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Motion Tracking of Highly Dynamic Multi-link Systems in Un-
constrained Space

Jeronimo Cox Jr

(ABSTRACT)

This thesis presents a motion tracking methodology for highly-dynamic, multi-link
systems unconstrained by space due to visual obstruction or magnetic distortion.
The proposed technique of dynamic measurement fusion changes the role of the ac-
celerometer from correcting inclination with the gravity vector only in quasi-static
motion, to measuring centrifugal forces of links. This allows measuring angular rate
of links not only with gyroscopes embedded to Inertial Measurement Unit (IMU)s,
but also accelerometers, making more use of the inertial sensors. Headings of links are
corrected with magnetometers. As local distortion is inconsistent at every position
in some space, a method is proposed to measure local hard iron distortion, allowing
heading correction to be more effective in nonuniform magnetic fields. In validating
the techniques using an experimentally induced two degree of freedom motion, error
in estimated state has improved by half an order of magnitude. While the methods
have worked to track highly dynamic humanoid motion, the proposed technique has

difficulty estimating quasi-static 3D motions.
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For years, motion tracking of multi-link systems has been a subject of interest in
robotics, biomechanical analysis, education, games, films, and more. Tracking the
motion of these systems is essential to controlling the motion efficiently and optimally.
Whether attempting to design a constrained motion, such as the limited motion
targeted by an occupant in a crash, or improving the performance of a motion, such
as improving the gait and posture of someone in athletics or rehabilitation, accurately

tracking these motions is crucial to best understand the measured motions.

Joint encoders are one form of embedded sensors used for excellent motion tracking
for robotic manipulation [1]. Though manipulators with positional feedback using
encoders currently work in industry, encoders eventually suffer from error, as ac-
tuation over time leads to warped shafts and misaligned bearings [2]. They're also

generally hard to install to track the complex degrees of freedom of humanoid joints.

In the event that tracking of an advanced motion movement without joint encoders
is required, an active optical system is the usual choice as it provides high reliability
and accuracy. Using multiple cameras for depth measurements of observable targets

has been a common practice for motion tracking, providing more information than



possible with a monocular camera. An example of a visual motion tracking system is
the OptiTrack Motion Capture System, which uses cameras and reflective ball markers
to estimate positions of multi-link bodies with tenths of a millimeter of error, allowing
for accurate measurements for more complex motions. For this reason, the visual
motion capture system is used for ground truth measurements in the performance
analysis of methods proposed in this thesis. As long as multiple cameras can catch
all markers of interest for the duration of the motion being measured, camera-based
tracking provides accurate pose measurements; however, optical tracking suffers when

targets are not observable by multiple cameras.

Between replacing encoders that break with high torque loads, and purchasing camera
equipment capable of tracking at sufficiently high frame rates and accuracy, the re-
quired technologies can be costly. In some cases, many multi-link systems are neither
equipped with joint encoders nor fully observable by cameras, which are the conditions
of concern in this paper. One example of motion tracking in the described conditions
is motion tracking of people in manufacturing plants and facilities with machinery
and equipment in the way, a use case targeted by auto companies recently. Highly
dynamic systems, or systems that experience high torque or changing accelerations
exceeding 2 G, are the systems targeted for motion tracking of concern in this thesis.
In crash test applications, the motions of some parts of the dummy are unobservable
because the material of vehicles obstructs the view. Unobserved with joint encoders
and cameras, these motions must be tracked with external dead-reckoning [3]. This
gives rise to the need for externally mounted IMU-based motion tracking, where the
IMU most typically consists of accelerometers, gyroscopes, and magnetometers. Ac-
celerometers are instruments used to measure linear acceleration and are observant of

the gravity vector, the constant force everyone and everything experiences on Earth.



Gyroscopes are instruments used to measure the rate of angular rotation. A magne-
tometer is an instrument used to measure the strength and direction of the magnetic
field in the vicinity of the instrument as an electric compass [4]. The utilization of
sensor packages also increases the range of usable sampling rates compared to that
of high-quality visual motion tracking systems, allowing for more saturation of mea-
surements for the duration of a motion. Similar to how a gyroscope might be used to
measure current orientation from an initial reference direction, magnetometers can
be used to measure orientation with respect to Earth’s magnetic field. Commonly,
the gyroscope uses measurements to estimate the accumulated change in orientation
from a reference heading, but may accumulate error due to drift as a dead reckoning

sensor [5].

