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Abstract

Animals have evolved over billions of years and understanding these complex and
intertwined systems have potential to advance the technology in the field of sports
science, robotics and more. As such, a gait analysis using Motion Capture (MOCAP)
technology is the subject of a number of research and development projects aimed at
obtaining quantitative measurements. Existing MOCAP technology has limited the
majority of studies to the analysis of the steady-state locomotion in a controlled (indoor)
laboratory environment.

MOCAP systems such as the optical, non-optical acoustic and non-optical magnetic
MOCAP systems require predefined capture volume and controlled environmental
conditions whilst the non-optical mechanical MOCAP system impedes the motion of the
subject. Although the non-optical inertial MOCAP system allows MOCAP in an outdoor
environment, it suffers from measurement noise and drift and lacks global trajectory
information. The accuracy of these MOCAP systems are known to decrease during the
tracking of the transient locomotion.

Quantifying the manoeuvrability of animals in their natural habitat to answer the
question “Why are animals so manoeuvrable?” remains a challenge. This research
aims to develop an outdoor MOCAP system that will allow tracking of the steady-state
as well as the transient locomotion of an animal in its natural habitat outside a controlled
laboratory condition.

A number of researchers have developed novel MOCAP systems with the same aim of
creating an outdoor MOCAP system that is aimed at tracking the motion outside a
controlled laboratory (indoor) environment with unlimited capture volume. These novel
MOCAP systems are either not validated against the commercial MOCAP systems or do
not have comparable sub-millimetre accuracy as the commercial MOCAP systems.

The developed DGPS/MEMS-IMU multi-receiver fusion MOCAP system was assessed
to have global trajectory accuracy of £0.0394m, relative limb position accuracy of
40.006497m. To conclude the research, several recommendations are made to improve
the developed MOCAP system and to prepare for a field-testing with a wild animal from
a family of a terrestrial megafauna.

Keywords: MOCAP, MEMS-IMU, Kalman, single-differenced, double-differenced,
DGPS, LAMBDA.
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Chapter 1

Introduction
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Figure 1.1: The different domains in gait analysis: kinetics, kinematics and spatio-temporal
domains. Image from [1].

Nature is a complex, intertwined and optimised system that evolved over billions of
years. Therefore, inspiration from nature has potential to advance research, especially in
the field of sport science and robotics. Researchers, therefore, constantly seek methods
to understand the kinematics and kinetics of animals as shown in Figure 1.1.
Accordingly, advancement in technologies such as Motion Capture (MOCAP) systems
that allow quantitative analysis of different animal gaits are of great importance.



1.1 Background and Motivation to the Study

With the advancement in technology, the times of subjective gait analysis based on
observations are over and researchers seek to obtain quantitative measurements of the
different kinematic and kinetic quantities associated with different gaits [23]. Such
systematic study of animal locomotion is known as the gait analysis.

Gait analysis dates back to the nineteenth century and it is currently the subject of
numerous research and development projects as the knowledge gained from such
research advances a variety of fields such as sports science and robotics. Therefore, there
is an increasing need for MOCAP systems that allows one to answer the question: “Why
are animals so manoeuvrable?” quantitatively.

In the field of medicine, MOCAP systems allow clinicians to monitor and evaluate their
patients’ gait quantitatively over time, facilitating early diagnosis of chronic
musculo-skeletal injuries, neurological diseases and disorders [23]. Not only that,
clinicians are given the capability to assign treatment procedures that are tailored for the
patients’ unique needs and can estimate the clinical treatment outcome [24].

Savic et al. [25] utilised the OptiTrack MOCAP system with a neural network
classification algorithm to discern clinically healthy knee joints from knee joints with
ligament deficiency or degenerative disease. They recognised and emphasised the
necessity of portable and accessible equipment to monitor and quantify everyday
physical activities to evaluate the quality of life of patients and to treat them with the
appropriate therapy.

In sports science, athletes, trainers and scientists utilise MOCAP systems to analyse a
particular motion and identify errors and improvements in the execution of the technique
[26] [27] [28]. Furthermore, MOCAP systems are utilised to pre-determine and prevent
risks and possible injuries due to incorrect execution of the technique [28].

Recently, kinematic and kinetic analysis of Olympic Alpine ski racers using MOCAP
system revealed information directly related to the safety of the athletes during
competitions [29]. This in turn raised the desire for individualised training and skiing
equipment amongst the athletes and led to the promulgation of new regulations by the
International Ski Federation (FIS), demonstrating the benefit of the use of MOCAP
technology in the field of sport science [29].

In the field of bio-mimicry, researchers and engineers seek solutions to complex problems
by studying animals found in nature [30] [31]. MOCAP technology is used by Gong et al.
[32] to discover the necessity of waist flexibility in maintaining balance and transferring
the zero moment point promptly during transient motion. Such discovery has found to
have the potential to improve the resemblance of the human gait in anthropomorphic
robots whose goals are to interact and coexist with humans without becoming an object
of aversion.



In [33] and [34], Yunardi et al. extensively demonstrated the use of MOCAP technology in
the field of robotics. Yunardi et al. employed the trajectory plan obtained from MOCAP
data of a human to simulate a leg swing manoeuvre of Homo sapiens on a robotic leg
platform [33]. The performance of the leg swing robot was then validated using MOCAP
technology [34].

The accuracy of the motion recognition technology is crucial in the applications and
innovations that are expected to function promptly in response to the motion of a human
such as a service robot with a goal to improve the quality of living [35] and it is
continuously improved by adding the MOCAP data [36] [37] [38] [35].

The MOCAP technology is integrated into the content creation process by the video game
production and film industry to create naturally animated character and add special effects.
Accurate MOCAP data of an actor is re-targeted onto a new character, resulting in an
animated subject with the same motion and facial expression but with new appearances

[39].

Apart from medical science, sports science, robotics, automation and animation, MOCAP
technology is also used in the field of oceanography and fisheries science [40]; work-
space determination for virtual reality [41] and production quality control [42]. However,
majority gait analysis studies are heavily influenced by a number of constraints posed by
a type of MOCAP system used.

A commercial optical MOCAP system from Charn-wood Dynamics Ltd., OptiTrack,
PhaseSpace Inc., Qualisys AB or Vicon Motion Systems Ltd. is commonly used by
researchers for their sub-centimetre accuracy [43]. However, an optical MOCAP system
restricts the capture volume and is often limited to a controlled indoor environment [27].
Therefore, an optical MOCAP system is not feasible for tracking a terrestrial megafauna
in its natural habitat because it is incomprehensible and cannot respond to requests or
orders unless it is trained by humans.

An inertial MOCAP system is another type of MOCAP systems that is favoured by
many researchers as it allows gait analysis of a subject outside of a controlled laboratory
environment [23] [28]. However, it is known that an inertial MOCAP system suffers
from inherent sensor errors and is, therefore, less accurate than an optical MOCAP
system [43]. Besides, an inertial MOCAP system lacks global positional information and
is not feasible for estimation of kinetic quantities.

Most importantly, the complexity and difficulty in the implementation of a MOCAP
system increases with an increase in dynamics of locomotion. Consequently, in
comparison to steady-state locomotion, transient locomotion such as rapid acceleration
and deceleration as well as near-instantaneous stops and turns that are fundamental to
animal survival in nature are not well understood by researchers [43]. As a result,
technologies such as prostheses and nature-inspired robots cannot achieve the level of
manoeuvrability of their counterparts found in nature.



With great difficulty in quantifying the manoeuvrability of the animals in their natural
habitat, Wilson et al. [44] and [45] remain to be the only researchers who have utilised a
strapped-down MOCAP system on the fastest terrestrial megafauna, a cheetah (an
acinonyx jubatus), in its natural habitat. Nath et al. [2] recently utilised a
DeepLabCut-based optical MOCAP system to track an acinonyx jubatus in its natural
habitat.

Meanwhile, Brodie et al. [46], Supej [47] and Gilgien et al. [48] are the only researchers
who managed to track the motion and the global trajectory of an athlete (a ski racer)
outside a controlled (indoor) laboratory environment over a 300 m track [46].
Unfortunately, their system is not validated quantitatively as no commercial MOCAP
system was available as a comparison.

Henceforth, this report investigates the development of an outdoor MOCAP system which
delivers high positional accuracy during the tracking of the steady-state and transient
locomotion.

1.2 Aim of the Study

This research was aimed at developing a MOCAP system that was capable of tracking
the steady-state locomotion as well as the transient locomotion of an animal outside a
controlled laboratory environment (indoor), that is an outdoor environment that is less
restrictive than the controlled laboratory condition. To achieve this aim, a number of
objectives needed to be satisfied.

1.2.1 Objectives of the Study

The objectives of the research were to develop a novel MOCAP system and evaluate
its capability in tracking the steady-state and transient locomotion, outside a laboratory
environment. Consequently, the objectives required to achieve this goal are as follows:

1. Literature review on the existing MOCAP systems and their advantages and
disadvantages;

2. Definition of a novel MOCAP system that is feasible to meet the aim of the study;
3. Development of the hardware and firmware integrated sensors;

4. Modelling and characterisation of the sensor measurement errors;

5. Development of the state estimation algorithm to reconstruct the observed motion;

6. Evaluation of the developed novel MOCAP system on a mechanical rig of known
motion.



1.2.2 Research Questions

The following research questions were asked and answered throughout the study:

1.

1.3

Which type of MOCAP system allows accurate positional tracking of the
steady-state and transient locomotion of an animal in a less-restrictive outdoor
environment?

Does integration of Global Positioning Systems (GPS) or Differential Global
Positioning Systems (DGPS) improve the applicability and/or performance of the
traditional Micro Electro Mechanical Systems (MEMS)-Inertial Measurement
Units (IMU) MOCAP system?

. Is it possible to achieve the positional accuracy of the existing commercial MOCAP

systems using a DGPS/MEMS-IMU integrated fusion MOCAP system?

Is integration of DGPS on each limb segment beneficial compared to the Micro
Electro Mechanical Systems (MEMS)-Inertial Measurement Units (IMU) MOCAP
system with a single DGPS?

Scope, Limitations and Constraints

The following factors placed limits and constraints to the project and influenced the
decision making process.

Project budget;

Pre-determined project time of 24 months;

Pre-determined electronics component distributors;

Pre-determined Printed Circuit Board (PCB) manufacturer and assembly vendor;
Unavailability of a commercial outdoor MOCAP system for validation;
following assumptions that were given:

— The users of the system are students, researchers and engineers who study gait
analysis;

— The users are familiar with STM32 series micro-controllers;

— The users are only to use the novel MOCAP system to observe the motion of

a family of a terrestrial megafauna (that is a terrestrial animal with minimum
weight threshold of 40 kg);

— The users only intend to capture the motion of a terrestrial megafauna for the
maximum duration of 6 hours.



This report only details the process involved in the development of a proposed fusion
MOCAP system which only includes hardware, firmware and state estimation algorithms.
Therefore, the sensor strapped-down system was outside the scope of this research.

In addition, the developed MOCAP system was only validated on a mechanical rig for
several reasons. Firstly, a commercial outdoor MOCAP system was not available to
assess the developed system quantitatively and compare its performance to that of a
commercial outdoor MOCAP system. Secondly, ethics clearance for trials on animals
was not obtained.

Due to the limited project budget and time, the sensor-network was only developed to
operate in dry-condition (not water-proof) and the state estimation algorithm was limited
to post-processing (not real-time application). Furthermore, the research was limited to
the estimation of kinematic quantities as the estimation of kinetic quantities was outside
the scope of this project.

1.4 Plan of Development
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Figure 1.2: The layout of the dissertation.

The dissertation begins by providing the reader with a background to the research and
the aim of the study in Chapter 1. In Chapter 2, different types of traditional MOCAP
systems are explained with reference to relevant literature then a brief idea on the novel
MOCAP system is developed. Relevant measurement models and errors are described
along with the required filtering and state estimation algorithms in Chapter 3. To complete
the preamble, the methodology in Chapter 4 discusses how the novel MOCAP system was
developed and evaluated.



Detailed system overview of the novel MOCAP system is established in Chapter 5. In
Chapter 6, detailed hardware and firmware technical specifications are developed.
Continuing in Chapter 6, the design of the device for the novel MOCAP system is
described and then the acceptance testing procedure and results are provided. The state
estimation algorithm is developed in Chapter 7 along with the results of its performance.

The discussion section follows in Chapter 8. Finally, the dissertation culminates with the
conclusions and recommendations section in Chapter 9. The full layout of the dissertation
is shown in Figure 1.2.



Chapter 2

Literature Review

MOCAP technology provides researchers and engineers in various fields with a method
to capture and analyse dynamic motion from a variety of perspectives [34]. The kinematic
data obtained from these systems includes position, velocity and acceleration. Using this
kinematic data along with the information on the external forces the kinetic information
which explains the causes of the motion such as the applied force and inertia, can be
estimated [49] [50] [51].

Despite the abundant need and use of MOCAP technology, existing literature states that
there is no MOCAP system that can be used for all applications. This is because MOCAP
systems have their own unique advantages, disadvantages and constraints [52]. Currently,
there are two classes of MOCAP systems, optical and non-optical.

Optical MOCAP systems are further classified into marker-based and marker-less
MOCAP systems. Non-optical MOCAP systems are typically further classified into
acoustic, magnetic, mechanical and inertial MOCAP systems. These types of MOCAP
systems are shown in Figure 2.1 detailed below:

additional
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Figure 2.1: Different types of traditional MOCAP systems.



2.1 Optical MOCAP Systems

In the literature, optical MOCAP systems are considered to be a gold-standard because
they are exceptionally accurate with sub-centimetre accuracy [43]. For this reason,
optical MOCAP systems are often used as a reference to validate the performance and
reliability of new MOCAP systems [28] and favoured over other existing MOCAP
systems especially in the animation and film industry [52] [53].

Optical MOCAP systems use cameras to conduct 3D full-body motion reconstruction. It
is then further classified according to the use of markers (marker-based or markerless) and
the number of views (monocular or multi-view) [28] [54].

Monocular systems use images acquired by a single camera and suffer from inherent
kinematic singularities and reflective ambiguity. Therefore, multi-view systems, which
use images acquired simultaneously and synchronously by two or more cameras, are
preferred by researchers! [55]. A marker-based system determines the trajectories of the
markers on the body, whilst markerless system computes kinematic parameters from
extracted body edges or silhouettes [55].

According to [56], the major key players in the commercial optical MOCAP system
market are Charnwood Dynamics Ltd., OptiTrack, PhaseSpace Inc., Qualisys AB and
Vicon Motion Systems Ltd. 2.1. They are all capable of providing indoor real-time 3D
motion reconstruction with gold-standard accuracy with some capable of outdoor motion
reconstruction. Brief descriptions of their systems are given in Table 2.1.

Table 2.1: Summary on the specifications of the existing commercial optical MOCAP systems

Company Type Outdoor  System Marker Camera
Mobility weight

Charnwood active Y N < 10g N/A

Dynamics

OptiTrack passive N N < 10g 180 FPS @ 4.1 MP

360 FPS @ 1.7 MP

PhaseSpace active N N suit 960 FPS @ 130 MP
Qualisys active & Y N < 10g 180 FPS @ 4 MP

AB passive 1750 FPS @ 0.3 MP
Vicon passive Y N < 10g 120 FPS @ 16 MP

420 FPS @ 5 MP

"From this point forward, optical MOCAP refers to multi-view system.



2.1.1 Marker-based Optical MOCAP Systems

A marker-based optical MOCAP system is further classified according to the type of
markers used, namely: active or passive. This type of system requires markers or a
tailored suit with markers attached and a capturing area, a strategically arranged static
array of synchronised cameras and an acquisition system [28] [54].

R S— e A , " —_— /7 \\ 4" é

(a) PhaseSpace active marker-based MOCAP
system. Image from [57].

(b) Vicon passive marker-based MOCAP system.
Image from [58].

Figure 2.2: Two commercial optical marker-based MOCAP systems.

An active marker-based system uses light emitting markers as shown in the Figure 2.2a
which requires additional electronics and power. This adds the risk of having to
re-position the markers due to the mass and lifetime limitations [52].  Passive
marker-based system as shown in Figure 2.2b uses retro-reflective markers alleviating
the fore-mentioned limitations of active marker-based system but it is less robust due to
marker swapping and false reflections [43].

The markers must be attached strategically because only large motions similar to flexion
and extension have acceptable error limits for skin-based marker systems [59]. According
to Cappozzo et al. [60], skin-based markers located on the area near the joints such as
great trochanter and lateral epicondyle of the femur undergo displacements relative to the
underlying bone in the range of 10 to 30 mm during walking.
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The volume of the capturing area must be sufficiently large to host recording by a
number of cameras at a distance. Background subtraction can be improved by achieving
a uniform background using opaque curtains and maintaining uniform lighting to avoid
sharp shadows or highlights in the images as shown in Figure 2.2b [55].

The cameras are strategically arranged so that at least two cameras record the markers at
a time. This confines the assessment to a controlled laboratory environment with limited
and immobile capture volume to accommodate the use of a static array of cameras [28]
[54].

To achieve its gold-standard accuracy, the system requires a sufficient number of
cameras which increase in number with an increase in capture volume. Aurand et al. [61]
conducted an assessment where the accuracy as a function of location within the capture
volume of two optical MOCAP systems, one with 21 and the other 42 cameras, was
compared. The accuracy was found to decrease non-linearly approaching the edges of
the capture volume and a higher mean error was observed for the system with fewer
cameras [61].

The cameras must deliver high frame rates at a suitable resolution to maintain its gold-
standard accuracy. As such, a higher frame rate is desired when tracking complex and
highly dynamic tasks. However a higher frame rate decreases the resolution as can be
observed in Table 2.1 [27]. The lenses must be selected with consideration of image
distortion and field of view [55].

Typically, a marker-based optical MOCAP system consists of the following sequential
challenges for implementation: initialisation, marker detection, spatial correspondence,
temporal correspondence and post-processing [55]. Techniques such as a volumetric
reconstruction, inverse kinematics and inverse dynamics are selectively used to improve
coherency in the motion data [55].

Initialisation involves camera intrinsic (camera properties) and extrinsic (camera position
and orientation) calibration, metric (world coordinate) calibration, background
calibration and skeleton calibration. There currently exists two common intrinsic and
extrinsic algorithms: Tsai [62] [63] and Svoboda [64] which uses a checker-board
pattern and light points respectively. For metric calibration, objects with known physical
dimensions and global positions must be captured in the images.

Marker detection involves identification of 2D pixel coordinates of markers in the
images. This is done by means of threshold-based intensity segmentation or curvature
segmentation to output a binary image where the markers are represented negatively
from others. Spacial correspondence involves pairing of detected markers in images
captured at the same time by different cameras to evaluate 3D global coordinates of
markers by means of stereo triangulation on rays [55].
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Temporal correspondence involves stitching of 3D points from spacial correspondence
to reconstruct the motion. However, the trajectories are not complete for all markers in
practice due to asynchronisation, marker occlusions and missing information. Therefore,
post-processing is required to align and label each track and correct the marker occlusions
[28] [55].

Researchers constantly seek to improve the performance of a marker-based optical
MOCAP system. In [65], Dorfmiiller-Ulhaas integrated an Extended Kalman filter
(EKF) into the temporal correspondence to enhance a reliability of the marker-based
optical MOCAP system. Wu et al. [66] and Aristidou et al. [67] mitigated the missing
marker problem whilst Lugfis et al. [68] mitigated the marker occlusion problem in a
marker-based optical MOCAP system by integrating a Kalman filter into the temporal
correspondence stage.

Despite a number of researchers’ input over the decades to improve the performance of a
marker-based optical MOCAP system, the literature suggests that they are inappropriate
for accurate tracking of both the steady-state and the transient locomotion of an animal
outside a controlled indoor environment for a number of reasons.

The accuracy of the system is determined by many factors: experimental set-up;
arrangement of markers; quality of cameras and accuracy of the initialisation [43].
Moreover, its accuracy decreases with the shift in camera positions; the changes in
background and ambient light conditions and displacement of markers. These factors
inhibit motion tracking in an outdoor environment with undefined capture volume [43].

Decrease in accuracy due to changes in experimental set-up and condition can be
overcome with an increase in resources such as markers, cameras, additional sensors,
chroma key composition and more. However, this results in drastic increase in the cost
of the system. For instance, PhaseSpace 12-camera indoor system costs USD 29,000.00
whilst 64-camera system costs USD 133,000.00.> Being a costly and a time-consuming
system [27] with lack of portability [53], a commercial marker-based optical MOCAP
system is inaccessible especially to individuals and small organisations.

2.1.2 Markerless Optical MOCAP Systems

A markerless optical MOCAP system reconstructs 3D full-body motion based on the
image data without preparation of the subject and marker [69]. This eliminates
participant preparation and reduces system calibration time in comparison to the
marker-based system [43] [70] [54]. However, a markerless optical MOCAP system is
not as accurate as a marker-based optical system [52] [70] [71].

2See Appendix G for pricing.
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A markerless optical MOCAP system is typically classified as an active or passive
system. An active system uses laser light, light patterns or pulses and requires a static
array of laser scanners. It can provide very accurate 3D co-ordinates but it is limited to
static locomotion. Therefore, the development of a markerless optical MOCAP system is
limited to a passive system which relies purely on the captured images [59].3

Similar to the marker-based system, a markerless optical MOCAP system requires a
capturing area, a strategically arranged static array of synchronised cameras and an
acquisition system. The Use of a static array of cameras requires camera intrinsic,
extrinsic and metric calibrations and confines the system to a controlled laboratory
environment (with a limited and immobile capture volume) [27]. Moreover, the absence
of the markers introduces line-of-sight problems although it facilitates motion
reconstruction of multiple subjects and alleviates unknown experimental artefacts such
as a skin movement artefact [59].
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Figure 2.3: A 3D pose classification and stitching trained on data from a static array of cameras
in conjunction with the standard triangulation methods. Image from [2].

3From this point forward, a markerless optical MOCAP system refers to a passive markerless system.
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Reconstruction algorithms for a markerless optical MOCAP system can be classified into
discriminative and generative approaches [54]. The discriminative approach relies on
data driven machine learning algorithms and converts the nature of the MOCAP problem
(tracking) into a pose classification problem where the subject’s pose is identified frame
by frame, by fitting the skeletal model of the subject as shown in Figure 2.3. As such, the
discriminative approach is better suited for interactive applications [54].

The generative approach is preferred for applications that ask for accuracy and is further
classified into model-based and feature-based tracking algorithm [43]. The model-based
tracking algorithm requires a model of the tracked object to fit the model frame-by-frame
whereas the feature-based tracking algorithm tracks points of interest defined by their
shape and texture, raising the risk of occlusion [43].

As with the marker-based optical MOCAP system, the limits of the experimental set-
up and influence of the changes in the experimental condition on the accuracy on the
markerless optical MOCAP system cannot be neglected [71]. Furthermore, a commercial
markerless optical MOCAP system is also inaccessible to some due to their high cost. A
complete 8-camera markerless optical MOCAP system package with a capture volume of
36m? from Organic Motion costs USD 80,000.00 [72]. Therefore, it is not suitable for
the tracking of an animal in its natural habitat.

2.2 Non-Optical MOCAP Systems

An acoustic MOCAP system uses sound emitting markers and receptors located within
the capture volume [53]. Each marker, distinguished by their unique emitting frequencies,
sequentially emits a signal that is received by the receptors. The position of the markers
are computed using time-of-flight information by means of triangulation [73].

As a consequence of using an acoustic medium, the emitters and receptors are
susceptible to ambient noise and must be sequentially activated to avoid signal
occlusion [53]. Therefore, acoustic MOCAP is not appropriate for the MOCAP in an
uncontrolled outdoor environment with unpredictable ambient noise.

A magnetic MOCAP system consists of an artificial magnetic source which generates a
low-frequency magnetic field and the sensors that can measure this low-frequency
magnetic field [74]. The orientation and position are calculated by computing the change
in the magnetic field [74].

Despite offering an accuracy close to a gold-standard optical MOCAP system with no
line-of-sight requirement, a magnetic MOCAP system is challenging to implement. This
is because the system is sensitive to any metallic and magnetic objects in the environment,
demanding a controlled and shielded indoor environment [53]. Therefore, a magnetic
MOCAP system is too not appropriate for use in an outdoor environment.
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(a) Gypsy mechanical MOCAP system. Image
from [75]

(b) Xsens inertial MOCAP system. Image from
[76]

Figure 2.4: Two commercial non-optical MOCAP systems. Above is the exo-skeletal suit of the
Gypsy mechanical MOCAP system and below is the wireless inertial MOCAP system of the Xsens
Technologies.

A mechanical MOCAP system typically involves an exo-skeletal suit with sensors such
as potentiometers and sliders that are attached on the subject’s articulations of interest as
shown in Figure 2.4a [74]. It is free from a polynomial interpolation error, a calibration
process, a controlled environment and a complex estimation and reconstruction process
as the users have direct access to the inverse kinematic measurements [53].

Despite the advantages of a mechanical MOCAP system, it cannot deliver tracking of the
steady state and transient locomotion of a family of a terrestrial megafauna. An
exo-skeletal suit forbids generalisation of a subject, requiring customisation and most
importantly, the rigid suit impedes the motion [53].
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An inertial MOCAP system is the second most popular in the 3D MOCAP system
market with key players such as Notch Interfaces and Xsens Technologies (shown in
Figure 2.4b) [56]. It is based on the inertial sensors such as accelerometers, gyroscopes
and magnetometers. The local orientation and kinematic quantities of the relevant limb
segments are estimated by feeding the sensor measurements into a complex algorithm
such as the Kalman filter [23] [46].

An inertial MOCAP system is often implemented real-time. For real-time operation,
measurements from a set of non-invasive and light-weight inertial sensors communicate
with and are synchronised to a main-processor wirelessly, typically on Wireless Personal
Area Network (WPAN) [50] [27]. WPAN is an inexpensive, power-efficient and small
network that is used to transfer information over short distances (< 10m) among a
private group of devices [15]. Bluetooth, described in Table 2.2, is a widely used WPAN
technology (/EEE 802.15.1) and is implemented by both Notch Interfaces and Xsens
Technologies [76] [77].

Table 2.2: Summary of WPAN Bluetooth characteristics [15]

Parameters \ Descriptions

Topology Unlimited paired devices
Typically up to 7 connected devices
Practically up to 4 connected devices
One actively communicating device

Data rate 1 Mbps (v1.2)
2 Mbps (v2.1 + EDR)
24 Mbps (v3.0 + HS)
0.27 Mbps (v4.0 + BLE)

Range < 1 m (Class 3 transmitting at 1 mW)
< 10 m (Class 2 transmitting at 2.5 mW)
< 100 m (Class 1 transmitting at 100 mW)

RF bandwidth 220 kHz, 1 MHz
RF band 2.4 GHz ISM frequency band

As can be deduced from Table 2.2, the wireless method requires sophisticated network
topology with multiple piconet masters to track more than seven limb segments and has
potential risks such as data corruption and signal loss. Therefore, the applications that do
not require real-time processing or systems with a vast quantity of data, record
measurements on external memory devices for post-processing [28].

The sampling frequency of the system must be selected based on the assessed motion and
according to the Nyquist-Shannon theorem [28]. This theorem states that the sampling
frequency must be at least twice the highest frequency component in the sampled signal.
Thus, incorrect choice of sampling frequency may lead to loss of motion information. For
instance, Lapinski et al. chose two sampling frequencies, 100 Hz and 1000 Hz, to capture
slow and fast motion whilst maintaining memory and computational efficiency [78].
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A fundamental problem in an inertial MOCAP system is the inherently noisy sensor
measurements that are prone to drift. This compounds over time, requiring frequent
sensor re-calibration [79]. An inertial MOCAP system cannot provide global trajectory
information of each limb segment [79]. Researchers, therefore, make use of additional
sensors such as GNSS to correct the measurement drifts and to obtain global trajectory
information [23] [49].

In addition, sensors’ local co-ordinate axes do not align with any physiologically
meaningful axes, leading to an assumption that the sensors are mounted precisely in a
predetermined orientation. To minimise the error due to imprecise mounting, manual
measurements of the sensors’ position on limb segments and reference posture
calibration must be conducted to find the relationship between the sensors’ local
co-ordinate axes and the limb segments’ axes [49].

