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ABSTRACT

The dynamic pose of an object, where the object can represent a spacecraft, aircraft, or
mobile robot, among other possibilities, is defined to be the position, velocity, attitude, and angular
velocity of the object. A new method to perform dynamic pose estimation is developed that lever-
ages directional statistics and operates under the Bayesian estimation framework, as opposed to the
minimum mean square error (MMSE) framework that conventional methods employ. No small atti-
tude uncertainty assumption is necessary using this method, and, therefore, a more accurate estimate
of the state can be obtained when the attitude uncertainty is large.

Two new state densities, termed the Gauss-Bingham and Bingham-Gauss mixture (BGM)
densities, are developed that probabilistically represent a state vector comprised of an attitude
quaternion and other Euclidean states on their natural manifold, the unit hypercylinder. When the
Euclidean states consist of position, velocity, and angular velocity, the state vector represents the
dynamic pose. An uncertainty propagation scheme is developed for a Gauss-Bingham-distributed
state vector, and two demonstrations of this uncertainty propagation scheme are presented that show
its applicability to quantify the uncertainty in dynamic pose, especially when the attitude uncertainty
becomes large.

The BGM filter is developed, which is an approximate Bayesian filter in which the true tem-
poral and measurement evolution of the BGM density, as quantified by the Chapman-Kolmogorov
equation and Bayes’ rule, are approximated by a BGM density. The parameters of the approximat-
ing BGM density are found via integral approximation on a component-wise basis, which is shown
to be the Kullback-Leibler divergence optimal parameters of each component. The BGM filter is
then applied to three simulations in order to compare its performance to a multiplicative Kalman
filter and demonstrate its efficacy in estimating dynamic pose. The BGM filter is shown to be more

statistically consistent than the multiplicative Kalman filter when the attitude uncertainty is large.
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1. INTRODUCTION

1.1. MOTIVATION AND PREVIOUS WORK

As a motivating example, consider the planar translation and rotation of a body, which are
quantified by Cartesian position coordinates and heading angle, respectively. The position of the
body is typically assumed Gaussian-distributed since it is not bounded to a given interval; however,
the heading angle cannot be assumed Gaussian-distributed since it is required to be in the interval
[—7, ), and the support of the Gaussian density is infinite. A circular density, such as the wrapped
normal density or von Mises density, which are defined on the interval [—m, 7), can be used to
probabilistically quantify the heading angle. The position and heading angle of the body are corre-
lated in general, but they are properly quantified by two different densities; they must, therefore, be
considered under a common state density in order to properly represent their correlation.

Estimation approaches have been developed when the state consists of only a von Mises-
or wrapped normal-distributed circular variable [1, 2]. These approaches quantify the temporal and
measurement evolution of the von Mises or wrapped normal density; however, they do not extend to
a state with both a circular variable and other Euclidean (additive and unbounded) variables. Mardia
and Sutton first proposed a density to quantify a circular and Euclidean variable in which the state
density is constructed as the product of a von Mises density and a Gaussian density conditioned on
the von Mises-distributed random variable [3]. The Gauss von Mises density is constructed in a
similar manner to quantify a state with both a circular variable and other Euclidean variables as the
product of a multivariate Gaussian density and a von Mises density conditioned on the multivariate
Gaussian-distributed random variable [4].

A single circular variable can be used to quantify the heading angle, or one-dimensional
attitude, of a body. While the aforementioned methods operate on a single circular variable, a more
general problem is given by the case when the three-dimensional attitude and other Euclidean states
(such as position, velocity, angular velocity, etc.) of a body are quantified by an attitude quaternion
and Cartesian coordinates, respectively. The attitude quaternion exists on the unit hypersphere and
is antipodally symmetric; that is, opposing quaternions represent the same attitude. The attitude
quaternion is a globally nonsingular attitude representation, and thus, it is a popular choice to repre-
sent the three-dimensional attitude of a body [5, 6, 7]. The wrapped normal and von Mises densities,
which can be used to quantify the heading angle of a vehicle, cannot be used to quantify the attitude

quaternion since they are not antipodally symmetric densities.



The Bingham density, which is developed in References [8] and [9], is constructed as a
zero-mean Gaussian density that is conditioned to lie on the unit sphere. As such, it is an antipo-
dally symmetric distribution for a unit vector of arbitrary dimension. Since the quaternion repre-
sentation of attitude is constrained to be unit-norm, it also lies on the unit sphere. In addition, as
mentioned previously, antipodal quaternions represent the same physical attitude, which implies
that, in a probabilistic context, they must be equiprobable. As such, given the properties of the
Bingham density, the Bingham density can be a proper probabilistic representation of the attitude
quaternion. Estimation approaches have been developed for a state that consists only of an attitude
quaternion [10, 11, 12]. In particular, Reference [12] leverages an unscented transform to propagate
the uncertainty of a Bingham-distributed attitude quaternion when the system dynamics are non-
linear; however, Reference [12] assumes that the quaternion state is measured and is corrupted by
Bingham-distributed noise. This assumption does not allow for nonlinear measurements of the atti-
tude state to be considered. Furthermore, the approaches pursued in References [10, 11, 12] do not
quantify the correlation between the Bingham-distributed attitude quaternion and other Euclidean
variables.

A state density that is similar to the Bingham density has been proposed to quantify the
dual quaternion representing the pose (position and attitude) of a body [13]; however, this density
does not extend to arbitrarily high dimensions to include the velocity, angular velocity, and other
Euclidean states since it is constructed using a dual quaternion. The partially wrapped normal
density has recently been proposed, which wraps m coordinates of an n-dimensional Gaussian
density in order to quantify the correlation between m angular and n—m Euclidean states [14]. This
density applies to arbitrarily high m and n, so it can potentially be used to represent the uncertainty
of a rotation sequence representing the three-dimensional attitude and other Euclidean states of a
body. Because the temporal evolution of a rotation sequence is potentially singular [5, 6, 7], the
temporal evolution of this uncertainty representation will be potentially singular as well.

Typically, the multiplicative extended Kalman filter (MEKF) [5] is used to estimate a state
vector that consists of an attitude quaternion and other Euclidean states. The MEKF operates under
the linear minimum mean square error (MMSE) framework, in which a small attitude uncertainty
assumption is used to project the error in the attitude quaternion into a three-parameter local tan-
gent space that is constructed about the current estimated attitude quaternion. This small attitude
uncertainty assumption incurs little error when enough measurement information is available such
that the attitude uncertainty assumption remains small; however, if the attitude uncertainty is large,
this assumption can potentially incur error and degrade the state estimate. Furthermore, the MEKF
quantifies only the estimated state, which is given by the attitude quaternion, and its error covari-

ance, which is quantified in the three-parameter tangent space. The MEKF does not quantify the



probability density function (pdf) of the state vector, which is an artifact of its operation under the
linear MMSE framework.

1.2. CONTRIBUTIONS

This dissertation proposes an approximate Bayesian filter to estimate a state vector that
consists of an attitude quaternion and other Euclidean states. Since this filter operates under the
Bayesian framework, it quantifies the pdf of the state vector and not just its estimate and error covari-
ance, like the MEKF. In order to develop this filter, two new state densities, termed the Bingham-
Gauss and Gauss-Bingham densities, are developed. These densities probabilistically quantify a
state vector consisting of an attitude quaternion and other states that exist in Euclidean space. When
these other states consist of the body’s position, velocity, and angular velocity, the dynamic pose
of the body is probabilistically quantified. These densities are constructed by conditioning a Gaus-
sian density on the Bingham-distributed random variable, and conditioning a Bingham density on
the Gaussian-distributed random variable, respectively. Furthermore, the Bingham-Gauss density is
extended to develop the Bingham-Gauss mixture density, which is used to probabilistically quan-
tify non-Bingham-Gauss-distributed state vectors. The approximation of a Bingham-Gauss density
by a Bingham-Gauss mixture (BGM) density is developed, which includes the development of an
approximation method of both a uniform and non-uniform Bingham density by an Bingham mix-
ture (BM) density.

Additionally, a minimum divergence filtering framework is developed, which approximates
each step in the Bayesian recursion by an assumed density. The parameters of the assumed density
are found by minimizing an information divergence measure of the true state density, as defined by
the Chapman-Kolmogorov equation and Bayes’ rule, with respect to the assumed density. An ana-
Iytic result for this minimization is proved for general exponential family pdfs, which includes the
well-known Gaussian density and the Bingham-Gauss density. The minimum divergence filtering
framework is specialized to a Gaussian mixture (GM) state density to develop the Gaussian mixture
minimum divergence filter (GMMDF), and the GMMDF is then compared and contrasted to other
GM Kalman filters. This allows for the minimum divergence filtering framework to be analyzed in
a more typical application before it is extended to estimate the dynamic pose of a body using an
assumed Bingham-Gauss mixture density.

Finally, an approximate Bayesian filter, termed the BGM filter, that estimates a state vector
consisting of an attitude quaternion and other states that exist in Euclidean space is developed.
Since the estimation scheme operates under the approximate Bayesian minimum divergence filtering
framework (as opposed to the linear MMSE framework), no small attitude uncertainty assumption

is necessary to project the attitude uncertainty into the three-parameter tangent space, as is inherent



to the MEKF. Because of this, the BGM filter lends itself to applications in which the attitude
uncertainty is large, in which case the small attitude uncertainty assumption inherent to the MEKF

is violated.

1.3. ORGANIZATION

The remainder of this dissertation is organized as follows:

* Section 2 first provides an overview of one- and three-dimensional attitude, including the
various attitude representations used throughout the dissertation. The concept of orientation

is presented, which is a higher-dimensional extension to attitude.

* Section 3 provides an overview of the pdfs used throughout the dissertation, including the
established Gaussian, GM, and Bingham densities. The BM, Gauss-Bingham, Bingham-
Gauss, and BGM densities are then developed.

 Section 4 provides an overview of Kalman filtering, including the Kalman filter (KF), ex-
tended Kalman filter (EKF), unscented Kalman filter (UKF), and quadrature Kalman fil-
ter (QKF). The MEKF is then presented, which is the most common filter used to estimate the
attitude quaternion and other Euclidean states of a body. Quadrature variations of the MEKF,
including the multiplicative unscented Kalman filter (MUKF) and multiplicative quadrature
Kalman filter (MQKF) are presented.

 Section 5 provides an overview of Bayesian filtering, including the Bayesian Kalman filter,
Gaussian mixture Kalman filter (GMKF), Gaussian mixture extended Kalman filter (GMEKF),
Gaussian mixture unscented Kalman filter (GMUKF), and Gaussian mixture quadrature Kalman
filter (GMQKF). The minimum divergence filtering framework is developed and is used to
develop the GMMDF.

* Section 6 provides the development of an unscented uncertainty propagation scheme using the
Gauss-Bingham density. Two examples of this uncertainty propagation are shown in order to

illustrate the efficacy of this method of uncertainty propagation.

» Section 7 provides the development of the BGM filter, which is derived using the minimum

divergence filtering framework developed in Section 5.
* Section 8 presents three simulations to evaluate the BGM filter:

— First, a Monte Carlo analysis is performed on a single component BGM filter and a

multiplicative Kalman filter applied to estimate the one-dimensional attitude quaternion



and angular velocity of a body with an initially equiprobable attitude quaternion, given

measurements of the heading angle of the body.

— Next, two instantiations of the BGM filter, the first operating on a single component
BGM density and the second operating on a multiple component BGM density, are
applied to estimate the planar dynamic pose of an inspector spacecraft performing prox-
imity operations about a chief spacecraft, given nonlinear measurements of the range

and bearing between the spacecraft.

— Finally, the BGM filter is applied to estimate the three-dimensional dynamic pose of a
spacecraft in low-Earth orbit, given measurements of the spacecraft’s position and the

Earth’s magnetic field.

* Section 9 draws conclusions regarding the material presented in Sections 2-8.



2. ATTITUDE AND ORIENTATION

The attitude of a body is fundamentally quantified by the rotation from a reference coordi-
nate frame to a body-fixed coordinate frame of interest and exists in either one or three dimensions.
To illustrate the idea of attitude in one dimension, consider a robot translating in a plane. The atti-
tude of the robot contains only one degree of freedom, which is typically quantified by its heading
angle, the angle of rotation about the axis perpendicular to the plane in which it travels. Attitude
in one dimension is, in fact, a subset of attitude in three dimensions, in which case the axis of
rotation relating the reference coordinate frame to the body-fixed coordinate frame is known and
fixed. The angle of rotation about this axis fully defines the attitude in one dimension. Attitude in
three dimensions requires that both the axis and the angle of rotation about this axis be quantified in
order to fully define the attitude. In three dimensions, attitude has three degrees of freedom, which
is apparent because the axis of rotation contains two degrees of freedom and the angle of rotation
about this axis contains the third degree of freedom. In order to easily denote attitude in one and
three dimensions, “attitude” is used to denote attitude in three dimensions, and “one-dimensional
attitude” is used to denote attitude in one dimension hereafter.

The concept of attitude can be extended to arbitrarily high dimension, in which case the
concept of orientation is born. In higher dimensions, multiple rotations are necessary to specify
an an orientation, in general. In fact, in r-dimensional space, 5| higher-dimensional rotations

are necessary to construct an orientation, where |7 | represents the floor of , which rounds §

2
towards negative infinity. In three-dimensional space, L%J = 1 rotation is necessary to specify
an orientation, and the concept of rotation and orientation are the same. This is stated by Euler’s
theorem, which says that any rotation in three dimensions can be accomplished by a single rotation
about a stationary (fixed) axis. When r > 3, the concepts of rotation and orientation are no longer
the same, and multiple rotations are necessary to specify an orientation, in general.

In this chapter, first, attitude is defined in terms of the attitude matrix, which fundamen-
tally defines the attitude of a body as the direction cosine matrix (DCM) relating the body-fixed
and reference coordinate frames. Because the attitude matrix can be difficult to quantify directly,
alternate attitude representations, including the axis-angle, rotation vector, and attitude quaternion
are also presented. Each attitude representation is also specialized to its equivalent one-dimensional
attitude representation. The explicit relationships between the attitude quaternion and the other at-
titude parameterizations are also presented, because the attitude quaternion is commonly used to
quantify attitude due to its global nonsingularity and single constraint (as compared to the attitude
matrix, which is nonsingular, but possesses six constraints). Next, the kinematic relationship be-

tween the attitude quaternion and the angular velocity of the body is presented. An overview of



attitude dynamics is presented next, which govern the temporal evolution of the angular velocity of
the vehicle given the inertia tensor of the body and the external moments acting on the body. Fi-
nally, the concept of orientation is introduced, which is a higher-dimensional extension to attitude.
Furthermore, a method using left- and right-isoclonic rotations to construct the orientation matrix

in four dimensions from a minimum set of parameters is presented.

2.1. ATTITUDE

Many different parameterizations can be used to represent attitude [5, 6, 7]. These different
attitude representations have either three, four, or nine parameters; however, attitude possesses only
three degrees of freedom. Because of this, four- and nine-parameter representations have one and
six constraints, respectively. Three- and four-parameter representations satisfy certain properties,
regardless of the specific representation chosen. All three-parameter attitude representations pro-
vide a one-to-one representation of attitude; however, they are singular. Three-parameter attitude
parameterizations can either be singular in representing an attitude or in propagation. The former of
these singularities occurs when a parameterization becomes infinite in order to represent a certain
rotation. The latter occurs when the temporal derivative of the representation becomes infinite for
certain values of the parameterization. Four-parameter attitude representations are globally nonsin-
gular, but are constrained because attitude contains only three degrees of freedom. Four-parameter
attitude representations provide a two-to-one representation of attitude; that is, two different sets
of parameters quantify the same attitude. Because of the unique advantages and disadvantages of
three- and four-parameter attitude representations, a four-parameter representation is typically used
to globally quantify attitude and a three-parameter representation is used to locally quantify attitude
errors in order to avoid their singularities.

2.1.1. Attitude Matrix. The attitude of a body is fundamentally quantified by the attitude
matrix, A, which is a nine-parameter attitude representation. In order to formally define the attitude
matrix, first, the DCM, denoted in general by 7', must be defined. The DCM that transforms the
expression of an arbitrary, physical vector in the I coordinate frame to its expression in the B

coordinate frame, which is denoted by T'Z, is defined according to
xB =TPx! (2.1

where 2/ and & denote the arbitrary, physical vector € R? expressed in the I and B frames, re-

spectively. R" is used to denoted Euclidean space in 7 dimensions; thus, R? represents 3-dimensional



Euclidean space. The vector a expressed in the I frame, 2/, is formally defined as

I & = xugfc + yué + zul 2.2)

xr 2

INEEENSO

where ul, ué and u! are the vectors defining the basis of the I coordinate frame, and = is defined
similarly. If uZ, ué, and u! are defined such that
I I I
Uy X Uy = U, (2.3a)
ui‘uézui‘ugzué‘ugzO (2.3b)
I I I
[y || = [Juy[| = [Jwz]l = 1, (2.30)

then the coordinate frame is said to be a right-handed, orthonormal (orthogonal and normal) coor-
dinate frame. The right-handed property is defined by Eq. (2.3a), the orthogonal property is defined
by Eq. (2.3b), and the normal property is defined by Eq. (2.3c). All coordinate frames are assumed
right-handed and orthonormal in this work, unless otherwise stated.

Through the definition of the DCM in Eq. (2.1), it can be shown that coordinate transfor-

mations can be applied sequentially according to
2B =TE2C =TE T «! (2.4)
C
x

where the C' coordinate frame is an arbitrary, intermediate coordinate frame. Equating Egs. (2.1)
and (2.4) shows the property of DCMs to compose coordinate transformations by multiplying the

matrices according to
TP = TETE . (2.5)

DCMs exist in the special orthogonal group of dimension three, which is denoted by SO(3).

The special orthogonal group of arbitrary dimension r is defined by
SO(r) 2 {T e R™*" : TTT = I = TTT det {T} = 1},

where det {T'} represents the determinant of 7" and the “T” superscript is used to represent the
matrix transpose operator and not a coordinate frame. Because T' € SO(3), it is a matrix of row-
and column-dimension three, but is subject to the constraints T7T = I = TT" and det {T'} = 1.

DCMs possess nine parameters, but only three degrees of freedom, which implies that they have six



constraints. The constraint imposed on the DCM of T7T = I is now post-multiplied by T~! and
simplified to show an important property of the DCM, which is given by

T =771, (2.6)

where the “—1” superscript is used to represent the matrix inverse operator and not a coordinate
frame.