00 Oo0idooo

The intended solution for motion tracking is the use of strap-down IMUs in combina-
tion with state estimation methods that compensate for the error accumulated with
the integration of noisy sensor signals known as drift [3]. Drift can be compensated
for with global correction, or the usage of a measurement that does not change over
different variants. Methods of global correction include positional correction with
GPS [6] using the global coordinate system as reference, however, GPS devices do
not work well in indoor environments and aren’t meant for precision positioning. For
more focused positional correction, IMU-based motion estimations have been cor-
rected with cameras [7] commonly static to global frames for correction, however,
fail in the scenario of concern in this paper. The reference direction used initially

is observed throughout the duration of tracking a motion in a uniform field, making



magnetometers global correctors.

Magnetometers embedded in IMUs are used for global correction of heading direction
using the reference direction of magnetic north [8]. Some methods of heading correc-
tion with magnetometers assume that the magnetic field within the space of interest
is uniform, however, the direction of magnetic north changes in scenarios with sources
of distortion. For example, the expected direction of magnetic north changes based
on where a measurement is taken around the world due to the poles of the Earth [9].
By taking measurements with a magnetometer near sources of distortion, measure-
ments reflect geomagnetic north, as well as the vector of the local magnetic field due
to distortion. As the position of the magnetometer changes in the described spaces,
the proximity to structures also changes, causing the distortion to each position to
fluctuate, and altering the direction of the measured magnetic north. To prove the
advantages of orientation correction with magnetic north, experimental spaces were
designed with caution of the effects of iron structures and electrical equipment on
the local magnetic field. Objects of those materials are removed from the proximity
of the experimental space. As IMUs are crucial to measuring the reference north to
correct for drift, understanding the consistency of the measured reference direction
is required. Important to robotics applications is the consideration of environmental
factors such as the inconsistency of the referenced vector relied upon for correction

that could play a role in aiding or harming the performance of a system.

To better understand the consistency of magnetic north within spaces inside iron
structures, magnetometers were used to collect data in a naval ship, and observe
magnetic field consistency as seen in Fig. 1.1. While trying to keep a constant head-
ing with the measurement device moved without orientation change in proximity

to power systems, electrical components, and structures of the ship, the signals of
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Figure 1.1: Lab visit to potential environment of robotics applications.

the magnetometer were inconsistent as seen in Fig. 1.2. Without considering the
consistency of the magnetic north measured, the amount of distortion throughout
these spaces is unique from position to position. What was also clear when record-
ing the data is how clear distortion increases with proximity to metals and devices.
If magnetometers are to be used for orientation correction in environments within
ferrite structures, the distortion to the reference direction being measured must be

considered and accounted for.

One method of removing the effects of distortion so that Earth’s magnetic field can be
better observed throughout a space is the application of magnetic shielding. Similar
to the goal of a Faraday cage, shielding can be used to remove the effects of exterior
electromagnetic fields. To understand the effects of different methods of shielding,
experimentation was designed to see at what proximity to an inductor, in constant
conditions with two inductor orientations, do magnetometers begin to observe distor-

tion. The prototype setup used to maintain the orientation of the sensor while it is
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Figure 1.2: Plotted magnetometer measurements taken while moved by iron struc-
tures and electrical components without orientation change.

No Shielding Testing

——
1 BSENCE OF CARRIER.| - ' vy
L FACTS ON RECEIPT.| = /#Umsit utw (] E /
=
\

Stati'onaf'_\;--- . L
Inducer . Magnetometer

Six Sided Shielding Cube

&y

It

Figure 1.3: Experimentation detecting proximity to an inducer that distortion can be

detected in magnetometer measurement, along with the effects of magnetic shielding
MCF5.



translated can be seen in Fig. 1.3.