Although a commercial inertial MOCAP system is cheaper than a commercial optical
MOCAP systems, it is also inaccessible to individuals and small organisations due to its
high cost [28]. For instance, a full Xsens Technologies inertial MOCAP kit costs EUR
52,140.00.

Nevertheless, the use of an inertial MOCAP system is increasing as it allows gait
analysis of activities in an outdoor environment [23] [28]. Therefore, it is desirable to
study inertial MOCAP system further for the development of an outdoor MOCAP
system to track steady state and transient locomotion of an animal outdoors.

2.3 Novel MOCAP Systems

To overcome the shortcomings of the traditional MOCAP systems, researchers and
engineers have been developing novel MOCAP systems which are classified into a
hybrid and fusion MOCAP system. A hybrid system integrates two or more traditional
MOCAP systems whereas a fusion system fuses one or more data streams into a
traditional MOCAP system. Typically, these systems are aimed to improve the
performance and portability of the aforementioned traditional MOCAP systems but often
lead to an increase in cost [53].

Lin, et al. [80] presented a hybrid MOCAP system that was an integration of a passive
marker-based optical MOCAP system and an inertial MOCAP system. It was aimed at
improving the accuracy of the reconstruction of the transient motion with high
acceleration and deceleration that is often observed in volleyball players [80].

The proposed system by Lin, et al. inherited the requirements of a marker-based optical
MOCAP system such as fixed capture volume; confinement to a controlled laboratory
environment with constant background and lighting; time-consuming calibration
processes and a line-of-sight problem [80]. Consequently, the motion of volleyball
players during their encounter with a ball and the other players on a court could not be
reconstructed.
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Jung, et al. [81] presented a hybrid MOCAP system which integrates an active
marker-based optical MOCAP system and an inertial MOCAP system. This integration
was aimed to eliminate the marker occlusion problem during MOCAP of multiple
subjects. Although they demonstrated the reconstruction of two subjects’ interactive
motion, the system was only validated qualitatively. Similarly to the hybrid system of
Lin, et al., their hybrid system also inherited the requirements of a marker-based optical
system.

Xu, et al. [54] employed unmanned aerial vehicles (UAVs) mounted with a RGBD video
camera instead of a static array of cameras to implement a markerless optical MOCAP
system, FlyCap [54]. Such employment was aimed at improving the portability of the
traditional markerless optical MOCAP system and adding the mobility to the capture
volume [54].

FlyCap was able to take the gold-standard optical MOCAP outside a controlled
laboratory environment. However, FlyCap is regrettably limited to capturing steady-state
and slow transient locomotion in a legally approved fly-zone to guarantee the safety of
the participants from UAVs [54].

Brodie et al. [46] developed a fusion MOCAP system by integrating pressure insoles and
a GPS to an inertial MOCAP system by means of a Kalman filter to track the motion
as well as the global trajectory of a New Zealand Alpine Ski racer. Their development
enabled motion tracking over a 300 m track on a mountain but its accuracy is not validated
quantitatively due to unavailability of a gold-standard method [46].

Improved upon [46], Supej [47] and Gilgien et al. [48] fused a Real Time Kinematic
(RTK) and a Differential Global Navigation Satellite Systems (DGNSS) to an inertial
MOCAP system respectively. In [47], global trajectories computed by RTK are evaluated
to have a horizontal accuracy of 10 + 0.5mm and vertical accuracy of 20 £ 0.5mm during
dynamic tests.

2.4 Summary

A literature review on traditional types of MOCAP systems and current applications of
MOCAP technology was conducted with a goal to understand their capabilities and
limitations. Novel MOCAP systems were then reviewed to understand how other
researchers mitigate the limitations of traditional MOCAP systems.

The literature suggests that a optical MOCAP system, non-optical acoustic and a non-
optical magnetic MOCAP system are not feasible for applications with undefined capture
volume and environmental conditions. A non-optical mechanical MOCAP system was
also deemed to be infeasible as the system impedes the motion of the subject, violating
the aim of the study. In contrast, a non-optical inertial MOCAP system is considered
to be feasible in the tracking of the steady-state and transient locomotion in an outdoor
environment.
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Having said that, an inertial MOCAP system suffers from measurement noise and drift
and it cannot provide global trajectory information. Consequently, an inertial MOCAP
system alone cannot be used to answer the question: “Why are animals so
manoeuvrable?” .

Brodie et al. [46], Supej [47] and Gilgien et al. [48] demonstrated the benefit of feeding
navigational information to an inertial MOCAP system to track the subject’s motion and
global trajectory in an outdoor environment with undefined capture volume and
environmental conditions. However, they only integrated navigational information
from a single point on a body.

Consequently, based on the literature review, this research will pursue the development
of a fusion outdoor MOCAP system that involves integration of a traditional inertial
MOCAP system fused with the navigational information from each limb segment. This
development is aimed at inheriting the advantages of the inertial MOCAP system while
obtaining accurate global trajectory information of each limb segment.
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Chapter 3

Theory Development: Measurement
Models, Errors and Sensor Fusion

In Chapter 2, it was decided to develop a fusion MOCAP system by fusing navigational
information from each limb segment to a traditional inertial MOCAP system. Such
development was aimed at allowing the tracking of steady-state and transient locomotion
of an animal in an outdoor environment that is less restrictive than the indoor laboratory
environment.

However, the inherent benefits of a traditional inertial MOCAP system may be
compromised during the development process if carried out without an in-depth
understanding of Micro Electro Mechanical Systems (MEMS)-Inertial Measurement
Units (IMU), Global Navigation Satellite Systems (GNSS), Differential Global
Navigation Satellite Systems (DGNSS), Global Positioning Systems (GPS) and
Differential Global Positioning Systems (DGPS). Therefore, this chapter provides the
relevant theory needed to fully understand these systems.

Figure 3.1: Bosch MEMS sensor module with MEMS sensor element packed in a semiconductor
housing. Image from [3].

20



3.1 Inertial Measurement Units (IMU)

In recent years, MEMS-based IMUs contributed to development of a cost-effective, light-
weight, non-invasive, portable and accurate inertial motion capture systems [82]. MEMS
technology implements a System-on-Chip (SoC) as shown in Figure 3.1 by adapting the
micro-fabrication technology to combine electronic and mechanical elements, sensors and
actuators [83].

An IMU commonly refers to a combination of a 3-axis accelerometer and 3-axis
gyroscope [84]. However, with the development of an attitude determination technique
using a 3-axis magnetometer and an IMU, 9-axis IMUs are developed containing a
3-axis accelerometer, a 3-axis gyroscope and a 3-axis magnetometer' [85].

3.1.1 Accelerometer Measurement Model

An accelerometer measures the specific force (measured in m/s? ) acting on the sensor
relative to the inertial frame resolved along the sensor’s sensitive axis [85]. The specific
force is not a force but a type of acceleration which includes both the sensor’s linear
acceleration and gravitational acceleration as expressed in (3.1):

f’ = Rid)—g"), 3.1)

where g is the gravitational acceleration vector; RZ is the orthonormal rotation matrix
from the navigation frame to body frame and a; is the sensor’s linear acceleration vector
with respect to the inertial frame expressed in the navigation frame.  Attitude
representation using an orthonormal rotation matrix, and coordinate system and
transformation are explained in Appendix A and Appendix B.

For tracking purposes, the sensor’s linear acceleration with respect to the navigation frame
expressed in the navigation frame (a,,,) is of interest. The relationship between a;; and a;;,,
is found in [84] as:

a; = a,,+0),x0.,xp"+20;, xv,, (3.2)
where @, x @, x p" is the centrifugal acceleration vector and 2@, x v}, is the Coriolis

acceleration vector.

'From this point forward, an IMU refers to a 9-axis IMU.
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Given that the Earth rate (@;.) is approximately 7.29 x 10~°rad/s, the centrifugal
acceleration and Coriolis acceleration can be assumed to be negligible in comparison to
the magnitude of the aj,, [84]. Further considering the sensor errors, the governing
equation for an accelerometer measurement model is as follows:

f? = Rﬁ,z (aZn,t —-8")+ 52,1 +£Z,t’ (3.3)

where 82, is the accelerometer bias error vector and 827, is the error vector due to noise
and accelerometer model uncertainty at time ¢.

3.1.2 Gyroscope Measurement Model

A gyroscope measures the angular velocity of the body frame with respect to the inertial
frame resolved along the sensor’s sensitive axis expressed in the sensor’s body frame
(a)f?b). This angular velocity is given in (3.4):

o), = R)(ol.+0),)+ael, (3.4)

where wa is the angular velocity vector of the sensor’s body frame with respect to the
navigation frame expressed in the body frame and R? (@}, + @7,) is the angular velocity
vector of the navigation frame with respect to inertial frame expressed in the navigation
frame.

The Earth rate (®7,) is approximately 7.29 x 10~>rad /s and the navigation frame can be
assumed to be stationary with respect to the inertial frame if the sensor does not travel
over significant distances in comparison to the size of the Earth [84]. Therefore, (3.4) can
be simplified to (3.5):

W, = mnb' (35)

Taking into account the sensor errors, the governing equation for a gyroscope
measurement model is:

_ b b b
wib,t - mnh,t + 8(0,1 + sco,t’ (3-6)

where Sﬁ,?, is the gyroscope bias error vector and €%, , is the error vector due to noise and
gyroscope model uncertainty at time ¢.
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3.1.3 Magnetometer Measurement Model

A magnetometer measures the local magnetic field, consisting of both the Earth magnetic
field and the magnetic field induced by near-by magnetic materials [85]. The local Earth
magnetic field (m") can be assumed to be constant if the sensor does not travel over
significant distances in comparison to the size of the Earth [84]. Given the Earth magnetic
field:

m' = B(c0s5 0 sinﬁ)T, (3.7)
where B is the local Earth magnetic field strength and 6 is the inclination.

Under the assumption that there is no magnetic material present in the vicinity of the
magnetometer, the magnetometer measurement can be modelled as in (3.8):

m) = R, m"+¢€},, (3.8)

where eﬁw is the error vector due to noise and magnetometer model uncertainty at time .

In practice, the above assumption is not true and the magnetometer measurement differs
from the Earth magnetic field. This is due to the hard and soft iron interference caused by
a permanently magnetised object and induced external magnetic field respectively [84].
Hard iron interference adds an offset to known Earth magnetic field plot whilst soft iron
interference causes a distortion [82].

3.1.4 IMU Errors

A .
V‘oise

scale factor

Sensor Qutput

bias

Y

Sensor Input

Figure 3.2: A simple diagram showing three types of common errors inherent to MEMS-IMU [4].
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IMU measurements are influenced by several sources of errors: bias, scale factor and
sensor noise (random walk), depicted in Figure 3.2, as well as sensor non-orthogonality
[86]. These errors cannot be disregarded and must be corrected by means of temperature-
based calibration, external restriction calibration and additional measurements as they
reduce the accuracy of the MOCAP system significantly.

An accelerometer provides information with regard to the derivatives of position and
orientation. Therefore, a bias A in the accelerometer measurement leads to a positional
error of A(t —1tg)? [85]. For the same reason, a bias A in the gyroscope measurement can
result in erroneous computation of position. As an illustration, a component of the
gravitational acceleration with magnitude 0.0086m/s’> will be projected onto the
horizontal axes due to a tilt error of 0.05°. This in turn will cause a drift in the horizontal
position by 7.7m after 30 seconds into computation [85].

Bias error refers to an offset present on the IMU measurement output for a given physical
input as shown in Figure 3.2. For each power-up and while IMU is powered on, the
initial bias error may be different and change over time respectively [86]. Therefore, the
repeatability and stability of the bias error of an IMU is critical. Bias error can be removed
by means of external restriction calibration where the sensor is brought to a well-known
position and orientation and bias is computed on initial power-up and periodically [85].

Scale factor error refers to a relationship, that is typically linear, between a physical
input and sensor measurement output as shown in Figure 3.2. There exists common
algorithms to compute the scale factor, namely: six-parameter and twelve-parameter
calibration algorithms [4]. The six-parameter calibration algorithm assumes linear
relationship and zero cross-correlation between axes whilst the twelve-parameter
calibration algorithm assumes a linear relationship only.

Sensor noise refers to a random noise in the measurement given a constant signal and
must be minimised using statistical techniques [85]. Sensor non-orthogonality refers to
a misalignment of the sensor axes and leads to a cross-correlation between sensor sets
and between sensor sets and the enclosure [85]. Continuous estimation and a bore-sight
alignment can remove the effect of sensor non-orthogonality [4].

3.1.5 Data Fusion

The IMU does not provide direct measurements of motion but it provides an indirect
measurement such as the specific force, angular velocity and local magnetic field.
Therefore, using a well-defined statistical technique, an algorithm which optimally
estimates the position by combining predictions based on the understanding of the body
parts modelled in kinematic chains and measurements from sensors, is necessary.
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Kalman filters are one of the common prediction and estimation algorithms used in the
implementation of the inertial MOCAP systems by researchers [68] [23] [46] [47] [48].
It is a recursive algorithm based on the statistical characterisation of an estimator
problem. In contrast to Least Squares (LS) algorithms whose estimation is solely based
on the current measurement, the Kalman filter propagates the probability distribution of
the variables throughout its estimation [87].

In essence, the Kalman filter is regarded as the optimal estimator for the Linear
Quadratic Gaussian (LQG) problem [88]. LQG problems refer to the estimation of the
instantaneous state of a linear dynamic system perturbed by Gaussian white noise by
using measurements with inherent Gaussian white noise that are linearly related to the
state.

Discrete Kalman Filter Derivation [5] [89]

Derivation of the Kalman filter must be appreciated as it provides an understanding of
the constraints inherent to the algorithm. Only the discrete Kalman filter derivation is
described below as the continuous Kalman filter will not be employed in this research.

A discrete LQG problem considers a discrete-time controlled process governed by a linear
stochastic difference equation:

x; = Ax;_1+Bu;+w;_q, (3.9)

where x; and x;_ are the state vector of the process at time ¢ and ¢ — 1 respectively based
on x;_1; A is the state transition matrix of the process; B relates the optimal control input
u € R to the state x; and w,_ is the noise of the process.

The sampled measurement is expressed as:
zz = Hx +v, (3.10)

where z; is the actual measurement vector at time ¢; H is the noiseless connection between
the state vector and the measurement vector that is assumed stationary over time and v; is
the noise of the measurement.

The random variables w; and v, are assumed to have zero cross-correlation with each other
and white with Gaussian probability distributions. As such:

pw) ~ N(0,0) (3.11)
p(vi) ~ N(O,R), (3.12)

where Q, = Elw,w!] and R, = E[v,v!] are process noise covariance and measurement

noise covariance matrices respectively that are not necessarily constant throughout the
process.
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If x;, € R" is defined as a priori state estimate at ¢ based on the process at t — 1, and
x;” € R" is defined as a posteriori state estimate at ¢ based on the measurement z;, a priori
error (e, ) and posteriori estimate error (e,+ ) are:

e, = X;—X; (3.13)
e = x—x, (3.14)

with a priori estimate error covariance (P; ) and posteriori estimate error covariance (P;")
defined as follow:

P, = Elee ] (3.15)

PS = Elete ). (3.16)

A posteriori state estimate (x;) can be represented as a linear combination of a priori
estimate (x, ) and a measurement residual (z; —Hx; ) as expressed in (3.17):

x" = x7 +K;(z—Hx; ). (3.17)

The aim of the Kalman filter is to find the optical gain (K) that achieves complete

agreement between x," and z; — Hx, . Substitution of (3.17) into (3.16) gives:

P/ = E[x—x")(x—x")"]
= E[(I-KH)x —x ) —Kv][I-KH)x —x ) —Kwv]]
= (I-KH)E[(x,—x )(x,—x)T|I—KH)+K,Epv K"
— (I-KH)P; (I-KH)" +K.RK!. (3.18)

Then equating the differentiation of the trace of (3.18) with respect to K; to zero, gives
the optimal gain (K;):

K; = P /H'(HP H" +R) . (3.19)

Substitution of (3.19) into (3.18) gives:
P/ = (I-KH)P,, (3.20)
which is the update equation for the error covariance matrix with optimal gain.

By substituting (3.9) into (3.15) to find P, | gives the expression to propagate the error
covariance matrix into the next time interval, r + 1:

P, = APAT +Q,
—P; = AP} AT+Q . (3.21)
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Figure 3.3 depicts the complete process of the discrete Kalman filter.
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Figure 3.3: The operation of the Kalman filter. Image from [5].
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Discrete Extended Kalman Filter Derivation [5] [89]

As described in Section 3.1.5, the discrete Kalman filter estimates the state of a discrete-
time controlled process governed by a linear stochastic difference equation. However, it
is often the case that the process to be estimated is non-linear and/or the measurement is
non-linearly related to the process as described in (3.22) and (3.23):

Xy = f(xlfhulawl‘*l)’ (322)
. = h(x,w). (3.23)

The non-linear version of the Kalman filter is known as an Extended Kalman filter (EKF).
The EKF is based on the concept that the linearised dynamics can approximately represent
the true non-linear dynamics in the local region of the operation as in (3.24) and (3.25):

X & E+AX_ —x ) +Ww, (3.24)
Z}‘i‘H(xt—xt_)‘i‘VVt, (325)

Q

%

where x and z are the actual state and measurement vectors; X and Z are the approximate
state and measurement vectors; w and v represent process and measurement noise with
zero cross-correlation with each other and white with Gaussian probability distribution;
A and W are the Jacobian matrix of partial derivatives of f with respect to x and w
respectively; and H and V are the Jacobian matrix of partial derivatives of 4 with respect
to x and v respectively.
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The derivation of discrete EKF follows the mathematical process of the discrete Kalman
filter. Figure 3.4 depicts the complete process of the discrete EKF filter.
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Figure 3.4: The operation of the Extended Kalman filter. Image from [5].

3.2 Global Navigation Satellite Systems (GNSS)

The purpose of the GNSS is to provide technical compatibility and inter-operability
between various satellite navigation systems such as GPS (United States), GLONASS
(Russia), Galileo (European Union) and Beidou (China), to be used by civilians. GNSS
architecture comprises of three segments, namely: space, control and user segments [6].

The space segment consists of a constellation of satellites intended to orbit so that at least
four satellites are available at all times across the globe. The control segment consists of
control centres that control satellites’ position, attitude and orbit; monitor broadcasting
signals and correct clock alignment and navigation message. The user segment consists
of GNSS receivers to compute the signals received from the satellites and estimate their
position and time on the globe.

3.2.1 GNSS Signals

The overview of GNSS signals are given in Table 3.1. Global Positioning Systems
(GPS), GLONASS since 2011, Galileo and Beidou signals employ the Code Division
Multiple Access (CDMA) structure while the legacy GLONASS signals remain to
employ Frequency Division Multiple Access (FDMA) structure [6].
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Table 3.1: GNSS signals [16] [17]

Constellation Carrier frequency Frequency (MHz)  Multiple access

GPS L1C/A 1575.42 CDMA
L2C 1227.6
L2P 1227.6
L5 1176.45
GLONASS L1 C/A 1598.0625-1609.3125 FDMA/CDMA
L2C 1242.9375-1251.6875
L2P 1242.9375-1251.6875
L3 0C 1202.025
Galileo E1 C/A 1575.42 CDMA
E5a C 1176.45
E5b P 1207.14
E5 AItBOC 1191.795
E6 1278.75
Beidou B1 C/A 1575.42 CDMA
B11IC/A 1575.42
B2C 1176.45
B2C 1176.45
B3 P 1207.14
E5 AItBOC 1191.795
E6 1278.75

FDMA structure divides the entire band of frequencies into multiple non-overlapping
Radio Frequency (RF) channels and each channel is allocated to a specific satellite
whereas CDMA provides an entire bandwidth to different satellites and differentiates
them by assigning unique codes to each satellite known as Pseudo Random Noise (PRN)
code. Whilst FDMA ensures signal separation, it adds complexity to the antenna and
receiver design process as well as computation of GLONASS signals [90].

3.2.2 GNSS Error Sources

GNSS errors originate from three segments of GNSS architecture involved in the
evaluation of position and time of a GNSS receiver [6]. These GNSS errors, which
originate from the segments of GNSS architecture, are classified into constellation
satellite error, signal propagation error and signal reception error [91]. Techniques to
resolve these errors can be outlined as follows [6]:

* Averaging of multiple observations at the same position;
* Modelling the error source and estimating the correction values; and

¢ Differential GNSS (most efficient method).
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GNSS constellation satellite error includes orbital position error of a satellite and satellite
clock error [91]. The former is caused by orbital perturbation; inaccuracy in the operation
of control segments and latency of ephemeris information. The latter is caused by the
satellite frequency offset, clock drift and deviation from GNSS standard time.

Figure 3.5: A diagram depicting the sources of GNSS signal propagation error.

GNSS signal propagation error includes ionospheric refraction, tropospheric refraction
and multipath error as depicted in Figure 3.5. Ionospheric refraction adds the group time
delay to a signal travelling through the ionosphere. The group time delay is proportional to
atmospheric electron density and inversely proportional to the square of electromagnetic
wave frequency as given in (3.26) [18]:

1.34 x 10°TEC
At = . , (3.26)
12
where At is the group delay time in second; TEC is the total electron content along the
signal trajectory and f is the frequency of a signal.

There exists no precise model of ionospheric refraction as it is influenced by the
randomness of solar activity, but an Ionosphere Correction Algorithm (ICA) exists for
stand-alone single-frequency GNSS receivers. ICA is expected to reduce RMS
ionospheric range error by 50% worldwide. The ICA employed by different satellite
navigation system is shown in Table 3.2.

Table 3.2: ICA employed by different satellite navigation systems [18]

Constellation ICA
Global Positioning Systems (GPS) Klobuchar
Galileo NeQuick
GLONASS DNE
Beidou BDGIM
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Tropospheric refraction adds Zenith Total Delay (ZTD), which is also known as
atmospheric delay, to a signal travelling through the troposphere. ZTD is composed of
the Zenith Hydro-static Delay (ZHD) and Zenith Wet Delay (ZWD) [92]. There are three
widely use ZTD model, namely: Saastamoinen, Hopfield and GPT2w models [93].

Multipath error is caused by the superimposition of GNSS constellation satellite signals
that reach the receiver from two or more paths, one directly from the satellite and the
others reflected from nearby obstacles such as buildings and trees [91]. The uncertainty
of the reflection makes the modelling of the multipath error complex and difficult.

A regional Satellite-Based Augmentation Systems (SBAS) can provide wide-area
correction information on GNSS constellation satellite error and GNSS signal
propagation error (excluding multipath error) to improve the GNSS accuracy and
reliability [6]. Currently, SBAS is available in USA (WAAS), Japan (MSAS), India
(GAGAN), China (SNAS), South Korea (WADGPAS) and Russia (SDCM) [94].

GNSS signal reception error includes receiver measurement error, clock error, antenna
Phase Center Offset (PCO) as well as inappropriate choice and installation of GNSS
receiver antenna [91]. GNSS User Equivalent Range Error (UERE) provide a summary
of the error budget that influences the accuracy of position acquired from GNSS and is
given in the Table 3.3.

Table 3.3: GNSS UERE [6]

Error source Error range \ Error source Error range
Satellite clock error +2 m Multipath +1m
Satellite orbit error +2.5m Receiver error +0.3m
Ionospheric delays +5m 3or C/A +6.7m
Tropospheric delays +0.5m 3or P(Y) +6.0 m

The geometric arrangement of satellites seen by the receiver also influences the accuracy
of calculated position and time. Dilution of Precision (DOP) is the metric used to
represent the effect of satellite geometry on a receiver position error numerically [6].
DOP is explained in Appendix C with more details.

3.2.3 GPS Observation Model

A differential GNSS (DGNSS), the most efficient technique to improve the GNSS
performance, is based on the understanding of the GNSS measurement model. DGNSS
can be implemented geometry-free or geometry-based. Geometry-free model refers to
the computation of position using a combination of measurements from different
frequency bands whilst the geometry-based model uses the geometry between multiple
receivers.
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Due to the limitations and constraints of the project, the implementation of multi-band
differential GNSS using multi-constellations was out of the scope of this project.
Therefore, the DGNSS technique is limited to single-frequency geometry-based and
only Global Positioning Systems (GPS) (L1) measurement model is given in Section
3.2.3. Notations used for single and differential observation models are taken from [7]).

GNSS Satellites

Rover station(s) receive
4| anss signals, apply
corrections and determine

its time and position
precisely.

Base station location is
known precisely. E

3 Base station determines
range errors based on Base station transmits range Rover
received GNSS signals correction information to rover Station(s)
station(s). For real-time kinematic
(RTK), typically over a radio link

Bass
Station

Figure 3.6: A diagram of typical differential GNSS system. Image from [6].

Geometry-based DGNSS technique involves a base station and one or more rover
station(s) as shown in Figure 3.6 [6]. A base station refers to a GNSS receiver which acts
as a stationary reference point with a known position. A rover station refers to a GNSS
receiver with unknown position and requires correction information from a base station
to evaluate its precise position.

Receiver Independent Exchange Format (RINEX) (a geodetic data interchange format for
raw satellite navigation system data) observation and navigation files are assembled from
raw GNSS measurements. Observables include time and PRNs per epoch and, depending
on the receiver, observables include all or some of the following information for each PRN
of corresponding epoch: code (P), carrier-phase (®), Doppler (D) and signal strength
(SNR) [95].
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For a particular epoch, GPS time is the receiver time of the received signals and it is
identical for code, carrier-phase, Doppler and signal strength measurements. GPS code
measurement is mathematically modelled as follows [96]:

P = pitc(dt,—dT))+by—B + I+ T +mi + €, (3.27)

where P! is the code measurement of receiver u in meters on frequency i signal; p is the
true geometric range between satellite on frequency i and antenna of receiver u (see Figure
3.7) in meters; c is the speed of light; dt, and dT' are the clock errors of the receiver u and
satellite on frequency i respectively with reference to the GPS standard time; b, and B!
are hardware delays of the receiver u and satellite on frequency i respectively in meters;
I! is the ionospheric delay in meters; T is the tropospheric delay in meters; m!, is the
multipath error in meters and € is the unmodelled error in meters.

ERGED

sigmal

mllii

Figure 3.7: A diagram depicting how the true geometric range between a satellite and a receiver
is related to the satellite and receiver clocks.

Received | Transmitied

sigmad

Carrier-phase measurement is a reading of a carrier beat signal (B(¢)) where GPS carrier
signal (G(t)) from the satellite is multiplied with the receiver’s own replica carrier signal
(R(t)). This in turn is equal to the difference in phase between the replica signal and the
GPS signal as expressed by (3.28), providing a direct measurement on the duration it took
for a signal to travel from a satellite to a receiver [7]:

®p(1) = Brt) —BG(1): (3.28)

Signal

Phase

Figure 3.8: A diagram explaining the concept of phase where the shadowed dotted signal depicts
the ambiguity in the phase of the signal. Image from [7].
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The underlying challenge in the processing of a carrier-phase observable lies in the
concept of phase. Based on a close analogy to the clock, phase is an angle of rotation in
units of cycles and it can be defined as the angle through which a needle has rotated
around the center of the circle at any given time ¢ as shown in Figure 3.8 [7]. As such the
phase is intimately connected with the concept of clock time. The utility of the clock
time depends on the constancy of the frequency in units of cycles per second. Therefore,
by the definition clock time is defined as:

D(t) — Py

T = fo

(3.29)

Following above definition of phase and clock time, exactly the same carrier-phase
observable will be measured with an arbitrary integer number of cycles added to the
phase of a carrier beat signal as expressed by (3.30). Consequently, this arbitrary integer
number of cycles known as a phase ambiguity (N) must be estimated as well.

Qp(1)+N = Pp(r)
— Dp(r) — DG(1). (3.30)

GPS carrier-phase measurement is mathematically modelled as follows [96]:
& = plye(dt,—dT)+b,—B —I. +T! +mi +€ —AN!, (3.31)

where @ is the carrier-phase measurement of receiver u in meters on frequency i signal; A
is the wavelength of a frequency i signal and N! is the phase ambiguity which is the integer
number (N € Z) representing the carrier-phase cycle between satellite on frequency i and
receiver u at the start of tracking.