In order to show another important property of DCMs, Eq. (2.1) is solved for 2! to yield
xl = [T]B] B ,
and the property of DCMs given in Eq. (2.6) is exploited to yield
o' = [TP]" " 2.7
Through the definition of the DCM given in Eq. (2.1), Eq. (2.7) can also be expressed as
e (2.8)

Equations (2.7) and (2.8) are now combined, which shows that transposed DCMs represent opposite
coordinate transformations according to

T} = [TP]" . 2.9)
Now that the DCM and some of its important properties have been defined, the attitude

matrix is defined as
ALTE, (2.10)

which shows that the attitude matrix is defined as the DCM quantifying the coordinate transforma-
tion from the I to the B coordinate frame. Typically, the I frame is taken to be an inertially-fixed
frame and the B frame is taken to be a body-fixed frame, but it is not required for the I frame to be
inertially fixed in order for the attitude matrix to be valid. Because the attitude matrix is defined as
a DCM, it follows that the attitude matrix possesses equivalent properties to a DCM. This means
that the attitude matrix possesses nine parameters, but only three degrees of freedom, which implies
that they have six constraints. In practice, these constraints make it difficult to quantify the attitude
matrix directly. Typically the attitude matrix is parameterized by a three- or four-parameter attitude

representation in order to overcome this difficulty.
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The properties of DCMs can be used to quantify the error between an estimated attitude
and the true attitude of a body. This error is defined as the DCM relating the estimated body frame,
B, and the true body frame, B, which is given by TE}B . This DCM defines the attitude matrix
representation of the attitude error, denoted by 6 A, and is given by

SA LTS =TPT. = TPITP|" = AA”, (2.11)

where A is the estimated attitude matrix. As the attitude error approaches zero, the estimated
attitude matrix, A, approaches the true attitude matrix, A, and the attitude matrix representation
of the attitude error, § A, approaches the identity matrix. This is an intuitive result because, as the
estimated body frame and the true body frame approach each other, the rotation between the frames
approaches identity.

When quantifying one-dimensional attitude, the axis of rotation is known and fixed, and is
typically taken to be uf £ uZ £ [0 0 1]7. This stems from the fact that the translational motion
is typically taken to be in the plane defined by u’ and ué, and, equivalently, uZ and uf . In order
to simplify the attitude matrix to quantify this one-dimensional attitude, first note that the attitude

matrix, as defined by Egs. (2.1) and (2.10), can be expressed in scalar components according to

B Ay A Aggl [2f
yB| = A Ax Asg| |y!
ZB Az Asy Asz] [#f

I 4
y =

Because the axis of rotation is defined as u! = u?, it follows that the z-component of both = and

2 must be equal for arbitrary &, which implies that five of the parameters of the attitude matrix

become constant and the attitude matrix must be equal to

A A 0
A= |4y Ay 0] . (2.12)
0 0 1

Because the z-component of both 2/ and 2 must be equal due to the definition of the axis of rota-
tion, the z-component of =/ and x? is typically not quantified when considering one-dimensional
attitude. This allows the third row and column to be neglected in Eq. (2.12), which gives the final
form of the attitude matrix quantifying one-dimensional attitude as

Al A
Ag1 Ag
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An abuse of notation is committed when using A to quantify both the attitude matrix and the one-
dimensional attitude matrix; however, which attitude matrix is meant by A will be clear in context.
For one-dimensional attitude, A is a DCM with both row and column dimension two, and, thus,
A € SO(2). In this case, the attitude matrix contains four parameters, and only one degree of
freedom (or, equivalently, three constraints).

2.1.2. Axis-Angle. An intuitive four-parameter representation of a rotation in three dimen-
sions is the axis-angle representation. Euler’s theorem states that any rotation in three dimensions
can be accomplished by a single rotation about a stationary (fixed) axis. The axis of this rotation is
known as the Euler axis and is denoted by the unit vector e. Let the corresponding rotation angle
about the Euler axis be § € [—m, 7). The axis-angle representation of this rotation is then given by
the parameter set {e, 0}.

The Euler axis is invariant under a rotation about itself, i.e. e® = e!. Because of this,
the frame in which the Euler axis is expressed is omitted in order to simplify notation according to
eP = el £ e. This rotational invariance allows the Euler axis corresponding to the rotation to be

found from the attitude matrix according to the relationship
Ae =e, (2.13)

which defines the Euler axis according to the eigenvector/eigenvalue decomposition of the attitude

matrix. The eigenvalues, \;, and eigenvectors, v;, of the attitude matrix are defined according to
Av;, = \v;, for 1=1,2,3. (2.14)

Comparing Eq. (2.13) and Eq. (2.14) shows that the Euler axis is defined as the eigenvector of
the attitude matrix corresponding to the unity eigenvalue; the other two eigenvalues are a complex
conjugate pair [5, 15, 16]. These properties of the eigenvalues stem from the fact that the attitude
matrix exists in the special orthogonal group of dimension three.

In order to find the attitude matrix corresponding to the axis-angle attitude parameterization,
the arbitrary vector € R is first decomposed into components that are parallel and perpendicular

to e according to [5]
T =x| +x,, (2.15)

where x| and x represent the parallel and perpendicular components, respectively, and are ex-

pressed as

x| £ (e - x)e = (ee”) x (2.16a)
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mj_ém—(e'a:)e:(I—eeT)m. (2.16b)

Equation (2.15) is now expressed in the I frame, and the resulting expression is then transformed to

the B frame by pre-multiplying both sides of the expression by the attitude matrix, which yields
Ax! = A(a:ﬁ +a2l).

The portion of @ that is parallel to the Euler axis, @, is invariant to rotation about the Euler axis;

therefore,
Az’ =z + Azl . (2.17)

It is now necessary to quantify A:z:i, which represents the rotation of cci about e through the angle
0, which are the Euler axis and angle of rotation, respectively, corresponding to A. This rotation
is performed by decomposing Azr:lL into the sum of two vectors: The vector in the :1:IL direction
that remains after the rotation, and the vector produced perpendicular to e and a:i after the rotation.
This decomposition of Awi into these vectors allows it to be expressed directly in terms of the

Euler axis and rotation angle according to
Azl = cos(9)z! —sind (e x ZL'I) . (2.18)

The first term in the right-hand-side of Eq. (2.18) represents the vector component of Awi in
the :Izi direction, while the second term represents the vector component of component of AacIl
perpendicular to e and :L'IL (that is, the direction defined by e x x!). If a rotation of either —180°
or 0° is performed, the second term vanishes. Similarly, if a rotation of either —90° or 90° is
performed, the first term vanishes. These results are consistent with what is expected of rotations of
these magnitudes about the Euler axis and provide a verification that the decomposition of Amf_ into
these components is correct. Equation (2.18) is now substituted into Eq. (2.17), and the definitions

of | and x from Egs. (2.16) are then substituted into the resulting expression to yield
Ax! = (eel) x! + cos(0) (I - eeT) x! —sin6 (e x wl) . (2.19)

Equation (2.19) defines the relationship between the attitude matrix and the axis-angle attitude pa-

rameterization; however, it is not yet in a useful form since is still depends on .
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In order to manipulate Eq. (2.19) into a useful form, the skew-symmetric cross product

matrix is first defined. This matrix is defined for e £ [e, e, e.]T as

0 —e, ey
A
ex] = e 0 —egf, (2.20)
—ey € 0

such that [e x| = e x « for arbitrary & € R3. The skew-symmetric cross product matrix possesses

the following properties for the arbitrary unit vector u [5]:

[ux]? =uul — T (2.21a)
[ux]® = —[ux] (2.21b)
trfux] =0 (2.21c¢)
tr[ux]? = —2 (2.21d)
a"[ux]" = laux]", (2.21e)

where [ux]? £ [ux][ux], “tr” represents the trace operator, a is an arbitrary constant, and n is a
positive integer.

Noting the definition of the skew-symmetric cross product matrix given in Eq. (2.20), as
well as the property given in Eq. (2.21a), the relationship between the attitude matrix and the axis-

angle attitude parameterization, given in Eq. (2.19), can now be expressed as
Azl = (I —sinflex] + (1 — cosb) [ex]?) x! (2.22)

Because Eq. (2.22) must be valid for arbitrary 2/, the attitude matrix is given in terms of the Euler

axis and rotation angle about the Euler axis by
A =T —sinflex] + (1 — cosf) [ex]?, (2.23)

which defines the attitude matrix solely in terms of the Euler axis and rotation angle.
In order to find the Euler axis and rotation angle given the attitude matrix, the Euler axis is
first found according to the eigenvector/eigenvalue decomposition defined by Eq. (2.13). The angle

of rotation is then found by taking the trace of Eq. (2.23), which yields
trA=342(1—cosf), (2.24)

where the properties of the skew-symmetric cross product matrix given in Egs. (2.21¢) and (2.21d)

are exploited to arrive at this result. Equation (2.24) is then solved for 6 to yield the rotation angle
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about the Euler axis in terms of the attitude matrix as

rA—1
0 = cos™! ( d 5 ) . (2.25)

The solution to the eigenvalue problem posed by Eq. (2.13) and Eq. (2.25) define the Euler axis and
rotation angle, respectively, solely in terms of the attitude matrix.

Reference [17] gives the axis-angle parameterization for sequential rotations about non-
parallel Euler axes. Opposite rotations are given by changing the sign of either the Euler axis or
the rotation angle, i.e., {e,0} and {—e, 8} represent opposite rotations, as do {e, 0} and {e, —6}.
If the sign of both the Euler axis and the rotation angle are changed, the rotation is unaffected,
which can be observed by substituting {—e, —0} for {e, 0} into Eq. (2.23). This shows the two-
to-one nature of the axis-angle parameterization of attitude; two sets of the Euler axis and rotation
angle parameters correspond to the same attitude matrix. Another important property of the axis-
angle parameterization is apparent when § = 4. In this case {e, £7} and {—e, -7} represent
equivalent rotations.

When quantifying one-dimensional attitude, the axis of rotation (which is the definition
of the Euler axis) is known and fixed, and is typically takentobe e = ul 2 uZ £ [0 0 17,

z z

Therefore, Eq. (2.23) is specialized to one-dimensional attitude according to

2
0 0
A=1I-sinf ||0| x| +(1—cos) | |0O| x| ,
1 1
which is simplified to yield
cosf sinf O
A= |—sinf cosf 0] . (2.26)

0 0 1

This result is further simplified by neglecting the third row and column of Eq. (2.26), similarly to
Eq. (2.12), to yield

—sinf cosf

A— [cos@ sm@] ’ 2.27)

which defines the attitude matrix representing one-dimensional attitude in terms of the rotation angle
about the known axis of rotation. This shows that the attitude matrix quantifying one-dimensional

attitude possesses a single degree-of-freedom, given by 6, which is expected because the attitude
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matrix quantifying one-dimensional attitude motion exists in the special orthogonal group of di-
mension two.
2.1.3. Rotation Vector. A three-parameter representation of the attitude matrix is born as

the product of the Euler axis and the rotation angle about the Euler axis as
0 = le. (2.28)

This attitude parameterization is known as the rotation vector. In order to find the attitude matrix in
terms of the rotation vector, the sin 6 and 1 — cos @ terms in Eq. (2.23) are first replaced with their

Taylor series expansions to yield [5]

& 02z+1 e (_l)i 021‘ )
A=1- Z 22“ ex]—zw[ex] : (2.29)
i= i=1 )

Exploiting the property of the skew-symmetric cross product matrix given in Eq. (2.21b), Eq. (2.29)
can be expressed as

96)( 2i+1 S [—HGX]%
A= I+Z Gt I +;(21)' (2.30)

It is now apparent from Eq. (2.28) that the rotation vector is present in Eq. (2.30), which is now

expressed explicitly using the rotation vector as

ex]2z+1 s [_ex]%
A= ”22+1)+; @l

The summations are now manipulated such that this can be simplified to yield

A:i[_

=0

7

= exp {—[0x]}, (2.31)

where exp { —[0 x|} represents the matrix exponential of — [0 x]. Equation (2.31) defines the attitude
matrix solely in terms of the rotation vector.

In order to find the rotation vector in terms of the attitude matrix, the Euler axis and rotation
angle are first found according to the solution to the eigenvalue problem posed by Eq. (2.13) and
Eq. (2.25), respectively. Equation (2.28) is then used to find the rotation vector. In order to find the
Euler axis and angle of rotation in terms of the rotation vector, first, the Euler axis is found, which

is observed from Eq. (2.28) to be the unit vector representing the direction of the rotation vector,
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and is given by

0
Equation (2.32) shows that the Euler axis is undefined if ||@|| = 0. This is not an issue, however,
because this corresponds to a rotation angle of zero and A = I in this case. Equation (2.28) shows

that the rotation angle is defined according to
0=10|. (2.33)

Equations (2.32) and (2.33) define the Euler axis and rotation angle solely in terms of the rotation
vector.

It is intuitive from Eq. (2.32) that 8 and —6 represent opposite rotations since the Euler axis
is negated. Because the rotation vector is a three-parameter representation of attitude, it possesses
a singularity either in representing a certain attitude, or in its temporal evolution. The singularity of
the rotation vector occurs when propagating the rotation vector. The norm of the rotation vector is
constrained to be no greater than 7 because € [—m, 7). During propagation, if the magnitude of
the rotation vector is equal to 7 and has a positive temporal derivative, then the rotation vector must
instantaneously change sign because {e,+7} and {—e, -7} represent equivalent rotations. This
discontinuity makes the rotation vector a poor choice to globally represent the attitude of a rigid
body; however, it does not encounter this singularity when quantifying small rotations, making it a
good choice to quantify small attitude errors.

When quantifying one-dimensional attitude, the axis of rotation (which is the definition
of the Euler axis) is known and stationary, and is typically taken to be e = [0 0 1]7. Because
the rotation vector is the product of the Euler axis and rotation angle, it is an intuitive result that
the norm of the rotation vector defines the angle of rotation about the known and fixed Euler axis.
Because the norm of the rotation vector is defined as the rotation angle, as is shown in Eq. (2.33), it
follows that the attitude matrix quantifying one-dimensional attitude for the axis-angle and rotation
vector attitude parameterizations are identical, and is given by Eq. (2.27), where 8 is defined by the
norm of the rotation vector according to Eq. (2.33).

2.1.4. Attitude Quaternion. In 1840, Olinde Rodrigues introduced a four-parameter rep-
resentation of a rotation in three dimensions, known as the Euler-Rodrigues symmetric parameters,
quaternion of rotation, or simply quaternion. In 1843, Sir William Hamilton introduced the quater-
nion, which was developed as a new algebra and not as an attitude representation. Arthur Cayley

connected the work of Rodrigues and Hamilton. Hamilton defined the quaternion as a hypercomplex
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extension of a complex number according to
q=qs+iq +jg2 + ka3, (2.34)

where i? = j2 = k2 = —1,4j = —ji = k, jk = —kj = 4, and ki = —ik = j, which shows
that the attitude quaternion is given in terms of the basis {1,4, j, k}. When using the quaternion to
represent rotations in three dimensions, it is more convenient to consider the attitude quaternion as

a four-component unit “vector” according to

q= 1 ESS?
q

where ¢ = 1 g2 qg]T and ¢ £ ¢4 are the vector and scalar parts of the quaternion, respec-
tively. S° is used to represent the s-dimensional unit-hypersphere, which is defined by S* £
{z € Rotixstl . T — 1}; thus, S represents the 3-dimensional unit hypersphere. The exis-
tence of the attitude quaternion on the unit hypersphere stems from the fact that the quaternion is
constrained to unit-length. In order to illustrate S?, first consider S! and S?, which represent the
unit-circle and unit-sphere, respectively. S extends the concept of the unit-sphere one dimension
higher and, therefore, cannot easily be visualized.

Two important quaternion operations are multiplication and inversion, which are given for

unit quaternions by [5]

qup=

Pg+ap—qaxp| _
@w—q-p

and

respectively. Quaternion multiplication is not commutative, i.e. § ® p # P ® q in general.

The attitude quaternion is arguably the most widely used attitude representation because it
is globally nonsingular, and quaternion multiplication and inversion are used to represent sequential
and opposite coordinate transformations, respectively. Sequential and opposite coordinate transfor-
mations, which are represented in terms of DCMs in Egs. (2.5) and (2.9), are represented using their

equivalent quaternion representations according to

ar =ab ®as
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and
[ _ [=B —1
dp = [QI] )

respectively, where QIB is the attitude quaternion representing the coordinate transformation from

the I to the B frame, and similarly for qg and QIC. The identity quaternion, which corresponds to

3

and is the quaternion representing zero rotation, such that

the identity attitude matrix, is defined as

Using these relationships, the attitude error defined in Eq. (2.11) can be equivalently expressed using

the quaternion representations of the corresponding attitude matrices according to

-1

)

QP

0g=q®

where §q is the quaternion representation of A and q is the estimated attitude quaternion, which
corresponds to A. As the attitude estimation error approaches zero, the estimated attitude quater-
nion, g, approaches the true attitude quaternion, g, and the quaternion representation of the attitude
error, 4, approaches the identity quaternion, p.

In order to find the attitude matrix in terms of the attitude quaternion, it is first necessary

to express the attitude quaternion in terms of its corresponding axis-angle attitude representation,

in @
g= [q] _ [Sln 296] . (2.35)
q oS 5

The unit-norm constraint imposed on the attitude quaternion is evident in Eq. (2.35) due to trigono-

which is given by

metric identities. It is also apparent in Eq. (2.35) that the attitude quaternion is a two-to-one attitude
parameterization. Recall that the axis-angle pairs given by {e, 0} and {—e, —0} represent equiva-
lent rotations equivalent rotations given by the rotation vector 6. By substituting these axis angle
pairs and their corresponding rotation vector into Eq. (2.35) and noting the even and odd symme-
try of cosine and sine, respectively, it is apparent that g§ and —g quantify equivalent coordinate

transformations.
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The attitude matrix is now found in terms of the attitude quaternion by substituting the

trigonometric identities

0
sinf =2 Sinicos§

50
1—cosf = 2sin” =
2

into Eq. (2.23), which yields [5]
0 0 0

A:I—2sinicos§[ex]+2sin2§[ex]2. (2.36)

Noting the properties of the skew-symmetric cross product matrix given in Eq. (2.21e), Eq. (2.36)

is now expressed as
0[. 0 0 1°
A=1-2 cos 3 [Sin 2e><] + 2 {sin 2e><} ) (2.37)

Substituting the definition of the vector and scalar parts of the attitude quaternion in terms of the
Euler axis and rotation angle, given in Eq. (2.35), into Eq. (2.37) yields

A=1T1-2q[gx]+2[gx]*, (2.38)

which defines the attitude matrix solely in terms of the attitude quaternion.
The attitude quaternion can be found in terms of the attitude matrix by normalizing any one

of the following four vectors [5, 6, 18]:

1+ 241 —tr A]
Ap + Ay
Az + Az
Agz — Az

Ao + Ago
1+24A09 —trA
Agz + Asp
Azr — Ags

Az + Az
Aszp + Ags
1+2A33—trA
Ap — Any

— 4q1G (2.39a)

= 4¢2q (2.39b)

= 4q3q (2.39¢)
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Az — Aszz
A3 — A

BLTABL _ 44q. (2.39d)
A1 — Aoy

1+trA

The vector with the largest norm should be used to find the attitude quaternion from the attitude
matrix in order to minimize the numerical error. In order to find the vector with the largest norm
without having to compute all four norms, first, the largest of A11, Ago, Ass, and tr A is found.
Next, Eq. (2.39a), (2.39b), (2.39¢), or (2.39d) is used depending on whether A1, Ago, As3, or tr A
is the largest, respectively.