Two layers of MCF5 magnetic shielding covering a cube were placed over any de-
sired location, for example, over the sensor or over the inducer. These conditions
were compared to the same but without shielding, assuming the usual conditions of
magnetometers in locations with materials that have distorting properties. The re-
sults, measured by the proximity of the inducer before distortion to the signal was
observed, can be seen in Table 1.1. The distortion measured with no use of shielding
was measured fairly close to the magnetometer. The effects of shielding were fairly
similar for both placement on the inducer and sensor, however, shielding around the

sensor removed the observability of Earth’s magnetic field in any direction.

The non-uniformity of magnetic signals in proximity to iron structures poses the
largest challenge for orientation correction with magnetometers with externally mounted
IMU-based tracking. The aid from shielding is limited when encasing the sensors, as
the observability of Earth’s magnetic field only worsens. The non-uniformity of mag-
netic fields has been used for mapping and localization of magnetometers in different
spaces, however, mapping of magnetic fields can be costly and inefficient. For this

reason, this thesis is only targeting motion tracking in nonuniform magnetic fields

Table 1.1: Results of shielding testing to observe effects of magnetometer signal with
proximity to an inducer.

Inductor Pose Shielding Usage Proximity Before Distortion
No Shielding 13.2 [cm]
Parallel Shielding on Inducer 10.3 [cm]
Shielding on Sensor 9.9[cm)]
No Shielding 12.5 [cm)]
Perpendicular | Shielding on Inducer 9.5 [cm]
Shielding on Sensor 8.6 [cm]
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The goal of this research is to provide a motion-tracking solution for a highly dy-
namic system, that works in environments or situations with magnetic distortion,
unobservable by cameras or joint encoders. The externally mountable sensor package
selected to achieve the goal is an IMU. As sensor drift leads to accumulated error,
the approach utilizes magnetometers as global correctors to the orientations of the
links of the system, using measured magnetic north. The challenge with using mag-
netometers is that the ferrous materials obstructing the sight of the system may also
be causing nonuniformity of the magnetic field throughout the space. As the end
goal application is to be able to track a test dummy inside of a crashing vehicle, the
intention is to develop a motion-tracking technique that works sufficiently even with

magnetic field inconsistency.

First is the validation of the use of dynamic measurement fusion for tracking a highly
dynamic motion of a complexity-reduced two-link system. Prior to using any of
this technology with crash test dummies, the proposed technique must be proven to
provide better estimations than conventional IMU usage. With completed validation
of the use of gyroscopes and accelerometers measuring centrifugal forces to measure
angular rotation, and correcting orientation with magnetometers in a space with
magnetic uniformity, the method is prepared to be used for more complex motion to

prove the efficacy of the method.

Work continued to understand the performance of dynamic measurement fusion in

the intended environment, a space with inconsistent magnetic north. State estimation



with IMUs equipped with magnetometers has mostly been modeled for environments
with homogeneous magnetic fields, spaces where calibration parameters are consistent
throughout spaces. As single magnetometers have difficulty with real-time calibra-
tion for orientation estimation in distorted environments, a methodology is proposed
to better understand the magnetic field conditions from position to position. In this
thesis, the proposed approach is to measure distortion for real-time calibration to
provide better estimates of orientation. As an extension of dynamic measurement
fusion, measuring orientation with respect to local magnetic field, along with cali-
bration, is achieved with an array of two, closely positioned, oppositely facing 3-axis
magnetometers. With this approach, local hard iron distortion is compensated for by
real-time measurement. Correcting orientations with dynamic measurement fusion by
using the most recent prior magnetic north vector direction rather than referencing
the initial direction, along with local calibration, is used for better pose estimation of

a multi-link system in nonuniform magnetic fields.

Sensor mounts, including the IMU packages used to estimate the motion, as well
as visual motion tracking markers for ground truth measurement, are prepared for
validation of the proposed methods of tracking motion with increased complexity. The
design for experimentation with coupled magnetometers is planned and conducted
with more accessible sensors in less intense motion to compensate for limited sampling
rates. Using arm movement as a two link system with increased degrees of freedom,
use of coupled magnetometers for distortion compensation. In preparing for the use
of dynamic measurement fusion to track the motion of a dummy for analysis of the
proposed method, the magnetometers at the quality required for experimentation
were damaged, and the team was left with an extensive lead time until they can be

replaced. For this reason, validation of dynamic measurement fusion using pseudo-



10

magnetometer data generated with OptiTrack data targeted as the goal of proving
the developed method at Honda ADC. With the validation of the proposed sensor
method utilizing the complexity-reduced two-link system with scalability of degrees
of freedom in an environment with magnetic nonuniformity, the intended future work
of this research is to validate coupled magnetometers in the same test previously

conducted with the dummies.