GPS Doppler measurement infers information about the change in frequency of the signal
wave due to the movement of its source, the satellite, relative to the receiver and it is
mathematically modelled as follows [96]:

Di = pitc(dty—dT)—I+T +mi +el, (3.32)
where D!, is the Doppler measurement of receiver u in meters/second on frequency i

signal; P/ is the true geometric range rate between satellite on frequency i and antenna of

receiver u in meters/second; dt, and dT' are the clock error rate of the receiver u and
satellite on frequency i respectively with reference to GPS standard time; I’ is the
ionospheric delay rate in meters/second; T is the tropospheric delay rate in
meters/second.
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3.2.4 GPS Single Differenced (SD) Observation Model

Signal propagation error is a spatially and temporally correlated error. Therefore, it is
valid to assume that time-synchronised observables from a base receiver and rover
receiver(s) are exposed to identical signal propagation error [96]. The SD observation
model for GPS code and carrier-phase are:

AP, = PP

AP+ cAdtyy + Aby, + Aml, , + Ag,, . (3.33)
A, = @]
= Apl,+cAdty,+Ab,,+Am), , +Agl, — AAN} . (3.34)

sarellite (i)

receiver (1)

receiver (v)

Tr

Earth
center

Figure 3.9: The geometry of the GPS SD observable [8].

The relative position vector is found from the geometry of the SD measurement shown
in Figure 3.9. Using the relative position vector (r, ) and the unit vector in the direction
of the satellite on frequency i (1%), the difference in the distances from the receiver u and
receiver r to the satellite on frequency i (Ap[;,) can be expressed as:

ApL, = —1ry, (3.35)
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Therefore, the error-less relationship between the navigational position and GPS SD
observation model for code and carrier-phase can be expressed by (3.36) and (3.37)
respectively [8]:

AP!] [—11]
AP? —12

. = . Ty (336)
AP, 17 ]
AD] ] [—1!] AN},
AD?2 —12 AN?,

. = -ru’r—l ? (337)
AP, | —1i AN},

The SD observation model can be used for precise positioning where Ap,ir, Asli,, and
AN,i’r for both code and carrier-phase of frequency i signal are estimated using statistical
techniques such as the Kalman filter (see Section 3.1.5). However, due to the estimation
of a number of differential errors such as Adt,, ,, Ab, , and Amih . the estimated SD carrier-
phase ambiguity is likely to be a float value instead of an integer value [97].

3.2.5 GPS Double Differenced (DD) Observation Model

Under the condition that both base and rover receivers are from the same manufacturer,
their receiver clock error and hardware delay can be assumed to be approximately the
same [96]. The DD observation model for GPS code and carrier-phase are:

VAP)Y = AP, —AP},

= VApiK+VAmk + VAei (3.38)
VA = A, —AD),
= VApIK+VAmE + VAEK — AVANLE. (3.39)
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Figure 3.10: The geometry of the GPS DD observable [8].

Similar to the GPS SD observation model, the error-less relationship between the
navigational position and GPS DD observation model for code and carrier-phase is
found based on the geometry shown in Figure 3.10. The relationship for code and
carrier-phase is expressed by (3.40) and (3.41) respectively [8]:

1,k - 7
Mo I
VAPu;r . _(lr_lr) r (3.40)
VAPLY ] |~ (1, -15)
VAD,Y] [— (11 —15)] VAN, ¥
VAD, —(12 1% VAN;Y
. NG _ ( r. r) Fur ) . u,r (341)
VADE | —(1;-1%) VAN

L — 3
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3.2.6 Least Squares Ambiguity Decorrelation Adjustment
(LAMBDA) Method

Correct estimation of the Double Differenced (DD) carrier-phase ambiguities (N) is vital
for a precise GNSS navigation. This is because an incorrect estimation of N by 1 can
result in a 19.05¢m positional error. Consequently, researchers have robust methods to
determine the number of integers, namely: Cascading Integer Resolution (CIR), Three
Carrier Ambiguity Resolution (TCAR) and Least Squares Ambiguity Decorrelation
Adjustment (LAMBDA) [98].

CIR and TCAR methods are distinct from the LAMBDA method because they are based
on a geometry-free model requiring three-bands whilst LAMBDA supports both
geometry-free and geometry-based models [19]. Conceptual comparison between the

three methods is given in Table 3.4. Due to the use of single-frequency geometry-based
DGNSS technique, only the LAMBDA method will be discussed.

Table 3.4: Summary of the comparison of the CIR, TCAR and LAMBDA conducted by Teunissen
et al. [19]

Method | Model Ambiguity Estimator algorithm
transformation
CIR Geometry-free pre-defined Pair-wise

modernised GPS based on frequencies Bootstrapping
(L1, L2 and L5)

TCAR Geometry-free pre-defined Pair-wise
Galileo based on frequencies Bootstrapping
(E1, ESa, E5Sb)

LAMBDA | Geometry-free or determined based on Integer LS

geometry-based observation scenario
GNSS model based on entire model

The LAMBDA method is aimed at finding an optimal integer to meet the following
condition [99]:
d = mineg(@—2)70 1 a—z2), (3.42)

aa

where d is the estimated ambiguity float solution, Q4 is the noise covariance of @ with
zero cross-correlation and ¢ is the corresponding LAMBDA solution.
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Re-paramaetrisation of the ambiguities by means of the Z-transformation is necessary
to reduce the search time as well as the high correlation between the ambiguity vector
elements and poor precision of these elements [100]. Thus, (3.42) becomes:

F(z) = (¢-2705'(2—2) <x withzeZ, (3.43)

where the positive constant ¥ determines the size of the search ellipsoid. Based on the
algorithm to determine the size of the search ellipsoid ()), the LAMBDA method is
classified into ”search by enumeration” and “search by shrinking” methods [100].

Simply put, LAMBDA optimally finds the nearest integer solution given a float solution
but this does not necessarily mean an improvement in precision. Therefore, acceptance
testing must be conducted to decide whether to accept or reject the LAMBDA solution.

Currently, there exists acceptance testing based on the concept of Integer Aperture (IA)
estimation [101]. An IA estimator makes a decision to accept or to reject based on [101]:

ifaecQ
i o= o hactz (3.44)
a, ifta¢Q

where  is the integer acceptance region (fixed solution) and its complement is the integer
rejection region (floating solution). However, as can be deduced from (3.44), the 1A
estimator does not ensure correctness of the integer estimation where the estimated integer
ambiguity is the true integer ambiguity [101].
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Chapter 4

Methodology

This project entails two challenges to meet the aim of the research as described in Section
1.2. The first is the development of an array of time-synchronised sensors to collect
IMU measurements and raw GPS observables from each limb segment and the second is
the implementation of the state estimation algorithm to reconstruct the motion using the
measurements during the measurement update. This chapter provides the outline of the
design and implementation process as well as the validation procedures that were taken.

4.1 Project Requirements and Specifications

The design process began with the investigation of the relevant literature on MOCAP
systems. The literature review was carried out in three phases namely: initial, systemic
and empirical literature review, mainly using the database of Google Scholar, Institute
of Electrical and Electronics Engineers (IEEE) and National Center for Biotechnology
Information (NCBI).

The initial literature review was aimed at obtaining a basic understanding on MOCAP
systems to recognise keywords to be used in the systemic literature review. The following
keywords were recognised: MOCAP, method, review, novel, hybrid, fusion, kinematic,
kinetic, ground reaction force, torque, Kalman, DGNSS, GNSS, GPS and RTK. The search
was limited to literature in English and some literature was obtained through the citations
of the literature found during the initial search.

Based on the systemic review, the project aim, limitations and constraints of the project
were realised and design guidelines were established. Thereafter, user requirements and
functional requirements of the fusion MOCAP system were identified and the system
overview was developed.
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The empirical literature review was conducted to evaluate the feasibility of the functional
requirements and to discover the learning required to develop and implement the fusion
MOCAP system. The empirical literature review also involved a number of meetings with
the stakeholders: distributors, manufacturers, project sponsors and supervisor to obtain
the unequivocal technical specifications for the array of time-synchronised sensors.

Based on the requirements and specifications, acceptance testing procedures were
prepared for the array of time-synchronised sensors and evaluation criteria were
prepared to evaluate the performance of the state estimation algorithm. The acceptance
testing procedures were prepared in stages from fundamental to advanced features.

4.2 Device Development

|

System . le > Hardware Software System Integration Testing
Functionality Requirements Requirements

Rescarch «—> Rescarch

Design: Design: Module Integration Testing
2 > g €
Component Selection. Tool-chain Selection

Prototype:

Modular <€« Modular Coding

Prototype:

Semien <> System Coding —> Hardware & Software Integration

Schematic Capture

PCB Routing  €—> E-Testing

Figure 4.1: The co-development process followed during the development of the device which
includes a base station and a time-synchronised sensor array. Red represents the hardware
development; yellow, the firmware development and orange, the hardware-firmware integrated
systems.

The development of an array of time-synchronised sensors involved hardware and
firmware development that progressed concurrently as shown in Figure 4.1. The
hardware, firmware and hardware-firmware integrated systems are represented by red,
yellow and orange shades respectively. This style of co-development eased the
verification of the hardware and firmware integration during validation stage, despite
them being different in nature and having different requirements and constraints.

The hardware development process was an iterative process involving the realisation of
the hardware technical specifications and constraints; research on feasible solutions;
component selection; proof-of-concept prototyping; verification of the built prototype;
schematic capture; PCB design and integration with software as shown in Figure 4.1.
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Similar to the hardware development process, the firmware development process was also
an iterative and incremental process involving realisation of firmware specifications and
constraints; an empirical literature review on feasible architecture; definition of tasks and
task sequence; selection of run-time and middle-ware; coding and implementation on the
hardware. A bottom-up style of programming was adapted to ensure the modularity of
the design.

As a proof of concept, a working prototype was built by assembling the evaluation and
discovery boards of selected components. A prototype that was proven to work was
necessary as only one PCB design was fabricated due to the limited budget. One the
performance of the prototype was verified, it was used to capture schematics and the
PCB was routed using Altium Designer 18 [102].

Altium Designer 18 [102] was once again used to output an assembly file and Gerber files
including signal, overlay, paste mask and solder mask layers. Gerber files were sent to
Trax Interconnect (PTY) LTD and Barracuda Holdings (PTY) LTD to fabricate the PCB
and stencil respectively. Components were placed by Barracuda Holdings (PTY) LTD
based on the provided assembly file. Then, an electronic test (E-test) was conducted by
Barracuda Holdings (PTY) LTD to detect any unintended open circuits and shorts that
were created during the assembly process.
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Figure 4.2: The testing procedure followed the assessment of the developed device. The
procedure progressed from the most fundamental to most advanced feature.

As previously stated, the assessment of the device progressed from the most fundamental
feature (voltage regulation) to the most advanced feature (time-synchronisation) as shown
in Figure 4.2. The testing procedure with this pyramid structure allowed precise and
rapid identification of the source(s) of the bug(s) during the debugging process. Certain
hardware and firmware bugs were removed by making modifications to the firmware and
hardware respectively, as such solutions were time and cost efficient.
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As can be seen from Figure 4.2, the testing of the time-synchronisation only took place
when it was confirmed that every sensor unit functioned as per the developed technical
specifications. This reduced the number of possible source(s) of the bug(s) if the latency
in time-synchronisation was evaluated to be longer than 1% of the lowest sampling period.
The complete acceptance testing procedure is documented in Table D.5 Appendix D.

During the testing of the device, the laboratory instruments such as a microscope,
soldering iron, power supply, active oscilloscope, multimeter and logic analyser were
used during the process. The ST-Link debugger and utility were used to communicate
with the processor since the chosen processor was of the STM32 series. The firmware
was 1nitially developed in C programming language on 7rueSTUDIO [103] environment
but moved to STM32 IDE [104] due to the change in the market trend.

4.3 State Estimation Algorithm Development

A top-down approach was adapted to decompose the system into large-scale sub-systems
and manageable tasks. This approach provided insights into each task and eased the
debugging process by adding modularity into the system. The state estimation algorithm
involved three sub-systems, namely: calibration, data fusion and tuning. These
sub-systems were developed sequentially.

With a limited project time, it was decided that the development of the geometry-based
single-frequency DGPS from the ground up in conjunction with the development of the
array of time-synchronised sensors was out of the scope of this project. Consequently,
libraries from an open-source software package goGPS (MATLAB) [105] were imported
and the state estimation algorithm was developed in MATLAB [106].

Figure 4.3: A photo of the mechanical rig during the data acquisition.
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Figure 4.4: A photo of the Maxon brush-less EC motor driving the bevel gear array to Contitech
M2 timing belt pulley.

Figure 4.5: A photo of the belt driven output shaft and the belt driven encoder with 1:1 ratio.

A commercial outdoor MOCAP system was not available to use as a reference to validate
the system, therefore a mechanical rig shown in Figure 4.3 was built for system validation.
The mechanical rig was designed to rotate a circular platform mounted on the rig. It was
made out of a Maxon brush-less EC motor, motor controller, planetary gearbox, bevel
gearbox, belt-driven shafts and an encoder as shown in Figure 4.4 and Figure 4.5.

Note that in Figure 4.3, the output shaft was belt-driven approximately 1.2m away from
the input-shaft and the system rested on a non-metallic platform to avoid saturation due
to the soft and hard iron interference caused by the use of the brush-less EC motor and
a near metallic object respectively. The distance between the input-shaft and the output-
shaft was determined through trial-and-error process. During the process, the distance
was incremented by 0.1m (starting from 0.5m) until the magnetometer measurements
from the system were not saturated with the motor running.
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The incremental encoder was connected to the output shaft via a belt with 1:1 ratio and
measured the relative angle of the output shaft as shown in Figure 4.5. The relative angular
position obtained from an encoder! with the resolution of 1024 pulse /rev was coupled to
the base station measurements to synchronise its measurement with the sensor array.

Belt \
EC motor !

- Q 8—a’

Controller

B Base Rotating platform

Figure 4.6: A diagram depicting the layout of the device during data acquisition.

The developed device was used during the data acquisition to collect the raw GPS
observables from the base station (named B) as well as the IMU measurements and raw
GPS observables from the two time-synchronised sensors (named S| and S,). S; and S»
were mounted on the circular platform on the mechanical rig as shown in Figure 4.6.
During the testing, S remained stationary whilst the S, rotated around the z-axis of the
S1. The motion of §; relative to 1 was aimed at simulating a motion of a limb segment
about its joint with one degree of freedom.

Angular velocity of the belt driven output shaft
T T T

dPhi/dt [rad/s]

1 1 1
0 50 100 150 200 250 300
Time [s]

Figure 4.7: A plot of the angular velocity of the belt-driven output shaft read by the encoder
during data acquisition.
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The research aimed to develop an outdoor MOCAP system that was able to track the
steady-state locomotion (a walking) and transient locomotion (a near-instantaneous stop
and turn). Therefore, the belt-driven output shaft began or stopped rotation abruptly
during the experiment as shown in Figure 4.7.

The peak angular velocity of the belt-driven output shaft (= 3rad/s) was chosen based
on the anatomical study conducted by Hudson et al. [107] and Wilson et al. [44] on the
fastest terrestrial megafauna, the cheetah (acinonyx jubatus). An acinonyx jubatus was
observed to have a peak angular velocity of £2rad /s and an additional 50% margin was

added to this number in order to stress and test the boundary of the developed fusion
MOCAP system.
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angular velocity
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Change direction [——
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End logging and Stop

—>» END
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Figure 4.8: A flow diagram depicting the operation of the mechanical rig. The motor only
accepts the command to initiate the logging once the base station has been successfully locked
to a minimum six satellites. The user of the mechanical rig is given four tactile switches to control
the rotational motion of the output shaft.
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Figure 4.8 depicts the operation of the mechanical rig. The following test procedure was
developed and followed during the testing conducted using the mechanical rig:

Turn on the base station (B).
* Begin surveying the ECEF coordinates of the base (B).

* Wait until the standard deviation of the surveyed ECEF coordinates of the base (B)
reach 1m as recommended in [108].

* Turn on the mechanical rig.

e Turn on the time-synchronised sensors (S and S»).

* Begin data logging on both the mechanical rig and the sensors.

e Perform instantaneous turns and stops.

* Stop data logging on both the mechanical rig and the sensors.

* Shut down all devices.
In order to evaluate the developed fusion MOCAP system and to compare its performance
to the existing inertial and fusion MOCAP systems, three state estimation algorithms were
developed, namely: MEMS-IMU, DGPS/MEMS-IMU single-receiver and DGPS/MEMS-

IMU multi-receiver. These state estimation algorithms are similar in all respects except
for their measurement inputs as shown in Figure 4.9.

T5 .t

State Estimation Algorithm

(a) A state estimation algorithm which only receives the IMU measurements
from both S; and S;. To enable comparison of this algorithm to the other
state estimation algorithms, which received raw GPS observables, the ECEF
coordinates of the S; at# = 0 is given to comprehend the estimated Euler angles
to global positions.

Figure 4.9a depicts a state estimation algorithm that imitates the existing inertial
MOCAP system. Figure 4.9b depicts a state estimation algorithm which imitates the
fusion MOCAP system of Supej [47]. Figure 4.9c depicts a state estimation algorithm
which was intended for the developed fusion MOCAP system and was influenced by the
algorithm in Figure 4.9b. Two of the research questions mentioned in Chapter 1 were
answered based on the comparison of these three algorithms. In order to keep the
comparison between the above-mentioned three state estimation algorithms, the process
and measurement covariances were kept constant throughout the comparison.
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State Estimation Algorithm

(b) A state estimation algorithm which receives the IMU measurements from
both S; and S; as well as the raw GPS observables from §;.

State Estimation Algorithm

(c) A state estimation algorithm for the developed fusion MOCAP system
which receives the IMU measurements and the raw GPS observables from
both S; and S5.

Figure 4.9: Three state estimation algorithms that are developed in order to evaluate the
performance of the developed fusion MOCAP system in comparison to the existing inertial and
fusion MOCAP systems.

The research question: Does integration of GPS or DGPS improve the applicability
and/or performance of the traditional MEMS-IMU MOCAP system?, was answered by
comparing the performance of the MEMS-IMU MOCAP system in Figure 4.9a to the
performance of the DGPS/MEMS-IMU single-receiver MOCAP system in Figure 4.9b.

The research question: Is it possible to achieve the positional accuracy of the existing
commercial MOCAP systems using a DGPS/MEMS-IMU integrated fusion MOCAP
system?, mentioned in Chapter 1, was answered by comparing the performance of the
DGPS/MEMS-IMU single-receiver MOCAP system in Figure 4.9b to the performance of
the existing commercial MOCAP systems.

The research question: Is integration of DGPS on each limb segment beneficial
compared to the MEMS-IMU MOCAP system with a single DGPS?, mentioned in
Chapter 1, was answered by comparing the performance of the DGPS/MEMS-IMU
single-receiver MOCAP system in Figure 4.9b to the performance of the developed
fusion MOCAP system (DGPS/MEMS-IMU multi-receiver) in Figure 4.9c.

The time-synchronised surveyed position of S and encoder measurements were used as
the reference to quantify and validate the performance of the state estimation algorithm
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and hence the fusion MOCAP system. The following cost function was used to compare
the developed system against the reference:

_ i/ZZ":l (ﬁfilter - ﬁencoder)z

m

, 4.1)

where m is the number of samples and f is the kinematic information of interest along
an axis (/). The kinematic information of interest can be a linear position (r;), angular
position (6;), linear velocity (v;) or an angular velocity (®;). Therefore, the evaluation of
the estimated N-dimensional kinematic information was conducted using the following
extended cost function:

C(Nx1) = (4.2)

o </2T1 (Efilter(NX 1) — Bencoder(NX 1))2

m
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Chapter 5

Fusion MOCAP System

This chapter aims to provide descriptions of the fusion MOCAP system to be developed.
A meticulous system overview is a necessity to prepare well-defined technical
specifications in order to reduce the number of design iterations. Design iterations are
time-consuming and costly by nature and a reduction in the number of iterations was
critical for the project as there was limitations on the project budget and time.

Prior to the establishment of the system overview, design guidelines were established to
promote consistent design practice and to reduce the number of design iterations. Design
guidelines refer to a list of principles and standards that must be applied and considered
when making design decisions. Once the design guidelines were established, user
requirements and functional requirements were defined. Finally, the system overview
was established.

5.1 Design Guidelines

Modularisation of the system architecture decreases the complexity of the system and
facilitates the ability to respond to future requirement changes with less effort.
Furthermore, modularisation of the system into functional groups highlights the flexible
platform(s) within the architecture that are likely to change by external factors over time
and will require more attention then the others [109].
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Error robustness in human-system interaction is critical to provide a comfortable
environment for the end-users [110]. It is aimed at permitting errors and providing a
platform to undo the erroneous behaviour of the system instead of designing a perfect
system with no errors. According to [110] and [111], the following attributes must be
attained to develop a modular system architecture with error robustness:

* Communality: re-usability of the functions and modules at a higher hierarchy of
the system;

* Combinability: modularisation of the system configuration process for system
expansion and change;

* Function binding: one-to-one and many-to-one mapping between functions and
modules;

* Reversibility: recovery or return to previous status or operation;

* Interface standardisation: physical standardisation of the system input and output
interfaces;

* Decoupling: weaker binding strength between the modules in comparison to the
internal binding between the components of a module;

* Input limitation: limited user inputs which reduce possible error cases.

5.2 User Requirements

User requirements, listed in Table D.1 in Appendix D, describe the needs of the user and
activities that the user performs on and with the system. As previously stated in Section
1.2, the user seeks a system that provides them with the kinematic quantities of the steady-
state and transient locomotion of a terrestrial megafauna outside a controlled laboratory
environment.

As per Section 1.3, the system does not include a strapped-down mechanism while limited
to 6 hours of data acquisition time and post-processing. Additionally, outdoor is assumed
to be in dry conditions at a temperature ranging between —20 °C and 60 °C and sea-
level air pressure ranging between 870 hPa and 1100 hPa which corresponds to the lowest
and highest temperature experienced in Africa and sea level air pressure of the world
respectively [112].

Consequently, the user needs a portable device that records for at least 6 hours and outputs
direct and/or indirect measurements of the motion of a subject in an outdoor environment
that is less restrictive than the controlled laboratory condition. The user must be able
to interact with the device to begin and stop the data acquisition procedure and must be
notified of any erroneous behaviours. Once the measurements are obtained, the user needs
a software that post-processes the measurements and outputs the kinematic quantities of
the captured motion of a terrestrial megafauna based on statistical techniques.
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5.3 Functional Requirements

Functional requirements, listed in Table D.2 in Appendix D, define the functionalities of
a system or its components. To ensure device portability and encourage modularisation
of the system as per the design guidelines, the device shall be complete and independent.
The minimum and maximum operating temperature of the device shall further be rated at
—20 °C and 60 °C respectively.

The direct and/or indirect measurements of motion were chosen to be IMU measurements
and raw GPS observables (see Chapters 2 and 3). Therefore, the device shall read and
record these measurements from each limb segment at the rate that ensures no loss of
motion information. The data from each limb segments shall be time-synchronised to
avoid inaccuracy from latency.

The device shall provide the user with two tactile switches to signal the start and end
of the data acquisition process as well as visual feedback on the status of the device.
Additionally, to accommodate MOCAP without a pre-defined kinematic chain, the system
shall not limit the number of limb segments the user can track. It must also last for a
minimum of 6 hours.

The post-processing software shall accept and comprehend the measurements from the
device and feed them into the state estimation algorithm. This algorithm requires the
kinematic chain and noise covariance matrices. Upon completion of the post-processing,
the software shall output a file which contains information for the user to quantitatively
analyse the motion as well as the performance of the algorithm.

5.4 System Overview

Figure 5.1 depicts the concept of the fusion MOCAP system to be developed, including
system architectures, file formats, user inputs and outputs. In Figure 5.1, arrows indicate
the flow of information where green is managed by the developer; red by the user and
black by third parties such as space and control segments of the GNSS system that are not
controlled by the developer or user.
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Figure 5.1: A diagram depicting the overall system of the proposed fusion MOCAP system. The
proposed system consists of the device and the software. The device consists of a base station
and a time-synchronised sensor array. The software is responsible for estimation of the kinematic
information of the captured motion using the indirect measurements of motion collected by the
device.

As can be seen from Figure 5.1, the system consists of two parts, namely the device
and the software. The device refers to an array of time-synchronised sensors that are
responsible for data acquisition and the software refers to the state estimation algorithm
that is responsible for post-processing and reconstruction of 3D motion.

Every individual sensor is capable of outputting a binary file (.bin) containing IMU
measurements and raw GPS observables. Each measurement is stamped with the time of
acquisition with reference to the standard GPS time for time-synchronisation. By
avoiding the use of wireless WPAN, the number of sensors in the array is unlimited.
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By disabling the IMU and locating a sensor at a known position as a stationary reference
point, a sensor is capable of performing the role of the base station to implement DGPS
otherwise it performs the role of the rover. This ensures communality, combinability and
function binding within the system.

User inputs are limited to two digital input signals to a sensor: start and end commands for
the data acquisition process. The status of a sensor is shown by means of visual feedback.
Upon completion of the data acquisition process, the user transfers the binary files to a
main processor and provides an initialisation file (. in1i) to the state estimation algorithm.

An initialisation file lists the path to the binary file(s) (.bin) and binary data container
format file (. mat). The binary file(s) is named according to the kinematic chain of the
captured limb segment(s) and contains the indirect measurements of motion collected
during the experiment. The binary data container format file contains the process and
measurement noise covariance matrices of each sensor. By giving the user write and read
access to the initialisation file, the user is allowed to exclude measurements and decouple
certain limb segment(s) from the kinematic chain effortlessly.

The state estimation algorithm is designed to pre-process the measurements; initialise the
Kalman filter using the kinematic chain and covariance matrices provided by the user; and
compute the kinematic quantities of the steady-state and transient locomotion by means
of the Kalman filter and LAMBDA. Finally, it outputs a binary data container format
file (.mat) containing predicted and estimated states; process and measurement noise
covariances; priori and posteriori error covariances; residuals; carrier ambiguity floating
and fixed solutions for every epoch.
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Chapter 6

Sensor Development

This chapter aims to justify the decisions made during the development of the device for
the fusion MOCAP system described in Chapter 5. Accordingly, it documents the
realisation of the technical specifications and constraints; component procurement;
prototype assembly; firmware development; schematic capture; PCB routing; testing and
results.

6.1 Hardware Technical Specifications

In accordance with the system overview in Section 5.4 in Chapter 5, every sensor shall
be an independent unit to encourage a lack of hierarchy amongst the array of
time-synchronised sensors. The definition of outdoor stated in Section 5.2 in Chapter 5
places constraints on the temperature rating of the electronic components during the
component procurement process.

Considering the constraints on the operating temperature, the use of FR4 composite
material in the PCB was advised. This is because the FR4 composite material is the most
common material for multi-layer PCBs with strict requirements for mechanical strength
and has an operating temperature ranging from —50 °C and +110 °C.

The device is responsible for collecting the time-synchronised sets of IMU
measurements and raw GPS observables. Considering the broad range of subjects (a
family of a terrestrial megafauna), the IMU shall have measurement ranges and sampling
frequencies to avoid or minimise measurement saturation. Additionally, a loss of GPS
signals must be avoided or minimised by careful selection of a GPS receiver and a GPS
antenna.

56



6.1.1 IMU

The minimum threshold for the IMU measurement range was based on the anatomical
study conducted by Hudson et al. [107] and Wilson et al. [44] on the fastest terrestrial
megafauna, the cheetah (acinonyx jubatus). In [107] and [44], an acinonyx jubatus was
observed to have a peak lateral acceleration of +2¢g and femur and tibia angular velocity
of +2rad/s.

Consequently with an additional 100% design margin, a minimum range of +4g and
+4rad/s are required for a 3-axis accelerometer and a 3-axis gyroscope respectively.
Although a 3-axis magnetometer is intended to measure the direction of the Earth
magnetic field whose magnitude ranges from 25u7 and 65uT [113], the magnetometer
measurement range shall be far greater (> 1000uT) to account for hard and soft magnets
in the vicinity of the 3-axis magnetometer in order to avoid saturation.