In order to find the Euler axis and rotation angle in terms of the attitude quaternion, the
system of equations relating the vector and scalar parts of the quaternion to the Euler axis and
rotation angle, defined by Eq. (2.35), is solved for the Euler axis and rotation angle. This defines

the Euler axis and rotation angle in terms of the attitude quaternion as

0
e = Csc -
2(1
and
f# = 2acosq,

respectively. After finding the Euler axis and angle of rotation in terms of the attitude quaternion,

Eq. (2.28) is used to find the rotation vector in terms of the attitude quaternion according to
2 acos q

—— 14

(1-¢%)?

In order to find the attitude quaternion in terms of the rotation vector, Egs. (2.13) and (2.25) are

substituted into Eq. (2.35) to yield
- Lell e
sin “5H 2
G — ||6]]
q N [ M ] .
2

The relationships presented in this subsection between the attitude quaternion and the attitude ma-

0 = (2.40)

o ‘

trix, Euler axis and rotation angle, and rotation vector are exploited when necessary in later sections.
When quantifying one-dimensional attitude, the Euler axis is known and stationary, and is

typically takentobe e = [0 0 1]7. Therefore, for one-dimensional attitude, Eq. (2.35) is specialized
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to one-dimensional attitude according to

0 0

0 0
a=1|. ,| = est. (2.41)

sin 5 q-

cos% q

Equation (2.41) is typically simplified because the first two zeros are constant in order to yield the

attitude quaternion quantifying one-dimensional attitude as

in?
q= lsm 3] & [qz] es'. (2.42)
cos § q

In order to find the attitude matrix quantifying one-dimensional attitude, Eq. (2.41) is substituted
into Eq. (2.38) to yield

1-2¢2 2q¢. 0
A=|-2qq, 1-2¢> 0f . (2.43)
0 0 1

This result is further simplified by neglecting the third row and column of Eq. (2.43), similarly to
Eq. (2.12), to yield

A |12 2qqz2 |
—2qq: 1-—2¢;
2.2. QUATERNION KINEMATICS

The temporal evolution of the attitude quaternion representing the rotation from the I frame

to the B frame is given by [5, 7]
.p_1_p _B
QI = 5&)3/[ ®q1 5 (244)

where J)g /I is the angular velocity vector of the B frame with respect to the I frame expressed
in the B frame, expressed as a pure quaternion. A pure quaternion is a quaternion with the scalar

component equal to zero and is constructed from the angular velocity vector according to

wgﬂ: [ 5/1 .
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The angular velocity is defined as the instantaneous time rate of change of the rotation vector rep-
resenting the rotation from the I frame to the B frame, expressed in the B frame, which is denoted

by [0P]5. Therefore, the angular velocity is defined by

(0717 (t + At) — (671 (1)
At—0 At ’

(2.45)

where the explicit dependence on time is denoted for clarity. In general, rotation vectors cannot
be added or subtracted in order to quantify sequential rotations; however, because the limit as At
approaches zero is taken in Eq. (2.45), [0P]B(t + At) approaches [0P]5(t), and, therefore, the
subtraction is valid in the limit sense.

Equation (2.44) represents the kinematic relationship between the attitude quaternion and
the angular velocity of a body, which defines the temporal evolution of the attitude quaternion. No
restrictions on the I and B frames are made in order for this kinematic relationship to be valid. This
is the rotational equivalent of the kinematic relationship between translational position and velocity,

which defines the temporal evolution of the translational position.

2.3. ATTITUDE DYNAMICS

The temporal evolution of the angular velocity defined in Eq. (2.45) is given by [5, 7]
JPép, =78 —wp x JPwi (2.46)

where J? is the inertia tensor of the rigid body about the center of mass and 77 is the external
torque acting on the rigid body relative to the center of mass, both expressed in the B frame. In
deriving Eq. (2.46), it is assumed that the I frame is an inertial frame. This assumption can be
relaxed to yield a similar expression to Eq. (2.46) if [ is not an inertial frame. In the remainder of
this work, the I frame is restricted to be an inertial frame.

Equation (2.46) represents the dynamic relationship relating the temporal evolution of the
angular velocity to the inertia tensor of the rigid body and the net external torque acting on the rigid
body. This relationship is analogous to the dynamic relationship relating the temporal evolution of

the translational velocity to the mass and net external force acting on the rigid body.

2.4. ORIENTATION

Euler’s theorem, which states that an arbitrary rotation in three dimensions can be accom-

plished by a single rotation about a fixed axis, is now generalized to spaces of arbitrary dimension,
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in which case the concept of orientation (instead of rotation) is born [15, 16]. In three dimensions,
the concept of rotation and orientation are one-in-the-same; however, in dimensions greater than
three, the concepts of rotation and orientation diverge. Euler’s theorem extended to r-dimensional
space states that | 5] rotations are necessary to construct an orientation, in general. In order to
differentiate the concepts of rotation and orientation, R and M are used to represent rotation and
orientation matrices, respectively.

Before defining the orientation matrix, it is first necessary to extend the idea of a vector ex-
pressed in a right-handed, orthonormal coordinate frame in three dimensions, defined by Eqgs. (2.2)
and (2.3), to spaces of arbitrary dimension. In r dimensions, the r-vector x expressed in terms of

the I basis, denoted by x/, is given by

z1

Z2

T = | . :xlu{+x2u£+...+xrul

T

Ly
where the [ basis is denoted by {u!. .} and is defined as
{ui,} = {ul, ug,. g}

The I basis is assumed right-handed and orthonormal, which means it possesses the following

properties:
det {[ullu}]. .. [ul]} = 1
u{uiz L=y Vij=12,...,7,
0,ifi#j
where [u!|ul] ... |ul] represents the concatenation of the vectors u!, ul, and u! to form a square

matrix of dimension r. The r-vector  expressed in terms of the B basis, 2 is defined in a similar
manner. If » = 3, the definition of a right-handed, orthonormal basis simplifies to the definition of
a right-handed, orthonormal coordinate frame given in Egs. (2.2) and (2.3), as expected.

Now that the concept of a basis has been defined for arbitrary dimension, the orientation

matrix relating the I and B bases is defined according to

B = MPx! (2.47)
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where & and = denote the vector z € R” expressed in the B and I bases, respectively. Orientation
matrices exist in the special orthogonal group of dimension r, i.e., M € SO(r). Because of this,

the inverse of the orientation matrix is given by its transpose according to
M '=M"

Furthermore, through the definition of the orientation matrix given in Eq. (2.47), it can be shown

that sequential orientations can be applied according to

P = MEx® = ME MFx! (2.48)
N——

xC

where the C' basis is an arbitrary, intermediate basis. Equating Eqs. (2.47) and (2.48) shows the
property of orientation matrices to compose orientations by multiplying the matrices according to

MP = MEME .

The properties of orientations are equivalent to the properties of the DCM in three dimensions,
which stems from the fact that a DCM in three dimensions is itself, an orientation matrix, because
only one rotation is necessary to quantify an orientation in three dimensions.

Euler’s theorem is extended to r-dimensional space [15], in which case a minimum of | % |
rotations in orthogonal planes is necessary to describe an arbitrary orientation. In this case, the

orientation matrix is defined by the product of | § | orthogonal rotations according to
[5]
M =][R(P, ¢), (2.49)
i=1

where R(P, ¢) represents the rotation matrix defined by the rotation of magnitude ¢ performed
in the plane defined by P. In order to define the plane of rotation, the matrix P is constructed

according to

P = [pl ’PQ] >

where p; and py are orthogonal unit r-vectors that lie in the plane of rotation, p; defines zero
rotation, and py defines the direction of the rotation. The rotation matrix is now given in terms of

the plane of rotation and the magnitude of the rotation in this plane according to

R(P,¢) =TI+ (cos¢ —1)PPT + PJ,PTsing,
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where J5 is the 2 X 2 symplectic matrix defined by

0 -1

I —
711 o

Equation (2.49) defines the orientation matrix in terms of its elementary orthogonal planes of rota-
tion and the magnitudes of the rotations in these planes. Because the planes of rotation are restricted
to be orthogonal for the validity of Eq. (2.49), the order in which the elementary rotations used to
construct the orientation matrix is arbitrary.

In practice, parameterizing these planes of rotation and their corresponding angles of rota-
tion in each plane in order to construct the orientation matrix can be difficult due to the constraints
imposed on these parameters. A minimum of r(r — 1)/2 parameters are necessary to specify an
orientation in r-dimensional space [16]; however, | 5] (2r + 1) parameters are required to specify
the planes of rotation and their corresponding angles of rotation directly. For example, in four- and
five-dimensional space, six and ten parameters are the minimum number of parameters necessary
to specify an orientation, respectively, but 18 and 33 parameters are necessary to specify the planes
of rotation and their corresponding angles of rotation, respectively. This implies that 12 and 23
constraints must be satisfied for four- and five-dimensional space in order to correctly parameterize
the planes of rotation and their corresponding angles of rotation.

In this work, it is only necessary to construct an orientation matrix in four-dimensional
space. In order to construct the orientation matrix without directly specifying the two planes of
rotation and their corresponding angles of rotation, the orientation matrix is specified in terms of
its elemental left- and right-isoclonic rotations [19]. In order to define the left- and right-isoclonic
rotations, first note that a basis can be found such that an arbitrary rotation matrix in four dimensions

can be expressed in that basis according to [20]

cosap —sinag 0 0
R_ sinaj;  cosaq 0 .O ' (2.50)
0 0 cosag —Sinag
0 0 sinag  cosao

If oy = +ao, then this rotation matrix defines an isoclonic rotation. Furthermore, if oy = s,
the rotation is defined as a right-isoclonic rotation, and if a; = —aw, the rotation is defined as a

left-isoclonic rotation. The rotation matrices representing these left- and right-isoclonic rotations
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can be expressed as

lo —ly ly —ly
ls Ly —b; —

R, =|7% ron 2.51)
ey 0 by —1s
Y S A

and

To —T3 9 T1

Rp—| % "™ Tt (2.52)
—T2 ™ To T3
—ry —Tre2 —T3 7o

respectively, where (3 + (2 + (3 + (3 = 1 and 73 + r? + r3 + r3 = 1. The zeros present in
the elements of Eq. (2.50) are not present in Egs. (2.51) and (2.52), even though they all represent
isoclonic rotations. This is because Eqgs. (2.51) and (2.52) are expressed in an arbitrary basis, and
not in the basis that results in the zero elements observed in Eq. (2.50). In order for a rotation to
be isoclonic, it is only necessary that a basis exists such that the matrix representing the rotation
can be expressed in this basis in the form in Eq. (2.50); it is not required that the rotation has to be
expressed in this basis.

It is now noted that R;, and Rp can be expressed in terms of the bases {I, A1, A, A3}
and {I, By, By, B3}, respectively, according to

Ry = 0ol + (1A + 0o Ay + 3 A3
Rrp=1rol +r1 By +1r3Bs +r3Bs,

where
00 0 -1 [0 01 0] 0 -1 0 0]
00 —1 0 0 00 —1 1 0 0 0
A = Ay = Az =
01 0 0 100 0 0 0 —1
10 0 | (0 10 0] 0 10|
[0 0 0 1] [0 0 1 0 (0 -1 0 0]
0 0 -1 0 0 0 1 1 0 0 0
B, = By = B; =
0 1 0 1 0 00 0 1
-1 0 0] 0 -1 0 0 0 -1 0
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These bases satisfy the properties that

A2= AZ—AZ— T
A1As = —A3A = Az
As Az = —A3A, = A4
AzA1 = -A1A3 = Ay

and

B}=B3=B}=-1I
BBy = —B,B, = B
B;B3; = —B3By = By
B3B, = —B1 B3 = By,

which are observed to be the same properties that the basis for the attitude quaternion, given in
Eq. (2.34), satisfy. Because of this, the rotation matrices representing left- and right-isoclonic rota-

tions can be equivalently specified in terms of the attitude quaternion according to

q -4z Gy —Oz
Ry — qz q —qr —Qy (2.53)
—qy Gz q —q

qdx dy 4z q

and

q —qz 4y (Qz
Rp=|® ¢ T W) (2.54)
—qy 4z q q-

—qx —qy —qr (¢

It is important to note that the quaternion parameterizations of the left- and right-isoclonic rotations
satisfy the £3 + €3 + (3 + (3 = 1 and r§ + r? 4+ r2 + r3 = 1 constraints. The orientation matrix is

then constructed from the left- and right-isoclonic rotation matrices according to

M =R Rr = RgrR; . (2.55)
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If two attitude quaternions are specified, one to define each of the left- and right-isoclonic rotations,
eight parameters are necessary to specify the orientation matrix; thus, two constraints must be sat-
isfied, which is apparent because the attitude quaternion is constrained to be unit-norm. In order to
parameterize the orientation matrix by a minimum parameter set, each of the attitude quaternions is
first parameterized by a rotation vector. In this case, the orientation matrix is parameterized by six

parameters in total, i.e, three parameters for each of the two rotation vectors.
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3. PROBABILITY DENSITY FUNCTIONS

The pdf of a continuous random variable contains all of the statistical information about the
random variable. In order to define the pdf for a continuous random variable, it is first necessary to

define its probability distribution function (or cumulative density function to some) according to
F(z)=Pr(x < x),

where x is a realization of the random variable x. The probability distribution function of z is
nondecreasing and exists on the interval [0, 1]. Furthermore, the probability distribution function
satisfies F'(—oo) = 0 and F'(co) = 1. The pdf of «x is then defined in terms of the probability

distribution function according to

dF(z
dx

~—

p(x) =
From the definition of the derivative, the pdf can be expressed as

.. F(z+ dz) — F(x) Pr(z <x<z+ dx)
p(z) = o, dz  de—0 dz ’

(3.1)

and thus, it is apparent that the probability density function quantifies the density of the probability
that x takes place in the infinitesimally small region surrounding x.
The inverse relationship between the probability distribution function and the pdf is given

according to

and therefore

which shows that the pdf must integrate to unity over the support of z, that is, all regions such that
p(x) # 0. This is an important property of pdfs, and stems from the fact that the probability of any
x happening in the support of z must be unity, which is an intuitive result because x is a realization

of x.
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Now, consider the joint probability distribution function of two random variables, defined

as
F(z,y) =Pr(x <,y <y),

where y is a realization of the random variable y. The joint pdf is then given by

62 F (z,y)

2
dxdy (3-2)

p(z,y) =
The marginal probability distribution function of x is given by
F,(z) = F(xz,00),

which yields the marginal pdf of x to be given by
o
pe(z) = / p(z,y) dy;
—0o0

that is, the pdf of z if y is “integrated out.” If the probability distribution function of x and y is equal
to the product of the marginal pdfs of = and y, that is

then = and y are said to be independent. If x and y are independent, the probability that x < x
does not depend on the probability that y < y. Substituting Eq. (3.3) into Eq. (3.2) and simplifying
yields

2F(z w(z) 0F,
play) = D) DB ),

which shows that, if z and y are independent, then the joint pdf of = and y is equivalent to the
product of the marginal pdfs of x and y. This is another important property of pdfs, and will be
exploited in certain applications.

The probability distribution and density functions can be extended to vector quantities.

Consider the random vector x = [r1 =2 --- xT]T, and a realization of this vector, x =
[x1 x2 --- x.]T. The probability distribution function of @ is simply the joint probability dis-
tribution function of z1, zs, ..., x,; that is,

F(m) :Pr(Xl <Q’J1,X2 <l‘27"' s Xp <-’L'7=)
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The pdf of x is then found according to

d"F(x)

p(x) = dx10x9 - - 0x,

Using the definition of the partial derivatives (in a similar fashion to Eq. (3.1)), it can be shown that
the pdf of & quantifies the density of the probability that x takes place in the infinitesimally small
region surrounding .

In this chapter, first the Gaussian and GM densities, which are established and well-studied
pdfs, are introduced. These densities probabilistically quantify a vector that exists in Euclidean (ad-
ditive and unbounded) space. Next, the Bingham density, as well as its efficacy to probabilistically
quantify the attitude quaternion on its natural manifold, the unit-hypersphere, is presented. The BM
density is then developed, including methods to approximate a nonuniform Bingham density on the
unit circle and a uniform Bingham density on the unit-hypersphere with a BM density. Next, the
Gauss-Bingham and Bingham-Gauss densities are developed, which probabilistically quantify the
joint density of a vector in Euclidean space and the attitude quaternion. Finally, the BGM density is
developed, including a method to approximate a Bingham-Gauss density with a BGM density. Note
that the remainder of this chapter uses x or z to denote a vector that exists in Euclidean space, g
or P to denote a unit-vector (that is equivalent to the attitude quaternion under certain conditions),
and x = [q7 xT]T or z = [p” z']" to denote the concatenation of a unit-vector and a vector in
Euclidean space; these quantities are not to be confused with the notation used in the introductory

material of this chapter introducing the properties of the pdf.

3.1. GAUSSIAN DENSITY

The well-known Gaussian density is given for a random vector x € R" by
py(x;m, P) = det {2rP} 2 exp {—1(x —m)"P ' (x —m)}, (3.4)

where m € R” is the mean and P = PT > 0 € R"™" is the covariance of the Gaussian density.
The Gaussian density is a two-parameter density in the exponential family and is parameterized
directly by its first moment (mean), and its second central moment (covariance). The mean and

covariance of the Gaussian density are formally defined as

m = El’g{x}
P=E,{(x—m)x-m)},
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where the expected value is defined for the arbitrary, (potentially) nonlinear function g(x) with

respect to the arbitrary pdf p(x) as

E,{g(x)} = /Q g(x)p(x)dx, 3.5)

and € is the support of p(x), which is defined by all regions of x such that (x) # 0. The support
of the Gaussian density is R"; thus, it is not restricted to a given interval and can only be used to
rigorously quantify states that are not restricted to a given interval (unbounded).