000 DbOooibooiboo

This thesis presents a technique of motion tracking highly dynamic systems with
externally mounted IMUs. Orientation correction is achieved in nonuniform magnetic
fields with coupled magnetometers capable of reducing error by consideration of local
distortion. To better compensate for distortion, hard iron distortion is measured
with the positioning of two oppositely facing magnetometers. As the magnetic north
vector is inconsistent in spaces of interest, a new sensor model for magnetometers is
introduced using a magnetometers’ most recent previous measurement as a reference
direction, rather than the initially observed magnetic north. As the main concern
of this paper, highly dynamic systems that experience more intense transformations
of sensor frame than the transformation of magnetic north in a nonuniform field,
usage of magnetometers can be useful as an additional dead-reckoning measurement
correcting states in an extended Kalman filter (EKF) framework. The contributions

go as follows,

o Application of dynamic measurement fusion to measure highly dynamic motion

of physical systems.
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« Coupled oppositely-faced magnetometers for real-time hard iron distortion mea-

surement for motion tracking

o Dead-reckoning sensor model for magnetometer to compensate for the inconsis-
tency of direction of referenced magnetic north within proximity to iron struc-

tures

Qo0 ooeod

This thesis is organized as follows. Chapter 2 reviews literature on motion tracking
with externally mounted IMUs. It also reviews literature on magnetic field distortion
compensation and utilizations of magnetometer arrays. Chapter 3 formulates the
application of Dynamic Measurement Fusion to track a highly dynamic multi-link
system. Chapter 4 explains the proposed usage of two oppositely facing magnetome-
ters for real-time calibration in nonuniform magnetic fields. Chapter 5 presents the
design for the application and validation of Dynamic Measurement Fusion to track the
motion of humanoid systems. Experimental validation of the proposed approaches is

conducted in Chapter 6, and the final chapter summarizes the results and conclusions.
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Past work on motion tracking of multi-link systems incorporating IMUs can be classi-
fied into two approaches. In the most common approach, a 6DOF IMU, an embedded
combination of a three-axis gyroscope and a three-axis accelerometer, is attached to
the center of each link measuring the angular velocity and the linear acceleration, re-
spectively. While both are dead-reckoning sensors, methods have been introduced to
globally correct heading using the gravity vector measured with linear accelerometers.
Taetz et al. [10], Kok et al. [11], and Ahmadi et al. [12] developed computationally
efficient multi-link motion capture systems with this approach and tracked the linear

and angular motions correspondingly, using only accelerometers and gyroscopes. [13]

Various frameworks of attitude estimation have been developed using global correc-
tion with this arrangement. Cantelli et al [14] and Euston et al [15] used IMUs with
inclination correction using the gravity vector for joint angle estimation of manipula-
tors and attitude estimation of unmanned air vehicles, respectively. These cases for
motion tracking involve sensor suites in proximity to motors and electrical compo-
nents, which cause excessive distortion for heading correction with magnetometers.
Wang et al [16] optimized Cantelli’s approach for walking motion capture by correct-

ing inclination only in states with zero acceleration or velocity, known as zero velocity
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updates (ZUPT). While ZUPT allows for cleaner observation of the gravity vector
in quasi-static motion, the method fails for highly dynamic systems. Angermann et
al [17] introduced the use of SLAM with inertial sensors containing just gyroscopes
and accelerometers mounted to users’ feet for tracking motions of pedestrians, while
also constructing maps of walking paths in indoor and outdoor environments. Garcia
Puyol et al [18] introduced H-tree data structures to reduce the storage size of maps
and reduce computation time as maps progress in size. Ample work has been done
to track motion with 6DOF IMUs, however, this only performs well when motion
is quasi-static with minimal acceleration to impede the observability of the gravity

vector.