Furthermore, no studies have investigated the optimal sampling frequency for a
strapped-down inertial MOCAP system. However, it has been shown that a lower
sampling frequency results in less accurate reconstruction of the motion [114]. The
femur and tibia of the cheetah are modelled as a simple rigid body rotating about a fixed
point at 2rad/s to find the minimum sampling frequency threshold for a 3-axis
gyroscope. The minimum sampling frequency threshold for the 3-axis accelerometer
was assumed to be the same as the 3-axis gyroscope.

20
fminimum = round(?>, (6.1)

where € is the accuracy in degree and a factor of 2 is required to satisfy the Nyquist
theorem.

As per (6.1), the minimum sampling frequency of ~ 600Hz is required to achieve the
same accuracy as the commercial Xsens inertial MOCAP system (£0.5°). A 3-axis
magnetometer inherently has a low sampling rate typically ranging between 10Hz to
20Hz [82]. However, this is not a problem as the role of a 3-axis magnetometer
measurement is to correct the inherent drift in a 3-axis accelerometer and a 3-axis
gyroscope during attitude estimation.

6.1.2 GPS Receiver and Antenna

A GPS receiver has two critical requirements. It must output raw GPS observables for
civil GPS L1 band (see Table 3.1 in Chapter 3) and have a Pulse per Second (PPS) pin to
be used for time-synchronisation. Other than these requirements, there was a preference
for a receiver that outputs Signal-to-Noise Ratio (SNR) observable and includes an
on-chip Surface Acoustic Wave (SAW) band-pass filter, Low-Noise Amplifier (LNA)
and an internal Oven Controlled Crystal Oscillator (OCXO) instead of Temperature
Compensated Crystal Oscillator (TCXO) for the following reasons.
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As previously mentioned in Chapters 3 and 5, a Kalman filter requires measurement
noise covariance. However, the assumption of constant measurement noise covariance is
not optimal for the DGPS positioning filter because the quality of the final position
depends on both the measurements accuracy and the satellite geometry [96]. Therefore,
the availability of raw GPS SNR observable is beneficial to the implementation of a
Kalman-based post-processed DGPS because the relationship between the noise
covariance and the SNR observables has been observed in [115].

A SAW band-pass filter is necessary to selectively receive the signals within a certain
range of frequencies and ignore signals at unwanted frequencies. In conjunction with a
LNA, the SNR and sensitivity of the receiver are optimised. By choosing a receiver with
the internal SAW and LNA, the schematics and PCB routing can be simplified.

An OCXO is known to have better frequency and temperature stability over a TCXO
but it is typically included in high-end receivers that is larger in size, higher in power
consumption and more costly [96]. Therefore, this was not a strict requirement as the
project was limited by budget to low-cost receivers.

To decide on a type of antenna, one passive patch antenna (7aoglas FXP.611) and one
active patch antenna (Titan AA.105.301111) was connected to each Ublox NEO-MST
receiver and positioned stationary, 10cm apart. Raw GPS observables were then
collected. Since the quality of the DGPS depends on the measurements accuracy and the
satellite geometry as stated above and explained in Chapter 3, a number of satellites, raw
GPS SNR observables and a DD code and carrier-phase residual from the two different
systems (one with the passive patch antenna and the other with the active patch antenna)
were compared.

No. of code observables No. of code and phase observables
10000 10000

Mlpassive antenna [llpassive antenna|
9000 Mlactive antenna 9000
8000 - 8000 -
7000 - 7000 -
6000 6000
5000 - 5000 -
4000 - 4000 -
3000 3000
2000 - 2000 -

1000 1 1000 1

0 I I ) 0 I )
0 5 10 15 20 0 5 10 15 20

Number of observables Number of observables

Figure 6.1: Two histograms comparing the number of raw GPS observables collected from an
active and a passive antenna. On the right is the histogram of the number of raw GPS code
observables. On the left is the histogram of the number of raw GPS code observables consisting
of both code and carrier-phase observables.
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As it can be clearly seen from Figure 6.1, a receiver with an active antenna can see a
higher number of satellites throughout the data acquisition. Most importantly, it is clear
that a receiver with a passive antenna has less epoch with both code and carrier-phase
observables, making it not optimal to implement DGPS.
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Figure 6.2: A histogram comparing the mean GPS SNR observables per epoch seen by an active
and a passive antenna.

Figure 6.2 shows the histogram of the mean SNR per epoch seen by the two receivers.
A receiver with an active antenna has a far better signal strength through out the data
acquisition. The relationship between the noise covariance and SNR observable in [115]
infers that an active antenna is less susceptible to noise during data acquisition.
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Figure 6.3: A plot comparing the DD code (left) carrier-phase (right) residuals from the raw GPS
observables collected by an active and a passive antenna.

Finally, in Figure 6.3, the DD code and carrier-phase residuals from two receivers are
plotted. A receiver with a passive antenna contains more unstable and greater residuals
implying that it is less immune to multipath and unmodelled errors. Therefore, an active
antenna was chosen.
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In [116], a L1 frequency-band GPS active antenna is recommended to have a low noise
figure (< 1.5dB), a low level of sensitivity and a high gain (> 4dBic) for the optimal
performance. However, an active antenna gain is recommended not to exceed 40dB but
also not lower than 5dB since lower overall gain improves the immunity to interference
although the higher gain offers better signal strength and sensitivity [117].

6.1.3 External Memory

Apart from reading from IMU and GPS, every individual sensors are also responsible
for storing the time-synchronised IMU measurements and raw GPS observables onto an
external memory for post-processing. Therefore, an individual sensor requires a non-
volatile memory that is chosen carefully to avoid data loss.

Table 6.1 summarises the size of a data packet, maximum Output Data Rate (ODR) and
corresponding bit rate required to transfer the data acquired at a maximum ODR.
According to Table 6.1 and with an additional 50% design margin, a sensor requires a
non-volatile memory that has a transfer rate faster than ~ 67.5kB/s and capacity greater
than ~ 1.5GB to hold the IMU measurements and raw GPS observables from a 6 hour
tracking session.

Table 6.1: Summary of the measurement message characteristics of the chosen GPS receiver and

MEMS-IMU
Part number Message ODR,,.uximum Size Rate
NEO-MS8T [117] Observation data 10 Hz ~ 1000B  10.0kB/s
Navigation data 4 Hz ~ 1000B  4.0kB/s
1 Hz Time-stamp 2020 Hz 32bit  8.08kB/s
10 kHz Time-stamp 2020 Hz 32bit  8.08kB/s
BMXO055 [14] Accelerometer ID 1000 Hz 8bit 1.0kB/s
Accelerometer x-axis 1000 Hz 12bit 1.5kB/s
Accelerometer y-axis 1000 Hz 12bit 1.5kB/s
Accelerometer z-axis 1000 Hz 12bit 1.5kB/s
Temperature 1000 Hz 8bit 1.0kB/s
Gyroscope ID 1000 Hz 8bit 1.0kB/s
Gyroscope x-axis 1000 Hz 16bit 2.0kB/s
Gyroscope y-axis 1000 Hz 16bit 2.0kB/s
Gyroscope z-axis 1000 Hz 16bit 2.0kB/s
Magnetometer ID 20 Hz 8bit 1.0kB/s
Magnetometer x-axis 20 Hz 13bit 32.5B/s
Magnetometer y-axis 20 Hz 13bit 32.5B/s
Magnetometer z-axis 20 Hz 15bit 37.5B/s
Magnetometer R-hall 20 Hz 14bit 35.0B/s
Total ~ 45kB/s
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6.1.4 Processor

All the components discussed above cannot operate without a processor. A processor is
required to supervise and manage the reading of measurements and observables from IMU
and GPS respectively and saving them onto a non-volatile memory. Therefore, a processor
shall have a clock speed and internal peripherals to communicate with the chosen external
peripherals (IMU, GPS receiver and non-volatile memory). Furthermore, it shall contain
Read Access Memory (RAM) that is far greater than 135kB (see Table 6.1) to enable the
sensor to continue to operate even with 3s of backlogged data. 3s refers to the time given
to the processor to detect the fault and reset the main stream tasks.

6.1.5 Power Source

Table 6.2 summarises the electrical ratings of the significant components. For a
worst-case scenario where these components are operating at 3.3 V and drawing their
maximum current simultaneously, ~ 1080mW is dissipated. = Therefore, with an
additional 50% design margin and assuming a 85% efficiency and cycle-life factor, a
sensor requires a battery with ~ 2000mA#h capacity or larger and a discharging rate of
~ 500mA or greater. This will facilitate a minimum operating time of 6 hours.

Table 6.2: Summary of the electrical characteristics of the chosen GPS, MEMS-IMU and the
processor

Part number Parameter Min Typ Max Unit

NEO-MST [117] Supply voltage 27 3.0 3.6 Vv
Supply voltage (USB) 3.0 33 3.6 Vv

Supply current (GPS only) - 25 67 mA

Supply current (multi-constellation) - 32 67 mA
BMXO055 [14] Supply voltage 24 30 3.6 Vv
Supply voltage (I/0) 1.2 24 36 Vv

Supply current (accelerometer) - - 130 uA

Supply current (gyroscope) - - 5 mA
Supply current (magnetometer) 0.170 0.8 20 mA

STM32F407 [118] Supply voltage 2.4 - 3.6 Vv
Supply current (source) - - 240 mA
Supply current (sink) - - 240 mA
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The characteristics of the four most commonly used rechargeable batteries that meet
temperature specifications are outlined in Table 6.3. Based on the comparison, a Li-ion
battery was preferred as it does not require regular maintenance; has the highest energy
density; the largest number of cycles; low internal resistance and low self-discharge
percentage per month. However, the use of lithium batteries places a challenge on the
use, storage and handling. This is because lithium-ion batteries are fire-hazards if
thermal runaway occurs [20].

Table 6.3: Summary of the characteristics of the commonly used rechargeable batteries, namely:
NiCd, NiMH, lead acid and Li-ion [20]

Description NiCd NiMH lead Li-ion
Energy density (Wh/kg) [45 : 80] (60 : 120] (30 : 50] [110: 160]
Internal resistance (Q) [100:200]  [200:300] < 100 [150 : 250]
Cycle life 1500 [300:500]  [200:300]  [500 : 1000]
Overcharge tolerance moderate low high very low
Self-discharge per month ~ 20% 30% 5% 10%
Operating temp. (°C) [—40:+60] [-20:+460] [-20:+60] [-20:+60]
Maintenance req. (days) (30 : 60] (60 : 90] [900: 1800]  not req.
Cost per cycle (USD) 0.04 0.12 0.10 0.14

Thermal runaway refers to a rapid self-heating from an internal exothermic chemical
reaction caused by internal manufacturing deficiencies, overheating, mechanical abuse
(such as puncture) and electrical abuse (such as overcharging and short circuits) [119].
Therefore, an accurate fuel-gauge and shut-down system with low power consumption
are necessary to monitor the State-of-Charge (SoC) continuously during operation and
shut down the sensor unit if necessary.

Voltage regulation is mandatory in electronics design. The voltage regulator must regulate
the input voltage down to 3.3 V and must be capable of sourcing 500mA with output noise
less than 50mV to ensure optimal performance of the STM32F407 [118]. It shall also have
a drop-out voltage less than 0.6V at maximum current output to ensure components do
not reset due to low power.

Needless to say, the voltage regulator’s minimum input voltage must be lower than the
battery voltage (Vpar) whilst the maximum input voltage shall be greater than the Vgar.
A voltage regulator with low noise, bias current, voltage variation and quiescent current
was preferred. Table D.3 in Appendix D lists the complete hardware specifications for
each sensor unit.
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6.2 Component Procurement

As mentioned previously in Section 1.3, the electronics component distributors were
limited to Digi-key, Mouser Electronics, RF Design and RS Components ZA. The
components must meet the technical specifications (Table D.3 in Appendix D) as well as
the following non-functional requirements:

* Status of component;

* Reliable and responsive manufacturer;

* Presence of manufacturer’s technical support;

* Presence of developers’ community;

* Availability of development or evaluation boards;

* Availability of typical application or reference schematics and layout;

* Availability of tools and accessories required for procurement and usage;

* Availability of required passive components;

* Distributor’s minimum order quantity of a unit;

* Tolerable requirement of Custom Clearance Declaration (CCD); and

* Minimal learning required for future developers.
BMXO055 [14], BMX160 [120], ICM20948 [9], LSM9DSITR [121] and MPU9250 [10]
are found to satisfy the technical specifications for an IMU as well as the
above-mentioned non-functional requirements. Consequently, communication interface,

noise spectral density, features and reference schematic were compared (See Table E.2 in
Appendix E).

The above-mentioned components provide two types of communication interfaces: Inter
Integrated Circuit (IC) and Serial Peripheral Interface (SPI). I>C uses a clock frequency
ranging between 100kHz and 400kHz whilst SPI uses a clock frequency ranging
between 1MHz and 10MHz. Considering the tasks which a processor must manage
(such as reading and storing the IMU measurements acquired at high sampling
frequency (> 600Hz) and the raw GPS observables of unknown size), the SPI
communication interface was preferred over I>C because of its higher data transfer rate.
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Figure 6.4: A block diagram of the internal structure of the ICM20948 [9] and the MPU9250 [10].

Figure 6.4 is the internal block diagram of the ICM20948 and MPU9250. As it is
highlighted with red, the magnetometer is designed to communicate on Inter Integrated
Circuit (I?C) bus and requires the use of a serial interface bypass multiplexer to

communicate via Serial Peripheral Interface (SPI), compromising the advantage of the
SPI interface. Consequently, /ICM20948 and MPU9250 were not selected.

Finally, amongst the BMX055, BMX160 and LSM9DSITR, the BMX055 was chosen as it
is more immune to noise and has external interrupt lines available to indicate the
availability of new data, motion detection, low-g, high-g and more. This will provide a
platform for future development if motion detection features are to be integrated into the
Sensor.

Restricted by the RF Design', the NEO-MS8T was chosen since it was the only available
GPS receiver that met both technical specifications and non-functional requirements at the
time of development [117]. In accordance with the antenna technical specifications and
recommendations made by U-blox, a Titan AA.105.301111 active antenna was selected
[12].

'RF component distributor
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There exists two common types of non-volatile storage for continuous read and write
operations at 3.3V: Electrically Erasable Programmable Read-Only Memory (EEPROM)
and flash. EEPROM is intended for storage of less than 4Mb that is continuously erased
and written. On the other hand, flash is intended for storage up to 256Mb and has an
inflexible write sequence with a typical minimum sector size of a page (4096B). Both
EEPROM and flash are not completely feasible owing to their storage size and write
sequence respectively.

Consequently, the microSD card was chosen. It is a flash based memory card capable
of communicating with a micro-controller via Secure Digital Input Output (SDIO) or
SPI and meets security, capacity and performance inherent in audio and video electronic
devices. As such, it is a portable non-volatile memory with the capacity varying from
2GB up to 1287 B with a bus speed varying from 2MB/s up to 985MB /s depending on its
type and class with a typical minimum sector size of 512B.

The STM32 micro-controller series from STMicroelectronics was favoured due to the
author’s familiarity with the chip. STMicroelectronics offers four categories of 32-bit
micro-controllers: wireless, ultra-low power, mainstream and high performance. The
following micro-controllers are found to meet the technical specifications: STM32LA4,
STM32F2, STM32F4, STM32F7 and STM32H?7.

Table 6.4 compares the processor core type, Central Processing Unit (CPU) clock
frequency (FCPU), flash memory and RAM memory size of the STM32F2, STM32F4,
STM32F7, STM32H7 and STM32L4. From the comparison, it can be seen that the
STM32F?2 series has less than the required 135kB RAM whilst the STM32F4, STM32F7,
STM32H7 and STM32L4 series have far greater than the required 135kB RAM.
Therefore, the STM32F4 series is most optimal in terms of RAM size. Due to the
availability of the STM32F407VGT6 discovery board and vast resources available within
the STMicroelectronics developers’ community, the STM32F407VGT6 was chosen.

Table 6.4: Summary of the high-performance STM32 series alternatives for a sensor [21]

Description STM32F2  STM32F4 STM32F7 STM32H7 STM32L4

Processor Cortex-M3  Cortex-M4  Cortex-M7  Cortex-M7  Cortex-M4
FCPU <120MHz < 180MHz <216MHz <480MHz < 120MH?
Flash < 1Mbyte < 2Mbyte < 2Mbyte  <2Mbyte < 2Mbyte
SRAM < 128Kbyte < 384Kbyte < S512Kbyte < IMbyte < 640Kbyte

Finally, the 18650 Li-po battery with an external protection circuit attachment was
chosen for its availability and advantages whilst preventing over-charge and discharge.
The choice of voltage regulator, TLV2217, and fuel gauge, MAX17043 are based on the
recommendations given in [122] and [123].
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6.3 Prototype: Mitigation of Data Loss

A prototype was assembled using the BMX055 shuttle board [124], C94-M8P set [125],
STM32F4 discovery board [126] and microSD card break-out board. The MAX17043
evaluation board was not included in the prototype because it was unavailable. The
purpose of the prototype was to examine the need for modifications to the technical
specifications prior to the final schematic capture.

Using the prototype, the BMXO055 new-data interrupt feature was pre-examined.
According to [14], an external interrupt line outputs a signal which toggles at a
configured sampling frequency when a new-data interrupt is mapped to an external
interrupt line. However, this feature was not ideal as shown in Figure 6.5.

1100w 2 1004/ 10.008 500 08/

Figure 6.5: An oscilloscope screenshot of the new-data interrupt signals from a 3-axis
accelerometer (yellow) and 3-axis gyroscope (green) of the BMX055 while configured to sample at
1kHz. As it can be seen the frequency of the new-data interrupt signals from a 3-axis accelerometer
(yellow) and 3-axis gyroscope (green) of the BMX055 are not exactly 1kHz but instead 1009.8Hz
and 955.3Hz respectively.

In Figure 6.5, channel one (yellow) and two (green) were the new-data interrupt outputs
from the accelerometer and gyroscope of the BMX055 whose sampling frequency was
configured to be 1kHz respectively. However, the new-data interrupt outputs from both
the accelerometer and gyroscope of the BMX055 did not toggle at 1kHz exactly despite
the configuration. Instead, the new-data interrupt signals were observed to have +0.6%
tolerance.

The +£0.6% tolerance translates to a total loss of 129600 IMU measurements during 6
hours of motion tracking when the BMX055 was configured to 1kHz sampling frequency.
This, in turn, resulted in 129.6s of misalignment between IMU measurements and raw

GPS observables. This was unacceptable to achieve the accuracy of the commercial
MOCAP systems.
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Consequently, a timer set to 10kHz was used to count the number of clock cycles
between each measurement to remove the assumption that the new-data interrupt line
toggles exactly at the configured sampling frequency. Furthermore, a High Speed
External (HSE) clock with £0.01% tolerance is used as the processor clock source
because the STM32F407VGT internal High Speed Internal (HSI) 16MHz RC oscillator
has [—8 : 4.5]% tolerance which translates to =[—5 : 2.8]ns error per cycle, that is +28s
cumulative error every hour.

Data corruption occurred while a buffer with known values was continuously saved onto
a microSD card using the SDIO interface. The SDIO lines were probed under both 1-bit
and 4-bit mode but no bug was found. Then, several microSD cards with different speed
ratings were used in the attempt to rectify the problem, such as the speed class of 2, 4,
6 and 10 as well as the UHS speed class of 1 and 3. However, the data corruption was
observed across all. Furthermore, the data corruption only occurred on the SDIO interface
but not on the SPI interface. Due to limited time, the microSD card was interfaced with
the processor via SPI.

Data loss was observed after data corruption was mitigated. The data loss was found to
be caused by an unexpected delay during a write sequence to the microSD card. This
delay in turn caused the shortage of the memory buffer that was used to store the acquired
measurements temporarily before logging. Due to the shortage of the memory buffer,
overflow occurred and new data was written over the old data which was not logged onto
the microSD card. To find the appropriate size of the memory buffer, several processing
and response times were measured as shown in Table 6.5.

Table 6.5: Summary of the processing and response time measured from the built prototype

Description Time  Processor Sample size
Average time taken to:
read a packet of GPS raw observables 8.5ms DMA 30000
initialise and configure BMX055 259.9ms CPU 15
read a packet of 3-axis accelerometer data 24.4us  CPU 55534
read a packet of 3-axis gyroscope data 23.8us  CPU 55039
read a packet of 3-axis magnetometer data 28.8us  CPU 1110
fill a 512B buffer 143ms  CPU 111683
fill a 1024B buffer 28.6ms  CPU 111683
fill a 2048B buffer 57.2ms  CPU 111683
log 512B onto microSD card 3.7ms DMA 4863
log 1024B onto microSD card 4. Tms DMA 2430
log 2048B onto microSD card 6.4ms DMA 1210
Maximum time taken to:
log 512B onto microSD card 81.7ms  DMA 4863
log 1024B onto microSD card 221.6ms DMA 2430
log 2048B onto microSD card 322.1ms DMA 1210
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As can be observed from the difference in the average and maximum time taken to log
512B, 1024B and 2048B from Table 6.5, a write sequence to the microSD card suffers
from an unexpected delay whose duration is proportional to the size of the bytes being
logged. This implied that a buffer, capable of holding measurements, read for longer than
the observed maximum delay is necessary to avoid data loss.

Based on the observed average time taken to read each measurement and the average time
taken for those measurements to fill a buffer of size 512B, 1024B and 2048B, a circular
buffer composed of seven 2048B sectors was implemented for the IMU measurements.
Additionally, a circular buffer composed of three 1024B sectors was implemented for the
raw GPS observables. Figure 6.6 shows the complete circular buffer scheme that was
employed.

Inertial Measurement Circular Buffer System Navigational Measurement Circular Buffer System

Sector 0
(1024B) 4.7 ms ~

221.6 ms
108.5 ms
Sector 4

(2048B) ‘ |:|= busy being written |:|: busy getting full

Sector 5

(2048B) ‘ |:|: full, waiting to be written

Sector 6
(2043B) ‘ ‘ R

Sector 0

(2048B) R

6.4 ms ~
Sector 1 322.1 ms
(2048B) R
Sector 2 F
(2048B)
Sector 3 £ 372 ms

(2048B)

Sector 1
(1024B)

ww‘qw

Sector 2
(1024B)

= being written onto microSD R |= next to be written onto microSD

: buffer being filled F |= next buffer to be filled

Figure 6.6: A diagram depicting the circular buffer scheme to store backlogged MEMS-IMU
measurements and raw GPS observables temporarily. Each block represents a sector of a buffer.
A sector shaded blue represents a sector being written onto the microSD card; the red represents a
backlogged sector that needs to be written onto the microSD card; and yellow represents a sector
that is being written with new incoming measurements.

The IMU measurement circular buffer system in Figure 6.6 depicts the situation where
sector 0 is being written onto microSD card whilst sector 3 is being filled. This indicates
that the delay has occurred while writing sector O onto the microSD card since sector 1
and sector 2 are backlogged and waiting to be written onto the microSD card. Since the
average time to fill 2048B buffer by BM X055 is 7 times faster than the average time to save
2048B buffer onto microSD card (See Table 6.5), a minimum of 7 sectors are required.
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The raw GPS observable circular buffer system in Figure 6.6 depicts the situation where
sector 0 is being written onto microSD card whilst sector 2 is being filled. This too
indicates that the delay has occurred similar to the above IMU measurement scenario
depicted in Figure 6.6. Since the average Universal Asynchronous Receiver/Transmitter
(UART) active time due to NEO-MST is 2 times faster than the average time to save 10248
buffer onto microSD card (See Table 6.5), a minimum of 3 sectors are required.

6.4 Firmware Specifications

Firmware is aimed at providing the low-level control for the specific hardware
components on a sensor unit. This low-level control involves the following tasks:

Establishment of communication between the processor and sensing components;

Configuration of the sensing components to meet the minimum specifications
described in Table D.3 in Appendix D;

* Management of the user-system interaction as described in Section 5.4;

Data transfer from sensing components to processor;

Storage of inertial and navigational information in a chosen non-volatile memory;

Realisation of the system attributes.

Summary of the firmware specifications is given in Table D.4 in Appendix D.
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6.5 Firmware Development
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Figure 6.7: A flowchart depicting the operation of the main thread of the firmware.

Figure 6.7 depicts the flow of the main thread which is the designated entry point of the
program. As depicted in Figure 6.7, the main thread is responsible for the initialisation
and management of tasks based on the user input and output as well as handling errors.

6.5.1 Navigational Information

The challenge in reading the raw GPS observables from the UART-TX line of the

|

End

Tnput =
end logging
o

No

Log all buffer on
waiting list

—> End

NEO-MST exists because the number of bytes to be received is unknown.

because the message size expands/shortens with an increase/decrease in the number of
satellites seen by the GPS receiver. The STM32 series provides different modes of UART
reception, namely: polling, interrupt, Direct Memory Access (DMA) and interrupt with

DMA modes [127].
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Polling mode is easy to implement but it is not feasible for embedded systems with
multiple tasks to handle because the CPU is dedicated for the UART reception task to
ensure no data is loss. Polling mode can be improved by employing a Real-Time
Operating System (RTOS) but due to the high demand for the buffer, and hence memory
resources, it is not suitable for this project.

The interrupt mode allows the CPU to switch between the main stream task(s) and the
UART reception task(s) (Interrupt Service Routine (ISR)) based on the status of the UART
bus. This mode is not feasible for receiving bursts of data because the ISR is executed for
every received byte, stalling the CPU.

The DMA mode transfers data from the UART RX data register to the dedicated memory
on the hardware level without CPU interaction. The drawbacks of DMA mode is that the
number of bytes to be received must be known in advance. Therefore, the UART reception
that receives bursts of data of unknown size requires the integration of the interrupt and
DMA mode.

UART IDLE R UART IDLE

. . DMATC
interrupt triggered interrupt triggered

| l

Acknowledge interrupt

Logging

Acknowledge interrupt

Logging

interrupt triggered

|

Acknowledge interrupt

Logging
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Proceed to main —>»  Proceed to main —>»  Proceed to main

Force trigger read bytes = B
i3y gl Update scctor

UARTRXDMA TC [€— sector size - r— aiting list -«
interrupt DMA counter: B

Begin MEM2MEM

L in UL
DMA Begin UART RX DMA

Figure 6.8: A flowchart depicting the operation of the ISR threads to implement efficient UART
reception. The yellow arrows represent the direction of the consequential ISR triggered due to an
acknowledgement of a specific ISR or a clearance of a specific flag.

To implement efficient UART reception of bursts of data of unknown size, the following is
required: UART idle interrupt, peripheral-to-memory DMA, memory-to-memory DMA
and DMA transfer complete interrupt as shown in Figure 6.8.
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The peripheral-to-memory UART-RX DMA is responsible for transmitting data from the
UART data register to the dedicated memory space. The UART idle interrupt is triggered
when the end of incoming transmission is detected. When the UART idle interrupt is
triggered, it forces the completion of the UART-RX DMA by clearing all the status flags.
As aresult, the DMA transfer complete interrupt is triggered and the memory-to-memory
DMA is initiated to back-up and ensure no data loss. Once the back-up is completed, the
UART-RX DMA is once again initiated for the next navigational data packet.

6.5.2 Inertial Measurements
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Figure 6.9: A flowchart depicting the operation of the ISR triggered by the new-data interrupt
signals from the BMXO055.
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As mentioned in Section 6.2 and Section 6.3, the BMX055 offers external interrupt lines
which toggle as a new measurement becomes available for acquisition. The use of
new-data interrupt lines on the accelerometer, gyroscope and magnetometer will ensure
minimal latency in acquisition time between internal Analogue to Digital Converter
(ADC) and data acquisition via SPI. Figure 6.9 is the flowchart of ISR threads
implemented for efficient BMX055 data acquisition.

6.5.3 Storage

An open-source generic FAT/exFAT File System (FATFS) middle-ware developed by
ChaN [128] is employed. It is designed for small embedded systems and completely
separate from the disk I/O layer for compatibility [128]. FATFS is responsible for data
management on the storage device such as Multi Media Card (MMC), SD Small
Capacity (SDSC) and SD High Capacity (SDHC) as well as maintenance of Basic
Input/Output System (BIOS) and Basic Parameter Block (BPB) in the boot sector.

6.6 Schematic Capture

Schematics are captured based on the data-sheets ( [117] [14] [118] [129] [12] [130]),
hardware integration manuals ( [116] [122]), a software integration manual ( [127]) and
evaluation board support-archives ( [125] [131]). Universal Serial Bus (USB) interface is
added to configure the NEO-MS8T using the U-blox u-center software package as it was
found to be the most convenient method during prototyping.

