that
there is less data overlap between the trajectory and environment features in the iISAM2 result.

However, most inner wall data points are filtered out by the iISAM2 optimization process.

From the data listed in Table 8.8, it is clear that the RMS value between the system generated path and
the reference path are increasing more significantly in comparison with the straight-line and L-shape
path. This increase in RMS value is primarily caused by the longer distance traced and with more

complex motions involved (i.e. more frequent change of orientation).

Red-green Red-Blue Green-Blue | Average

Trajectory

1.6 1.0 1.1 1.2
(m)
Landmark

1.0 0.8 0.7 0.89
(m)

Table 8.8: ICP RMS Difference Result (U-Shape Test)
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Red-green Red-Blue Green-Blue | Average

Trajectory

1.6 1.0 1.1 1.2
(m)
Landmark

1.0 0.76 0.8 0.89
(m)

Table 8.9: ISAM2 RMS Difference Result (U-Shape Test)

From the Table 8.8 and 8.9, the difference between each pair of experiment trials is also increasing,
which is again contributed by the longer travel distance and higher spatial complexity. With more turns,
the error caused by the orientation distortion mentioned in Chapter 7 is more frequent and severe, and
hence leads to the request of replacing the moving constraints (the rotation and translation) between the

points increase.

While the results of the U-shape path not achieved submeter accuracy, the results do demonstrate the
correct overall motion and relative environment features along the pathway. This statement is
consistent across all three experiments (i.e. straight-line, L-shape path, and U-shape path), which gives
a good indication of the validity and performance of the proposed algorithm. However, the errors do
accumulate and grow with distance and increasing motion complexity. The iISAM2 optimization also
not offering a significant improvement compare to the ICP result. Further research will need to be

conducted in the future to investigate these issues.
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9 Conclusion and Future Work

In modern society, location information has proved its value in many real-world applications, such as
outdoor navigation, logistic control, and goods tracking. While GPS technology dominates the outdoor
applications, indoor positioning and navigation technologies still facing many challenges without stable
presence of GPS and cellular network signals. Very often, existing indoor positioning technologies
require pre-installed infrastructures or pre-determined knowledge about the environment, which largely
limit the practicality of these technologies. In this thesis, a self-contained indoor localization and
mapping technique is developed using the state-of-the-art mmWave technology. The developed system
aims to enable mapping of the surrounding environment, and localizing and tracing the movement

trajectory without any prior knowledge of the environment or pre-installed infrastructures.

In this thesis, a graph-based indoor SLAM option is proposed based on the combination of the ICP and
ISAM2 algorithm to process the point cloud data collected by only one IWR1443 mmWave radar
device. The purpose of the ICP algorithm is to map and trace the moving object by comparing each
consecutive pair of point cloud frames. The ICP algorithm allows the system to solve SLAM problem
without involving an IMU device, which is the most commonly used approach for providing
orientation information. The iISAMZ2 algorithm is adopted to provide further optimization to smooth the
navigation map and trajectory trace. The developed system is evaluated with three experiments with
different walking paths (i.e. straight line, L shape, and U shape) in a square shape corridor. The
experiment results show that the proposed system can achieve submeter accuracy in simple paths such
as straight-line or L-shape movements. However, with higher spatial complexity (i.e. frequently change
in orientation), the accuracy will decrease over time. Even though there is a data loss that happens
during iISAM2 caused by its graph update algorithm, it is still reasonable to state that the system is
offering the capability to complete the indoor SLAM with only one sensor, and the ICP combined with

ISAM2 design do achieve slight improvement in accuracy than a sole ICP system.

Several research directions are planned to further investigate the proposed technique and to enhance the
system performance in a more complex environment such as shopping mall, University campuses, or

large business building.

First, the long-term performance requires further investigation. How to reduce error accumulation and
allow long-term localization with submeter accuracy is a key challenge that needs to be addressed.
Second, it is important to address the challenge of extending the mapping and positioning scenario to

support a 3D environment.
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Last but not least, it is important to investigate the real-time performance of the proposed technique to
maximize the potential of the ISAM2 algorithm (e.g., with a better trajectory re-arrangement option) to

further improve the accuracy
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