The second kind of approach uses nine degree of freedom (9DOF) IMUs, similar
to a six degree of freedom (6DOF) but inclusive of the three-axis magnetometer
which measures geomagnetism and provides the direction of magnetic north. As
accelerometer-based gravity measurement for correction has only been accurate at
quasi-static motion [19], correction of joint angle estimations using magnetometers

was investigated as a viable global correction technique.

The QUEST method [8] was the pioneered usage of inclination correction with ac-
celerometers and heading correction with magnetometers. Yun et al [20] integrated
this method into motion tracking with external IMUs of humanoid poses. Mahony et
all [21] and Valenti et al [22] used correction of inclination using accelerometers and
heading with magnetometer measurement using stability analysis of measured vectors.
Laidig et al [23] used a similar approach applying a low pass filter to measurement
signals using estimation in quarternion. Local magnetic fields have an expected dip
angle based on positioning on the earth’s surface [9]. Inclination correction using lo-

cal dip angle has been used, similar to correction with the gravity vector. Magdwick
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et al [24] and Yadav et al [19] used the gravity vector as well as local magnetic dip
angle for inclination correction, using gradient descent and a particle filter for op-
timization, respectively. Li et al [25] compared how ZUPT works with gyroscope
measurement integration, an EKF framework using yaw correction with magnetome-
ters, and a method with heuristic drift reduction to compensate for heading error
in walking motions. In some sensor models for orientation estimation, reliance on
the magnetometer decreases when distortion is detected. Rotenberg et al [26] used
deviation in measured magnetic dip angle and magnitude to detect distortion and

increase covariance in a Kalman filter framework.

While existing IMU-based techniques have been successfully applied to the motion
tracking of multi-link systems, the targeted multi-link systems experience relatively
low linear accelerations. These techniques estimate attitude using magnetic fields
and gravity, while accelerometer-based gravity measurement is accurate only at near-
constant velocities in inertial reference frames. When the system is highly dynamic,
accelerometer measurements deliver not only information about the gravity vector
but also information coming from the system motion (i.e. linear and centrifugal
accelerations). Since high-speed motion is important to accurately quantify in many
applications, linear and angular accelerations must be modeled and handled properly

such that motion is accurately tracked.

00  Oooidbotitt b bouoobboodoo

With all sensors come unintended error in different usage conditions. Measurement
error models are used to compensate for known potential sources of error in magnetic

fields measured. Common sources are non-orthogonality of the physical sensor axes
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and the axes scaling between different channels, information typically provided for
individual sensors by manufacturers. To better observe magnetic north, error models
are used to map distortion and are compensated for with calibration. Substantial work
has been done to characterize distortion in magnetometer measurements. Tolles and
Lawson [27] identified distortion of the magnetic field measured with magnetometers
onboard an aircraft proportional to the angular rate of the aircraft, identified as
eddy current effects. Bickel et al [28] worked to produce an error model inclusive of
the effects of eddy currents. The most commonly used complete measurement error
model includes consideration of soft iron, hard iron, scale factor, and misalignment
errors [29]. With more detailed error models came more robust calibration methods
for magnetometers. Caruso et al [30] explained calibration for planar applications
correcting for hard iron and soft iron distortion. Conventional calibration methods

successful at finding calibration parameters are normally used prior to measurement of

O Uncorrected Ellipsoid © Corrected Sphere

Figure 2.1: A visualization of the goal achieved with calibration of a magnetometer,
transformation of an ellipsoid to a sphere around the origin.
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a motion, working only in homogeneous magnetic fields, or most often static positions.
Calibration requires a dataset produced with coverage of all possible orientations in
mind, rotating the sensor for its measured points at all possible orientations. Dataset
collection and calibration is normally completed prior to the measurement of a motion.
When a dataset is well produced, measured points from all rotations form an ellipsoid.
An example of the ellipsoid and the required transformation of the data set so that
orientation can be measured within those distortion conditions can be seen in Fig. 2.1.
All transformations of data to remove error and fit data as a centered sphere are
calibration parameters used to compensate for distortion. Caruso et al [31] suggested
finding the average of the maximums and minimums of the dataset in each degree of
freedom, along with scaling the ellipse by the major axis to fit a sphere. Kok et al [32]
achieved fitting of a function to map the ellipse with maximum likelihood formulation.
Riwanto et al [33] achieved rotation axis fitting using particle swarm optimization to
calibrate magnetometers, requiring less coverage of the ellipsoid formed with measured
points. Tahir et al [34] incorporated solving the calibration model into a stochastic
optimization problem, using simultaneous perturbation stochastic approximation to
reduce complexity compared to particle filter approaches. All of the approaches listed
are processes for calibration prior to measuring a motion, however, they don’t account
for the additional required calibration when an object travels through a nonuniform

magnetic field.