The standard normal density, which is denoted as the canonical Gaussian density for con-
sistent nomenclature with the canonical form of other densities, is introduced by substituting the

transformation
x=8Sz+m (3.6)
into Eq. (3.4), which yields the canonical Gaussian density as
Pyg(2) £ py(2;0,I) = (2m) "2 exp {—32" 7},

where the tilde notation is used to denote the canonical form of the density. In Eq. (3.6), S is defined

as the Cholesky factor of P according to
Ssst2p.

Through the change of variables defined in Eq. (3.6), the canonical Gaussian density becomes zero-
mean and possesses identity covariance; thus, the elements of the canonical Gaussian variable, z,
are independent. Certain operations can be performed for the canonical Gaussian density, and the
results of these operations can then be transformed according to the change of variables defined by
Eq. (3.6) to represent the Gaussian density of interest. In some cases, this allows these operations
to be performed off-line and saved for the standard normal density, and the saved result can be

transformed to the Gaussian density of interest when needed to reduce computational expense.

3.2. GAUSSIAN MIXTURE DENSITY

The GM density is defined by [21]

Pgm(X) = w® Dy (X; m(g), P(K)) , (3.7

&~
IIMh
)
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where w(® is the weight of the /" component, m©) and P®) are the mean and covariance defining
the /™ component, respectively, and L is the number of components in the GM. The weights of the

mixture are constrained such that
wh>0 vV ¢=12....L ad > w¥=1,

which ensures that the GM is a valid pdf.

The GM density can be used to approximate arbitrary pdfs in Euclidean space. In fact,
if the pdf to approximate is “defined and continuous at all but a finite number of locations,” the
GM approximation of this pdf converges uniformly as the number of components in the mixture
increase [21]. This result implies that a GM density can be used to approximate many pdfs of
practical concern.

In this work, the approximation of a Gaussian density by a GM density is considered. This
approximation is considered in References [22, 23], among others. While the Gaussian density
can be equivalently expressed as a single-component GM density, it is advantageous in certain ap-
plications to approximate the Gaussian density by a GM density with more than one component.
By approximating the Gaussian density in this way, the covariance of each component of the ap-
proximating GM density is smaller than the Gaussian density, in general. In order to find the GM
approximation of a Gaussian density, first, the GM approximation of the canonical density is found.
The parameters of the GM approximation of the canonical Gaussian density are then transformed
according to the change of variables defined in Eq. (3.6) in order to approximate the Gaussian den-

sity of interest. Let the GM density approximating the canonical Gaussian density be defined by

Mh

Pom (2 pg(z m®, P (@) (3.8)

/=1
where the tilde notation indicates that these parameters correspond to the GM approximating the
canonical Gaussian density. Ideally, w 7O, m® and PO for ¢ = 1,2,..., L would be found for a
given L such that a given measure of the difference between the canonical Gaussian density and its
approximating GM density is minimized. The Lo distance between the canonical Gaussian density

and its approximating GM density is used as this measure, and is given by

Lalpyllpgn) = [ [35(0) = o O] 4. 39)

This Lo distance can be manipulated into a closed form, as is shown in Appendix A.
In general, finding (¥, m®, and PO for ¢ = 1,2,..., L that minimize Eq. (3.9) without

first making simplifications becomes intractable, especially as the number of components in the
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mixture increases. In order to simplify this minimization problem, first, it is noted that the elements
of the canonical Gaussian-distributed variable, z, are independent and uncorrelated. This allows
the canonical Gaussian density to be expressed as the product of the canonical Gaussian-distributed

scalar elements of z = [z; zy --- 2] according to
T
ﬁg(z) = Hlﬁg(zi) .
i=1
Because of this, the problem of approximating the multivariate canonical Gaussian density with a

GM density in r dimensions reduces to the approximation of 7 scalar canonical Gaussian densities

by a scalar GM density. This allows Eq. (3.8) to be expressed as

Pom(z) = [ [ pom (zi) , (3.10)
=1
where
L; _
pom(z) = Y 0\ p, (Zi; i, Pz-(m) (3.11)
l;=1

is the GM approximating the i scalar element of the canonical Gaussian-distributed vector z.
Ideally, the parameters defining the scalar GM density would be found such that the Ly distance
to the scalar canonical Gaussian density is minimized; however, in practice, further simplifications
about these parameters need to be made in order to make this minimization feasible.

In order to reduce the number of parameters necessary to find via minimization, first, the
means of the GM density are assumed to be equally spaced away from zero, with the mean of the
central component placed at zero. This gives the mean of each component explicitly as a function

of the spacing between the means, Am;, as

. L;i+1
) & {zi - 2+ ] Am; (3.12a)
for £; = 1,2,..., L;. Spacing the means of the components in this manner restricts L; to be odd.

Next, a power law [23] is assumed for the ]Si(m according to

~ _3
pl) — (3.13)
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for ¢; = 1,2,..., L;. This power law showed the best performance in [23]; however, the mean of
each component is specified differently in this work, so no claim that the (—3/4) power law per-
forms best can be made. This power law was chosen heuristically and shows good performance in
this application. Using this power law, the covariance of each component is explicitly defined by
the number of components of the GM. Finally, the weights of the components are assumed sym-
metric about zero (which stems from the symmetry in the mean and covariance of the components)

according to

() = it (3.14)
for¢; =1,2,...,(L;—1)/2. By parameterizing the weights in this manner, only (L; —1)/2 weights
are unique due to the fact that the weights must sum to unity.

Under these assumptions, only 71)2@") for ¢; = 1,2,...,(L; — 1)/2 and Am; (a total of
(L; 4+ 1) /2 parameters) need to be found in order to find ﬁ;yi), mﬁ‘i), and ﬁi(m fort; =1,2,...,L;,
which fully define the scalar GM density. These parameters are found such that the Ly distance
between the scalar GM density and the scalar canonical Gaussian density is minimized. Constrained
numerical minimization is employed to find these parameters, which ensures that the weights and
spacing between the components are positive. After this minimization is performed, the parameters
of the scalar GM, which is given in Eq. (3.11), that minimize the Lo distance to the scalar canonical
Gaussian density are known. Two example GM densities approximating the standard normal density
are presented in Figure (3.1). It is observed that, as the number of components in the mixture

increases, the GM density becomes a better approximation of the Gaussian density, as expected.

(@ L;=3 (b) L; = 11

Figure 3.1. GM approximations of the standard normal density. The Gaussian density is red, the
GM is black, and the components are green.
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Now that the GM approximation of a scalar canonical Gaussian density has been con-
structed, the GM approximation of the multivariate canonical Gaussian density can be constructed.
This is accomplished by substituting the scalar GM approximation of the ™ component of z, given
by Eq. (3.11), into Eq. (3.10), which yields

r Ly
pam(2) = [T D2 @ py (0", 151-“”) . (3.15)
i=10,—1

Equation (3.15) can be manipulated into vector-matrix form to yield the parameters of the GM

density approximating the multivariate canonical Gaussian density, given in Eq. (3.8), to yield

-
a9 =T] w]@j) (3.16a)
j=1
e
mg )
~ (£2)
m® =" (3.16b)
= (£r)
T
r (e
Pl( ! p(f2)
~ Py
PO — 2 , (3.16¢)
I pler)
where ¢ = 1,2, ..., L, the number of components in the resulting multivariate GM density is L =
LiLs---L,, and each ¢ corresponds to a unique permutation of ¢1, ¢o, ..., £,. The number of

components in the GM density approximating the canonical Gaussian density is given by the product
of the number of components of the scalar GM density approximating each entry of z. Special care
must be taken when selecting the number of components chosen to approximate each component of
z, because the number of components in the resulting multivariate mixture suffers from the curse of
dimensionality; that is, the number of components in the resulting mixture increase exponentially
with 7. This can easily result in an infeasible number of components for large r.

The parameters of the GM density approximating a Gaussian density, defined by m and
P, are now found by transforming the parameters of the GM density approximating the canonical
Gaussian density according to the transformation of variables given in Eq. (3.6). This yields the
parameters of the GM density approximating the Gaussian density, defined by Eq. (3.7), according

to

0

w® = p® (3.17a)
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m® = 8m + m (3.17b)
PO =spigT (3.17¢)

for/ =1,2,..., L.

3.3. BINGHAM DENSITY

The Bingham density is an antipodally symmetric density on the unit-hypersphere that is
defined as a zero-mean Gaussian density conditioned on the unit-hypersphere. In this context, “con-
ditioned” means that the Gaussian density is evaluated on the unit-hypersphere and is subsequently
renormalized such that it is a valid pdf. Because antipodal attitude quaternions (g and —@q) represent
the same attitude, the Bingham density can quantify the uncertainty in the quaternion representation
of attitude without ambiguity between ¢ and —g. The Bingham density is defined for a random
unit-vector g € S® and is given by [8, 9]

po(q; M, Z) = F(lz)exp{qTMZMTq}, (3.18)
where M € SO(s + 1) is the orientation matrix describing the orientation of the density on the
unit-hypersphere, Z is a diagonal square matrix of dimension s + 1 of concentration parameters
with nondecreasing diagonal elements Z; < --- < Z; < Zg41 £ 0, and F(Z) is the normalization
constant that ensures that py(q; M, Z) is a valid pdf. The Bingham density possesses the property
that py(q; M, Z) = pp(q; M, Z + cI) for all ¢ € R; thus, Zsy is defined to be zero with an
appropriate choice of ¢ for a given Bingham density without any change to the characteristics of the
density. An abuse of notation is used for g because it is used to represent both a generic antipodally
symmetric unit-vector of arbitrary dimension s as well as the attitude quaternion; when g € S* or
G € S3, q is a valid attitude quaternion representing the one- and three-dimensional attitude of a
body, respectively. Whether g represents a generic antipodally symmetric unit-vector or the attitude
quaternion is clear in the surrounding context.

The parameters of Z control how tightly clustered the Bingham density is around its mean
direction, while the orientation matrix, M, specifies the mean direction itself. The normalization
constant of the Bingham density is given by the hypergeometric function of a matrix argument

according to

Ty s s 1 s+1
F(Z) :/SS exp{q’ Zq}dS® = [S°| 1 F (2;2;Z> , (3.19)
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where |S*| represents the area of the unit-hypersphere of dimension s and . F(-; -; -) represents the
hypergeometric function of a matrix argument. The normalization constant is independent of the
orientation matrix, which is intuitive since the orientation matrix simply changes the orientation of
the density on the unit-hypersphere. Many methods exist for calculating the normalization constant,
including series expansions [24], saddle point approximations [25, 26], the holonomic gradient
method [27], and interpolation of precomputed tabulated values [28]. In this work, the normalizing
constant is interpolated from precomputed tabulated values. In order to generate the tabulated values
of the normalizing constant, the normalizing constant is approximated over a discrete grid of Z,
Zo, ..., Zsfor s = 1, 2, and 3 using Gauss-Legendre quadrature in spherical coordinates to
approximate the integral in Eq. (3.19). This approximation is detailed in Appendix B.

Parallels between the parameters of the well-known and well-understood Gaussian density
and the parameters of the Bingham density can be drawn in order to better understand the Bingham
density. The Bingham density is a directional density; that is, it probabilistically quantifies the
direction of a unit-vector in S®. The orientation matrix, M, is similar to the mean of the Gaussian
density, m, in that it specifies the mean direction of the Bingham density, while m specifies the
mean location of the Gaussian density. The matrix of concentration parameters of the Bingham
density, Z, is similar to the covariance matrix of the Gaussian density, P, in that it specifies how
tightly clustered the Bingham density is about its mean direction. Making the elements of Z more
negative leads to a more tightly clustered density about the mean direction for the Bingham density
similarly to how decreasing P towards 0 leads to a more tightly clustered density about the mean
for the Gaussian density. It is important to note that Z is not the covariance of the Bingham density;
however, they are directly related.

Representing the uncertainty of an attitude quaternion using the Bingham density has three

key advantages as compared to other methods of attitude uncertainty representation:

— The Bingham density is antipodally symmetric; thus, antipodal quaternions g and —g (which

represent the same physical attitude) are equiprobable,

— the Bingham density quantifies the uncertainty of the attitude quaternion g on its natural
manifold (S' or S3, for one- and three-dimensional attitude, respectively) instead of projecting
the attitude uncertainty into a local tangent space, which can potentially incur approximation

errors, and

— the Bingham density possesses a simple representation of a uniformly distributed attitude

quaternion on this manifold, which occurs when the Z matrix is null.
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In order to visualize how the Bingham density represents the distribution of an attitude
quaternion in S3, the Bingham density is illustrated in S' and S?, where straightforward visualiza-
tions exist. The Bingham density is first shown for one-dimensional attitude uncertainty representa-
tion, where the axis of rotation is defined to be the z-axis. In this case, the one-dimensional attitude
quaternion is given by Eq. (2.42). Figure (3.2) shows the Bingham-distributed one-dimensional at-
titude quaternion for the identity orientation matrix and different values of Z;. Observation of Fig-
ure (3.2) shows that the Bingham density is antipodally symmetric; that is, g and —g are equiproba-
ble. Further observation highlights that as Z; becomes more negative, the uncertainty in the attitude
quaternion decreases. Similarly, as Z; approaches zero, the uncertainty in the attitude quaternion
increases until Z; = 0, in which case the attitude quaternion is uniformly-distributed.

Figure (3.3) shows the Bingham density in S' for a fixed matrix of concentration parame-
ters, Z, and varying values of the orientation matrix, M. In this dimension, the orientation matrix
is parameterized by a single parameter, according to Eq. (2.27). In this case, ¢ is used in place of

in Eq. (2.27) to yield the orientation matrix of the Bingham density in terms of ¢ according to

M- [cos¢ sinqﬁ] . (3.20)

—sin¢g coso

The angle ¢ is used to parameterize the orientation matrix of the Bingham density instead of 6 in
order to emphasize that ¢ defines the mean direction of the attitude quaternion, and is not the heading
angle of the vehicle, in general. Observation of Figure (3.3) shows that ¢ specifies the rotation of the
mean direction of the quaternion away from the direction of the identity quaternion (p = [0 1]7),
as expected from the definition of the orientation matrix. Observation of Figures. (3.3a) and (3.3d)
shows that the Bingham density is identical for orientation matrices defined by ¢ = 0 and ¢ = 180°
and results in identical Bingham densities, which makes intuitive sense because =M (which are
defined by ¢ = 0 and ¢ = 180°), result in the same exponential argument in Eq. (3.18).

No valid attitude quaternion exists on S?; however, the Bingham density for the unit-vector

d= | ¢ g3)" € S?isillustrated in Figure (3.4) for the orientation matrix

V2

Il
I = 8
w‘& [@nll )
o = O

and varying values of Z; and Z5 to demonstrate how the Z matrix affects the Bingham density
in this dimension. When Z; = Z; = 0, all q are equiprobable. When Zs = 0, the g along a
great circle defined by the orientation matrix M are equiprobable, as observed in Figures. (3.4a)

and (3.4c). In this case, the Z; parameter dictates how tightly clustered the pdf of g is along the
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Figure 3.2. Bingham densities on S! for M = I and varying values of Z;.
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great circle. When Z, decreases from zero, the pdf of g decreases in the direction defined by the
orientation matrix M, as observed in Figures. (3.4b) and (3.4d).

No straightforward visualization of the Bingham density exists in S. Similar trends, how-
ever, are present as the entries of Z change for the Bingham densities in S? as they do for the
Bingham density in S' and S?. A uniformly distributed attitude quaternion is given by the null Z
matrix, and as Z1, Zs, and Z3 decrease, the uncertainty in the attitude quaternion decreases. If any
of the Z, Z», and Z3 are equal to zero, then the attitude quaternion becomes equiprobable around a
higher-dimensional circle or sphere, similarly to Figures. (3.4a) and (3.4c) for the Bingham density
in 2.

The canonical Bingham density is introduced by substituting the transformation
g= Mp (3.21)
into Eq. (3.18), which yields the canonical Bingham density as
P(D; Z) = po(p; I, Z) = F~(Z) exp {p" Zp},

where the tilde notation is used to denote the canonical form of the density. The canonical Bingham
density still depends on the matrix of concentration parameters, Z; however, the elements of p
are uncorrelated (but not independent because p is constrained to be unit-norm), which can be
exploited for certain operations. Similar to the canonical Gaussian density, certain operations can
be performed for the canonical Bingham density, and the results of these operations can then be
transformed according to the change of variables defined by Eq. (3.21) to represent the Bingham
density of interest. When using the canonical Bingham density, typically these operations cannot
be performed off line and saved for the canonical Bingham density, because the canonical Bingham
density still depends on the matrix of concentration parameters, Z.

While the canonical Bingham density is only defined on S?, it is still possible to express its
mean and covariance in R**!. Due to the antipodal symmetry of the canonical Bingham density, its

mean in R51 is

Eﬁb{ﬁ} =0,
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Figure 3.4. Bingham densities on S? for varying values of Z; and Zs.
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where the expected value is defined by Eq. (3.5). Because the elements of p are uncorrelated, the

covariance of the canonical Bingham density in R**! is given by Eq. (2.9) from Reference [8] as

1
. f
P,2E; {pp" } = ’ . : (3.22)

ferl

where the off-diagonal elements of the matrix in Eq. (3.22) are equal to zero. The f; terms are

defined in terms of the normalizing constant and its partial derivatives with respect to Z; according

to
_ 0F(Z)
P A /1 3.23
fi2 N2 (323
The f; terms satisfy several important properties, given by
s+1
> fi=1 (3.24a)
i=1
fi>0, i=1,2...,5+1 (3.24b)
lim f;=0", i=1,2,...,s (3.24¢)
Zi——00
li =1". 3.24d
Zl’Z2’.”17I}lS*>700 fS+1 ( )
These properties can be interpreted from the fact that the fi, fo, ..., fs+1 represent the diagonal

elements of the covariance matrix of the canonical Bingham density according to Eq. (3.22). The
canonical Bingham density exists on the unit-hypersphere and is antipodally symmetric, i.e., it
probabilistically quantifies an antipodally symmetric vector that is constrained to be unit-norm.
Because of this, the trace of its covariance matrix is constrained to be unity, which is given by
Eq. (3.24a). Furthermore, the diagonal elements of the covariance matrix must be positive, which
is given by Eq. (3.24b). Finally, the properties of the fi, f2, ..., fst+1 given in Egs. (3.24¢c) and
(3.24d) stem from the facts that 71, Z», ..., Zs are less than or equal to zero, Z,1 £ 0, and the
unity trace constraint on the covariance matrix.

In this work, the partial derivatives of the normalizing constant, as defined by Eq. (3.23),
are interpolated from precomputed tabulated values. In order to generate these tabulated values, the
partial derivatives of Eq. (3.19) with respect to each of Z;, Zs, ..., Z are first found, and are then

numerically evaluated using Gauss-Legendre quadrature in spherical coordinates to approximate the
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remaining integral. This approximation is detailed in Appendix B, along with the approximation of
the normalizing constant itself.