To aid the debugging and validation process, nodes that are entry points for supply voltage
and communication interface lines are designed to be modular using a Surface Mount
Device (SMD) jumper and 0L resistor. The detailed pin assignments between the micro-
controller and external peripherals are listed in Table F.1 in Appendix F. Full schematic
is also available in Appendix F.

6.7 Printed Circuit Board (PCB) Design

Electronic components are sensitive to Electrostatic Discharge (ESD) and
Electromagnetic Interference (EMI). As a result, the random device resets and burn-outs
may occur without successfully implementing the protection of the system against ESD
and EMI. This is always the case for a PCB with high-frequency and high-speed signal
traces and any electronics based on Metal Oxide Semiconductor (MOS) technology.
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ESD refers to the momentary and sudden electric current that flows between two objects
of different electrical potential due to direct contact or electrostatic field induction. EMI
refers to the disturbance caused by the electrostatic coupling or conduction due to the
presence of an external source. High frequency refers to a RF signal with a carrier
frequency that is higher than 1 MHz. High speed refers to a signal whose path delay is
far greater than the signal rise and fall time, where path delay can be evaluated by the
signal trace length and its characteristic voltage propagation speed.

The performance of the system protection against an ESD and EMI is influenced by the
PCB design, requiring great care during the design process. The following aspects of the
PCB design are regarded as significant and are discussed hereafter:

PCB shape and size

PCB material and stack

PCB zoning (floor planning)

The grounding schemes optimisation

The style of the corners and vias

The signal traces

The design rule

6.7.1 PCB Shape and Weight

The weight of the fusion MOCAP system is limited to a maximum of 5% of the body
weight of the host in accordance with the weight guideline in [132]. In other words, a
sensor unit is designed to weigh less than 100g to be able to mount a maximum of 20
sensor units on the lightest megafauna animal. Consequently, the PCB board made out of
the FR4 substrate is limited to a volume of 4-10cm>.

The shape of the PCB depends on the maximum weight allowance as well as the
circumference of the smallest limb segment of a smallest megafauna animal, genus Pan.
This places very tight shape and size restrictions on the PCB design. Because only one
PCB design was allowed to be fabricated and the fusion MOCAP system was intended to
be validated on a mechanical rig only, strict restrictions on the shape and weight were
reduced. Finally, it was designed to resemble the shape of the STM32F4 discovery board
for familiarity during testing and the debugging process.
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6.7.2 PCB Material and Stack

As briefly discussed in Section 6.1, the FR4 substrate was chosen. FR4 is more easily
available than the other substrate materials because it is commonly used in
industrial-quality devices. A ceramic substrate was considered because of its higher
thermal conductivity and low frequency loss [133], but was not available at the time of
fabrication. As the development and testing were limited to dry-conditions, the moisture
absorption of the board material was not considered.

In accordance with the recommendations in [134], a four-layer stack was chosen. Multi-
layer boards have several advantages over single- and double-layer boards. It allows better
grounding, easy routing and distributed capacitance thus achieving high frequency noise
reduction and better EMI rejection.

To maximise the advantages of a multi-layer board, the order of the layers was critical.
Shielding on the bottom and top planes is compromised since the signals are exposed
[133]. Therefore, a 4-layer board with two external signal layers and two internal power
and ground planes was laid out. By placing the ground planes internally, the signal traces
can be probed and modified easily during the debugging process.

6.7.3 PCB Board Zoning (Floor Planning)

The definition of the location of components based on the component priority and signal
property is known as board zoning. To prevent pollution of signal traces from ESD and
EMI, high-frequency and high-speed signals were placed in the vicinity of the power
management circuitry for shortest current return path and strong grounds [135].
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USB
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Micro-controller
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Figure 6.10: A simple diagram depicting the proposed board zoning of a sensor unit.
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Consequently, as shown in Figure 6.10, the GPS receiver and the micro-controller were
placed in close vicinity to the voltage regulator. The voltage regulator was placed near
the entry point of the power source [135]. As advised in [135], an HSE oscillator and
an IMU were placed away from the analogue components, low-speed signal sources and
connectors. All connectors and external wires were placed on the edge of the PCB as
recommended in [134] to keep ESD susceptible circuitry away from them.

6.7.4 Grounding Scheme

A ground plane is the return path for the current that flows out from the source to a point,
completing a current loop. The density of the return current is the highest directly over
or under the signal trace it is sourced from because it has the lowest impedance. If the
density of the return current is high near the reference point (the ground), it induces noise
that propagates throughout the signal that flows in the circuit with the same reference
point [136].

The use of a four-layer board with a stitched ground between the top and bottom planes (as
shown inside a blue box in Figure 6.11) allows routing of an optimal ground return path
underneath the signal traces [135] and minimises the parasitic inductance as well as the
difference in EMI radiation between the signal traces. Therefore, a controlled impedance
ground or power trace is not placed to reduce the impedance of the ground plane of the
PCB [134].

Figure 6.11: A picture of a top layer of the PCB. The region outlined by blue line contains a
stitched ground and the signal trace pointed by an green arrow has a rounded corner.

Noise is induced when a current spike is generated with a change in the signal state. For
this reason, an analogue ground is known to be less noisy than a digital ground because
the magnitude of the spike is proportional to the magnitude of the signal change [135].
Consequently, analogue and digital grounds are separated and connected at a single point.
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6.7.5 Corners and Vias

Efield [Vim]
' s 8 kV ESD Strike 8 kV ESD Strike 8 kV ESD Strike
43k v =

Figure 6.12: An image from [11] showing the difference in emission during an 8kV ESD striking
event for a 90°, 45° and rounded corner types. The 90° corner has a significant emission in
comparison to the rounded corner.

It is best to ahve a straight-line shortest-path traces. If corners are inevitable, 45° corners
are acceptable. Rounded corners must be applied when corners are necessary on high-
frequency signal traces (as pointed out by a green arrow in Figure 6.11). Right-angled
corners must be avoided because the are known to be a strong source of EMI and right-
angle routing to component pins are found to cause permanent damage [11] as it can be
seen from Figure 6.12.

6.7.6 Signal Traces

Noise is induced between parallel traces when capacitive and inductive cross-talk
occur [135]. A rising edge on the source causes a rising edge on the casualty in
capacitive coupling whereas the change in electrical potential on the source causes an
opposite change on the casualty in inductive coupling.

The amount of noise induced on the casualty is proportional to the parallel distance as
well as the frequency and amplitude of the electrical potential change on the source, but
inversely proportional to the separation distance. Therefore, ground planes are placed
underneath the high-frequency and high-speed signal traces. Moreover, any
noise-carrying traces are kept away from non-noisy signal traces.

The length of the RF signal traces are recommended to be shorter than 1/10 of the
wavelength of the carrier signal to ensure optimal performance by the RF Design.
Consequently, the GPS signal trace is kept shorter than 3.81cm and its impedance is
matched to 50€.

The length of the signal traces of a communication interface bus was kept approximately
constant to each other to ensure the arrival of the signal at the same time. The length was
also kept shorter than the distance travelled during one rise/fall time of the clock signal at
its characteristic voltage propagation rate to prevent confusion by signal reflection.
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6.7.7 Design Rule

A design rule in electronics engineering refers to the geometric constraints imposed on
electronic components and the PCB. This ensures the design functions reliably and
produces an acceptable yield. The design rules with regard to clearance, short-circuit,
un-routed net, width, priority, via styles and more were placed due to the nature of a
signal through each track, the capabilities of Trax Interconnect (PTY) LTD and
Barracuda Holdings (PTY) LTD. Table 6.6 is the summary of Trax Interconnect (PTY)
LTD capabilities.

Table 6.6: Trax Interconnect (PTY) LTD capability summary [22]

Capabilities | Standard  Experimental
Maximum number of layers 16 24
Minimum track 100um (4mil) 75um (3mil)
Minimum gap 100pm (4mil)  75pm (3mil)

Smallest mechanically drilled holes 250pum (10mil)  200um (8mil)
Smallest mechanically drilled blind holes | 150um (6mil)  150um (6mil)

Smallest buried holes 250um (10mil)  200um (8mil)
Aspect ratio max - through holes 10:1 16:1
Aspect ratio max - blind holes 0.8:1 1:1
Drilled hole edge to copper (M/L rigids) | 250um (10mil)  175um (7mil)
Controlled Impedance +/- 10% +/- 5%

6.8 Acceptance Testing Procedure and Results

Figure 6.13: A photo of the fully assembled sensor unit.

In total eight sensors were assembled as shown in Figure 6.13 and tested progressing from
fundamental to advanced features as briefly mentioned in Chapter 4.
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6.8.1 Voltage Regulation

A stable supply voltage that does not stress above the absolute maximum ratings of the
components is essential to avoid permanent damage to the components; ensure good
functionality and maintain component reliability. Therefore, the output from the voltage
regulator was examined on an oscilloscope with its output voltage disconnected from the
rest of the circuits. The following tests were conducted sequentially:

1. Examination of the output voltage with input voltage varying from 3.8V to 4.2V;

2. Examination of the drop-out voltage with a dummy load varying from 50mA to
250mA;

3. Examination of the AC components on the output voltage.

The regulated voltage was measured at 3.27 £ 0.00645V with drop-out voltage of
0.315 £ 0.00105V and agreed with its electrical characteristics as defined in the
data-sheet. However, the output noise voltage was measured at 0.120 £ 0.0408V which
does not agree with the typical output noise voltage (500 V') given in the data-sheet.

The high output noise voltage was understood to be caused by placing the decoupling
capacitor on a different layer to the voltage regulator. In other words it was not placed
as close as possible to the voltage regulator. Therefore, an additional 100uF capacitor
was soldered directly on the voltage regulator output pin to reduce the noise to 0.040 £
0.00408V .
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Figure 6.14: An oscilloscope screenshot during the observation of the AC component in the
regulated output voltage. During the observation, the output pin of the voltage regulator was
connected to the rest of the circuit and was sourcing the STM32F407VGT, BMX055, NEO-MST
and microSD card.
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Figure 6.15: An oscilloscope screenshot during the observation of the AC component in the
regulated output voltage with an additional 220uF connected to the output pin of the voltage
regulator. The yellow signal is the regulated output voltage signal and the pink signal is the fast
Fourier transformation of the yellow signal. During the observation, the output pin of the voltage
regulator was connected to the rest of the circuit and was sourcing the STM32F407VGT, BMX0535,
NEO-MS8T and microSD card.

Unfortunately, with the rest of the circuits connected and supplied with the regulated
output voltage from the voltage regulator, the output noise resembled a saw-tooth
waveform with increased peak-to-peak AC voltage of 0.261 + 0.00410V as shown in
Figure 6.14. Consequently, the value of the additional decoupling capacitor was
increased to 220uF to reduce the noise to 0.0096 £ 0.00041V with white noise
characteristics as shown in Figure 6.15.

6.8.2 Processor Debugger, Boot, Reset and Clock Frequency

The sensor cannot function without a programmable micro-controller. It was confirmed
that the presence of the micro-controller is recognised by the S7-Link debugger and utility.
It was then confirmed that the main flash memory was selected as the boot space and the
micro-controller resets under manual reset. The stability of the micro-controller clock
frequency and the communication with the external peripherals such as the BMX055,
NEO-MS8T and microSD card were examined.

The stability of the clock frequency is critical to predict the behaviour of the
micro-controller and to ensure reliable and robust communication between the
micro-controller (the STM32F407VGT) and the other components (the BMXO055,
NEO-MS8T and microSD card). Most importantly, without a stable clock, the quality of
time and data synchronisation cannot be guaranteed. Therefore, using a Micro-controller
Clock Output (MCO) pin, HSI, HSE, Phase Locked Loop (PLL) and timer clocks were
examined.

80



50.00%/ Auto 1 5254

KEYSIGHT

rements

15 . 9MH=

1.02%

Figure 6.16: An oscilloscope screenshot during the observation of the AC component in HSI
signal from the Micro-controller Clock Output (MCO) pin of the STM32F407VGT.
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Figure 6.17: An oscilloscope screenshot during the observation of the AC component in HSE
signal from the Micro-controller Clock Output (MCO) pin of the STM32F407VGT.

The frequency of the HSI clock was measured at 15.9 +£0.516M Hz whilst the frequency
of the HSE clock was measured at 8.03 +0.131MHz as shown in Figures 6.16 and 6.17
respectively.  The frequency of the PLL clock with HSE clock source for the
STM32F407VGT is defined by (6.2) and was configured to be 84MHz by setting the M,
N and P factors to 4, 84 and 2 respectively.
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Figure 6.18: An oscilloscope screenshot during the observation of the AC component in PLL
signal from the Micro-controller Clock Output (MCO) pin of the STM32F407VGT.

Figure 6.19: An oscilloscope screenshot during the observation of the digital I/O pin of the
STM32F407VGT that was programmed to toggle at 10kHz using the internal generic timer
peripheral of the STM32F407VGT.

The frequency of the PLL clock was measured at 84.0 £2.88MHz as shown in Figure
6.18. Finally, the timer configured to overflow at 10kHz was measured at a frequency of
1002.0 +8.198H7z as shown in Figure 6.19.

fsource - N
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6.8.3 Digital I/0 Lines and the Communication Interface

The micro-controller digital I/O pins were initialised to binary input, binary output and
then analogue input modes to conduct a binary test (pass or fail). A binary test was then
conducted on the USB interface to confirm reliable communication between the NEO-
MS8T and U-blox u-center software. Each NEO-MS8T receiver was configured to output
raw GPS observables on the UART port at 115200bits/s with a sampling frequency of
10Hz. Finally, the communication interfaces were initialized and the reliability of the
communication between the micro-controller and the external peripherals were tested by:

* Reading the WHO AM I register of the IMU (that contains the pre-defined constant
value given in the data-sheet) 100 times consecutively without a single failure;

* Saving memory buffers of size 1024B and 2048B (that contain pre-defined
characters) onto the microSD card 100 times consecutively without data loss or
data corruption; and

* Reading raw GPS observables from the GPS receiver for an hour with less than 5%
conversion error to RINEX format.

Every digital I/O pin was successfully initialised and functioned under binary input,
binary output and analogue input modes. All NEO-MS8T receivers were able to be
configured using u-center software. Every sensor was observed to have reliable
communication between the micro-controller and the external peripherals.

Finally, the IMU measurements and raw GPS observables were acquired and recorded
for 600 + 48s and its output binary file size was examined. According to Table 6.1,
approximately 45kB of data was logged every second. The size of the binary file that
falls within 27.0 +4.32M B was deemed not to have a data loss problem. No sensor with
a data loss problem was found.
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6.8.4 External Peripheral

Inertial sensor: BMX055
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Figure 6.20: A scatter plot of the uncalibrated magnetometer measurements from eight fully
assembled sensor units with antenna magnets removed.

To validate the performance of the BMXO055, external restriction calibration was
conducted as follows:

* Accelerometer readings were taken while the BMX055 was positioned such that the
two axes experience zero-g while the other experiences 1-g. This was repeated so
that each axis experienced the gravitational acceleration;

* Gyroscope readings were taken while the BMX055 was positioned on a mechanical
rig so that only one of the three axes experienced known angular velocity at a time.
This was repeated so that each axis experienced the known angular velocity.

* Magnetometer readings were taken while it was rotated through all the angles to
plot a sphere centred at the origin. (Practically, due to the hard and soft iron
interference, cross-axis interference and sensor non-orthogonality, an ellipsoid
centred off the origin was produced. Therefore, an ellipsoid in the vicinity of the
origin was deemed acceptable as shown in Figure 6.20.)
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Figure 6.21: A scatter plot of the uncalibrated magnetometer measurements from two sensor
units; one with antenna magnet removed and the other without antenna magnet removed to observe
the effect of the magnet on the magnetometer measurements.

BMX055 magnetometer has a typical measurement range of +1300u7 for x- and y-axis
and +2500uT for z-axis. During the examination of the magnetometer, it was found that
the magnets inside the GPS antenna puts stress on the measurement range and increases
the possibility of data saturation as shown in Figure 6.21. Therefore the GPS antenna
magnets were removed.

Navigational sensor: NEO-MS8T

As stated before, the quality of the DGPS depends on the satellite geometry as well as the
measurement quality and the noise covariance of the measurement has been witnessed to
be related to the raw GPS SNR observable in [115].

Thus, the sensors and the NEO-MS8P evaluation board (C94-M8P) were placed as close as
possible and the raw GPS observables were read simultaneously. Then, SNR observable
values from the sensors were compared to that of the C94-M8P (under the assumption
that the C94-M8P guarantees good data quality) to examine the quality of the data from
the NEO-MST. The raw GPS SNR observables from the sensors agreed within =4dB with
the raw GPS SNR observable from the C94-M8P, requiring no debugging process.
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6.8.5 Sensor Array Time Synchronisation

Finally and most importantly, the mean delay between PPS signals from the sensors was
measured at 145.000 £ 17.0100ns as shown in Figure 6.22. This was acceptable as it met
the specification.
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Figure 6.22: An oscilloscope screenshot during the simultaneous observation of the 1Hz PPS
signals from the two sensor units. The latency between the two signals was calculated by the
oscillator to be 145.000mns.
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Chapter 7

State Estimation Algorithm
Development

The fusion MOCAP system was hypothesised to achieve commercial-level accuracy in
tracking the global trajectories of the limb segments of interest while inheriting the
advantages of the traditional inertial MOCAP system. By integrating raw GPS
observables from each limb segment of interest to the traditional inertial MOCAP
system, the fusion MOCAP system aims to provide future students, researchers and
engineers with a method to track the steady-state and transient locomotion of an animal
in an outdoor environment that is less restrictive than the controlled laboratory condition
for gait analysis.

In Chapter 6, the device was developed to obtain the IMU measurements and raw GPS
observables from each limb segment of interest. However, these measurements are
indirect measurements of motion and they must be fed into the state estimation
algorithm, along with the information on the kinematic chain of the captured limb
segment(s) as well as the process and measurement noise covariance matrices of each
sensor, to reconstruct the motion of the subject.

This chapter aims to justify the decisions made during the development of the state
estimation algorithm. Accordingly, it begins by describing the kinematic chain of the
sensor layout that was set up on the mechanical rig during the evaluation process. It
explains the architecture of the state estimation algorithm followed by the Kalman filter
design as well as the process and measurement noise covariance analysis. Finally, the
Kalman filter testing results are provided.
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7.1 Sensor Layout on the Mechanical Rig

The device, consisting of a base station and an array of time-synchronised sensors (see
Chapter 6), was used to collect the raw GPS observables from the base station (named
B) and the IMU measurements and raw GPS observables from two time-synchronised
sensors (named S| and S;). §1 was placed on the center and S, was placed on the edge
of the circular platform of the mechanical rig. This layout was aimed at simulating the
motion of a limb segment about its joint with one degree of freedom, as previously stated
(see Chapter 4).

[0 o o]
Center of Earth

Figure 7.1: A diagram depicting the kinematic relationship between the base (B) and two sensor
units (S; and S,) during data acquisition.

S1 and > were modelled as two point masses constrained by a rigid beam of length / as
shown in Figure 7.1. As previously described (see Chapter 4), S1 was positioned such
that its x-axis was aligned with the unit vector, pyg,s,, that is a vector of length 1 with the
same direction as the pg, — ps,. Consequently, the position of the S> in S;’s frame can be
expressed as:

pg = |0] . (7.1)
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7.2 State Estimation Algorithm Architecture

As previously mentioned (see Chapter 3), Kalman filters are one of the common
prediction and estimation algorithms used in the development of the inertial MOCAP
systems. It is regarded as the optimal estimator for the LQG problem which involves the
estimation of the instantaneous state of a linear dynamic system perturbed by Gaussian
white noise. Consequently, EKF was chosen which is the non-linear version of the
Kalman filter.

The EKF architecture can be classified into a loosely-coupled and a tightly-coupled
architecture. In the case of GPS/MEMS-IMU integration using a Kalman filter, a
loosely-coupled architecture uses the position obtained from the GPS and the orientation
obtained from the IMU measurements whereas a tightly-coupled architecture estimates
the position and orientation by using the IMU measurements and GPS raw observables
during the measurement update.

In the literature, the benefits of a tightly-coupled architecture are highlighted and its
accuracy is found to be better than a loosely-coupled architecture. This is expected as a
loosely-coupled architecture does not make use of the detailed error models of the GPS
and MEMS-IMU (see Chapter 3).

In [137], Falco et al. developed and compared a tightly-coupled architecture and a
loosely-coupled architecture for GNSS/Inertial Navigation System (INS) application.
The tightly-coupled architecture was found to outperform in urban areas that are known
to have a higher risk of multipath errors. It limited the positional error in the case of
GNSS receiver outage.

Nonetheless, a loosely-coupled architecture has advantages in the development process
as it provides modularity and scalability to the system, isolating the bugs to either front-
end or back-end. In [138], Zihajehzadeh et al. integrated GPS and MEMS-IMU using a
loosely-coupled Kalman filter for trajectory determination. It was found that the loosely-
coupled architecture improves computational efficiency.

The computational efficiency of a loosely-coupled architecture is expected to be more
evident with an increase in the size of the time-synchronised sensor array. Consequently,
a hybrid of a tightly-coupled and a loosely-coupled architecture is proposed for the fusion
MOCAP system.
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Figure 7.2: A block diagram of the proposed state estimation algorithm architecture.

Figure 7.2 shows a block diagram of the proposed hybrid architecture for the state
estimation algorithm that estimates the global positions of Sy (rs, (¢)) and Sy (rs,(¢)). As
it can be seen from Figure 7.2, the estimation of rs (t) and rg,(¢) are designed to be
carried out sequentially. Such cascaded EKF scheme made the state estimation algorithm
modular and scalable.

Additionally, it can be seen that the state variables and the state estimation error
covariances from the S; positioning filter are used during the time update and the
measurement update of the S, positioning filter. ~ Consequently, the kinematic
relationship between S; and S, are loosely-coupled whilst the IMU measurements and
raw GPS observables are used during the measurement update, resembling the
conventional tight-coupled GPS/MEMS-IMU Kalman filter.

In essence, the proposed hybrid architecture for the fusion MOCAP system creates a
parent (S7) and a child (S;) relationship due to loosely-coupled kinematic chain
information. A parent refers to the unconstrained point mass or a center of mass of the
rigid beam whereas a child refers to the point mass or a center of mass of the rigid beam
whose motion is constrained.

7.3 Extended Kalman filter (EKF) Design

The discrete EKF is a non-linear version of the discrete Kalman filter and considers a
discrete-time controlled process. The discrete-time controlled process is governed by a
non-linear stochastic difference equation and involves a process that is non-linear and/or
a observed measurement that is non-linearly related to the states.
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As the discrete Kalman filter considers a discrete LQG problem, the derivation of the
discrete EKF relies on the assumption that the non-linear dynamics can be represented
by the linearised dynamics. The linearisation involves assessment of the stability of an
equilibrium point of a non-linear system and is carried out via Taylor series expansion as
follows:

df

0 = F@O+ G| 0t 3 gl D g g D
~ im0+ -9). (12)

As can be seen from (7.2), the approximation is more accurate with the inclusion of
higher order terms. In [114], Lee et al. investigated the effect of the integration order
and sampling rate on the estimation accuracy. Their experimental results showed that the
effect of the integration order was small when the sampling frequency was high. However,
with a decrease in the sampling rate, the effect of the integration order was observed to
increase.

91



st I3, ,i=0 Ys

N T +

L5 t-1 R — -
| > f(zsl,t—l:“.5'|,ht) > h(le,g'ﬁu)
; :
o 1 1
- delay . |
= y 4 : + '
.g le,t ! K :
= A -
= - 5.t
g ' —/ -
2, : + Y !
& : ,- -
! 1
1 . 1
+ Fs,, ' v Hs, o
---------------- > State covariance update |<'
AA A
...................................... ! ! !
I I I
Ps 0Qs, ¢ Rs,
Us, ¢ Is, =0 Ys, 1
L5, -1 A 4 z; , A 4 _
- h(z, ,,0
> [@se-1,Us,1) > (25,4, 0)
; |
o 1 1
- delay 1 |
= y Y ! + 1
3 zt ] .
'v% Sait o:\ < K :
= St
< i + 7 !
5 - : -
! 1
1 I \
' Fs,, ' 1 Hg, ;
---------------- » State covariance update |4-'
ACA A
I I I
I I I
Ps,0Qs, ; Rs, ;

Figure 7.3: A block diagram of the operation of the EKF.

Based on [114], a higher order EKF was not investigated because the device developed in
Chapter 6 is capable of sampling inertial measurements at a frequency as high as 2kHz.
Figure 7.3 shows a diagram of the EKF. It follows the hybrid architecture proposed in
Figure 7.2 and shows the clear division between the positioning of S; (the parent) and S,
(the child).
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Figure 7.4: A block diagram of the implementation of the MEMS-IMU, DGPSMEMS-IMU
single-receiver and DGPSMEMS-IMU multi-receiver MOCAP system. Red, blue and green
lines represent the direction of the flow of information for the MEMS-IMU, DGPSMEMS-IMU
single-receiver and DGPSMEMS-IMU multi-receiver MOCAP system respectively.

The scalability of the proposed architecture and hence the clear division between the
positioning of §; and S, eased the implementations of the MEMS-IMU,
DGPSMEMS-IMU single-receiver and DGPSMEMS-IMU multi-receiver MOCAP
system. As previously mentioned in Chapter 4, these implementations were intended to
compare the performance of the proposed fusion MOCAP system! to that of inertial
MOCAP system? and the fusion MOCAP system in [47]°. It was also previously
informed in Chapter 4 that these three state estimation algorithms are only differ in their
measurement inputs as depicted in Figure 7.4.

' DGPSMEMS-IMU multi-receiver
MEMS-IMU
3DGPSMEMS-IMU single-receiver
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7.3.1 S (the Parent) Process and Measurement Models
Process Model

The S; positioning filter was aimed at estimating the ECEF coordinates of S| and its
orientation with respect to the ECEF frame. Consequently, the state variables included the

ECEF coordinates of S; (pg1 = [xgl yfgl Zgl } T); the Euler angles describing the rotation
from the body frame of §; to ENU (navigational) frame (r,s, = [¢ns1 Ops, l//nsl] T); the

rate of change of the Euler angles (#,s,); and the DD integer phase ambiguities (VANgf B
of the DD carrier-phase observables collected by S; such that:

- 4T
. , k
static: x5, = |p§, Tus; Fus VAN’S1 ’B} (7.3)
- 4T
const. velocity: x5, = |p§  P§, Tas, Fus, VAN;{< B} (7.4)
) 4T
const. acceleration: x5, = pgl pgl ﬁgl rus,  Fus, VANIST B] . (7.5)

Knowing that the ECEF coordinates of §; remained unchanged throughout the testing
procedure, the static process model (f), expressed by (7.6), was chosen to predict p; |
during the time update. Nonetheless, the constant velocity model (7.7) as well as the
constant acceleration model (7.8) were also implemented for comparison.

static: p;y1 = P¢ (7.6)
const. velocity: p;+1 = pr+pPr1-At
Pir1 = P (1.7)
const. acceleration: p;y1 = p;+pPr1-At
Pit1 = Pi+ Py At
b1 = Pr (7.8)

Because a 3-axis gyroscope measurement was used during the measurement update to
correct the transition in the estimated orientation of S with respect to the ECEF frame,
the constant angular velocity model was implemented as follows:

Tyl = Tri+Fgg- At
Fiy1 = Ty (7.9)
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The integer phase ambiguity (N!) of the carrier-phase observable represents the carrier-
phase cycle between the satellite on frequency i and the receiver u at the start of tracking
(see Chapter 3). This means that the integer phase ambiguity value remains unchanged
from the start of tracking until the occurrence of the cycle slip or the termination of the
tracking session.