Methods to estimate new calibration parameters as a body moves through a nonuni-
form field, or real-time calibration, have also been developed. Alonso et al [35] devel-
oped the TWOSTEP approach where calibration parameters are initially predicted
using a centering approximation method, and are corrected using weighted sums of

all measurements up to any point. The method requires more computation time
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to estimate calibration parameters as more measurements are collected, leaving it
more useful for post-processing data collected during a motion. Crassidis et al [36]
compared the TWOSTEP method with both an EKF and an unscented Kalman
filter (UKF) framework for estimating calibration parameters in real-time applica-
tions. The UKF framework performed the best in terms of accuracy and convergence

properties as it works best with non-linearity.

00 OOb0potobidd 4ot dooutooooooo

With the difficulty of global correction of orientation due to inconsistent magnetic
north, efforts to refine localization with magnetometers did not stop. Suksakulchai et
al [37] provided foundational work introducing the matching of distortion of heading
direction to predetermined distortion signatures matched to locations. Matching
heading deviation by position, durations of freshly measured signals are matched
to distortion signatures with the least squares method. This work suggested that
the inconsistency of magnetic fields in spaces can be used for localization, despite
failure to correct orientation with inconsistent magnetic north. Methods of mapping
magnetic fields in spaces to be used for localization came as result. Gozick et al [38]
localized with known locations of ferrites within a corridor and a function of residual
magnetism based on proximity to ferrite structures. Navarro et al [39] suggested an
approach for heading correction using magnetic components at the correct position
of the robot, prerecorded on a planar map. In the case of trying to motion track with
just IMUs, the position of the system is estimated rather than collecting information
on the actual position, making it difficult to properly correct heading with any error

to the estimated position. Despite Navarro not including a way to map the magnetic



18

field direction for every position in a map approach, the work introduced a need for
magnetic field mapping. Le Grand et al [40] produced a detailed method to map
the magnetic field vector and intensity to be used for localization. Akai et al [41]
mapped magnetic field using a magnetometer array on a robot to be used for future
localization. Solin et al [42] mapped the interpolated vector field of ambient magnetic
field using Gaussian processes. Kuevor et al [43] used Guassian process regression
(GPR) to efficiently map magnetic fields in a space to use as 0 OOIO00 for motion

tracking, and a method to improve roll and pitch estimation with GPR maps.

As methods for spatially mapping magnetic fields became more diverse, implemen-
tations of SLAM with magnetometers for navigation in robotics applications have
become a field of interest. Akai et al [44] localized a robot with SLAM of geometric
and magnetic landmarks using lidar and magnetometer, respectively. Robertson et
al [45] extended FootSLAM to include mapping of local magnetic field intensities to

help localize with returns to different positions known as MagSLAM.

Oi0 D0oUoitd boiot ot Oobbbilt bodbot obobdo

Work in the automotive industry has introduced redundant measurements to better
measure the motions of systems using sensor arrays. Alem et al [46] introduced usage
of six accelerometers to measure angular acceleration of a head motion, but found
that results were not reliable enough. Padgaonkar et al [47] compared the usage of
six linear accelerometer arrays to the proposed usage of nine linear accelerometers,
or nine accelerometer array package (NAAP), measuring tangential accelerations to
measure the angular rotation of a body as depicted in Fig. 2.2. DiMasi et al [48] used

the developed NAAP methodology to track the motion of the head of a test dummy
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Figure 2.2: An figure depicting the directions and positions of linear accelerometers
within a 6 sensor array with lighter arrows, and the 9 sensor array including the
darker arrows. [47]