The covariance of the canonical Bingham density, P, uniquely defines the canonical Bing-
ham density. If P, is known, then the matrix of concentration parameters, Z, defining the canonical
Bingham density that possesses this covariance can be found. In order to find the elements of Z,
given by 71, Zs, ..., Zs, reverse interpolation of the tabulated values of fi, fo, ..., fs (which are
the unique parameters of P,) over the grid of Z1, Zs, ..., Z, is used. Because of this, either the
covariance of the canonical Bingham density, or the matrix of concentration parameters is sufficient
to specify a unique canonical Bingham density.

Like the canonical Bingham density, the mean of the Bingham density is given in R¥*! as
pr {Q} =0

due to antipodal symmetry. The covariance of the Bingham density in R**! is defined by E It aq’}.
In order to calculate this expected value, its argument is first pre- and post-multiplied by M M7 =

I, such that the covariance can be expressed as
P,2E,{Gq"} =E,,{MM"qgg" MM} . (3.25)

Introducing the transformation of variables defined in Eq. (3.21) and noting that M is determinis-

tic, Eq. (3.25) can be expressed as
P, = ME;, {pp' }M" . (3.26)

Ep, {pp"} is simply the covariance of the canonical Bingham density, which is defined by Eq. (3.22).
Substituting Eq. (3.22) into Eq. (3.26) yields the covariance of the Bingham density in R**! as

P,=MP,M", (3.27)

which is seen to be a similarity transformation of the covariance of the canonical Bingham density
according to the orientation matrix of the Bingham density.

The covariance of the Bingham density, P, uniquely defines the Bingham density. If P, is
known, then the orientation matrix, M, and the matrix of concentration parameters, Z, defining the
Bingham density that possess this covariance can be found. In order to find M and the elements of
Z, givenby 21, Zs, ..., Zs, first an eigen-decomposition is performed on P; to find M and the
diagonal matrix P, according to Eq. (3.27). Reverse interpolation of the tabulated values of fi, fo,
..., [s (which are the unique parameters of P,) over the grid of Z1, Zs, ..., Z, is then used to find

Z1, 4, ..., Zs. Because of this, either the covariance of the Bingham density or the orientation
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matrix and matrix of concentration parameters is sufficient to specify a unique Bingham density.
Special care must be taken when taking the eigen-decomposition of P, in order to ensure that the

properties of M € SO(s + 1) and the diagonal matrix P, (which are given by Egs. (3.24)) are met.

3.4. BINGHAM MIXTURE DENSITY

The BM density is defined by

~

pon(@) = Y w0 py(: M, 20). (3.28)
(=1

where w(® is the weight of the /" component, M(©) and Z(©) are the orientation matrix and ma-
trix of concentration parameters defining the /" component, respectively, and L is the number of

components in the BM density. The weights of the mixture are constrained such that
w? >0 ¢=12...,L and Y w®=1,

which ensures that the BM is a valid pdf.

The BM density can be used to approximate pdfs on the unit-hypersphere, similarly to how
the GM density can be used to approximate pdfs in Euclidean space. In this work, the approxima-
tion of the Bingham density by a BM density is considered. While the Bingham density can be
equivalently expressed as a single-component BM density, it is advantageous in certain applications
to approximate the Bingham density by a BM density with more than one component. By approx-
imating the Bingham density in this way, the uncertainty of each component of the approximating
BM density is smaller than that of the Bingham density it approximates, in general. The parameters
of the approximating BM density are found differently depending on whether the Bingham density
to approximate is a uniform density or not (i.e, whether Z is null or not). A method to find the
parameters of the BM density that approximate a nonuniform Bingham density on S! is presented
first. Next, a method to find the parameters of the BM density that approximates a uniform Bingham
density for arbitrary dimension s is presented.

3.4.1. Approximation of the Nonuniform Bingham Density on S'. The approximation
of a nonuniform Bingham density by a BM density on S! is now considered. The parameters of the
BM approximation of the nonuniform canonical Bingham density are first found, and then, these
parameters are transformed according to the change of variables defined in Eq. (3.21) in order to

yield the parameters of the BM density that approximates the Bingham density of interest. Let the
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BM density approximating the canonical Bingham density be defined by

L
pon(P) = Y0 py (: MY, Z0) (3.29)
(=1

where the tilde notation indicates that these parameters correspond to the BM density that approxi-
mates the canonical Bingham density. Ideally, (), M ®, and Z® would be found for a given L
such that a given measure of the difference between the canonical Bingham density and its approx-
imating BM density is minimized. The Lo distance between the canonical Bingham density and its

approximating BM density is used as this measure and is given by

Lafillpnn] = [ [750) = pin (O] 8¢ (3.30)

This Lo distance can be manipulated into a closed form, as is shown in Appendix C.

In general, finding the @), MO, and Z® that minimize Eq. (3.30) without first mak-
ing simplifications becomes intractable, especially as the number of components in the mixture
increases. When constructing the GM density, the fact that the elements of the canonical Gaussian-
distributed variable, z, are uncorrelated is exploited in order to simplify the construction of a GM
approximation of a multivariate Gaussian density in r dimensions into the construction of r scalar
GM approximations of a scalar canonical Gaussian density. While the elements of the canonical
Bingham state vector, p, are uncorrelated like the elements of z, the resulting densities of the el-
ements of p are not Bingham. This is in contrast to the resulting densities of the elements of z,
which are canonical Gaussian; thus, a similar approach to constructing the GM for each component
of z and combining the result cannot be followed for the construction of the BM approximating the
Bingham density. This is why the approximation of a nonuniform Bingham density is only consid-
ered in S', and not higher dimensions, in this work. In theory, a similar approach could be used
to construct a BM density in higher dimensions; however, in practice, the minimization vector be-
comes intractably large and, thus, does not provide a useful framework to construct the BM mixture
in these higher dimensions.

The parameters of the BM density approximating the canonical Bingham density in S' are
now sought. Similarly to finding the parameters of the GM density, ideally, the parameters defining
this BM density would be found such that the Lo distance to the canonical Bingham density is
minimized; however, in practice, further simplifications about these parameters need to be made

in order to make this minimization feasible. Before making these simplifications, first note that
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Eq. (3.29) can be simplified to

L
pon(@) = > O py (p: M (9, 29)) (3.31)
(=1

where M (¢) represents the orientation matrix parameterized by the scalar parameter ¢, according to
Eq. (3.20), which quantifies the mean direction of each component in terms an angular displacement
from the zero direction instead of the orientation matrix directly.

The mean directions of the BM density, QE(Z) for/ =1,2,..., L, are assumed to be equally
spaced away from the zero direction, with the mean direction of the central component placed at
zero. This gives the mean direction of each component of the BM explicitly as a function of the

spacing between the means, A¢, as

~ L+1
30 2 [g_ 7‘; } A, (332)
for =1,2,...,(L —1)/2. Spacing the means of the components in this manner restricts L to be

odd. Next, a power law similar to that used to define the covariance of each component of the GM
desnity is used for the matrix of concentration parameters of each component of the BM density.

This yields the matrix of concentration parameters for each component as
ZO - iz, (3.33)

for £ = 1,2,..., L. This power law was chosen heuristically and shows good performance in this
application. Using this power law, the matrix of concentration parameters of each component is
explicitly defined by the number of components of the BM. Finally, the weights of the components
are assumed symmetric about zero because of this symmetry in the mean direction and covariance

of the components according to
O = L=t (3.34)

for ¢ =1,2,...,(L —1)/2, and, thus, only (L — 1)/2 weights are unique due to the fact that the
weights must sum to unity.

Under these assumptions, only @) for £ = 1,2,...,(L—1)/2 and A¢ (atotal of (L+1)/2
parameters) need to be found in order to find @, M®, and Z© for ¢ = 1,2, ..., L, which fully
define the BM density. These parameters are found such that the Ly distance between the BM
density and the canonical Bingham density is minimized. Constrained numerical minimization
is employed to find these parameters, which ensures that the weights and spacing between the

components are positive. Two example BM densities approximating the canonical Bingham density
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in S' are presented in Figure (3.5). It is observed that, as the number of components in the mixture

increases, the BM density becomes a better approximation of the Bingham density, as expected.

(@L=3 (b L=11

Figure 3.5. BM approximations of the Bingham density defined by Z; = —10. The Bingham
density is red, the BM is black, and the components are green.

The parameters of the BM density approximating the Bingham density of interest, defined
by M and Z, are now found by transforming the parameters of the BM density approximating the
canonical Bingham density according to the transformation of variables given in Eq. (3.21). This
yields the parameters of the BM density approximating the Bingham density of interest, defined by
Eq. (3.28), according to

w® = 5® (3.352)
MO = pp® (3.35b)
Z(0) — () (3.35¢)

for{=1,2,..., L.

3.4.2. Approximation of the Uniform Bingham Density on S°. Now the approximation
of the uniform Bingham density, that is, a Bingham density with Z = 0, by a BM density is consid-
ered on the unit-hypersphere of arbitrary dimension, S°. Before considering this approximation, first
note that the unit-vector § = [q1 g2 --- gs1+1]” can be expressed in terms of spherical coordinates
by [29]

g1 = sin ¢ cos @2 (3.36a)
q2 = sin ¢ sin ¢9 cos ¢3 (3.36b)
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(3.36¢)

Qs = Sin ¢ sin ¢o - - - sin ¢5_1 COS P (3.36d)

ds+1 = COS @1, (3.36e)

where ¢1, ¢a, ..., ¢s—1 € [0,7] and ¢s € [0,27). The spherical coordinates ¢1, @2, ..., ¢g

represent a minimum parameter set to quantify the unit-vector of arbitrary dimension, g € S°. For
notational convenience, define the collection of spherical coordinates corresponding to g as
] T

b= o1 o2 - s

)

such that g(¢) represents the unit-vector parameterized by spherical coordinates. The differential
area of the hypersphere swept out by the unit-vector is given as a function of the spherical coordi-

nates and their differential variations according to
dA(¢) = sin® ! ¢y sin® % o - - sin sy dy depo - - s, (3.37)

where “d” is used to denote a differential variation in the following quantity. This relationship is
true in the limiting case as the variations in the spherical coordinates approach zero. In the general
case, the linear relationship between the area swept out on the unit-hypersphere and the angle swept

by each spherical coordinate is given by
AA(p) = sin® ! ¢y sin® 2 ¢y - - sin g1 AG1 Adhy - - - Aghs (3.38)

where A is used to denote a finite variation in the following quantity. The spherical coordinates
defined in Eqgs. (3.36), and the linear relationship between the area swept on the unit-hypersphere
and the angles swept by the spherical coordinates defined in Eqs. (3.38), are used in order to pa-
rameterize the weights and mean directions of the components of the BM density that is used to
approximate the uniform Bingham density.

Let the BM approximating the uniform Bingham density be defined by Eq. (3.28). The
parameters w(®), M and Z® for ¢ = 1,2, ..., L, which define the BM density, are now sought
such that the BM density approximates the uniform Bingham density. Similarly to the GM and
BM approximations in Sections 3.2 and 3.4.1, the Ly distance between the canonical Bingham
density and its approximating BM density, as given by Eq. (3.30), would be minimized to find
the parameters of the BM density. If this Lo distance is minimized without restricting Z®) for
{=1,2,...,L each Z (©) would be null, and the BM mixture would become degenerate (because
each component of the mixture is identical). Because of this, the Lo distance is not explicitly

minimized to construct the BM density approximating the uniform Bingham density. First, the w(®)
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and M for ¢ = 1,2,..., L are specified using spherical coordinates and their differential area
swept out on the unit hypercylinder. Then, the Z(©) = 0 for ¢ = 1,2, ..., L are specified such that
the Ly distance is sufficiently small in the context of the given application.

Now, the mean directions of the BM components are specified by constructing a uniform
grid over the spherical coordinates. Note that the mean direction of each component does not
fully define the orientation matrix of the component; rather, it defines only the last column of the
orientation matrix. This can be observed from Eq. (3.21). It is straightforward to see that the identity
quaternion, p, represents the mean direction of the canonical Bingham density; therefore, the last
column of the orientation matrix, M, represents the mean direction of q according to Eq. (3.21). In
order to specify the mean directions of the components, a uniform grid for each spherical coordinate

is constructed according to

() _ 7r(2€i7_ 1)

o; T (3.39)

for¢; =1,2,...,Landi=1,2,...,s, where L is the number of points in the discrete grid of each
¢; and is chosen to be the same for each spherical coordinate (thus, the L; notation is omitted in favor
of the L notation). This choice stems from the fact that, if the angles swept out by each spherical
coordinate between points on the grid, A¢1, Ao, - -+, Ads, are the same, the parameterization
of the weights of the BM density is simplified. The uniform grids for each spherical coordinate
are then combined to yield the grid of mean directions of the components of the BM, expressed as

spherical coordinates, according to

¢ ¢ T
¢ = [of") af® ... g7, (3.40)
where ¢ = 1,2,...,L, L = L? is the number of components in the BM density approximating
the uniform Bingham density, and each ¢ corresponds to a unique permutation of ¢y, o, ..., {,.

Therefore, the mean direction of each component is expressed as unit-vector according to q(¢(f))
for ¢/ =1,2,..., L. Figure (3.6) shows the grid of mean directions for L = 10 on S! and S?.

Note that the discrete grid for each spherical coordinate is constructed in the interval [0, 7],
even though ¢ € [0, 27); this stems from the antipodal symmetry of each component of the BM. By
restricting the grid for ¢ to lie in the interval [0, 7), the antipodal symmetry of each component then
covers the other half of the unit-hypersphere, as can be observed in Figure (3.6). By discretizing the
mean direction of each component over the spherical coordinates in this manner, it is observed that
L = L*® components exist in the BM approximating the Bingham density on the unit-hypersphere.
Special care must be taken when selecting L, because the number of components in the resulting
BM suffers from the curse of dimensionality, similarly to the construction of the multivariate GM

density.
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Figure 3.6. Grid of mean directions for L = 10 on S and S%. The black markers denote the mean
direction, and the gray markers denote the antipodal direction of each mean direction.

Now that the mean direction of each component, (j(qb(()) for { = 1,2,..., L, has been
defined, the orientation matrix of each component can be found. In order to find the orientation
matrix for each component of the BM density given its mean direction, it is first necessary to restrict
each component to be isotropic; that is, the concentration parameters of the each component are
restricted to be identical (27 = Zs = --- = Z;). Under this restriction, each component of the
BM is rotationally invariant about its mean direction, and the last column of the orientation matrix,
which is given by the mean direction of the component, sufficiently specifies the orientation matrix
of each component. The other columns of the orientation matrix are arbitrary as long as they are
found such that the orientation matrix belongs to SO(s + 1). This gives the orientation matrix of

each component of the mixture as
MO = [o07] - ol g(0)] (341)

for ¢ = 1,2,...,L, where vge), 'uéz), e vge) are arbitrary under the restriction that M ) ¢
SO(s+1). This is performed by first defining the entries of the last column of the orientation
matrix using G(¢)), and then using Eq. (2.27) when s = 1 or Eq. (2.52) when s = 3 to find the
remaining entries of the orientation matrix. For the s = 3 case, the orientation matrix is defined

by a single right-isoclonic rotation, which is sufficient to specify the orientation matrix because its
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first three columns are arbitrary provided M) ¢ SO(s 4 1), which is satisfied by the rotation
matrix defining the right-isoclonic rotation. When s = 2, the first two columns of M ©®) are found
as orthonormal vectors to G(¢(*)) and each other, and are ordered such that det {M ()} = 1.
While this grid is uniform and equally spaced in the spherical coordinates, the resulting
mean directions are not equally spaced on the hypersphere for dimensions s > 1, as is observed
in Figure (3.6b). In order to compensate for this, the weights of the components are chosen to be
proportional to the linearized area according to Eq. (3.38) of the unit-hypersphere swept out by the
spherical coordinates defining the mean direction of each component. By selecting the weights in
this manner, the components that are spaced closer together possess lower weights. This weighting
scheme will yield a perfectly uniform BM density (with nonuniform components) as the number of

components in the mixture approaches infinity. This yields the weights of the mixture as

o
w = (3.42)
i ol
for{ =1,2,..., L, where
0 x AA(pY) (3.43)
o sin®~! ¢g€) sin® 2 ¢g£) -+ -sin <bg_)1 . (3.44)
Because the grid is uniform in each spherical coordinate, A¢q, A¢s, ---, A¢p, are constant in

the evaluation of Eq. (3.43) and may be neglected in its calculation due to the proportionality and
not equality. Analysis of Eqgs. (3.42) and (3.43) shows that the weight of each component of the
BM is approximately proportional to the area of the unit-hypersphere assigned to each grid point.
This proportionality is approximate because the area assigned to each grid point is the calculated
using the linear relationship between the area of the unit-hypersphere and grid size of each point in
the discrete grid. Equation (3.42) ensures that the weights of the BM density sum to unity while
maintaining their desired proportionality to the area on the unit-hypersphere. Parameterizing the
weights in this manner accounts for the nonuniform grid of mean directions on the unit-hypersphere
and will allow for the uncertainty of each component to approach zero in the limiting case as L goes
to infinity.

So far, the weights and orientation matrices of the BM density have been specified; now,
the matrix of concentration parameters must be specified. Recall that the matrix of concentration
parameters for each component has been restricted to be isotropic; that is, Z; = Zy = --- =
Zs in the matrix of concentration parameters. Furthermore, the BM is restricted such that each
component possesses the same matrix of concentration parameters. Under these restrictions, the

matrix of concentration parameters for all components can be parameterized by a single parameter,
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(, according to

I 0
ASES 4
¢ [OT O] , (3.45)

for¢ = 1,2,..., L, where ( < 0. If { = 0, the BM density would be a perfect approximation of
the uniform Bingham density; however, in this case, the mixture is degenerate, which is why ( is
restricted to be strictly negative. As ( decreases, the error (in the Lo sense) between the BM density
and the uniform Bingham density increases, while the uncertainty of each component decreases.
The parameter ¢ should be chosen as small as possible, which yields the smallest uncertainty in
each of the components, without incurring “significant error” between the BM approximation and
the uniform Bingham density, where “significant” is problem dependent, and, thus, not further
guidelines can be imposed.

Two example BM densities in S' approximating the uniform Bingham density are presented
in Figure (3.7). Both of these Bingham mixture densities approximate the uniform density well;

however, as the number of components increases, the uncertainty in each component is decreases,

which can be desirable for certain applications.
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Figure 3.7. BM approximations of the uniform Bingham density. The Bingham density is red, the
BM is black, and the components are green.