A cycle slip refers to the continuous phase lock and is caused by many factors such as
atmospheric interference; low SNR; signal obstruction; power loss and more [6]. A cycle
slip is known to influence the accuracy of the carrier-phase positioning as the integer
ambiguity becomes an unknown on the occurrence of the cycle slip, requiring zeroing of
the estimated integer ambiguity for re-establishment [139]. This means that the process
model for the DD integer phase ambiguities remains the same throughout the estimation
process regardless of a cycle clip as follows so that:

VAN

ik
VAN (51.B)1°

(51,B).-+1 (7.10)

As can be seen from (7.6), (7.7), (7.8) and (7.10), the governing process model for S
positioning was linear with zero optimal control input (u;). Therefore, the process state
transition matrix (F) for x (7.3) with n number of locked satellites was:

I3.3) 03y Oxn)
static: F = 0(6><3) T O(6><n) (7.11)
ix3) Oguxe)  L(nxn)
[13x3) At-I(3.3) O@3xe) Oixn
const. velocity: F Oc3) I3 Opxe) Oaxm) (7.12)
' ' 06x3) O3 T  Opxn '
10ix3)  0(nx3)  Ouxe) L(nxn)
[13x3) At-I3.3)  03x3)  Oixe) Oixn
0i3x3)  I3x3)  Ar-Iayez) Opxe) 03y
const. acceleration: F 0ix3)  03x3) I3.3)  O@xe) O@wn | (7.13)
06x3) O3 0(6x3) T  Opxn)
10(nx3)  O(nx3) 00x3)  Opxe) L(nxn)
where: T I3.3) A .I(3X3)] .
0ix3)  I(3x3)

Because the base station (B) was positioned in the vicinity of the testing area (within 10m
in radius) and there is no direct or indirect information to approximate the initial value of
VAN;{C - the following initial states were given:

x50 = [P5 0ux3) Oixn]
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Measurement Model

S1 collected DD code observables (VAPg’f’ il‘;m), DD carrier-phase observables
(VACD’:S’f” ’;w), 3-axis accelerometer (f51), 3-axis gyroscope (a)l.SSll) and 3-axis
magnetometer (m>1). Therefore, the measurements in (7.15) were available for the use
during measurement update. The measurements in (7.15) were rarely used collectively

during the measurement update but they were updated on the availability of a
measurement because of their different measurement incoming frequencies.

.. .. T
5, = |[VAPYL VAR 5 @) m| (7.15)

The error-less relationship between the state variables and the GPS DD code and carrier-
phase observations from S (expressed by (7.16) and (7.17)) were previously found based
on the geometry (see Chapter 3):

vars) g
| | . L] - (7.16)
VAP;,l;jli;ot | = (159 _ lgivot>_

1,pivotT - i 1, pivot
v I e v

. = : -(ps, —Pg) —A S A Y
VAégﬁig”f_ |- (1} - 157 VANé’ﬁgo’

The error-less relationship between the state variables of the S; positioning filter and the
IMU measurements from S expressed by (7.18), (7.19) and (7.20) was found based on the
previously described IMU measurement models (see Chapter 3). Attitude representation
using an orthonormal rotation matrix, coordinate system and transformation are explained
in Appendix A and Appendix B.
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7= RYRI(pS, —8) (7.18)

o {0, if static or const.velocity
where: Ps, = o ) )
ps,, if const. acceleration
0 07 [dns,
(Euler 123): a)fs'l = R(¢ns;)R(6us,) | O | +R(Pus,) |Ous, |+ | O | (7.19)
Yus, 0 0
my
m’ = R |m! (7.20)
s

As can be seen from (7.16), (7.17), (7.18), (7.19) and (7.20), the measurements were
non-linearly related to the state variables (xg,). Therefore, the noiseless measurement
update matrix (H) was obtained by evaluating the Jacobian matrix (J) of the error-less
relationship between the state variables of EKF and the measurements.

7.3.2 S (the Child) Process and Measurement Models for EKF
Process Model

The S, positioning filter was also aimed at estimating the ECEF coordinates of S, and its
orientation with respect to the ECEF frame. Therefore, similar to the S; positioning filter,
the state vector included ECEF coordinates of S, (p§, ) as well as the DD integer phase

ambiguities (VANgf igm) of the DD carrier-phase observables collected by S,.

However, unlike the S| positioning filter, the state vector of the S, positioning did not
include the Euler angles describing the rotation from the body frame of S, to the ECEF
frame (r;s,). Given that r;5, can be expressed in terms of r;g, and rg,s,, the Euler angles
describing the rotation from the body frame of S to the body frame of S; (rs,s,) were
included instead as shown in (7.21) and (7.22):

. .AT
S o . i,pivot
const. velocity: x5, = [pgz rs;s, Fs;s, VAN S).B } (7.21)
i,pivot r
1 . I e 22 )
const. acceleration: x5, = [psz rs;s, Fss, Fss, VANSZ’B ] . (7.22)
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Additionally, S> was not stationary throughout the testing procedure but instead it was
rotating about the z-axis of S;. Therefore, the static process model was not implemented
but the constant velocity model (7.23) and the constant acceleration model (7.24) were
implemented and compared. The implemented process transition functions are expressed
by (7.23) and (7.24) respectively:

e M€ _ n _Si
const. velocity: ps, = TpeRg P,
rs S+l = TsS0+Fs s, 1A
FsiS0+41 = T8y (7.23)
b . e _ e
const. acceleration: pg, = TRy, pS2
rs S, i41 = rs;s,:tFss, 41 Af
F$iSpu+1 = Fsy80+Fs 5,041 A
FsiS001 = Fs8, (7.24)
,pwot

Because DD integer phase ambiguities (VAN ) remain unchanged from the start of
tracking until the cycle slip has occurred or the tracklng session is terminated, the process

transition function for VAN’SP ’I;m is the same as the VAN' s,.p Such that:

i,pivot o i,pivot
VAN(S% Byl = VAN(SL B).s (7.25)

As can be seen from (7.23), (7.24) and (7.25), the governing process model for S,
positioning included non-linearity. Therefore, the Jacobian matrix (J)of the process
model with respect to the state variables was evaluated to obtain the time update matrix
(F).

The following initial states were given:

T
const. velocity: xg, 90 = [ TpeRY pS2 0(1x3) O(1x3) 0(1><n)i| (7.26)

const. acceleration: x5, 0 = [TP;Rglp% 01x3) O(1x3) O(1x3) len} (7.27)
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Measurement Model

Similar to §j, §> collected the following measurements: DD code observables
(VAP "), DD carrier-phase observables (VA®,? %), 3-axis accelerometer (f52),

3-axis gyroscope (wl.Sszz) and 3-axis magnetometer (m52). Therefore, the measurement
vector of the S, positioning filter included:

. - . T
2 = |VAPYL VAL fs, o mg| (7.28)

The error-less relationship between the state variables of S, and its GPS DD observables
(see (7.30) and (7.31)) and IMU measurements (see (7.32),(7.33) and (7.34)) were similar
to that of §;. However, the term j)'gz was evaluated as follows:

_ n S
pS2 - TPZRSIPSQ

p§2 = Jacobian(pfgz,rSz)i‘S2
ps, = Jacobian(ps,,Fs,)Fs,. (7.29)
VAP%%VOF ——(l}g . lgz:vot)‘
VAP ,pivot _(12 _lpwot)
f27B = g . B (pg'z _p%ase) (7.30)
VAP;';I?;(”_ - (1% N llp;zvot)_
1,pivot - YOI A 1,pivot
VAL | [TUE-1T AN
; pivo :
VAq)SQ.,B _ _(lB - lB ) (pg _p% ) . A VANSQ,B (7 31)
. . 2 ase . .
VAD R | (1,157 VAN,
> = RRR(BS,—3) (7.32)
) 0 01 [
(Euler 123): CQ)I.SZ2 = R(q)nSz)R(enSz) 0 +R(¢n52) Ons, | +| O (7.33)
Vns, 0 0
m!
m® = Ry |m (7.34)
m;
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The measurements of S, were also non-linearly related to the state variables (xg,).
Therefore, Jacobian matrix (J)of the error-less relationship between the state variables
and the measurements of S, was evaluated to obtain the noiseless measurement update
matrix (H).

7.4 Covariance Tuning

In an EKF, the optimal gain (K) is evaluated using (7.35). As can be deduced from
(7.35), the accuracy of the estimated state using EKF depends not only on the accuracy
of the process and measurement models but also on the accuracy of the process (Q;)
and the measurement noise covariances (R;). Therefore, the analysis of the process and
measurement noise covariances are critical in achieving the aim of the research.

K, = P H' (HP /HT +V.RVI)™! (7.35)
where: P, = F.P,_\Fl +W.Q,_W!

7.4.1 Process Noise Covariance

The process noise represents the statistical noise within the prediction model. It is
assumed to have the Gaussian distribution model with zero cross-correlation. As can be
seen from (7.6), (7.7), (7.8), (7.23) and (7.24), the implemented process models involve
either unity relationship or a simple integral of the form:

t

y(t) = ) x(). (7.36)

n=1
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Using the law of propagation of uncertainty, the covariance propagation model for a
simple integral expressed by (7.36) can be driven as a function of the uncertainty matrix
of the variable x (U,) and a column vector of sensitivity coefficients (F) [140]:

Uy = RUF,
- J(y,X)UxJ(y,X)T

- J( Zi:lx(t),x(t)) UxJ< Zx(f)»x(f))T

= I"(IUJ)I
U. (7.37)

Consequently, the process noise covariance matrices for static, constant velocity and
constant acceleration models are expressed by (7.38), (7.39) and (7.40) respectively. It is
to be noted that these process noise covariance matrices are not valid if the integral at
time ¢ is evaluated using the integrand at time ¢, unlike the process model expressed by
(7.6), (7.7), (7.8), (7.23) and (7.24):

static: Oy = [07,] (7.38)
Az er2
const. velocity: Q; = Atg‘m 0_02 (7.39)
L Xt
[A*6z, 0 0
const. acceleration: Q; = 0 AIO'%J 0 |. (7.40)
0 0 oy,

The o2, G% and o._rz_ were decided based on the subjective observation of the system. For
instance, given S is visually observed to make a turn around the z-axis of the body
frame of S; every 2 seconds, the expected angular velocity along the z-axis of S, is
~ 3rad/s. The expected angular velocity (E[w;]) is discretised and therefore the noise
covariance (G(%)z) of the angular velocity along the z-axis of S is E[w,]*(At)>.
Unfortunately, the process covariance matrices required post-tuning because they were
based on the subjective analysis of the system.
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7.4.2 Measurement Model and Noise Covariance

The measurement noise represents the statistical noise inherent to the measurements and
it is also assumed to have the Gaussian distribution model with zero cross-correlation.
Being inherent to the developed device which includes MEMS-IMU and GPS, analysis
of IMU measurements and raw GPS observables are inevitable in order to evaluate the
measurement noise covariance (R) for the EKF.

MEMS-IMU measurement

The form of the measurement noise covariance matrices with zero cross-correlation for a
3-axis accelerometer, 3-axis gyroscope and 3-axis magnetometer is given by (7.41), (7.42)
and (7.43) respectively:

,.r O 0
accelerometer: R, = 0 Gngf 0 (7.41)
2
| 0 0 o,
(65, O 0
gyroscope: R, = 0 G(%WJ 0 (7.42)
0 0 2
= Wzz5t
(o2 , O 0
magnetometer: R, = 0 G,%lywt 0 1. (7.43)
0 0 o}
L my,,t
Ggﬂ, Gazyym ngz, Gg,xx, Gg,yy, Gg,zz, 6,121”, GHZM and an% were computed by evaluating the

variance (62) of the noise and model uncertainties along nine sensitive axes of the 9-axis
MEMS-IMUs. The noise and model uncertainties of the MEMS-IMU was isolated by
conducting temperature-biased calibration and external restriction calibration.

GPS raw observables

As previously mentioned, the quality of the DGPS depends on the satellite geometry and
the measurement quality. Unfortunately, the relationship between the satellite elevation,
raw GPS SNR observable and residual covariance are not well defined for both DD code
and DD carrier-phase observables.
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It must be further noted that the GPS antenna is designed for use in a Line-of-Sight
(LOS) condition. However, the attachment of the GPS antenna on a terrestrial
megafauna places a challenge to this and may result in a Non-Line-of-Sight (NLOS)
condition. Therefore, the analysis and modelling of the relationship between the satellite
elevation, raw GPS SNR observable and residual covariance for both DD code and DD
carrier-phase observables in LOS and NLOS conditions were carried out.

El =¥ —90°

Antenna Center of Earth

Figure 7.5: A simple diagram explaining the satellite elevation using geometry.

Satellite elevation refers to the angle between the LOS line between an antenna and a
satellite and the local horizontal plane of an antenna as shown in Figure 7.5. Itis a
well-known practice to remove the measurements from the satellites with low elevation
angle as the influence of the atmospheric errors and signal multipath are greatest on the
horizon [96].

To obtain DD code and DD carrier-phase residuals and corresponding elevation and
SNR, two time-synchronised sensors were placed as close as possible to the NEO-MSP
evaluation board (base station) and raw GPS observables were collected for both the two
sensors and the reference station. Two sensors were places as follows:

1. The z-axis of one sensor’s antenna was positioned parallel to that of the reference
station’s antenna’s z-axis;

2. The other sensor’s antenna was positioned perpendicular to that of the reference
station’s antenna’s z-axis.
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Using the known coordinates of the reference station, DD range and DD integer ambiguity
were computed. These were then subtracted from the DD code and DD carrier-phase
observables collected from the experiment to compute DD code and DD carrier-phase
residuals. Therefore, DD code and DD carrier-phase residuals are essentially a sum of the

DD multipath (VAmfj,kr) and DD unmodelled error (VAe,i’f;).

XZ Plane YZ Plane

(a) A diagram depicting the signal entry point under the LOS
condition where the antenna is attached parallel to the local
horizontal line.

XZ Plane YZ Plane

(b) A diagram depicting the signal entry point under the NLOS
condition where the antenna is attached perpendicular to the local
horizontal line.

Figure 7.6: A diagram comparing the signal entry point of the LOS and the NLOS conditions for
the Titan AA.105.301111 active antenna. The red line represents the radiation pattern of the Zitan
AA.105.301111 active antenna during far-field testing [12]; the blue line represents the 0dB line;
the grey shaded region represents the blocked area due to the antenna attachment; the green shaded
region represents low elevation and the non-shaded area represents the most probable region at
which the signals would enter.

Prior to the experiment, two hypotheses were made. Firstly, it was hypothesised that the
residuals from a LOS condition would be smaller and more stable than that from a NLOS
condition. This hypothesis was based on the comparison of the exposed radiation patterns
between LOS and NLOS conditions as shown in Figure 7.6.
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DD Code residuals over time

DD Code residuals [m]

- LOS
© NLOS

200 250 300 350
Time [s]

0 50 100 150

400

DD Phase residuals over time

- LOS
* NLOS

0.02
0.01

DD Phase residuals [m]

-0.05

0.06 ‘ ‘ ‘ ‘ |
200 250 300 350 400
Time [s]

50 100 150

Figure 7.7: A plot comparing the DD residuals from the LOS and NLOS condition. On the left is
the code residual and on the right is the carrier-phase residual.

By comparing Figure 7.6a and Figure 7.6b, it can be deduced that there is a greater loss
in signal strength in the low elevation region and the NLOS condition results in a greater
loss in signal strength than the LOS condition. As hypothesised, the residuals from the
NLOS condition were observed to be higher and more unstable that the LOS condition as

shown in Figure 7.7.
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respectively.
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Secondly, it was hypothesised that the DD code and DD carrier-phase residual covariances
would increase with a decrease in elevation and SNR. This was based on the covariance
model implemented in goGPS. goGPS provides four types of covariance models for the
GPS code and carrier-phase observables which are based on a given constant, satellite
elevation, SNR or both as shown in Figure 7.8. Using this, the covariance models for the
DD code and DD carrier-phase observables were computed using (7.44).

2 2 2 2 2
o-qiif‘r - (Gq’; + Gq’;) T (Gq{, + qu) (7.44)
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The second hypothesis was not met completely. As can be observed from Figures 7.9
and 7.10, the DD code covariance increased with an increase in elevation whereas a
parabolic relationship was observed between the DD carrier-phase covariance and
elevation. Nonetheless, the first expectation was still met as the DD code and DD
carrier-phase covariances from the NLOS condition can be observed to be greater than
that of the LOS condition.
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Figure 7.11: An analysis of the relationship between the DD code residual and SNR for LOS and
NLOS condition.
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Figure 7.12: An analysis of the relationship between the DD phase residual and SNR for LOS
and NLOS condition.

Unlike the observed relationship between the elevation and DD code and DD carrier-phase
covariances, the observed relationship between the SNR and DD code and DD carrier-
phase covariances have shown a similar trend to that of goGPS’s SNR based covariance
model. This can be seen from Figures 7.11 and 7.12. The DD code and DD carrier-phase
covariances from the NLOS condition was again observed to be greater than that of the
LOS condition.
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In summary, the relationship between the elevation and DD code covariance was
observed to be different to the relationship between the elevation and DD carrier-phase
covariance. Furthermore, both relationships disagreed with the covariance model
implemented in goGPS. Nonetheless, the relationships between the SNR and both the
DD code and carrier-phase observables were observed to be exponential and found to
have a similar trend to the covariance models implemented in goGPS.

Consequently, it was decided to model the DD code and DD carrier-phase covariances
based on the corresponding SNR and an angle of attachment as expressed in (7.45) and
(7.46) respectively:

a|1 +055m(6)| 'eb|1+0.3sin(9)|~SNR

G2 (SNR) (7.45)

G‘i"*’" (SNR) a|l +5cos(0)|- b!1103cos(O)-SNR, (7.46)

where an angle of attachment (0) refers to an angle between local vertical plane and
antenna z-axis.

7.5 S Positioning Results

7.5.1 Filter direction
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Figure 7.13: Plots of error in the estimated the ECEF coordinates of S; using the forward EKF
represented in the ENU coordinate system.
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Figure 7.13 is a plot of the error in the estimated ECEF coordinates of S;, represented
in the ENU coordinate system. The true data was obtained through a survey process
where the ECEF coordinates of S1; was collected over two hours using the U-blox u-
center software. According to the U-blox u-center software, the surveyed position was
evaluated to have a positional standard deviation of 0.699m at the end of the survey. As it
can be seen from Figure 7.13, the filter has an unsatisfactory convergence rate. This was
understood to be caused by the estimation of the DD integer ambiguity (VA(bg’ﬁr).

Forward « Ir(t) Zp(t) Backward
0 t T

Figure 7.14: A simple diagram depicting the relationship between the forward and backward
filters. [13]

Consequently, the forward filter, backward filter and optimal smoother were investigated
and implemented with the aim to improve the convergence rate of the filter output. A
forward filter utilises all data prior to time ¢ and estimates xg(¢) whereas a backward
filter utilises all the data after time ¢ and estimates xg(¢) [13]. The relationship between a
forward and backward filter is depicted in Figure 7.14. Finally, the smoother utilises the
forward and backward estimate error covariances and solutions to minimise the trace of
its estimate error covariance [13].

There are three types of optimal smoothing filters, namely: fixed-interval, fixed-point and
fixed-lag smoothing [13]. Fixed-interval smoother estimates x(z|T) as ¢ varies from 0
to T'; fixed-point smoother estimates x(¢|T) as T varies from 0 to 7 whereas fixed-lag
smoother estimates x(T — A|T) as T varies from 0 to T with constant A. Because the
fusion MOCAP system aims to estimate the ECEF coordinates of the limb segments of
interest that progress with time using the measurements obtained over a fixed interval,
fixed-interval smoothing was implemented.

Implemented fixed-interval smoother utilised the forward and backward estimate error
covariances (Pr(t) and Pg(t)) and their solutions (xg(¢) and xg(¢)). The most compact
expressions for optimal smoother estimate error covariance (P(¢|T)) and solution (x(¢|T"))
are given by (7.47) and (7.48) [13]:

P(t|T) = (Pr(t)+Pg(r)) ! (7.47)
x(t|T) = PE|T)[P7 ' (O)xr(t) +P;  ()xp(1)]. (7.48)

~—
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Figure 7.15: A comparison of the PDOP between the forward filter, backward filter and the
optimal smoother.

Figure 7.15 compares the Positional Dilution of Precision (PDOP) (expressed by (7.49))
obtained from the forward, backward and optimal smoothing filter. As can be seen from
Figure 7.15, a significant reduction in the trace of the estimated error covariance was
observed in the smoother in comparison to the forward and backward filters.

PDOP = /c%+0}+02 (7.49)

Three different process models: the static, constant velocity and constant acceleration
models were implemented and their results were plotted and compared in Figure 7.15. It
can be seen that the previously mentioned hypothesis was correct and the S| positioning
filter with the static process model was observed across all three filters (the forward,
backward and optimal smoother) to perform better than the filters with the constant
velocity and constant acceleration process model.

Table 7.1 summarises the performance of the forward, backward and smoothing filters
for static, constant velocity and constant acceleration process models. The RMS errors in
Table 7.1 represent the difference between the estimated position of S; and the observed
position of §;. The RMS errors were calculated based on the error in the estimation
of S; during five experiments. Each experiment lasted approximately 4 minutes which
is equivalent to the acquisition of approximately 1200 raw GPS observables and 60000
MEMS-IMU measurements.
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Table 7.1: A summary of the RMS error evaluated to assess the performance of the state estimation
algorithm of the S; positioning filter

Algorithm Process RMS error [m]
direction model East North Up Overall

Forward static 0.1218 0.3049 0.5130 0.3516
Forward const. velocity 0.1676 0.7618 1.5915 1.0233
Forward const. acceleration | 0.1671 0.7610 1.5958 1.0253
Backward  static 0.2239 0.1210 0.4234 0.1923
Backward  const. velocity 0.4233 0.5538 09118 0.6627
Backward const. acceleration | 0.4234 0.5542 0.9144 0.6640
Smoother  static 0.0298 0.0321 0.0523 0.0394
Smoother  const. velocity 0.3052 0.7021 1.4242 0.9335
Smoother  const. acceleration | 0.3050 0.7022 1.4274 0.9351

As highlighted in Table 7.1, the optimal smoother with a static process model had the
highest accuracy with the RMS positioning error of £0.2690m.* This was anticipated
because the optimal smoother is known to minimise the convergence rate of the filter and
S1 remained stationary throughout five experiments (see Chapter 4).

As previously mentioned, the surveyed true data was informed by Ublox uCenter, to have
a standard deviation of 0.699m that is a variance of 0.489m. Consequently, the estimated
ECEF coordinates of S from the smoothing filter with the static process model agrees
with the true data.

7.5.2 MEMS-IMU and DGPS/MEMS-IMU filters

In Chapter 2, it was found that an inertial MOCAP system suffers from inherent noisy
sensor measurements that compound over time. Based on the work of Brodie et al. [46],
Supej [47] and Gilgien et al. [48], the proposed fusion MOCAP system was hypothesised
to diminish the inaccuracy due to the bias, scale factor and sensor noise of a MEMS-IMU.

It was mentioned in Chapter 4 that a MEMS-IMU MOCAP system would be
implemented to validate the above-mentioned hypothesis. This implementation was to
answer the research question: Does integration of Global Positioning Systems (GPS) or
Differential Global Positioning Systems (DGPS) improve the applicability and/or
performance of the traditional Micro Electro Mechanical Systems (MEMS)-Inertial
Measurement Units (IMU) MOCAP system 2

“From this point forward, a filter refers to a smoothing filter.
3See Chapter 1.
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As a result of the proposed hybrid architecture (Figure 7.2), the S| positioning filter was
easily modified to use IMU measurements only by excluding the measurements and
measurement models related to raw GPS observables. However, the position of S| at
t = 0 was fed to enable comparison of the S; positioning with only IMU measurements
to that with the IMU measurements as well as the raw GPS observables.
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Figure 7.16: A comparison of the errors in estimated position between the MEMS-IMU only filter
(red) and the DGPS/MEMS-IMU filter (blue) represented in ENU coordinate system.

Figure 7.16 is the comparison of the errors in the estimated position of S; from the
MEMS-IMU only filter and the DGPS/MEMS-IMU filter. Only one experiment was
conducted for 5271.2 seconds (1.46 hours). This experiment took longer so that the
influence of the non-repetitive and unstable errors inherent to the MEMS-IMU could be
observed.® During this experiment, 26378 raw GPS observables and 13231856 IMU
measurements were collected.

As can be seen from Figure 7.16, the MEMS-IMU only filter suffers from noise and
drift more than the DGPS/MEMS-IMU filter by two orders of magnitude. Using the
linear polynomial model’, the offset and the gradient of the errors in the estimated East,
North and Up coordinates of S; were evaluated for both the MEMS-IMU filter and the
DGPS/MEMS-IMU filter. They are listed in Table 7.2.

%The repetitive and stable errors were removed during the calibration process. See Chapter 3.
Ty(t) = mx(t) + ¢
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Table 7.2: The offset and the gradient of the errors in the estimated ENU coordinates of S}

Filter Coordinate Gradient (/) [m] Offset (¢) [m]
East —0.3042x 10°%  0.1539
MEMS-IMU only North —1.697 x 10°¢ 0.006827
Up —0.3078 x 107 0.1902
East 1.807 x 10~ —3.097 x 107
DGPS/MEMS-IMU North 8.512x107? —24.63x 10°°
Up 0.4118 x 107° —1.458 x 1076

7.6 S, Positioning Results

The novelty of the fusion MOCAP system lies in the integration of the raw GPS
observables from each limb segment of interest. However, the novelty is unnecessary if
such integration does not improve the existing fusion MOCAP system which fuses the
navigational information of the subject into the traditional inertial MOCAP system.
Therefore, it was crucial to answer the question: Is the integration of DGPS on each
limb segments beneficial in comparison to the Micro Electro Mechanical Systems
(MEMS)-Inertial Measurement Units (IMU) MOCAP system with a single DGPS?.

In Chapter 4, it was mentioned that a DGPS/MEMS-IMU single-receiver fusion MOCAP
system and a DGPS/MEMS-IMU multi-receiver fusion MOCAP system were
implemented for comparison. Similar to the implementation of the MEMS-IMU only
filter using the 7 positioning filter, the S, positioning filter was easily modified to use
IMU measurements only. This was done by excluding the GPS raw measurements
during the measurement update of the S, positioning.

113



Z-axi4s0 0angular position (Const. velocity process model)

350

=250

=] — Encoder

=200 — Multi-receiver
£ 150 — Single-receiver

50 100 150 200 250 300
Time [s]

Z-axis 3&’gular position (Const. acceleration process model)

350

g —Encoder
E 200 —Multi-receiver
Z 150 — Single-receiver

0 50 100 150 200 250 300
Time [s]

Z-axis iangular velocity (Const. velocity process model)

dPhi/dt [rad/s]
o

—Encoder
— Multi-receiver
— Single-receiver

0 50

100

150 200 250 300
Time [s]

Z-axis angular velocity (Const. acceleration process model)

—Encoder
— Multi-receiver
—Single-receiver

dPhi/dt [rad/s]
o

0 50

100

150 200 250 300
Time [s]

Figure 7.17: Plots of the estimated angular position (left) and angular velocity (right) of S, about
z-axis of S;. Data points of the first and second row of plots are obtained from the S, positioning
filter using the constant velocity and constant acceleration process model respectively. Each plot
provides the comparison between the single-receiver and the multi-receiver filter performances.

In Figure 7.17, the estimated angular positions and velocities of S, along the z-axis of S
(that is the axis of the output shaft) from both the DGPS/MEMS-IMU single-receiver and
the DGPS/MEMS-IMU multi-receiver fusion MOCAP system are plotted against the true
data obtained from the encoder. This compares the DGPS/MEMS-IMU single-receiver
and the DGPS/MEMS-IMU multi-receiver MOCAP system and the fairness of the
comparison was ensured by feeding the same process and measurement noise

covariances to both filters.
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Figure 7.18: Plots of the estimated angular velocity of S, about z-axis of S between 250s and 270
when the instantaneous stop and turns occurred. Data points of the first and second row of plots
are obtained from the S, positioning filter using the constant velocity and constant acceleration

process model respectively.
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Figure 7.19: Plots of the error in the estimated angular position (left) and angular velocity
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filter performances.
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In Figure 7.17, it was observed that the single-receiver system suffers from noise with
higher magnitude and experiences greater overshoots during instantaneous stops and
turns. This observation is more evident in Figures 7.18 and 7.19. Figure 7.18 gives
different perspective of Figure 7.17 and shows the response of the filter when
instantaneous stops and turns occur. Figure 7.19 is a plot of the error in the estimated
angular positions and velocities of S, along the z-axis of S;.