where sensors can be mounted internally. While useful for measuring relative motion,
integration error accumulated over time. Takhounts et al [49] worked to investigate
whether or not accumulated error was due to the integration of noisy signals, or miss-
ing considerations to the kinematics used to estimate motion, using the NAAP. With
a developed consistency check for measurements, a better kinematics model with
more defined constraint equations was developed accounting for dependency between
degrees of freedom. The utilization of accelerometer and gyroscope arrays has proven
useful in measuring relative motion for cases like impacts and crashes. The methods
have, however, had difficulties measuring absolute motion with the issues of sensor
drift. The usage of multiple magnetometers as a sensor suite has not been an uncom-
mon practice for understanding local magnetic fields. Measuring changes in magnetic
field reference direction between multiple sensors has been one way magnetometers
have proved effective for positional tracking of metallic anomalies [50]. For the past

decade, arrays of magnetometers have been used for magnetic gradient mapping to



20

detect anomalies [51]. Kozick et al [52] improved the usage of magnetometers for
tracking the motion of magnetic dipoles, a technique that can be used with several
magnetometers. Anomaly detection has led to calibration techniques for magnetome-
ter arrays serving as gradiometers. Calibration methods for magnetometer arrays
have been developed for both uniform [53] and non-uniform magnetic fields [54].
While magnetometer arrays have been commonly used for anomaly detection and
finding metallic materials, magnetometer arrays can also potentially provide more

information about the environment in motion tracking cases.

pog ouyooy

Motion tracking using externally mounted IMUs has been a well-studied topic for
quite some time. Usage of IMU measurements have been used to track motions and
even the mapping of paths traveled in urban settings. Methods to correct heading
estimations of systems being tracked with measurement of the gravity vector have
proven successful for tracking systems remaining in quasi-static conditions. Work
to develop methods capable of tracking highly dynamic motion with external IMUs
has plateaued with the capabilities of visual motion capture systems. The QUEST
method uses gravity vector inclination correction in conjunction with heading correc-
tion using measurements from magnetometers, assuming a uniform magnetic field.
Dynamic Measurement Fusion is proposed to allow for the redundancy of measure-
ments of the angular rotation occurring on links in a system. With measurement
redundancy, the motion is better observed, and the multiple beliefs based on measure-
ments of the same state from different sensors can be fused to increase the accuracy

of estimations. This method is employed to better handle highly dynamic motions of
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multi-link systems.

Global correction with magnetometers is well-studied and useful, especially in spaces
with uniform magnetic fields. With the nonuniformity of magnetic fields leading to
difficulties correcting orientations of estimations in some locations and environments,
work has aimed to compensate for the distortion of measured fields. Measurement
error models accounting for the sources of error that cause variation in the mea-
surement of local magnetic field vectors have been developed to compensate for local
distortion and better observe magnetic north. As distortion varies by position in some
spaces, calibration for distortion at one position may not work for others. Calibrating
each step of the motion using the accumulated dataset of measurements to estimate
calibration parameters has been one method aimed at solving magnetometer usage
in nonuniform fields, however, takes too much computation time as the duration of
the motion being measured increases. Different methods of estimating calibration
parameters, along with the state of the system being tracked, have been used, and

only have found more success using methods better at handling non-linearity.

Sensor arrays of accelerometers and gyroscopes have commonly used measurement re-
dundancy to better measure motions. While sufficient for measuring relative motions,
drift still accumulates with dead-reckoning sensors, leaving measuring absolute mo-
tions difficult. Magnetometer arrays have been found useful for measuring changes
in magnetic field gradients. The most common use case for detecting changes in
magnetic field gradient is magnetic anomaly detection. Although calibration proce-
dures exist for magnetometer arrays, the sensor configurations have not been used for

orientation measurement.

Relative calibration has not been achieved without processing a collected dataset.

With just an additional sensor per link, measurements of an environment become rich
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in information that can be used to better reduce error. Using coupled oppositely-faced
magnetometers, the inconsistency of the magnetic north vector measured throughout
a space can be better understood, and hard iron distortion can be observed and

compensated for regardless of initial calibration.