3.5. GAUSS-BINGHAM DENSITY

The Gauss-Bingham density probabilistically represents a state vector composed of a Gaussian-

distributed vector, x € R", and a Bingham-distributed unit-vector, g € S°, on its natural manifold



55

defined by S® x R". Before constructing the Gauss-Bingham density, first consider the motivating
example of manipulating two jointly Gaussian-distributed random vectors given by « and y into the

product of the density of  and the density of y conditioned on x. The joint density of [x” 3717 is

B x| |my P, P,
p($7y)_pg y ’ my ? P;@ Py I

where m and P represent the mean and covariance of their subscripted vector(s), respectively, and

Gaussian and is given by

P,, quantifies the correlations between x and y. The density of y conditioned on x is Gaussian-
distributed and is given by [30]

pg(y‘x;mykc(x)? Py|a:) = pg(y’w; my + PT P_l(x - mm)7 Py - PTP_lP:By) 5

Ty" x TyY" x

where my‘x(m) and P, are the mean and covariance, respectively, of y conditioned on @. It is

interesting to note the functional dependence of m,,, on . From the definition of conditional

ylz
probability, it follows that the joint density of & and y can be expressed as

p(x,y) = pg(x;my, Pp) py(yl@;my + Pl P, (@ — my), P, — PLP,'P,y,).  (3.46)

The conditional mean and covariance of p(y|x) are not restricted to be

my|.(T) = my + PZ;,P;l(a: —my) (3.47a)
P,,=P,—-P.P'P, (3.47b)

for the definition of conditional probability to be valid; however, Eqs. (3.47) must hold for the result
to be Gaussian-distributed.

The left- and right-hand sides of Eq. (3.46) express the joint Gaussian density of [z 3”7
in two different forms. In the case where the vectors  and y are jointly Gaussian-distributed, as
they are in this example, little (if anything) is gained by manipulating the left-hand side of Eq. (3.46)
into the ride-hand side of Eq. (3.46); however, in the case when one or both of the jointly distributed
vectors are not Gaussian-distributed, correlation between the vectors can be introduced in a similar
fashion to Eq. (3.46) by utilizing the definition of conditional probability. This allows the density
of two jointly distributed random vectors, x; and x2, to be written as the product of the density of

a1 and the density of x2 conditioned on x1; i.e.,

p(x1, ®2) = p(x1) p(T2|T1) -
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Using the definition of conditional probability, the Gauss-Bingham density is constructed
as the product of a Gaussian density and a Bingham density conditioned on the Gaussian-distributed

random variable as
pgy(x;m, P, M (z), Z) £ py(x; m, P) py(q; M (z), Z), (3.48)

where x represents the state vector comprised of the antipodally symmetric unit-vector, g € S®, and

a vector of other Euclidean states, x € R", according to
T = H €S xR, (3.49)
X

and x and z are related according to Eq. (3.6). S°* x R" represents the unit hypercylinder of dimen-
sion s and r, which is the intersection of the unit-hypersphere of dimension s, S°, and Euclidean
space of dimension r, R". If s = 1 and » = 1, the unit hypercylinder is defined by S! x R!,
which reduces to a unit cylinder, as expected. The conditional orientation matrix, M (z), quantifies
the correlation between the Gaussian-distributed random variable x and the conditional Bingham-
distributed random variable q.

The Gauss-Bingham density, as defined by Eq. (3.48), is constructed as the product of
the Gaussian-distributed x, and the conditional Bingham-distributed ¢, in which the orientation
matrix of the conditional Bingham density is functionally dependent on the Gaussian-distributed
variable, x. The conditional Bingham density is conditioned on the Gaussian-distributed random
variable x through the orientation matrix M (z), using the transformation of variables that defines
the canonical Gaussian density, which is given by Egs. (3.6). Because of this, the conditional

orientation matrix of the Gauss-Bingham density can be equivalently parameterized by
M(z) = M(x;m, P),
such that the Gauss-Bingham density in Eq. (3.48) can be equivalently expressed as
pgy(x;m, P, M (x;m, P), Z) £ pg(x;m, P)py(q; M (x;m, P), Z), (3.50)

The orientation matrix is expressed using z instead of x for better numerical stability because z
is nondimensional. The functional dependence of the orientation matrix on z is discussed in Sec-
tion 3.5.1.

The Gauss-Bingham density possesses the following favorable properties for probabilisti-

cally quantifying the attitude quaternion (when s = 1 or s = 3) and other Euclidean states:
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— The Gauss-Bingham density is antipodally symmetric in the attitude quaternion; thus, antipo-

dal quaternions q and —q (which represent the same physical attitude) are equiprobable,

— the Gauss-Bingham density quantifies the uncertainty of Euclidean states and the attitude

quaternion on their natural manifold S* x R", and

— the Gauss-Bingham density possesses a simple representation of an equiprobable attitude

quaternion for a given angular velocity when the Z matrix is null.

In order to illustrate these properties, consider an application of the Gauss-Bingham density
to quantify the uncertainty of the one-dimensional attitude quaternion and angular velocity of a body

undergoing rotation about the z-axis. In this case, the state vector is defined as

@ = H es! xR!, (3.51)

w

where w € R! is the angular velocity of the body about the z-axis and g € S' is the one-dimensional
attitude quaternion of the body, which is defined by Eq. (2.42). No correlation structure for the ori-
entation matrix, M (z), has yet been defined. Before formally defining this correlation structure,
first consider two types of correlation, which are introduced into a set of parameters used to specify
M (z): linear and quadratic. Figures (3.8a) and (3.8b) show examples of the Gauss-Bingham den-
sity (with Z; # 0) for the linear and quadratic correlation structures, respectively. The marginalized
attitude quaternion for the linear and quadratic correlation structures are shown in Figures. (3.8¢)
and (3.8d), respectively. It can be observed in these figures that the probability of the antipodal
attitude quaternions is equal for any given angular velocity, which is a desirable property as these
quaternions represent the same physical attitude.

When Z = 0, the marginalized attitude quaternion is equiprobable regardless of the correla-
tion structure used. This is illustrated in Figures. (3.9a) and (3.9b), which show the Gauss-Bingham
density in S' x R! and the marginal density of the attitude quaternion when Z; = 0. This property of
the Gauss-Bingham density is advantageous for representing the attitude quaternion as equiprobable
when no prior attitude information is available.

3.5.1. Correlation Structure. In order to define the correlation structure for the orienta-
tion matrix M (z), it is important to note that M (z) € SO(s+ 1) V z € R". In order to ensure
that this condition is met, the correlation structure is introduced into a minimum set of parameters
necessary to specify the orientation matrix, denoted by ¢(z), such that the orientation matrix is
given by M (¢(z)). A minimum parameter set, which is comprised of s(s+1)/2 = n, parameters,
is necessary to define the orientation matrix; therefore ¢(z) € R5(5t1/2 [15, 16]. The method

for constructing the orientation matrix from the set of minimum parameters depends on s and the
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Figure 3.8. Gauss-Bingham densities on S' x R! for a linear and quadratic correlation structure.

parameter set chosen. Methods for constructing the orientation matrix for dimensions s = 1, 2, and
3 are now presented.

3.5.1.1. Correlation Structure for s = 1. First, consider the Gauss-Bingham density spe-
cialized to s = 1. Only one parameter is necessary to specify the orientation matrix in this di-
mension because ng = 1. This parameter is chosen to be the rotation about the known axis of
rotation, which is given by (z), such that ¢(z) = 6(z). The orientation matrix is then defined by a
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Figure 3.9. Gauss-Bingham density on S! x R! for Z; = 0.

specialization of Eq. (2.27) according to

M(d(2)) = M(0(z)) = [ cos 0(z) sin@(z)] '

—sinf(z) cosf(z)

This orientation matrix is constructed identically to the one-dimensional attitude matrix defined by
the heading angle of the body; however, it is important to realize that (z) defines the mean direction
of the quaternion, which in turn defines the heading angle of the body. This orientation matrix is not
defined by the heading angle directly. The angle of rotation, 6(z), is defined on the interval [—m, )
for all z. Because

M(0(z)) = M(0(z) + 2rk) forall ke Z,

where Z is the set of integers, #(z) can be bounded to the interval [—m, 7) for all z by adding the
appropriate multiple of 27.

3.5.1.2. Correlation Structure for s = 2. Now, consider the Gauss-Bingham density spe-
cialized to s = 2. Three parameters are necessary to specify the orientation matrix in this dimen-

sion. These parameters are chosen to be the rotation vector, such that ¢»(z) = 6(z). The orientation
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matrix is then given by the specialization of Eq. (2.31) according to

M(¢(z)) = M(6(z)) = exp {—[6(z) <]} .

Similarly to the correlation structure for s = 1, 8(z) represents the mean direction of the conditional
Bingham-distributed unit-vector in s = 2 like 0(z) does for s = 1. Instead of using the matrix
exponential operator to find the orientation matrix in this dimension, first, the equivalent axis-angle
parameterization of the rotation vector, 8(z), can be found according to Egs. (2.32) and (2.33). The
orientation matrix can then be found by substituting the equivalent axis-angle parameterization into
Eq. (2.23) to yield

2
M(§(2)) = M(6(z)) = I — sin|6(z) [HZ& ] T (1= cos|6(2)])) L\zéi | } |

If ||6(z)|| = 0, it follows that M (z) = I, because the angle of rotation is zero. The norm of the

rotation vector, ||0(z)||, is defined on the interval [—7, 7) for all z. Because

0
M(0(z)) = M <0(z) PPRALIC) ) forall ke Z,
16(2)]]

||0(z)|| can be bounded to the interval [—m, 7) for all z by adding the appropriate multiple of
2m6(2)/16(z)]|-

3.5.1.3. Correlation Structure for s = 3. Finally, consider the Gauss-Bingham density
specialized to s = 3. Six parameters are necessary to specify the orientation matrix in this dimen-
sion. These parameters are chosen to be two rotation vectors representing a left- and right-isoclonic
rotation, as detailed in Section 2.4. Let these rotation vectors be denoted by 6,(z) and Or(z),

respectively, such that ¢»(z) is given by the concatenation of these vectors according to

$(z) = leL(z)] -

OR(Z)

Given these two rotation vectors representing the left- and right-isoclonic rotations, the method
presented in Section 2.4 is used to construct the orientation matrix for s = 3, which yields the

orientation matrix as

OL(Z)
Or(z

M(¢(z) = M ([ ]) = Rr(qr(0.(2))) Rr(qr(0r(2))),

where the functional dependence of g, on 61(z), and subsequently Ry, on qr,(01(z)), is shown

explicitly for clarity, and similarly for the right-isoclonic rotation.



61

The norm of each of these rotation vectors, ||07,(z)|| and ||@r(z)||, is defined on the interval

[—7, ) for all z. Because

()28
0r(z) Or(2) + 2mkr ot
for all kr,kr € Z, ||01(z)|| and ||@r(z)|| can be bounded to the interval [—m, 7) for all z by
adding the appropriate multiple of 27w0,(z)/||0L(z)|| and 270r(z)/||0r(z)|| to 61 (z) and Or(z),
respectively.

Now that the functional dependence of the orientation matrix, M (¢)(z)), on the minimal set
of parameters, ¢(z), has been defined for s = 1, 2, 3, the functional dependence of ¢(z) on z needs
to be defined. Two choices for this functional dependence are considered: linear and quadratic.
It is noted that the quadratic form of this functional dependence is not used after it is presented;
however, it is a valid form of this functional dependence and is presented to show the flexibility of
the Gauss-Bingham density.

First, consider the quadratic dependence of ¢(z) on z, which is defined by

T
¢(z) =do+PBz+ |2'T1z 2'Trz - 2'Tpyz| (3.52)

where ¢ € R™, 3 € R " and T; € {R"™" : T; = I'7}, i = 1,...,n, quantify the zeroth-
, first-, and second-order correlation, respectively, of z on ¢(z). The choice of implementing z
instead of x in the correlation structure results in nondimensional coefficients 8 and I';, which is
preferred for numerical stability. Noting that the orientation matrix M (z) is now explicitly defined
by z, ¢o, B, I'1, ..., I'y, and that z is explicitly defined by x, m, and P, the orientation matrix

using the quadratic correlation structure is parameterized as
M(Z) = M(X;m7P7¢07ﬁ7F1a" . 7rn¢)7
and the Gauss-Bingham density is given by the specialization of Eq. (3.50) as

pgb($;m,P,¢0,IB,I‘1,...,I‘n¢, ):
pg(x;m7p)pb(Q;M(X;m>Pv¢01/67F17'"7I‘n¢)7Z)'

The number of parameters necessary to quantify the quadratic correlation between z and ¢(z) is
%n¢(2+2r+r(r+ 1)), which increases quadratically with r. For one-dimensional attitude (R! xS!),
three-dimensional attitude (S® x R?), and dynamic pose (S® x R?) quantification, 3, 60, and 330

unique parameters are needed to quantify the quadratic relationship between ¢(z) and z.
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Now, consider the linear correlation structure for ¢p(z), which is given by a simplification
of Eq. (3.52) as

¢(z) = ¢o + PBz.
Using the linear correlation structure, the orientation matrix is parameterized as
M(z) = M(x;m, P, ¢o,8),
and the Gauss-Bingham density is given by the specialization of Eq. (3.50) as
pgv(x;m, P, o, 3, Z) = py(x;m, P)py(q; M (x;m, P, ¢, 8),Z) . (3.53)

The number of parameters necessary to quantify the linear correlation between z and ¢ (z) is ng(1+
r), which increases linearly with r. For one-dimensional attitude, three-dimensional attitude, and
dynamic pose quantification, 2, 24, and 60 unique parameters are needed to quantify the linear
relationship between ¢(z) and z. Because the number of parameters necessary to quantify the
linear correlation between z and ¢(z) increases linearly (as opposed to quadratically) with r, the
linear correlation structure is used in the remainder of this work.

3.5.2. Canonical Gauss-Bingham Density. The canonical Gauss-Bingham density is in-

troduced by substituting the transformations

+m (3.54a)
(3.54b)

"
Il

Q)
Il
2 @
x
i1

into Eq. (3.48), which yields the canonical Gauss-Bingham density as

Pav(2; Z) = py(2z) pu(P; Z) (3.55)

where z = [p? z]”. The elements of z are uncorrelated and zero mean, such that the covariance

of z is defined by the diagonal concatenation of I and P, according to

_ Ty _ Eﬁb{ﬁﬁT} 0 o PP 0
Eaalz=h=| Eﬁg{zzT}] N [0 I] ‘

The canonical Gauss-Bingham density still depends on the matrix of concentration parameters, Z;
however, the elements of z are uncorrelated, which can be exploited to make certain operations
easier to implement. Similar to the canonical Gaussian and Bingham densities, certain operations

can be performed for the canonical Gauss-Bingham density, and the results of these operations can
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then be transformed according to the change of variables defined by Eq. (3.54) to represent the
Gauss-Bingham density of interest. When using the canonical Gauss-Bingham density, typically
these operations cannot be performed off line and saved, because the canonical Gauss-Bingham
density still depends on the matrix of concentration parameters, Z.

The orientation matrix of the conditional Bingham density used to construct the Gauss-
Bingham density, as given in Eq. (3.53), is parameterized by m, P, ¢, and 3. Because the
orientation matrix is nonlinearly related to these parameters, quantifying these parameters for certain

applications can become numerically intensive and potentially intractable.

3.6. BINGHAM-GAUSS DENSITY

In order to overcome this apparent intractability, consider an alternate definition of the
Gauss-Bingham density in which the order of the conditioning is reversed; that is, the Gaussian
density is conditioned on the Bingham-distributed variable instead of conditioning the Bingham
density on the Gaussian-distributed variable. This density is called the Bingham-Gauss density, as

is performed in Eq. (3.48). The naive definition of the Bingham-Gauss density is given by

pgg(x;mmpx»anPqX) (3.56)

= py(q; M, Z) py(x;mx + PP, q, P — PP ' Py,

where M and Z are the orientation matrix and matrix of concentration parameters defining the
Bingham density of covariance P, and the fact that the quaternion is zero-mean is exploited n the
definition of the naive form of the Bingham-Gauss density. The definition of the naive version of
the Bingham-Gauss density is motivated by the expression of the density of two jointly-Gaussian
distributed random variables, as given by Eq. (3.46). The naive version of the Bingham-Gauss
density is parameterized directly by the first moment of the Gaussian portion of the state vector,

my, as well as the second central moment of the total state vector, which are defined by

my = Ep;‘g {x}

T
P, Py AR, q q
qu;( P, P ) |x —my | |x — my

Ep {aq"} Epp {a(x —my)T}
Epgg{(x - mx)qT} Eng{(x — M) (X — mx)T} .

Equation (3.56) is the naive definition of the Bingham-Gauss density because it is not antipodally

symmetric in ¢, in general; that is, § and —q, which quantify the same physical attitude, are not
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equiprobable. This can be observed by evaluating Eq. (3.56) for —q instead of g, which yields

T
Phg <[_qT 7| sy PP, qu> (3.57)
= po(—@; M, Z) pg(x;my + PL P (—q), Pc — PLP; ' Py)

= po(q; M, Z) py(x;myx — PL P q, Pc — PLP; ' Py).

Comparison of Egs. (3.56) and (3.57) shows that the naive version of the Bingham-Gauss density is
only antipodally symmetric if P, = 0; that is, the quaternion and Euclidean portions of the state
vector are uncorrelated. This is an undesirable condition to enforce, because, in general, correlations
are present between these portions of the state vector. Thus, the naive definition of the alternate
form of the Gauss-Bingham density is not an appropriate density for a state vector consisting of a
quaternion portion and other Euclidean quantities.

In order to define the Bingham-Gauss density as an appropriate density for the quaternion,
its naive form is split between the two hemispheres of the unit-hypersphere and the correlation

parameter, Py, is negated on one of the halves to yield

p?;g (m;mX7PX7Pq7qu) QESS—’_

pbg(m; my, Py, Pq, qu) = (3.58)

ng (m;mxapxapqy_qu) qesS~

where S* and S*~ represent opposing hemispheres of the unit-hypersphere. In order to appropri-
ately split S°, the pole of each hemisphere is defined by the antipodal pair of most-likely quaternions.
In order to determine which quaternion of the antipodal pair defines S** and which quaternion de-
fines S, the last nonzero element of the quaternion is used; if the last nonzero element of the
quaternion is positive, that quaternion defines S*. Similarly, if the last nonzero element of the
quaternion is negative, that quaternion defines S°~. Because the quaternion is constrained to be
unit-norm, all of its entries cannot be zero; thus, this logic correctly splits the unit-hypersphere into
two halves such that one of each pair of antipodal quaternions is contained in each S** and S*~ for
any and all pairs of antipodal quaternions.