The performance of the S, was quantitatively evaluated by calculating the RMS error in
the estimation. Table 7.3 provides a clear comparison of the RMS error between the
DGPS/MEMS-IMU single-receiver and DGPS/MEMS-IMU multi-receiver MOCAP
system and between the two process models: the constant velocity and constant
acceleration. The RMS errors were calculated based on the error in the estimation of the
S, position during five experiments. Each experiment lasted approximately 4 minutes
which is equivalent to the acquisition of approximately 1200 raw GPS observables and
60000 MEMS-IMU measurements.

Table 7.3: A summary of the RMS error evaluated to assess the performance of the state estimation
algorithm of the S, positioning filter

Measurement Process model RMS error
Angular position [rad] () 0 v overall
multi-receiver const. velocity 0.0002  0.0230 5.6003  3.2334
single-receiver const. velocity 35153 0.0223 5.7310 3.8817
multi-receiver const. acceleration | 0.0000  0.0000 4.0836  2.3576
single-receiver const. acceleration | 0.0000  0.0000 5.0161 2.8961
Angular velocity [rad/s] do/dt  de/dt dy/dt overall
multi-receiver const. velocity 0.1282  0.0000 0.1455 0.2473
single-receiver const. velocity 1.3900 0.0000 0.2704 0.8176
multi-receiver const. acceleration | 0.0000  0.0000  0.1502  0.1393
single-receiver const. acceleration | 0.0000  0.0000  0.5092  0.2940
ENU [m] overall
multi-receiver const. velocity 0.0007390
single-receiver const. velocity 0.0007477
multi-receiver const. acceleration 0.0006497
single-receiver const. acceleration 0.0006918
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Chapter 8

Discussion

A MOCAP system is a tool that allows the researchers to analyse the gait of an animal
quantitatively and it is used extensively in the field of medicine, sport science,
bio-mimicry and robotics as well as animation. To date, there exists no MOCAP system
that allows accurate tracking of the absolute positions of the limb segments of an animal
during its encounter with other animals in an outdoor environment.

The outdoor environment refers to an environment that is less restrictive than an indoor
laboratory environment with undefined capture volume and uncontrolled environmental
condition. Moreover, literature suggest that the accuracy of existing MOCAP systems
decreases during the reconstruction of highly dynamic transient locomotion, limiting
studies to analysis of steady-state locomotion.

As a result, this research aimed to develop a MOCAP system that can track the steady-
state and transient locomotion of an animal in the outdoor environment. This allows the
researchers to conduct kinematic and kinetic analysis of an animal gait. Based on the
literature review, it was hypothesised that a DGPS/MEMS-IMU fusion MOCAP system
has potential to meet the aim of the research.

A DGPS/MEMS-IMU fusion MOCAP system was previously implemented by Brodie et
al. [46], Supej [47] and Gilgien et al. [48]. Supej [47] fused a Real Time Kinematic
(RTK) to an inertial MOCAP system to obtain a global horizontal and vertical trajectory
accuracy of 10+ 0.5mm and 20 + 0.5mm respectively. Unfortunately, the absolute
positional accuracy of each limb segment was not quantitatively validated.

This research aimed to study the benefit of integrating an inertial MOCAP system and
DGPS on each limb segment of interest. No literature has yet covered this. Development
of the proposed the DGPS/MEMS-IMU multi-receiver fusion MOCAP system occurred
in two stages, namely the development of the device and then the development of the state
estimation algorithm as explained in Chapter 5.
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8.1 Sensor Development

The device which includes a base station and an array of time-synchronized sensors was
developed in Chapter 6. The device collected an unsaturated and uncorrupted indirect
motion measurements such as the MEMS-IMU measurements and raw GPS observables.
These measurements were then used in the state estimation algorithm to estimate the
kinematic quantities of the limb segments of interest.

Extensive hardware and firmware technical specifications were developed in Chapter 6
to reduce the number of design iterations. This was because of the limited time and
budget restrictions. The technical specifications included but were not limited to the
measurement range, sampling frequency and non-volatile memory capacity. Based on
the technical specifications, the acceptance testing procedure was developed which was
followed during the testing of the assembled device.

An acceptance testing procedure was conducted as demonstrated in Chapter 6. The eight
fully assembled sensors saved the IMU measurements and raw GPS observables onto
their microSD cards successfully without the problem of data corruption, loss and
measurement saturation. The array of sensors were synchronized with mean latency of
145.0 = 17.01ns which translates to a loss of 3.132 +0.3672s over 6 hours of MOCAP.
This transfers to a maximum loss of 0.017% of tracking time.

The developed device satisfied the user, functional and technical specifications as well as
the established sensor attributes. Moreover, it was deemed more accessible to individuals
and small organizations in terms of cost than the commercial inertial MOCAP products.
For instance, it was found in Chapter 2 that the Xsens Technologies inertial MOCAP
kit for full-body tracking costs EUR 52,140.00 (R 837,745.77 at EUR 1.00 to R 16.07
currency rate) whilst it costs R 22122.83 to fabricate and assemble a device consisting of
12 time-synchronized sensors for full body tracking.'

8.2 State Estimation Algorithm Development

The Kalman-based state estimation algorithm was developed with the hybrid coupling
architecture. A mechanical rig was built and used to assess and validate the developed
system because a gold-standard commercial optical MOCAP system such as the
PhaseSpace and Vicon optical MOCAP systems was not available. The mechanical rig
was limited to a simulation of the motion of a single limb segment about its joint with
one degree of freedom. Using the developed fusion MOCAP system, the following
research questions were answered:

!'See Appendix G for pricing.
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1. Does integration of Global Positioning Systems (GPS) or Differential Global
Positioning Systems (DGPS) improve the applicability and/or performance of the
traditional Micro FElectro Mechanical Systems (MEMS)-Inertial Measurement
Units (IMU) MOCAP system?

2. Isit possible to achieve the positional accuracy of the existing commercial MOCAP
systems using a DGPS/MEMS-IMU integrated fusion MOCAP system?

3. Is integration of DGPS on each limb segment beneficial compared to the MEMS-
IMU MOCAP system with a single DGPS?

The S; positioning filter was used to compare the accuracy in the estimation of the
position of a point mass of the MEMS-IMU and the DGPS/MEMS-IMU MOCAP
system. Using the measurements collected from the 5271.2 seconds long experiment, the
motion tracking with the MEMS-IMU measurements only was more influenced by the
non-repetitive and unstable errors such as drift and an offset error than the motion
tracking with the DGPS/MEMS-IMU measurements. This is evident in Figure 8.1 where
the significance of the drift in the estimated trajectory output of S| from the MEMS-IMU
MOCAP system can be observed.
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x10°

-3.5427455 -

-3.5427456 -

£
2 35427457 -
5 « MEMS-IMU only
o 35427458 - * Single-receiver
8 y/ Multi-receiver
:':
M 35427459 " Py
\ "&‘ «‘,,»-' e
N2 wr s
-3.542746 N . e
16769247 S
16769246 502344635
L9245 e
x 10 B o .02:
16769244 50234462 x10°
16769243 < so344615
16769242 o 5.0234461
ECEF y-axis [m] o S 5.02344605 ‘
; 1.6769241  5.023446 ECEF x-axis [m]

Figure 8.1: A plot of the estimated trajectory of S| and S, represented in the ECEF coordinate
system from the MEMS-IMU, DGPS/MEMS-IMU single-receiver and the DGPS/MEMS-IMU
multi-receiver MOCAP system.

The developed DGPS/MEMS-IMU multi-receiver fusion MOCAP system was capable
of providing global trajectory information (S; positioning filter) whereas the MEMS-
IMU MOCAP system could not. The accuracy of the global trajectory information was
influenced by the correctness in the process model. The final tuned smoothing filter with
a constant acceleration model provided a global trajectory RMS error of +39.4mm with
the horizontal RMS error of £3.10mm and vertical RMS error of £52.3mm.
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The accuracy of the global trajectory information obtained from the developed
DGPS/MEMS-IMU  multi-receiver fusion MOCAP system is worse than the
dual-frequency multi-constellation RTK implemented by Supej in [47]. This result was
anticipated because the developed DGPS/MEMS-IMU multi-receiver fusion MOCAP
system was limited to a single-frequency DGPS.

In [48], Gilgien et al. compared different GNSS methods on positioning accuracy for
global trajectory determination application. They observed that at an elevation angle of
30°, single-frequency DGPS had a standard deviation of 1.37m whilst dual-frequency
multi-constellation had a standard deviation of 0.01m. Moreover, at an elevation angle
of 30°, single-frequency DGPS took 51.54 4-46.54s to fix whilst dual-frequency multi-
constellation took 0.06 4-0.06s.

The performance of the two fusion MOCAP systems, namely the DGPS/MEMS-IMU
single-receiver and the DGPS/MEMS-IMU multi-receiver fusion MOCAP system, were
evaluated to analyse the benefit in attaching a GPS receiver on every limb segment. The
single-receiver system fused single set of raw GPS observables from an array of N sensors
and the multi-receiver system fused all N sets of raw GPS observables.

Similar to the accuracy of the estimated global trajectory, the accuracy in tracking of
the limb segments was influenced by the correctness of the implemented process model.
The analytical cost function for the estimated ENU coordinates, angular position and
angular velocity of S, relative to the S1’s body frame of the DGPS/MEMS-IMU multi-
receiver fusion MOCAP system were better than the single-receiver system, regardless of
the implemented process model.

The estimated angular position and angular velocity of S, relative to the S;’s body frame
as well as the overall ENU coordinates were evaluated to have a RMS error of 2.3576°,
0.1393°/s and 0.6497mm respectively. The DGPS/MEMS-IMU single-receiver MOCAP
system was assessed to have the higher RMS error of 2.8961°, 0.2940° /s and 0.6918mm
in the estimated angular position, angular velocity and the overall ENU coordinates
respectively.  The DGPS/MEMS-IMU single-receiver MOCAP system responded
instantaneous change in motion with higher overshoots than the DGPS/MEMS-IMU
multi-receiver MOCAP system. DGPS/MEMS-IMU multi-receiver MOCAP system can
track transient locomotion better than the DGPS/MEMS-IMU single-receiver MOCAP
system.

Despite the achievement of the sub-millimetre accuracy (of a gold-standard optical
MOCAP system), the developed DGPS/MEMS-IMU multi-receiver MOCAP system was
not comparable to the commercial inertial MOCAP system from Xsens Technologies.
The Xsens Technologies inertial MOCAP system has the roll/pitch and heading angular
positional RMS error of 0.75° and 1.5° respectively.
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The unavailability of the commercial gold-standard optical MOCAP system; the restricted
project time and limited budget forced the use of the mechanical rig which has limited
motion. Considering that the surveyed true data had a standard deviation of 0.699m and
the encoder data had a resolution of 0.72° / pulse, the evaluation and validation processes
were further restricted by the use of true data obtained from a surveying process and an
encoder.

Additionally, the developed state estimation algorithm had the following prerequisites for
implementation:

1. Understanding of the system;

2. Analysis of the process and measurement noise covariance;

3. Availability of the unsaturated and uncorrupted measurements.

On top of above-mentioned prerequisites, the developed state estimation algorithm
required post-tuning to improve the absolute position tracking accuracy. It was strictly
limited to post-processing due to the implementation of the optimal smoother.
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(a) Plots of the estimated angular position of S, about the z-axis of S. Data points were obtained
from the S, positioning filter using the static process model with process model covariance varying
from 0.1%rad* /s* to 10*rad® /s°*
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(b) Plots of the estimated angular position of S, about the z-axis of ;. Data points were obtained
from the S positioning filter using the constant velocity process model with process model
covariance varying from 0.01%rad® /s* to 5*rad® /s*
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(c) Plots of the estimated angular position of S, about the z-axis of S;. Data points were obtained
from the S, positioning filter using the constant acceleration process model with process model
covariance varying from 0.01%rad’ /s* to 5%rad® /s*

Figure 8.2: Plots of the estimated angular position of S, about z-axis of S; for different process
models with varying process model covariance.

The significance of the post-tuning process, depicted in Figure 8.2, shows that the
accuracy of the state estimation algorithm depends on both the employed process model
and its covariance. The static, constant velocity and constant acceleration process
models with varying process covariance were employed during the estimation of the
angular position of S, about the z-axis of §;. It was plotted in Figure 8.2a, Figure 8.2b
and Figure 8.2c respectively.

In Figure 8.2a, the static process model was employed to estimate angular position of S,
about z-axis of §;. The output did not resemble the true data even with a increase in the
process model covariance. Worse, with increase in the process model covariance (that
means a higher confidence level in the precision of the measurements than the process
transition function), the estimated output inherited more noise from the MEMS-IMU
measurements.

In Figure 8.2b and 8.2c, the constant velocity and a constant acceleration process model
were employed respectively. The accuracy in the estimated angular position of S, about
the z-axis of S| decreased as the process covariance deviated from 0.1%rad®/s*. This
highlights the necessity of post-tuning.

Unlike the case in Figure 8.2a and Figure 8.2c, the estimated angular positions of S
about z-axis of S in Figure 8.2b closely resembled the shape of the true data despite the
variation in the process model covariance from 0.01%rad® /s® to 5°rad® /s*. Knowing that
S, rotated about z-axis of S; at constant angular velocity except during the abrupt stops
and turns, this highlights that the accuracy of the state estimation algorithm improves as
the employed process model resembles the true system.
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Chapter 9

Conclusions and Recommendations

The DGPS/MEMS-IMU multi-receiver fusion MOCAP system was developed to provide
future researchers with a method to capture the motion of a terrestrial megafauna
accurately in an outdoor environment. The outdoor environment is less-restrictive than
the laboratory environment with undefined capture volume and uncontrolled
environmental conditions. In the course of the development, the research questions
stated in Chapter 1 were answered as follows:

1. The non-optical inertial MOCAP system has advantage over other traditional
MOCAP systems in capturing the motion of a subject in an outdoor environment.
However, the inertial system cannot provide global trajectory of the subject for
kinetic analysis and its accuracy decreases during tracking of the transient
locomotion.

2. A fusion MOCAP system which integrates the navigational information of a
subject to the traditional inertial MOCAP system is capable of estimating the
global trajectory of the subject. Hence it has better applicability than the
non-optical inertial MOCAP system.

3. It is possible to achieve the positional accuracy of a gold-standard commercial
MOCAP system using a DGPS/MEMS-IMU fusion MOCAP system.

4. It is beneficial to integrate raw GPS observables from each limb segment. It is
observed that the DGPS/MEMS-IMU multi-receiver MOCAP system responds
better to instantaneous change in motion and can estimate transient locomotion
better than the DGPS/MEMS-IMU single-receiver MOCAP system.

The results in Chapters 6 and 7, discussed in Chapter 8, show that the DGPS/MEMS-IMU
multi-receiver fusion MOCAP system achieved comparable sub-millimetre accuracy as
the commercial optical MOCAP system. The accuracy was evaluated using true data
obtained from a surveying process and an encoder.
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To date, no researchers have quantitatively analysed the steady-state and transient
locomotion of a terrestrial megafauna in an outdoor environment. Consequently, the
motion of a terrestrial megafauna during its encounter with other animals or in its natural
habitat has not been quantitatively analysed. This research has developed a first version
of the DGPS/MEMS-IMU multi-receiver fusion MOCAP system that is more accessible
than the existing commercial MOCAP systems and reduces the existing limitations and
constraints in the kinematic and kinetic analysis of the animal gait.

The research did not include the development of the sensor strapped-down system. Strict
sensor size and weight specifications were removed during the development process
because the need for an operational prototype was a higher priority considering the
limitations and constraints mentioned in Chapter 1. Therefore, with the vision to use the
developed fusion MOCAP system to track the motion of a wild terrestrial megafauna in
its natural habitat, following recommendations are made:

9.1 Re-design of the Device

The device in its current state (version 1) is physically too large and rigid for its intended
purpose on a wild terrestrial megafauna. Therefore, it is recommended to reconsider the
sensor size and weight requirements in the next iteration of the design. Furthermore,
investigation into a sensor strapped down system is recommended to minimize the sensor
rotation about its own axis during the MOCAP.

A replacement of the single-frequency DGPS with the multi-frequency DGNSS is also
recommended in th enext iteration of the design. This is because the accuracy and
convergence rate of the global trajectory estimation using a multi-frequency DGNSS is
better than a single-frequency DGPS [48].

9.2 Investigation Into Optimal LAMBDA Method

The LAMBDA method, developed in [101], was cascaded with the EKFs, as it can be
seen from Figure 7.2 in Chapter 7. The decision to include the LAMBDA method was
based on the literature review and its usage in the RTKLIB [139] and the goGPS [105].
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However, no research was conducted to analyse the benefit of including the LAMBDA
method in the developed fusion MOCAP system during as this was outside the scope of
this project. Therefore, it is recommended to conduct the research to:

1. Determine the correctness of the LAMBDA method;

2. Understand the advantages and disadvantages of different types of LAMBDA
methods;

3. Analyse the benefit of including the LAMBDA method in the developed fusion
MOCAP system.

9.3 Investigation Into Precise Observation Models

The GPS SD and DD observation models were derived based on the following
assumptions:

* The same signal propagation error is assumed for all receivers positioned in a
spatially closed system;

* The same receiver clock error and the hardware delay error are assumed for all
receivers manufactured by the same manufacturers.

It was found in Chapter 3 that the UERE of the ionospheric delays, tropospheric delays
and the receiver error are £5m, £0.5m and +0.3m respectively, with the standard
deviation of the UERE for civilian (coarse/acquisition) code observables (30gC/A)
being £6.7m. From these figures, it is inferred that the minor errors in the GPS DD
observation models compound the errors in the estimated global trajectory of the subject.
Therefore, it is recommended to characterise the signal propagation error and the
receiver error to obtain more precise DD observation models.
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Appendix A

Attitude Representation

To define the attitude of a rigid body in a three-dimensional Euclidean space, three
parameters are required. There are various parametrisation methods to represent the
attitude of a rigid body using rotation matrices, namely: Euler angles, direction cosine
matrices and quaternions. Each method has its own strengths and drawbacks.

Rotation involves an orthonormal rotation matrix which is denoted by R}, where a is the
target frame and b is the initial frame. As the rotation is orthonormal the following holds:

RY)'=RY" (A.1)

A.1 Euler angles

Euler’s rotation theorem states that the displacement of a rigid body with a fixed point is
equivalent to a single rotation about an axis through its fixed point [141]. This statement
can be extended to state that a single rotation in R3is formed by a sequence of three Euler
angles namely: roll (¢), pitch (8) and yaw (y) corresponding to rotation about the x
(R:(9)), y (Ry(0)) and z-axis (R;(y)) respectively [142]. Therefore, given the following:

1 0 0

R.(¢)= |0 cos¢p —sing (A.2)
0 sing  cos¢ |
[ cos® 0 sind ]

Ry(0) = 0 1 0 (A.3)
| —sin® 0 cos0 |
[cosy  —siny 0

R.(y) = |siny cosy O (A.4)
| 0 0 1
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There are twelve possible rotation sequences to represent a single rotation of a rigid body
with a fixed point as shown in Table A.1.

Table A.1: Twelve possible Euler sequences

Order of rotation Rotation matrix \ Order of rotation Rotation matrix

roll-pitch-yaw  R.(¢)R,(6)R.(y) pitch-roll-yaw  R,(60)R.(¢)R.(vy)
roll-pitch-roll R(¢)Ry(O)R(¢) | pitch-roll-pitch  R,(0)R.(¢)Ry(0)
roll-yaw-pitch R, (¢)R.(y)R,(0) | yaw-roll-pitch R (y)R.(¢)R,(6)
roll-yaw-roll  Ru(@)R(W)R(9) | yaw-roll-yaw  R.(w)R.()R.(v)
pitch-yaw-roll Ry (0)R.(y)R.(9) yaw-pitch-roll R (y)Ry,(0)R(¢)
pitch-yaw-pitch Ry (0)R.(y)R,(6) | yaw-pitch-yaw R (y)R,(60)R.(y)

Parametrisation using Euler angles is intuitive and easy but it can suffer from a singularity
known as a Gimbal lock from loss of one degree of freedom [141].

A.2 Direction Cosine Matrix (DCM)

A DCM is a rotation matrix that is composed of three direction cosine values between
the initial frame and the target frame. Therefore, parametrisation by a DCM involves 9
parameters as shown in (A.5) and is computationally intense to define the attitude of a
rigid body in a three-dimensional Euclidean space [141].

The DCM matrix formed by roll-pitch-yaw Euler sequence is:

cosOcosy  sin@sin@cosy — cos@siny cosQsin@cosy + singsiny
R = | cosOsiny  singsinO@siny + cosPcosy  cosPsinOsiny — singsiny (A.5)
—sin6 sin@cosO cosPcosB

A.3 Quaternions

Quaternion representation is based on the Euler rotation theorem and parametrise a
single rotation using four elements as (A.6) [143]. Parametrisation using quaternion
representation does not suffer from a singularity and it is computationally efficient but
not intuitive [141].

s gs .

S| || | ax| | cos3 A6

9 [v] vy qy [He”sin%} (A.6)
Vz q;

where e is the normalized rotational axis and 6 is the transformation angle.
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Appendix B

Coordinate Systems and
Transformations

Fusion of different measurements and analysis of kinematic quantities are only
meaningful if their coordinate system and frame are known. Coordinate system refers to
a mechanism to locate points within a frame. A frame refers to three mutually
orthogonal unit-length direction vectors with an associated origin (possibly time
dependent) that uniquely locates and orientates the coordinate system to which
measurements and assessment of motion can be made.

This chapter describes a number of coordinate systems and their frames that are
necessary to understand when integrating inertial and navigational information, namely:
Earth-Centered Inertial (ECI), Earth-Centered Earth-Fixed (ECEF), geodetic, local ENU
and body co-ordinate systems as shown in Figure B.1 and B.2.
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Equator

Figure B.1: A diagram showing Earth-Centered Inertial (ECI), Earth-Centered Earth-Fixed
(ECEF), geodetic, ENU coordinate frames.

force

of gravity ‘ 5 /
v

Figure B.2: The sensitive axes of the BMX055 forming its body coordinate frame. Image from
[14].

B.1 Coordinate Systems

B.1.1 Earth-Centered Inertial (ECI) Coordinate System

The ECI coordinate frame is a stationary frame with its origin at the center of the Earth’s
mass [144]. Its z-axis is through the conventional terrestrial pole (CTP) along the axis of
the Earth’s rotation. The x-axis is in the equatorial plane pointing to the vernal equinox
with y-axis completing a right-handed coordinate system.
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B.1.2 Earth-Centered Earth-Fixed (ECEF) Coordinate System

The ECEF coordinate frame is similar to the ECI coordinate frame, having the same
origin and coinciding z-axes. However, the ECEF coordinate frame rotates with the Earth
because it has axes that are fixed with respect to the Earth [144]. Its x-axis is along the
intersection of the equatorial plane and the Greenwich meridian with y-axis completing a
right-handed coordinate system.

B.1.3 Geodetic Coordinate System

The geodetic coordinate system is not a Cartesian coordinate system but is used to
coordinate a position on the surface of the Earth in terms of longitude, latitude and
altitude denoted by A, @ and h respectively [144]. The longitude is the rotational angle
between the Prime Meridian and the position on the Earth’s surface. The latitude is the
angle between the equatorial plane and the normal of the reference ellipsoid that passes
through the measured point. The altitude is the local vertical distance between the
measured point and the reference ellipsoid.

B.1.4 East-North-Up (ENU) Coordinate System

The ENU coordinate frame is a local geographic frame and known as the navigation
coordinate system [144]. Its frame is fixed to the surface of the Earth and its origin is
an arbitrary point on the Earth’s surface with x-axis pointing towards the geodetic east;
y-axis pointing towards the geodetic north and z-axis pointing upwards along the ellipsoid
normal.

B.1.5 Body Coordinate Frame

The body coordinate frame refers to the coordinate system described by the sensitive axes
of the inertial sensor or a moving platform [145]. The origin typically coincide with the
center of gravity of the body with x-axis pointing towards the transverse direction (pitch
axis); y-axis pointing towards the forward direction (roll axis) and z-axis pointing towards
the vertical axis (yaw axis), completing a right-handed coordinate system.
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B.2 Coordinate Transformation

GroBekatthofer and Yoon [143] define transformation as an operation which describes a
vector v of a coordinate system A in a coordinate system B. By its definition, coordinate
transformation is not equivalent to vector rotation. Rotation is defined as an operation
where a vector v in a coordinate system A is represented differently in the coordinate
system A [143]. Therefore, rotation of v changes the orientation of v in both coordinate
system A and B.

B.2.1 Transformation Between ECI and ECEF

Unlike the ECI coordinate frame, the ECEF coordinate frame rotates with the Earth at
Earth rate. The angular velocity vector of the ECEF coordinate frame with respect to the
ECI coordinate frame expressed in the ECEF coordinate frame is [145]:

T
o, =0 0 ) (B.1)
where @y, is approximately 7.29 x 10 >rad /s [84].
Transformation from the ECI coordinate frame to the ECEF coordinate frame is expressed
as [144]:
cosWjt  sinW;t 0

R = | —sinwjt coswjt 0 (B.2)
0 0 1

where RL = R¢ ™!

B.2.2 Transformation Between Geodetic and ECEF

Given a point in the geodetic coordinate frame, as for an example:

=01 o b’ (B.3)

its coordinate in the ECEF coordinate frame is defined as [144]:

Xe (NE + h)cospcosA
r’=|ye| = | (Ng+h)cos@sinA (B.4)
Ze [N(1 —e?) + hsing

where e is the first eccentricity and N is the prime vertical radius of curvature.
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B.2.3 Transformation Between ECEF and ENU

Given a point in the ECEF coordinate frame and the position of the origin of the ENU
coordinate frame, its coordinate in the ENU coordinate frame is given by [144]:
r'=R,(r' —ry .r) (B.5)

where ry 7 is the the ECEF coordinates of the origin of the ENU coordinate frame, and
R} is given by [144]:

—SinQy ref COSQp ref 0
R} = | =SiNQy 1o fCOSAp ref  —SiNQy o fSiNApref  COSQy ref (B.6)
COS(Pn,refCOSln,ref COS(Pn.,refSinA'n,ref Sin(Pn,ref

As demonstrated in (B.5) and (B.6), transformation from the ECEF coordinate frame to
the ENU coordinate frame involves translation from the ECEF coordinate frame’s origin
to the ENU coordinate frame’s origin and requires geodetic coordinate of the chosen local
ENU coordinates frame’s origin.
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Appendix C

Dilution of Precision (DOP)

DOP is the metric used to quantify the the effect of satellite geometry on a receiver
position error [6]. The concept of DOP can be understood from Figure C.1. Figure C.1
depicts a scenario in which a receiver measures its range to two transmitters in order to
determine its horizontal coordinate based on the horizontal coordinate of two
transmitters and the time of flight information with uncertainty. Due to the uncertainties,
the exact horizontal coordinate of the receiver cannot be determined instead a region in
which the receiver may lie can be determined.

In Figure C.la, the transmitters are located far apart from each other, resulting in a
relatively small region in which the receiver may lie whereas in Figure C.1b, the
transmitters are located close to each other, resulting in a relatively large region in which
the receiver may lie. Therefore, the precision in Figure C.1b scenario is diluted in
comparison to the precision in Figure C.la scenario. Consequently, one has higher
confidence level in the precision with the lower DOP value [146].

Given the variances of the east (E), north (N) and up (U) components of the estimated
receiver position as well as the variance of the estimated receiver clock offset (7),
following DOP can be determined [146]:

horizontal DOP: HDOP = /02, + 0Oy (C.1)

vertical DOP: VDOP = \/% (C.2)
positional DOP: PDOP = /o}, + 0l + 03y (C.3)
time DOP: TDOP = \/GT% (C4)
geodetic DOP: GDOP = \/GI%E + GJ%N + GLZJU +0} (C.5)
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(a) A diagram of a relatively small region of
uncertainty in the receiver’s position. Image
from [146]
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(b) A diagram of a relatively large region of
uncertainty in the receiver’s position. Due to the
closely allocated transmitters, the precision in the
estimation of the receiver’s position is diluted.
Image from [146]

Figure C.1: A diagram depicting the effect of transmitter geometry on the level of confidence in
the precision. The patterned region indicates the uncertainty in the receiver’s position.
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Appendix D

Requirements, Specifications and
Testing Procedures

D.1 User Requirements

Table D.1: The fusion MOCAP system user requirements

Req. I.D. User requirement descriptions

UR. 1 The user needs a portable and outdoor array of sensors to measure
IMU measurements and raw GPS observables of each limb segment of
a terrestrial megafauna of interest during its steady-state and transient
motion.