23

Looooot O

L0O0ipoionol oottt Dogodign
000 ot

00 OU0bidtidoon bobobioo o oobibtoot boooboo
Q00 O00ooobdl tdod

Qoo O0ofboooo 0o Uoooudboono

IMU Placement

Center of
Moment of Link i

Figure 3.1: A model motion tracking problem of a multi-link system with conventional
sensor placement.

Figure 3.1 shows the conventional usage of IMUs for motion tracking on the prob-

lem of concern in this chapter. The objective is to track the rotations of links of
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a multi-link body using only externally mounted IMUs, which are installed on each
link. Without loss of generosity, it is assumed that each link has a one degree of
freedom (DOF) revolute joint, and the links are moving in one plane perpendicular
to gravity. With motion tracking of a multi-link system, the translational and ro-
tational motions of each link are considered. While gyroscopes measure the angular
rotation of a link consistently from any position on its surface, different positions on
the link may experience different linear accelerations. For this reason, accelerometers
are usually positioned at the center of moment of a link as pictured in the figure, un-
less specific positioning with reliance on quasi-static motion [55, 56| is required. With
this configuration, measured linear acceleration can be used to estimate translational
motion of each link, leaving gyroscopes responsible for measuring rotational motion

of a link, with correction from a magnetometer.

Qoo 00000 Oboobiidooo

When the acceleration of a link is negligible, the orientation of each link in the
global frame can be computed using magnetometers and accelerometers as follows.
The accelerometer and magnetometer attached to a link measure the gravity vector
0" = g5 09; 00 ~ (when static) and magnetic field vector [1° = mb; m5; m} ~ in the
body frame b, which are assumed to be constant. The following equations govern the
transformation of the gravity and magnetometer vectors from the global frame into

the body frame:
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=0 ; ;)0 (3.1)
O =0( ; ; )O; (3.2)
where , , and are the roll, pitch, and yaw angles, respectively, with respect

to the global east-north-up (ENU) coordinate frame, and 0 = [0;0; ¢]” and O =
[0; my; m,]” are the corresponding gravity and the earth’s magnetic field vector in
the ENU frame, respectively. [J denotes the direction cosine matrix (DCM)

3

2
cc cs S
D(;:)=§ssc CS SSS +CcC CS 2 (3.3)

csc +ss <CsSs SC CC

where €y = cos() and s¢y = sin().

The rotation matrix 0 is often solved through the QUEST algorithm [8] to obtain
the orientation of each link in the global frame. This algorithm provides a robust
solution of orientation in the presence of measurement noises by solving the following

optimization problem

1 X
min 5 akd? 009K (3.4)

i
where [ is the measured gravity and magnetic field in the body frame, 09 is the
corresponding value in the global frame to estimate, and @; is the corresponding
weight for each measurement. Multiple measurements can be taken for accurate

orientation during the measurement of the motion with negligible acceleration.
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The fundamental problem of conventional motion tracking is that the computed ori-
entation is accurate only when the multi-link system moves at a fairly constant, slow
velocity. When the motion speed is high, linear acceleration due to centrifugal motion
can be relatively large compared to the gravity. In this case, one cannot rely on the
accelerometer to measure the gravity; otherwise, an erroneous gravity measurement
leads to the wrong usage of Eqn. (3.1) and subsequent Eqn. (3.4). Since the links are
connected, these inaccuracies compound from one link to the next. The next section
presents the proposed technique which alters the conventional usage of IMU sensors
and incorporates the accelerations caused by the high-speed motion of the links to

track their movement.
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Hard iron distortion is the distortion to Earth’s magnetic field by other objects that
produce permanent magnetic fields. This kind of distortion is often observed as offset
from the origin of the center of data points when a magnetometer is rotated. The
magnitude of hard iron distortion is dependent on its proximity to distortion sources.
Metals such as nickel and iron could cause a soft iron effect, which distorts the sphere
into an ellipsoid as seen in Figure 2.1[57]. Since soft iron distortion is more related
to the scaling of axes of magnetometer sensors, positional inconsistency of hard iron
distortion is more of a contributor to error of attitude estimation with magnetometers.
To observe the inconsistency of the magnetic field throughout a space away from and

through the inside of a vehicle with an iron structure, the measurement signals of a
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