In order to analyze the splitting of the unit-hypersphere into S** and S*~, first consider the
S! case, which contains the one-dimensional attitude quaternion according to Eq. (2.42). The “pos-
itive” and “negative” hemispheres of S' are shown in Figure (3.10), which are used to determine
which of the antipodal pair of quaternions is used to define S'* and which is used to define S'~.
Observation of Figure (3.10) shows that, for any pair of antipodal quaternions in S!, one quater-
nion is included in the “positive”” hemisphere, and the other quaternion is included in the “negative”
hemisphere. The two halves of the hemisphere are shown in Figure (3.10), in which a closed end-

point of a line represents a point included in the line, and an open endpoint of a line represents a
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point that is not included in the line. The quaternion of the antipodal pair that lies on the “positive”
hemisphere is defined as the pole that subsequently defines S'*. The quaternion antipodal to the
quaternion that lies on the “positive” hemisphere must lie on the “negative” hemisphere, and defines

the pole that subsequently defines S' .

q: qz q=

(a) “positive” hemisphere (b) st (c) “negative” hemisphere

Figure 3.10. Hemispheres of S used to determine which of the antipodal quaternions defines S'*
and which defines S'~.

Now, consider the S? case, which contains the arbitrary unit-vector ¢ = [¢1 ¢2 qg}T and
does not contain a valid attitude quaternion. The “positive” and “negative” hemispheres of S' are
shown in Figure (3.11), which are used to determine which of the antipodal pair of unit-vectors is
used to define St and which is used to define S?>~. Similarly to the observation of Figure (3.10)
for the S' case, observation of Figure (3.11) shows that, for any pair of antipodal unit-vectors in
S%, one unit-vector is included in the “positive” hemisphere, and the other quaternion is included
in the “negative” hemisphere. The two halves of the hemisphere are shown in Figure (3.11), in
which a closed endpoint of a line represents a point included in the line, and an open endpoint of
a line represents a point that is nof included in the line. Furthermore, a line drawn on the edge of
a surface represents an edge of the surface included in the surface; the edge of a surface with no
line represents an edge that is not included in the surface. The unit-vector of the antipodal pair that
lies on the “positive” hemisphere is defined as the pole that subsequently defines S**. The unit-
vector antipodal to the unit-vector that lies on the “positive” hemisphere must lie on the “negative”
hemisphere, and defines the pole that subsequently defines S?~. The same logic is applied to split
S3, which contains the attitude quaternion, into S> and S3~; however, it is not possible to visualize
the splitting in this dimension.

Because the Bingham-Gauss density is constructed by splitting its naive form across S+
and S°7, it is discontinuous across the boundary joining these two hemispheres; however, if the

density is numerically zero on both sides of this boundary, the density is effectively continuous. To



66

g3
q3

q2 G2

q1 q1
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q1

Figure 3.11. Hemispheres of S? used to determine which of the antipodal unit-vectors defines S+
and which defines S?~.

illustrate this, consider the Bingham-Gauss density in S* x R!, which can be used to quantify the
uncertainty in the one-dimensional attitude quaternion and angular velocity about the z-axis as given
by Eq. (3.51). Two example Bingham-Gauss densities are shown in Figure (3.12). Observation of
Figure (3.12a) shows that, if the Bingham-Gauss density is not effectively zero at the boundary
between the hemispheres, the discontinuity between the hemispheres is apparent and potentially
problematic. Alternatively, the observation of Figure (3.12b) shows that, if the Bingham-Gauss
density is numerically zero at the boundary between the hemispheres, the Bingham-Gauss density
is effectively continuous. This motivates the need for a Bingham-Gauss mixture to represent an
arbitrary state density, because a Bingham-Gauss mixture can be constructed such that each of its
components is small enough that it has numerically zero probability along the boundary splitting
S** and S*~ corresponding to each component.

The canonical Bingham-Gauss density is introduced by substituting the transformations

qd=Mp (3.59)
x=\/Pc+ PLP;'Pyz+ PLP;'Mp + m, qes (3.59b)
X = \/PX + PLP Pz~ PLP,'Mp+m, qeS*, (3.59¢)

where \/Z\/XT £ A into Eq. (3.58), which yields the canonical Bingham-Gauss density as

po(D; Z) py(z) q e S*F
Do(P; Z)lﬁg(z) qecsS

Pog(z; Pp) = (3.60)
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qz q:
(a) nonzero boundary probability (b) effectively zero boundary probability

Figure 3.12. Bingham-Gauss densities on S' x R!.

where Z is the matrix of concentration parameters defining the canonical Bingham density with
covariance P,. This transformation defines the poles of the hemispheres S* and S*~ as the positive
and negative identity quaternions, since the canonical Bingham-Gauss density has mean direction
defined by the identity quaternion. Equation (3.60) can be simplified to yield

ﬁbg(ZQPp) :ﬁb(f)S Z)ﬁg(z) (3.61)

The elements of z are uncorrelated and zero mean, such that the covariance of z is defined by the

diagonal concatenation of P, and I according to

P, 0
Eﬁgb{zzT} = [0p I] .

The canonical Bingham-Gauss density still depends on the matrix of concentration parameters, Z
(because Z defines the covariance of the canonical Bingham density, P,); however, certain opera-
tions can be performed for the canonical Gauss-Bingham density, and the results of these operations

can then be transformed according to the change of variables defined by Eq. (3.54) to represent a
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Gauss-Bingham density. When using the canonical Gauss-Bingham density, typically these oper-
ations cannot be performed off line and saved, because the canonical Gauss-Bingham density still
depends on the matrix of concentration parameters, Z.

Comparison of Egs. (3.55) and (3.61) show that the canonical forms of the Gauss-Bingham
and Bingham-Gauss densities are identical, which is expected since the Bingham and Gaussian
portions of both densities are uncorrelated. This is a convenient result because techniques can be
developed for the identical canonical Gauss-Bingham and canonical Bingham-Gauss densities, and
the results can then be transformed according to the change of variables in either Eqgs. (3.54) or

Egs. (3.59) in order to yield the desired Gauss-Bingham or Bingham-Gauss density of interest.

3.7. BINGHAM-GAUSS MIXTURE DENSITY

The BGM density is defined as

~

Pogm (@) =Y w pyg (z;m, PO, PO P, (3.62)
/=1

where w® is the weight of the ¢t component, mg), P>£e), Pq(e), and Pq(f;) are the parameters
defining the /" component, and L is the number of components in the mixture. The weights of the

mixture are constrained such that
w? >0 ¢=12...,L ad Y w®=1,

which ensures that the BGM is a valid pdf. The explicit dependence on the parameters of the BGM
density is not included in pyg, () in order to avoid cumbersome notation.

The problem of approximating a Bingham-Gauss density by a BGM density is now consid-
ered. In order to find the parameters of the BGM density that approximate a Bingham-Gauss density,
first, the Bingham-Gauss density approximating the canonical form of the desired Bingham-Gauss
density is found. The parameters of this BGM density approximating the canonical Bingham-Gauss
density are then transformed according to the change of variables defined in Egs. (3.59) to yield the
parameters of the BGM density that approximate the Bingham-Gauss density of interest.

Because p and z, the random variables associated with the Bingham and Gaussian portions
of the Bingham-Gauss density, respectively, are uncorrelated, the BM and GM densities approximat-
ing the canonical Bingham and Gaussian densities, respectively, can be constructed independently
using the methods presented in Sections 3.2 and 3.4. Let the BGM approximating the canonical
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Bingham-Gauss density be given by

M 3
<
o
(Q
3
"3
N
X
=
N
A
s
N
o
s
S—

pbgm (363)

/=1
where the tilde notation indicates that these parameters correspond to the BGM density that approx-
imates the canonical Bingham-Gauss density. Because p and z are uncorrelated, Eq. (3.63) can be
expressed as the product of the BM and GM densities approximating the canonical Bingham and

canonical Gaussian densities, respectively, according to

L
Pron(2) = 3 &% (5 01", 2) Z @ py (2, PO, (3.64)
fy=1 =1

where the weights, indices, and number of components of the BM and GM densities are subscripted
with a “b” and “g,” respectively, to differentiate them from each other. Manipulating Eq. (3.64) into
a single summation of the form given in Eq. (3.63) and comparing the two yields the parameters of
the BGM density that approximate the canonical Bingham-Gauss density in terms of the parameters

of its elemental GM and BM densities according to

L=1LyL,
a0 = @@l

Thg) = frh(fg)

PO — plt)

D) _ p)
P =P
~0
Py =0,
for £ = 1,2,..., L and each ¢ corresponds to a unique pair of ¢, and /,. These parameters de-

fine the BGM density approximating the canonical Bingham-Gauss density defined by P,, and are
transformed to define the BGM mixture density approximating the BGM density of interest defined
by pyg(x; my, Py, Py, Pyy) according to the change of variables in Eqs. (3.59), which yields

w® =

_\/P PLP Py D) 4+ m,

P P(e) (RO R
T ~ ’
POT PO ( T B
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where / = 1,2,..., L, and A is defined as

M 0

A2
PLP'M \/P.— PLP;'P,

The parameters w(), m)(f), Pq(g), Pq(f), and P)SZ) for ¢ = 1,2,..., L now define the BGM density

approximating the Bingham-Gauss density of interest.
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4. KALMAN FILTERING

Under the MMSE filtering framework, commonly referred to as the Kalman filtering frame-
work, the mean and error covariance of the state vector are used to probabilistically quantify the state
vector. The pdf of the state is not explicitly quantified because only its mean and error covariance
(first moment and second central moment) are quantified. The mean of the state vector serves as
the estimated state, and the error covariance of the state vector serves to quantify the uncertainty in
the state estimate. Two types of Kalman filtering are considered in this work: “additive” Kalman
filtering (referred to hereafter as simply “Kalman filtering”) and multiplicative Kalman filtering.
Kalman filtering [31, 32] operates on state and measurement vectors that exist in Euclidean (additive
and unbounded) space where a linear combination of the state and measurement vectors provides
a meaningful result. Multiplicative Kalman filtering [5, 33] is an augmentation to Kalman filtering
that operates on a state vector containing an attitude quaternion and other Euclidean states, in which
case the state vector does not exist in Euclidean space because the attitude quaternion exists on the
unit hypersphere, S! or S3.

To illustrate why Kalman filtering requires that the state and measurement vectors exist in
Euclidean space, consider the case when the state and measurement vectors are defined as attitude
quaternions. First, quaternions are antipodally symmetric, meaning that ¢ and —q represent the
same attitude and are equiprobable; thus, the mean of the attitude quaternion is 0 ¢ S! or S?. The
mean and covariance of the attitude quaternion are therefore not a useful probabilistic representation
of the attitude quaternion under the Kalman framework because they describe characteristics of the
quaternion in R? or R* that are not meaningful on S! or S®. Second, the measurement update would
assume that the posterior quaternion mean is a linear function of the measured quaternion, which
is invalid because the unit norm constraint implies that quaternions are not additive in general, i.e.
q1 + G2 ¢ S®. Because of these properties of the attitude quaternion, the Kalman filtering approach
must be augmented when the state and/or measurement contains an attitude quaternion. One such
augmentation is the multiplicative extended Kalman filter, which is addressed in this work. Other
augmentations include the norm-constrained extended Kalman filter [34] and the g-method extended
Kalman filter [35].

A numerical issue also presents itself when a Kalman filter is used to operate on a con-
strained state or measurement vector (such as the attitude quaternion). The state and measurement
covariance matrices become ill-conditioned due to the quadratic norm constraint on the state vector
as the attitude uncertainty approaches zero [5]. If the constraint on the state vector were linear, the

covariance matrix would be singular. When the attitude uncertainty becomes small, the quadratic
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constraint is well approximated by a linear constraint; thus, the covariance matrix becomes ill-
conditioned. This numerical issue can be masked by process and measurement noise; however, the
amount of process and measurement noise necessary to mask these numerical issues may not rep-
resent the true underlying noise processes of the dynamic system and measurement model and can
lead to poor performance of the filter.

Both Kalman filtering and multiplicative Kalman filtering quantify the temporal and mea-
surement evolution of the mean and error covariance of the state vector according to a dynamical
system and measurement model. In the most general case, these models can be expressed as a

nonlinear function of the state and noise according to

xr = f(xr_1, wr_1) (4.1a)

ZL = h(azk, ’Uk) y (4.1b)

where f is the nonlinear function representing the dynamical system, A is the nonlinear function
representing the measurement model, @ is the state, z is the measurement, w and v are zero-mean
white-noise sequences, and the k and k— 1 subscripts refer to the subscripted variable at times ¢; and
tr—1, respectively. The process and measurement noises are assumed zero-mean for convenience
and clarity of the following sections and resulting algorithms; however, it is straightforward to
relax this assumption through the introduction of a bias into f or h, if desired. The process and

measurement noise sequences have covariances defined by

E {wjw} } = Qidjk
E{vjv,{} = Rk5jk ,

where d 5, represents the Kronecker delta which is defined by

1 it j=k
ik = e
! 0 if j#£k
and the process and measurement noise are independent of each other and the initial state. It is
important to note that no assumption about the pdfs of the process noise and measurement noise
have been made, only that they are zero-mean white-noise sequences with the given covariances.

Equations (4.1) can be expressed in an equivalent form according to

xy, = f(®r1) (4.22)
zp = h(Z4), (4.2b)
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where f is the nonlinear function representing the dynamical system, & is the nonlinear function
representing the measurement model, Zj_1 £ [zc,{_l w{_l]T is the state vector augmented with
the process noise and Z;, = [:c% 'v,?]T is the state vector augmented with measurement noise. The
representations of the dynamical system and measurement model given in Egs. (4.1) and (4.2) are
equivalent; however, the forms given in Egs. (4.2) are generally more convenient when using certain
implementations of the Kalman filter.

If the process and measurement noise are additive, the discrete-time dynamics and mea-

surement model given in Egs. (4.1) can be expressed as

xp = f(Tr_1) + w1 (4.3a)
zp = h(xg) + v, (4.3b)

An abuse of notation is used for f and h between Egs. (4.1) and Egs. (4.3); the meaning of which
f or h is meant is clear depending on whether each has one or two arguments. If desired, the
process noise and measurement noise can be premultiplied by shape matrices, typically denoted
by M1 and Ly, in order to map the process noise and measurement noise into the dynamical
system and measurement model, respectively. These shape matrices are omitted in this work for
simplicity; however, it is straightforward to include them in the following algorithms. Furthermore,
if the discrete-time system dynamics and measurement model are linear, Eqs. (4.3) can be expressed

according to

T = Fr 1@ + wi (4.4a)
zr, = Hyxp + v , (4.4b)

where Fj,_; and H}, are the matrices defining the dynamical system and the measurement model,
respectively. The additivity of the process and measurement noise, as well as the linearity of the
discrete-time system dynamics and measurement are exploited, when possible, in order to simplify

subsequent filtering algorithms.

4.1. KALMAN FILTERING

Consider the case when the state and measurement vectors exist in Euclidean space; that is,
the state and measurement vectors are additive and unbounded. To denote that state and measure-
ment vectors exist in Euclidean space, they are denoted by x and z, respectively. In this case, the

mean and error covariance of the state are defined as

m = E{x} (4.5a)
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P =E{0xéx"}, (4.5b)
respectively, where dx is the additive state error and is defined by
SxEx—m. (4.6)

To simplify the notation of the Kalman filter equations, the p(x) subscript is omitted from the ex-
pected value operator, as defined in Eq. (3.5), when it is used in the context of the Kalman filter
since p(x) is not quantified. Under the Kalman filtering paradigm, the evolution of the mean and
covariance of the state vector is quantified. This evolution is quantified either exactly or approxi-
mately, depending on the type of dynamical system and measurement model used, as well as the
type of Kalman filter used. Before the different types of Kalman filters are presented, first, the gen-
eral Kalman filtering equations, which are the linear MMSE estimator, are presented in terms of the
expected value operator. The different types of Kalman filters are then obtained by calculating or
approximating these expected values differently.

The predictor of the Kalman framework uses Eqs. (4.5) and the dynamic system model to
calculate the prior mean and covariance at t;, which are given for the most general expression of

the dynamic system, as defined by Eq. (4.2a), according to

m,, = E{x;}

—E{f(%x1)} (4.72)
P, —E{6x;6x; }

=E{(xr —my)(xx —m;)"}

= B{(f(%e—1) — m)(fGu1) —m;)"}, (4.7b)

9

where 6x, 2 x),— m,_ is the “prior” state error. The superscript is used to represent the “prior”
of the superscripted quantity; that is, the value prior to incorporating any measurement information
at t,. Ideally, the expected values in Egs. (4.7) are calculated exactly; however, this is only possible
when the dynamic system can be expressed according to Eq. (4.4a), in which case the predictor
of the KF is obtained and the temporal evolution of the mean and error covariance of the state
are quantified without approximation. In general, these expected values must be approximated, in
which case the approximate temporal evolution of the mean and error covariance of the state are
obtained.

The corrector of the Kalman framework assumes that the posterior mean is a linear function

of the measurement according to [36]

m; = a, + Kz, (4.8)
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where aj and K}, are to be determined. The superscript “+” represents the posterior of the su-
perscripted quantity; that is, the value after incorporating measurement information at ¢;. The
parameters of the linear function of the measurement, a; and Kj, are found by minimizing the
mean square error of the posterior state density while enforcing an unbiased estimator. The mean

square error of the posterior state density is given by
J=E {5X—I:T(5XZ;} = trE{5x;5x;:T} =tr P,j , 4.9)

where 5XZ 2 x,— m,": and PJr are the posterior estimation error and error covariance, respectively.
Minimizing Eq. (4.9) and forcing an unbiased estimator (that is, forcing E {5xk } = 0) yields the

linear MMSE corrector, which is given by

m; =m, + Ky(z), — 2y) (4.10a)
P/ =P, - K;P..K], (4.10b)

where K, is the Kalman gain, which is given by

K, =P, P!

zz

@.11)

and the expected measurement, innovation (or residual) covariance, and state-measurement cross-

covariance are given by

zr, = E{z}
=E{h(x})} (4.12a)
P.. =E{(z, — 21) (21 — 21)" }
= B{(h(xx) — 21)(h(X) — 2)"} (4.12b)
P,. =EB{(x;, — mj)(zx —2)" }
= E{(xr —my)(h(xr) —2)"}, (4.12¢)

respectively. This corrector is known as the linear MMSE estimator since it is derived by assuming
that the posterior mean is a linear function of the measurement, not because any linearization has
been performed to arrive at Eqgs. (4.10). Ideally, the expected values in Eqs. (4.12) are calculated
exactly; however, this is only possible when the measurement model can be expressed according
to Eq. (4.4b), in which case the corrector of the KF is obtained and the measurement evolution of
the mean and error covariance of the state are quantified without approximation. In general, these
expected values must be approximated, in which case the approximate measurement evolution of

the mean and error covariance of the state are obtained.
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4.1.1. The Kalman Filter. The Kalman filter [30, 31, 32] is applicable only to linear dy-
namic systems and measurement models with additive process and measurement noise, where the
process and measurement noise are independent of each other and the initial state, as given in
Egs. (4.4). In this case, the predictor of the Kalman framework, as defined by Eqgs. (4.7), simplifies
to

m;, = F,_ym] | (4.13a)

P =F..P FL,+Qi1, (4.13b)

and the expected values necessary to implement the corrector of the Kalman framework, as given
by Eqgs. (4.12), simplify to

Z = Hkm,; (4.14a)
P,. = H.P_ H! + R, (4.14b)
P, =P H/. (4.14¢)

If the dynamical system and measurement model are linear with additive process and measurement
noise, the Kalman filter is the exact implementation of the linear MMSE estimator without any
approximation. Many dynamical systems and measurement models are nonlinear and/or possess
non-additive process or measurement noise. In these cases, it is necessary to make approximations
to obtain the expected values in Egs. (4.7) and (4.12).