UR.2 The user needs to interact with the sensor(s) to begin and stop the
procedure and to acknowledge errors.

UR.3 The user needs access to the recordings of sensor measurements.

UR. 4 The user needs to power the sensor(s) outdoor during capturing process
for maximum duration of 6 hours.

UR.5 The user needs mechanism to mount the sensor(s) on a terrestrial
megafauna of interest ethically, safely and without impeding the
motion.

UR.6 The user needs software that manages the sensor measurements.

UR.7 The user needs software that pre-processes the sensor measurements.

UR.8 The user needs access to the pre-processed sensor measurements.

UR.9 The user needs software that estimates the kinematic quantities of a
terrestrial megafauna of interest using the sensor measurements.

U.R. 10 The user needs access to the kinematic quantities of the tracked motion.
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D.2 Functional Requirements

Table D.2: The fusion MOCAP system functional requirements

Req. L.D. Functional requirement descriptions

FR. 1.1 The sensor(s) shall be a self-contained unit(s).

FR.1.2 The sensor(s) shall operate in dry environment at temperature ranging
between —20 °C and 60 °C with air pressure ranging between 870 hPa
and 1100 hPa.

FR. 1.3 The sensor(s) shall have an IMU on board.

FR. 1.4 The sensor(s) shall have a GPS receiver on board.

FR. 1.5 The sensor unit shall include a GPS antenna.

FR. 1.6 The sensor(s) shall contain sensor components that will not saturate to
avoid loss of motion information.

FR. 1.7 The sensor(s) shall sample measurements at a frequency that avoids loss
of motion information.

FR. 1.8 The sensor measurements of every unit shall be time-synchronized to
avoid loss of motion information and inaccuracy due to latency.

FR. 2.1 The sensor(s) shall provide a tactile switch to begin and end the motion
capture procedure.

FR.22 The sensor(s) shall provide visual feedback on the status of the battery,
sampling of measurements and external flash memory.

FR. 3.1 The sensor(s) shall have external non-volatile memory on board to store
inertial and navigational information.

FR. 4.1 The sensor(s) shall be powered from a battery during the capturing
process.

FR.5.1 The sensor(s) shall be strapped down on a motion capture subject non-
invasively.

FR.5.2 The sensor(s) will not impede the motion of a motion capture subject.

FR.53 The sensor mounting mechanism shall account for different limb
segment radii.

FR.5.4 The sensor mounting mechanism shall prevent sensors from deviating
from initial mounted position.

FR. 6.1 The data management software shall name the measurements
accordingly.

FR.6.2 The data management software shall output an initialization file per
motion capture session which contains the directory of all sensor
measurements associated with the session.

FR.6.3 The data management software shall record the changes to a file.

FR.7.1 The measurement pre-processing software shall convert sensor
measurements into a format that is comprehensible.

FR.7.2 The measurement pre-processing software shall synchronize all the

measurements from a motion capture session with reference to the GPS
standard time.

Continued on next page
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Table D.2 — continued from previous page

Req. L.D.

Functional requirement descriptions

FR.7.3

FR.7.4

FR.7.5

FR.7.6

FR. 8.1

FR.9.1

FR. 10.1

The measurement pre-processing software shall remove unwanted
frequency components of inertial measurements.

The measurement pre-processing software shall estimate and correct the
GPS receiver errors within navigational information.

The measurement pre-processing software shall remove any invalid
measurements.

The measurement pre-processing software shall evaluate measurement
covariance.

The measurement pre-processing software shall output and save a
binary data container format file containing time-synchronised and
limb-segment identified measurements from a session in chronological
order.

The state estimation algorithm software shall use pre-processed inertial
and navigational information as well as a kinematic model of the subject
to estimate position, velocity and acceleration of the limb segment(s) of
interest.

The state estimation algorithm software shall output and save a binary
data container format file containing time-synchronised and limb-
segment identified estimated position, velocity and acceleration in
chronological order.

D.3 Technical Specifications

Table D.3: A sensor unit hardware technical specifications for the fusion MOCAP system

Req. L.D. Hardware specification descriptions Der. from
HS. 1 Accelerometer:
measurement range: > +4g FR. 1.2
output data rate: > 230Hz FR. 1.3
operating temp.: [—20 °C : +60 °C] FR. 1.6
storage temp.: [—20 °C : +60 °C] FR. 1.7
H.S.2 Gyroscope:
measurement range: > £230°/s FR. 1.2
output data rate: > 230Hz FR. 1.3
operating temp.: [—20 °C : +60 °C] FR. 1.6
storage temp.: [—20 °C : +60 °C] FR. 1.7
H.S.3 Magnetometer:

Continued on next page

148



Table D.3 — continued from previous page

Req. L.D. Hardware specification descriptions Der. from

measurement range: > 65uT FR. 1.2
output data rate: > 10Hz FR. 1.3
operating temp.: [—20 °C : +60 °C] FR. 1.6
storage temp.: [—20 °C : +60 °C] FR. 1.7

H.S. 4 GPS (GNSS) receiver:
type: GPS L1 C/A FR. 1.2
message: raw data FR. 14
oscillator: OCXO (optional) FR. 1.5
noise figure: on-chip LNA (optional) FR. 1.8
antl jamming: on-chip SAW (optional)
output data rate: > 1Hz
operating temp.: [—20 °C : +60 °C]
storage temp.: [—20 °C : +60 °C]

H.S.5 GPS (GNSS) antenna:
center frequency: 1575.42+3MHz FR. 1.2
impedance: 50Q FR. 1.4
gain: > 4dBic FR. 1.5
noise: < 2dB FR. 1.8
operating temp.: [—20 °C : +60 °C]
storage temp.: [—20 °C : +60 °C]

HS.6 Tactile switch:
circuit: SPST FR. 2.1
switch function: normally open (NO)
contact rating: < 0.01A@50VDC
operating temp.: [—20 °C : +60 °C]
storage temp.: [—20 °C : +60 °C]

H.S.7 Light emitting diode (LED):
forward voltage: <2V FR.2.2
forward current: < S5mA
operating temp.: [—20 °C : +60 °C]
storage temp.: [—20 °C : +60 °C]

H.S. 8 Non-volatile memory:
operating voltage: +3.3V FR. 3.1
capacity: > 2GB
throughput: > 100kB/s
operating temp.: [—20 °C : +60 °C]
storage temp.: [—20 °C : +60 °C]

H.S.9 Battery:

Continued on next page
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Table D.3 — continued from previous page

Req. L.D. Hardware specification descriptions Der. from
operating voltage: > 3.3V FR. 3.1
capacity: > 2000mAh
discharge rate: > 500mA
operating temp.: [—20 °C : +60 °C]
storage temp.: [—20 °C : +60 °C]

H.S. 10 Voltage regulator:
input voltage: > 3.7V FR. 4.1
output voltage: 3.3V
output current: > 500mA
drop-out voltage: < 0.6V @500mA
output noise: < 0.060V @500mA
operating temp.: [—20 °C : +60 °C]
storage temp.: [—20 °C : +60 °C]
H.S. 11 Fuel gauge:
input voltage: > 3.7V FR. 4.1
precision: < £50mV
active current: < £100uAmA
operating temp.: [—20 °C : +60 °C]
storage temp.: [—20 °C : +60 °C]
H.S. 12 Processor:
operating voltage: 3.3V FR. 1.1 to
system clock: > 20MHz? FR. 4.1
memory (RAM): > 90kB
comm. interface: UART, I>C, SPI and SDIO
operating temp.: [—20 °C : +60 °C]
storage temp.: [—20 °C : +60 °C]

Table D.4: A sensor unit firmware technical specifications for the fusion MOCAP system

Req. L.D. Firmware specification descriptions Der. from
FS. 1 Communication interface - UART:
mode: full-duplex H.S. 4
word length: 8 bit [117]
stop bits: 1 bit
baud rate: [9.6 kHz : 115.200 kHz]
ES.2 Communication interface - I>C:

Continued on next page
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Table D.4 — continued from previous page

Req. L.D. Firmware specification descriptions Der. from

mode: master (STM32F407) H.S. 10
address: slave (Ob0110110) [129]
stop generation: 1 stop generation
start generation: repeated start generation
acknowledge (ack): acknowledge enabled
clock speed: [50 kHz : 400 kHz]

ES.3 Communication interface - SPI:
mode: master (STM32F407) HS. 1
direction: full-duplex H.S.2
data size: 8 bit H.S.3
clock polarity: high [14]
clock phase: second clock transition
baud rate: [1 MHz : 10 MHz]

ES. 4 Communication interface - SDIO:
middle-ware: FatFs H.S. 8
mode: 4-bit wide bus [147]
maximum sector size: 4096B
minimum sector size: 512B

D.4 System Attributes

Table D.5: A sensor unit system attribute specifications for the fusion MOCAP system

Req. L.D. System attribute descriptions Der. from

A.l System attribute - response time:
Upon indication of measurement availability | FR. 1.7
from sensing components, the processor shall | Table 6.1
dedicate stream to read the data within 5% of the
communication clock period.

A2 System attribute - response time:
Upon user input, status change or detection of an | FR. 2.1
error, the status of a sensor unit shall be indicated | ER. 2.2
within 0.25 seconds which corresponds to the shortest
human reaction time as observed in [148].

A3 System attribute - dependability:
The raw inertial and navigational information output | FR. 3.1
from a capturing session shall be > 95% of the | Table 6.1

estimated output file size.

Continued on next page
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Table D.5 — continued from previous page

Req. L.D.

System attribute descriptions

Der. from

A4

A5

A6

System attribute - maintainability:

The firmware shall be easy to expand and allow easy
implementation of new tasks.

System attribute - portability:

The firmware development environment shall be
portable between different operating systems:
Windows, Linux and Mac.

System attribute - safety:

Upon estimation and detection of rapid discharging,
overheating and under-voltage, the processor shall
initiate a sensor shut-down process immediately.

Section 5.1

Section 5.1

FR. 4.1

D.5 Acceptance Testing Procedure

Table D.6: A sensor unit acceptance testing procedure for the fusion MOCAP system

Req. L.D.

Acceptance testing procedure descriptions

Der. from

ATP. 1.1

ATP. 12

ATP 1.3

The Viy pin of the chosen voltage regulator shall
be measured with its Vpqr pin connected to a
source ranging from 3.8V to 4.2V and its Vpyr pin
disconnected from the rest of the circuit to observe
the loss in voltage due to wire. The result shall be
accepted if the measured loss is less than 0.1V

The Voyr pin of the chosen voltage regulator shall
be measured with its Vg7 pin connected to a source
ranging between from 3.8V to 4.2V and its Voyr pin
disconnected from the rest of the circuit. The result
shall be accepted if the measured regulated voltage is
3.3 £ 0.1V with output noise less than 0.05V'.

The Voyr pin of the chosen voltage regulator shall
be measured with its Vg7 pin connected to a source
ranging between from 3.8V to 4.2V and its Voyr pin
disconnected from the rest of the circuit but with a
dummy load of 500mA connected. The result shall be
accepted if the measured drop-out voltage is less than
0.6V with output noise less than 0.05V.

H.S. 10

H.S. 10

H.S. 10

Continued on next page
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Table D.6 — continued from previous page

Req. L.D.

Acceptance testing procedure descriptions

Der. from

ATP. 1.3

ATP.2.1

ATP.22

ATP. 3.1

ATP. 3.2

ATP 33

ATP 34

ATP.35

ATP. 4.1

The bias current of the chosen voltage regulator shall
be measured with its Vg7 pin connected to a source
ranging between from 3.8V to 4.2V and its Voyr pin
disconnected from the rest of the circuit but with a
dummy load of 500mA connected. The result shall be
accepted if the measured bias current agrees with the
data-sheet of the chosen voltage regulator.

The continuity test shall be conducted on every switch
to ensure it is normally open.

The diode polarity test shall be conducted on every
light emitting diodes.

The connection between the chosen processor and
the chosen programming and debugging interface
shall be observed. The result shall be accepted
if the chosen processor is connected to the chosen
programming and debugging interface and every
address is accessible and erasable via utility.

A simple incremental counter shall be programmed
and written on the processor and its boot memory
shall be assessed. The result shall be accepted if the
processor boots from the chosen boot memory.

A line of code pointed by the program counter shall
be observed when the NRST pin of the processor is
toggled to force reset. The result shall be accepted
if the pointer points back to the first line of code on
reset.

The clock frequency of the high-frequency internal
clock of the processor shall be measured. The result
shall be accepted if the measured clock frequency
agrees with the book-value of the chosen processor.
The clock frequency of the high-frequency external
clock of the processor shall be measured. The result
shall be accepted if the measured clock frequency
agrees with the frequency of the chosen external
oscillator.

Every digital I/O pin of the processor shall be
programmed in output mode to output high level
voltage and the voltage at a programmed digital 1/0
pin shall be measured. The result shall be accepted
if the measured output voltage on a programmed
digital I/O pin agrees with book-value of the chosen
processor.

H.S. 10

H.S. 6

HS.7

H.S. 12

H.S. 12

H.S. 12

H.S. 12

H.S. 12

H.S. 12

Continued on next page
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Table D.6 — continued from previous page

Req. L.D. Acceptance testing procedure descriptions Der. from

ATP.42 | Every digital I/O pin of the processor shall be | H.S. 12
programmed in input mode to read high level voltage.
The result shall be accepted if every programmed
digital I/O pin reads logic 1.
ATP. 43 Every digital I/O pin of the processor shall be | H.S. 12
programmed in analogue mode to read 0.5V4ypp. The
result shall be accepted if every programmed digital
I/O pin reads =~ 0.5(2" — 1) where n is the resolution.
ATP 44 The communication interface to the chosen external | ES. 1 - ES.
peripherals shall be programmed according to Table | 4
F.1. The communication interface shall be deemed to
perform correctly if:
* the clock frequency of the clock line of a
synchronous communication interface agrees
with the program.

e the communication interface lines are observed
to be free from eyeing-phenomena.

* the processor is capable of sending O0xAA value
across a communication interface.

ATP. 45 The chosen processor shall read/receive message | F.S. 1 - ES.
from the chosen external peripherals via chosen | 4
communication interface. The result shall be accepted
if:

e the WHO AM I register from the chosen
MEMS-IMU is read correctly.

e the raw GPS observables are received.

 a buffer of size 1024B and 2048B with pre-
defined characters are correctly saved onto the
chosen microSD card.

Continued on next page
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Table D.6 — continued from previous page

Req. L.D. Acceptance testing procedure descriptions Der. from
ATP. 5.1 The processor shall read measurements from the | H.S. 1 -
chosen MEMS-IMU. The result shall be accepted if: | H.S. 3
FS.3
* the magnitude of the 3-axis accelerometer
measurement vector is approximately 1g during
steady-state locomotion.
* the 3-axis gyroscope measurement agrees to
the pre-defined angular velocity under external
restriction calibration.
 the 3-axis magnetometer measurement draws
an ellipsoid as it is rotated through all the
angles.
ATP.52 The incoming GPS SNR observables shall be | H.S. 4 -
compared with that of C94-M8P simultaneously. The | H.S. 5
result shall be agreed if two sets of GPS SNR | ES. 1
observables agree within 5dB.
ATP.6.1 The incoming PPS from sensors shall be observed | FR. 1.8

and the latency between signals shall be evaluated
simultaneously. The result shall be agreed if the
latency is less than the 1% of the lowest sampling
period.
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Appendix E

Component Alternatives

Table E.1: A list of component alternatives considered during the component procurement process

Req. L.D. Part number Req. L.D. Part number
HS. 1 - H.S. 12
H.S.3 BMXO055
STM32F2xx
BMX160
STM32F4xx
ICM20948
STM32F7xx
LSMODS1TR
STM32H7xx
MPU9250
STM32L4xx
H.S. 4 HS.5
NEO-M8x GLONASS 9M
ZOE-M8x AA.160.301111
UBX-M9140/UBX- AA.161.301111
G8020-KT
B3G02G-S3-01-A
SAM-M8x

EVA-M8x

Amotech
AGA363913-S0-A1
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Appendix F

Schematics

Table F.1: A pin assignment between the STM32F407VGT and the chosen external peripherals

STM32F407VGT (LQFP100) Ext. Peripheral

pin no. pin name pin no. pin name
Initial & Final NEO-MS8T (UART)
92 (PB6) USARTI-TX 21 RXD
93 (PB7) USART1-RX 20 TXD
29 (PA4) GPIO-EXTI4 3 TIMEPULSE
Initial & Untested MAX17043 (I°C)
47 (PB10) I>’C-SCL A2 SCL
48 (PB11) I’C-SDA A3 SDA
46 (PE15) GPIO-EXTI15 Cl ALEART
Initial & Final BM X055 (SPI)
23 (PAO) GPIO-EXTIO 19 INT1A
24 (PA1) GPIO-EXTI1 14 INT1G
25 (PA2) GPIO-EXTI2 2 DRDYM
30 (PAS) SPI1-SCK 8 SCK
31 (PA6) SPI1-MISO 12 & 17 SDO
32 (PA7) SPI1-MOSI 11 SDI
38 (PE7) GPIO-OUT 16 CSBA
39 (PER) GPIO-OUT 5 CSBG
40 (PE9) GPIO-OUT 20 CSBM
Initial microSDHC (SDIO)
65 (PC8) SDIO-DO 7 DATO
66 (PC9) SDIO-D1 8 DAT1
78 (PC10) SDIO-D2 1 DAT?2
79 (PC11) SDIO-D3 2 DAT3
80 (PC12) SDIO-CK 5 CLK
83 (PD2) SDIO-CMD 3 CMD
84 (PD3) GPIO-IN SW DETECT

Continued on next page




Table F.1 — continued from previous page

STM32F407VGT (LQFP100) Ext. Peripheral
pin no. pin name pin no. pin name
85 (PD4) GPIO-IN DT SWITCH
Modified final microSDHC (SPI)
51 (PB12) SPI2-CS 2 DAT3
52 (PB13) SPI2-SCK 5 CLK
53 (PB14) SPI2-MISO 7 DATO
54 (PB15) SPI2-MOSI 3 CMD
84 (PD3) GPIO-IN SW DETECT
85 (PD4) GPIO-IN DT SWITCH
Initial & Final Light Emitting Diode (LED)
3 (PE4) GPIO-OUT - -
4 (PES) GPIO-OUT - -
5 (PE6) GPIO-OUT - -

Initial & Final Switch
16 (PC1) GPIO-IN - -
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f a sensor unit, capturing the processor.
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f a sensor unit, capturing the MEMS-IMU.
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f a sensor unit, capturing the GPS rece
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Appendix G

Cost and Pricing

G.1 Cost of Developed Sensor

Table G.1: The cost to assemble 12 sensors for the multi-receiver DGPS/MEMS-IMU fusion
MOCAP system

Comment Total Qty Total Cost [R]
Capacitor (SMT 0402) 348 45.36
Capacitor(SMT 0603) 120 587.52
Capacitor(SMT 1206) 24 9.5
BLMI15HDI102SN1 24 65.52
Antenna (SMA) 12 563.7
105017-0001 24 271.58
Inductor(SMT 0805) 12 41.76
Resistor(SMT 0603) 168 122.02
Resistor(SMT 0402) 228 183.03
TLV2217-33 12 220.53
BMXO055 12 0 (sample)
BMP280 12 390.38
TPS795-33 12 388.37
USBLC6-2 24 181.02
NEO-M8x 12 6000
STM32F407VGT6 12 2237.52
STMPS2141STR 12 75.02
AA.105.301111 12 3440
PCB fabrication 1500
Stencil 1000
PCB assembly 4800

Total cost for 12 sensors 22122.83




G.2 Pricing of Commercial MOCAP System

Sales Quote

Quote Date 27-August-2019
Quote Number 00019937
Sales Person Felix Wolbert

xs e n s Sales Person E-mail felix.wolbert@xsens.com

Quote Prepared For:

Sell To Contact: Do Yeou Ku Customer reference:

Account Name: University of Cape Town V.A.T. Number:

Bill To: Ship To:

Bill To Customer:  University of Cape Town Ship To Customer: University of Cape Town
Bill To Contact: Do Yeou Ku Ship To Contact:

Bill To: Ship To:

South Africa

Product Detail Qty. UoM Unit Price Price
MVN-AL-L-D - MVN Analyze Lifetime incl 3Y Maint+Support, DNG Key 1.00 UNIT € 26,500.00 € 26,500.00
MVN-LINK - Inertial fullbody mocap system 1.00 UNIT €10,575.00 €10,575.00
MVN-AWINDA - Wireless fullbody mocap system 1.00 UNIT €6,990.00 € 6,990.00
MVNL-BU-SET - MVN Link Back-up Set 1.00 UNIT €3,000.00 € 3,000.00
MVNA-BU-SET - MVN Awinda Back-up Set 1.00 UNIT €1,860.00 € 1,860.00
MVNL-SUIT-XL - MVNL Suit Size XL 1.00 UNIT €990.00 €990.00
MVNL-SUIT-L - MVNL Suit Size L 1.00 UNIT € 990.00 € 990.00
MVNL-SUIT-M - MVNL Suit Size M 1.00 UNIT €990.00 €990.00
XS-TIME-DNG - Xsens License Dongle 1.00 UNIT €195.00 € 195.00
SHIPPING - Shipping Costs 1.00 UNIT €50.00 €50.00
Total: € 52,140.00

Terms and conditions:

Shipment Method CPT ship to address (excl. import costs)

Payment Terms Payment in Advance
Payment Method Bank / Wire Transfer

Quote Acceptance:

For acceptance, please send us your purchase order (indicating this quote number), or complete, sign and fax or e-mail this form to the number
or e-mail address above.

NAME s VAT REQ. NO. ettt
DAte o Purchase Order NO. ..o
SIGNALUIE vt Preferred deliVEry date ..o

This offer is valid for a period of 30 days. After this period prices may change as a result of costs and/or exchange rate updates. On this order the General Terms

and Conditions of Sale of Goods and Services and License of Xsens Technologies B.V. or Xsens North America Inc., herewith attached, are applicable. The

customer declares to have read and understood these terms and conditions and to be in full agreement with their contents.

Page 1 of 1

Figure G.1: Sales quote for suit-inertial MOCAP system from Xsens Technologies.
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* PHASESPACE

www.phasespace.com

1937 Oak Park Blvd. Suite A DATE: September 3, 2019
Pleasant Hill, CA 94523 QUOTE # QPS0903191
Phone: 925.945.6533
FAX: 925.945.6718
FOR: Do Yeou Ku
University of Cape Town
P.O / RFQ No. TERMS CAGE CODE SHIP VIA FOB SALES REP
EFT in advance UPS Seller's Plant
ITEM DESCRIPTION QUANTITY| UNIT PRICE TOTAL PRICE
PSIMPULSE-X2-8 |8 camera IMPULSE X2E system package including: 1 $21,000.00] $21,000.00
8 — 960 Hz PhaseSpace IMPULSE X2 cameras
PhaseSpace server computer with integrated HUB
Micro LED Driver with 8 LED harness
Cables (camera to HUB)
Calibration object
PhaseSpace software suite
1 year support and software upgrades, 1 year warranty
PS01-X2 960 Hz PhaseSpace IMPULSE X2 camera 4 $2,000.00] $8,000.00
All pricing is in US Dollars
VAT, duties, taxes, and shipping charges are the
responsibility of the buyer
SUBTOTAL $29,000.00
Sales Tax
SHIPPING & HANDLING
TOTAL $29,000.00

Quotes are subject to PhaseSpace, Inc. standard terms of sale, which are incorporated by reference, any change in terms
must be agreed to by the parties in writing.

Accepted quote should be faxed to number given above. Quote Acceptance Signature:

Figure G.2: Sales quote for 12-camera indoor optical MOCAP system from PhaseSpace.
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* PHASESPACE

www.phasespace.com

1937 Oak Park Blvd. Suite A DATE: September 3, 2019
Pleasant Hill, CA 94523 QUOTE # QPS0903192
Phone: 925.945.6533
FAX: 925.945.6718
FOR: Do Yeou Ku
University of Cape Town
P.O / RFQ No. TERMS CAGE CODE SHIP VIA FOB SALES REP
EFT in advance UPS Seller's Plant
ITEM DESCRIPTION QUANTITY| UNIT PRICE TOTAL PRICE
PSIMPULSE-X2-8 |8 camera IMPULSE X2E system package including: 1 $21,000.00] $21,000.00
8 — 960 Hz PhaseSpace IMPULSE X2 cameras
PhaseSpace server computer with integrated HUB
Micro LED Driver with 8 LED harness
Cables (camera to HUB)
Calibration object
PhaseSpace software suite
1 year support and software upgrades, 1 year warranty
PS01-X2 960 Hz PhaseSpace IMPULSE X2 camera 56 $2,000.00] $112,000.00
All pricing is in US Dollars
VAT, duties, taxes, and shipping charges are the
responsibility of the buyer
SUBTOTAL $133,000.00
Sales Tax
SHIPPING & HANDLING
TOTAL $133,000.00

Quotes are subject to PhaseSpace, Inc. standard terms of sale, which are incorporated by reference, any change in terms
must be agreed to by the parties in writing.

Accepted quote should be faxed to number given above. Quote Acceptance Signature:

Figure G.3: Sales quote for 64-camera indoor optical MOCAP system from PhaseSpace.
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Application for Appreval of Ethics in Research (EiR) Projects
Facufty of Engineering and the Built Enviranment, University of Cape Town

APPLICATION FORM
Please Note:

Any person planning to undertake research in the Facully of Engineering and the Built Environment (EBE) at the University
of Cape Town is required to complete this form before collecung or analysing data. The objective of subm:tiing this
application pricr to embarking on research is to ensure that the highest ethical standards in research. conducted under the
auspices of the EBE Facully. are met. Please ensure thal you have read, and undersiood the EBE Ethics in Research
Handbook ({(availabie from the UCT EBE, Research Ettuics website) prior to completing this apolication form:
hitp fiwww ebhe uct ac zarebelresearchyethicsd

| APPLICANT'S DETARLS

Name of prmc«pal researcher, stuc@m of
external applicant

Do Yeou Ku

Department

Preferred email address of appheant

Your "}cczree

Eiectneal Engineenng Department

| Kxxdoy001@myuct ac.z

Namc of SuJu\n:,or {if
su0f~rv sed)

' Dr Amir Paiel

| Stugent MS3c
eg. MSc PhD. ¢ic |
Crer‘n Value of iy
Research g | 180
6011204 1 89/360 efc |
L

¥ this 8 @ research contract, mdlca e
the source of funding/sponsorship

Project Title

RC&I Explarer and RC8! Concept fund

MEMS-IMU and GPS/RTK integration for motion capture system

| hereby undertake to carry out my research in such a way that:

there 13 no apparent legal objection to the nature or the method of research; and

.
. the research will not compromise staff or sludents or the other resoonsibilities of the University,
. the siated objective will be achieved, and the findings will have a high degree of validity;
. limitations and allernalive interpretations will be considered,
. the findings could be subject to peer review and publicly available, and
. I will comoly with the conventions of copynght anc avoiC any practice that would constitute plagiarism
h ‘ - e
SIGNED BY Fult name , Sgnature Date
1 — =Tha L = __‘:/,_-_\__ =
Principal Researcher! 1 /
24 Oct 2018
Student]Externai applicant } Do ¥eoy d
_ APPLICATION APPROVED BY 1 Full name Signature Date
e e el e g p— 2 ? O

Supervtsor ‘whf«m appicable; %
|

| Or Amir Patel

24 Oct 2018

Chair :

HQD (or delegated nominee)

Final authonty for all apoicants who | Wﬂ# O/&b';' &&L‘W\)

i:tave answered NO {0 all questons i I Broi Ecwacd-Bome
Sectiont: and tor ali |
Undergraduastereseaarch {Including
Honours)

Faculty EIR Commiitee
For applicants othar than
undergraduate students who have
answered YES to any of the above
gueshions

i_?ofw/lk
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