4.1.2. The Extended Kalman Filter. The EKF [30] uses linearization of the system dy-
namics and measurement model about the posterior mean at t;_; and the prior mean at ¢y, respec-
tively, to approximate the expected values in Eqs. (4.7) and (4.12). First consider the case when the
dynamical system and measurement model are nonlinear with additive process and measurement
noise, as given by Egs. (4.3). In this case, the predictor of the Kalman framework, as defined by

Egs. (4.7), simplifies to give the predictor of the EKF according to

my = f(m,) (4.152)
P, =F(m; )P} F'(m} |)+ Q1. (4.15b)

where F’ (m;l) is the Jacobian matrix of the dynamical system model, which is given by

IS of(x)

ox —

F(m,j_l)
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The expected values necessary to implement the corrector of the Kalman framework, as given by

Egs. (4.12), simplify to give the corrector of the EKF according to

z = h(m;)
P..=H(m, )P, H" (m;)+ Ry,
P, =P H"(m}),

where H (m,_) is the Jacobian matrix of the measurement model, which is given by

Now, consider the most general case when the dynamical system and measurement model
are nonlinear with non-additive process and measurement noise, as given by Egs. (4.1) or Egs. (4.2).
In this case, the predictor of the Kalman framework, as defined by Eqs. (4.7), simplifies to give the

predictor of the EKF according to

m]; = f(m;ll, 0)
P = F(mg_1)Pk+_1FT(m;r_1) + M(m]j_l)Qk—lMT(mlj_l) )

where the F(m; ) and M (m;_,) matrices are given by

of (x, w)
+ L
F,_ (m/ )= x| . (4.17a)
k—1°
of (x, w)
M;_1(m] )= e : (4.17b)

and are evaluated at w = 0 because the process noise is zero-mean. The expected values necessary

to implement the corrector of the Kalman framework, as given by Egs. (4.12), simplify to give the

corrector of the EKF according to
2, = h(m,;,0)
P..=H(m, )P, H"(m;)+ L(m; )R,L" (m})
P, =P H"(m}),
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where the H(m, ) and L(m, ) matrices are given by

Oh(x,v)
ox
Oh(x,v)
ov

(1>

H(m;)

x=m, ,v=0

(1>

b
x=m, ,v=0

L(m,)

and are evaluated at v = 0 because the measurement noise is zero-mean.

At the surface, the EKF appears to simply be a linearization of the nonlinear functions f and
h about the mean of the state vector, process noise, and measurement noise in order to implement
the Kalman filter equations; however, this linearization has an important ramification. When the
dynamical system and measurement model are linear with additive process and measurement noise,
the Kalman filter is the exact linear MMSE estimator. In this case, the evolution of the state error co-
variance is deterministic and it is not coupled with the evolution of the mean, which is stochastic be-
cause it depends on the stochastic measurements. When the dynamical system and/or measurement
model are nonlinear, the EKF uses linearization about the current mean to implement the Kalman
filter equations. Because of this, the evolution of the state error covariance becomes stochastic be-
cause its evolution now depends on the evolution of the mean, which is stochastic. This can cause
convergence issues in the EKF, especially if the filter is initialized poorly, because the evolution
of the state error covariance incurs more error when there is more error in the current mean. Even
though the EKF possesses this property, it is still very effective when implemented properly and has
been the most popular means for navigation since its conception in the early 1960s [37].

4.1.3. Quadrature-Based Kalman Filters. Quadrature methods [38, 39, 40, 41] can be
used to approximate the expected values in Eqs. (4.7) and (4.12) instead of the linearized system
dynamics and measurement model used by the EKF. First, consider the case when the dynamical
system and measurement model are nonlinear with additive process and measurement noise, as
given by Eqgs. (4.3). In this case, the predictor of the Kalman framework, as defined by Egs. (4.7),

simplifies to give the predictor of a quadrature-based Kalman filter according to

my = wl f(x)) (4.18a)
X . . T
Py =Y w [F(2)) —my | [F(0)) —mp | £ Qi @ash)

where w,(jzl and X ,(21 represent the quadrature weights and points used in the predictor of the
quadrature-based Kalman filter. How these weights and points are selected defines the type of
quadrature-based Kalman filter and is addressed later in this section. Note that it was assumed that

the same weights and points are used for each of the quadrature approximations given in Egs. (4.18),
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respectively; however, this is not required in general, and is the case for some versions of the
unscented transform, including the scaled unscented transform [42].
The expected values necessary to implement the corrector of the Kalman framework, as

given by Egs. (4.12), simplify to define the corrector of a quadrature-based Kalman filter according

to
7y = Zwk h(x\) (4.19a)

P.=)" w () -2 [n(2))) - 2] "y R, (4.19b)

=Y wl [X,(j) _ md [h(x,(j)) - zk} " (4.19¢)

where w,(;) and X l(f) represent the quadrature weights and points used in the corrector of the
quadrature-based Kalman filter. Similarly to the predictor, the selection of these weights and points
defines the type of quadrature-based Kalman filter. Furthermore, it was assumed that the same
method is used to generate the weights and points for each of the quadrature approximations given in
Egs. (4.19), respectively; however, this is not required in general, and different quadrature schemes
can be used for each of these equations.

Now, consider the most general case when the dynamical system and measurement model
are nonlinear with non-additive process and measurement noise, as given by Egs. (4.1) or Egs. (4.2).
In this case, the predictor of the Kalman framework, as defined by Eqs. (4.7), simplifies to give the

predictor of a quadrature-based Kalman filter according to

m; =y R (4.20)

7

N . T
B =3 [f(/"k ) —my] [f(Xk ) -mi| (4.20b)
i
where 71),(21 and X ;(Ql represent the quadrature weights and points used in the predictor of the
quadrature-based Kalman filter.
The expected values necessary to implement the corrector of the Kalman framework, as

given by Eqgs. (4.12), simplify to give the corrector of a quadrature-based Kalman filter according to

2= wy h(x}) (4.21a)
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P.=Y ) [E(;’\’,@) - zk} [ﬁ(;if,(j)) - zkr (4.21b)
P =Y ) |20, - m | [a(x]) - zkr, (4.21c)

where 111,:) and X ,(f) represent the quadrature weights and points used in the corrector, and X’ ff)k
represents the portion of the i quadrature point corresponding to the original state vector; that is,
the state vector before it is augmented with the measurement noise. Similarly to Eqs. (4.18) and
(4.19), the weights and points used in each of Egs. (4.20) and (4.21), respectively, define the type
of quadrature-based Kalman filter used, and different weights and points can be used in each of the
quadrature approximations, if desired.

The quadrature scheme chosen, which defines the weights and points used in the quadrature
approximations, is a trade between the accuracy of the quadrature approximation and its computa-
tional burden. The UKF leverages the unscented transform, which approximates the first and second
moments of the state density by a set of discrete weights and points. The unscented transform is
an efficient quadrature scheme requiring no fewer than n + 1 weights and points depending on the
specific type of unscented transform used [43, 44, 45], where n is the dimension of the (augmented)
state vector of interest, given by x, X, or X. Because the dimension of the augmented state vectors,
X or X, is larger than the dimension of the original state vector, x, more points are required when
using the unscented transform for Eqs. (4.20) and (4.21) as compared to Egs. (4.18) and (4.19);
this is why the additivity of the process and measurement noise is exploited, when possible, to save
computational expense in the quadrature approximation.

The QKF is an assumed density filter in which the state density is assumed Gaussian and
defined by the current mean and covariance. Gauss-Hermite quadrature is then used to generate
the quadrature weights and points for Egs. (4.18) and (4.19). Gauss-Hermite quadrature is exact
for polynomials of degree 2¢ — 1, where ¢ is the number of points used in the quadrature rule. In
general, arbitrarily high accuracy in calculating the expected values can be guaranteed by choosing
q to be arbitrarily large. Gauss-Hermite quadrature requires ¢" points due to the required Kro-
necker product between the dimensions and thus suffers from the curse of dimensionality; that is,
the number of quadrature points grows exponentially with the state dimension, n. In order to use
Gauss-Hermite quadrature for Eqgs. (4.20) and (4.21), the process and measurement noise must be
assumed jointly Gaussian-distributed with the original state vector, x, such that the augmented state
vectors, X and X, are Gaussian-distributed. Because Gauss-Hermite quadrature suffers from the
curse of dimensionality, applying the QKF to systems with non-additive process and measurement
noise can have a significant, and sometimes infeasible, computational burden since the dimension of
the augmented state vectors can become quite large for practical systems. More efficient quadrature

schemes, including sparse-grid methods [46] and the conjugate unscented transform [47, 48], can
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be used in a similar framework as the QKF to decrease computational expense; however, all of these
filters are still restricted by the linear measurement update used under the Kalman filter framework

to perform the measurement update.

4.2. MULTIPLICATIVE KALMAN FILTERING

Now, consider the case when the state vector consists of an attitude quaternion and other
Euclidean states. In this case, the state vector does not exist in Euclidean space due to the unit norm
constraint present on the attitude quaternion, and additive Kalman filtering suffers from numerical
issues due to this constraint. Let this state vector be defined by Eq. (3.49). Multiplicative Kalman
filtering quantifies the state error in a local tangent space constructed about the estimated state

vector, which is denoted by

my

& = [q] , (4.22)

where q is the estimated quaternion and m is the mean (and also the estimate) of the Euclidean

portion of the state vector. The multiplicative state error is defined according to

Sx & [50] , (4.23)
0x

where 0x = x — my is the additive error and 060 is the multiplicative attitude error expressed
using a minimum parameter representation in the local tangent space. This minimum parameter
representation is linearly related to the quaternion representation of the multiplicative attitude error

according to

00 .
0‘1 —oq=qeq ", (4.24)

where « is a constant relating the specific minimum parameter representation chosen and the attitude
quaternion and g represents the true quaternion. This constant is observed to be « = 1/2 for the
rotation vector from Eq. (2.35) after this equation is linearized about & = 0. The linear relationship
used to relate the minimum parameter error representation and the quaternion error representation
requires the attitude error to be small, or else significant error can be incurred in this approximation.

A rigorous derivation of the multiplicative Kalman filter, as presented in Reference [49],

uses an arbitrary reference quaternion, Gy.f, in order to initially define the quaternion error according
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to
6q=q®q;

and then enforces the condition that E{d@} = 0 to show that gt must be q in order for this
condition to hold. Therefore, as long as q is used as the reference quaternion, which is used to
define the quaternion error, multiplicative Kalman filtering is unbiased and has error covariance
defined as

P =E {xéz’}. (4.25)

Multiplicative Kalman filtering quantifies the temporal and measurement evolution of the estimated
state vector, as defined by Eq. (4.22), and its error covariance, as defined by Eq. (4.25). This
evolution is quantified approximately, because attitude motion is nonlinear and, furthermore, the
linearized relationship between the multiplicative quaternion error and the minimum parameter er-
ror representation is used. The predictor of the multiplicative Kalman filter cannot be expressed in
terms of expected values like the predictor of the Kalman filter can according to Egs. (4.7), because
the error covariance is expressed in terms of a minimum parameter attitude representation and the
discrete time evolution of the state vector is defined in terms of the attitude quaternion. The pre-
dictor of the multiplicative Kalman filter is derived differently depending on the specific type of
multiplicative Kalman filter under consideration.

The corrector of the multiplicative Kalman filter leverages the standard Kalman corrector,
as defined by Eqgs. (4.10) and (4.12), to calculate the correction to the estimated state vector in the
state error vector space. This correction is denoted by Adxy, and is calculated along with the state

error covariance update according to

A0
Abay, 2 | = Ki(zh — 22) (4.26a)
Adxy,
Pl =P, - K,P..K][, (4.26b)

where K, is the Kalman gain which is given by Eq. (4.11), Ad@;, and Adx;, are the updates to the
attitude quaternion and Euclidean portions of the state vector, respectively, and the measurement
is assumed to exist in Euclidean space, such that the measurement residual, z; — Zj, provides a
meaningful result. The expected measurement, innovation (or residual) covariance, and state error-

measurement cross-covariance are given by

2, = E{z;} (4.27a)
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P.. =E{(z — 21)(z1, — 2x)"} (4.27b)
P,. =E{0x(z — 1)}, (4.27¢)

respectively. Note that Eq. (4.12c), which is the state-measurement cross-covariance as calculated
by the standard Kalman filter, is different from Eq. (4.27¢c), which is the state error-measurement
cross-covariance as calculated by the multiplicative Kalman filter. This is is because the correction
to the estimated state is calculated in the local error space for the multiplicative Kalman filter,
and not in the global space as it is calculated for the standard Kalman filter. After this update is

calculated in the error space, the estimated state vector is then updated according to

a = q(Ai6y) @ q; (4.282)
mik =m_; + Adxy , (4.28b)

where g(Ad0y) is the quaternion representation of Ad@y, and is given to first-order according to

aldl,

G(A50;,) = (4.29)

Because the linearized relationship is used to obtain g(Ad6y), it is necessary to renormalize the
resulting quaternion estimate to ensure that it remains unit-norm. Similarly to the Kalman filter,
the expected values in Eqs. (4.27) are calculated or approximated differently based on the type of
multiplicative Kalman filter used.

The measurement is assumed to exist in Euclidean space in this work, such that the measure-
ment residual, z; — 2, provides a meaningful result. A “measurement” of the attitude quaternion,
which is placed in quotation marks because the attitude quaternion is not a physical quantity, and,
thus, cannot be measured, can also be processed, as is shown in Reference [50]. This quaternion
“measurement” is obtained by processing other data, such as the direction to stars observed by a
star camera, and is then treated as a measurement in the multiplicative Kalman filter.

4.2.1. The Multiplicative Extended Kalman Filter. Consider the most general, nonlinear
discrete time dynamical system and measurement model, which is given by Eqgs. (4.1) or equiva-
lently Egs. (4.2). In the spirit of the extended Kalman filter, the predictor of the MEKF propagates
the estimated state vector in time according to the dynamical system evaluated at the current esti-

mated state and the mean of the process noise according to

&, = f(&)_,,0). (4.30)
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In order to propagate the error covariance in time, first note that the dynamical system, as given in

Eq. (4.1a), can be expressed as

Fk] _ [fq($k—1,wk—1)] 7 431)

Xj, Fe(®p—1, wr_1)

such that the prior quaternion error and the additive error at ¢;, can be expressed as

0)°!
0).

0@, =@ @@, " = fo(Ti-1,wi—1) ® fo(@

A

+

k-1
5X]; =X — My = fx(mk—la wkz—l) - fx( ;,17
These equations are then manipulated and linearized about the current state estimate, and Eq. (4.24)
is used to project the quaternion error, dq, , into the minimum parameter representation error in the

local tangent space, 66, . After these steps are performed, the approximate temporal evolution of

the error vector can be expressed as
— _ (st + 4
oz, = F(x,_|)ox; |+ Mz, |)wy_.

Because this linearization process to find F(&; ;) and M (&;_,) depends on the specific dynam-
ical system of interest, general expressions for them, as are given in Egs. (4.17) for the extended
Kalman filter, cannot be found. This process is detailed in References [50, 51, 52], among others.

Noting the definition of the state error covariance in Eq. (4.25), its temporal evolution is obtained as
Py = Fa} )PF F (@) + M@} )QuaMT (6 ). “32)

In summary, the predictor of the MEKEF is defined by Egs. (4.30) and (4.32).
The expected values necessary to implement the corrector of the multiplicative Kalman
filter, defined by Eqgs. (4.27), are for the MEKF are obtained by linearization in the local error space

about the current state estimate according to

2y = h(a;,0)
P.. = H(&; )P H" (&) + L(&; )R, L" (&)
P. =P _H"(3;),

where the H (2, ) and L(, ) matrices are given by

a Oh(x,v)

H(z, ) D5 (4.33a)

=%, ,v=0
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» Oh(x,v)

L(z,) 50 (4.33b)

=2, ,v=0

The partial derivative in Eq. (4.33a) is taken with respect to the state error, and is evaluated at the
current estimated state. Both of the partial derivatives in Egs. (4.33a) can be found according to the

first-order Taylor series expansion of h(x,v) about the estimated state, which is given by
h(xz,v) = h(z,,0) + H(z, )6z + L(z, )v

and is rearranged to give
h(z,v) — h(z,,0) = H(z, )ox + L(z, )v.

This allows for the quantity h(x,v)—h(Z, , 0) to be expanded, linearized about the current state es-
timate, and manipulated while neglecting second-order and higher terms to find H (€,) and L(&, ),
as is performed in Reference [51]. The details of this process depend on the specific measurement
quantified by the h function, and, thus, cannot be performed in general for an arbitrary h.

4.2.2. Quadrature-Based Multiplicative Kalman Filters. Motivation from the quadrature-
based Kalman filters can be used to develop quadrature-based multiplicative Kalman filters. The
predictor of the quadrature-based Kalman filters uses a set of discrete weights and points generated
around the estimated state and expected value of the process noise to approximate the estimated state
and its uncertainty at {;_1. These points are then transformed according to the dynamical system,
and their mean and covariance are then found, which define the estimated state and its uncertainty
at t;. This process is given in Eq. (4.20), which are observed to be the mean and covariance of the
transformed quadrature points. A similar process is now performed to develop the predictor of a
quadrature-based multiplicative Kalman filter.

Consider the most general case when the dynamical system and measurement model are
nonlinear with non-additive process and measurement noise, as given by Eqgs. (4.1) or Egs. (4.2).
The predictor of a quadrature-based multiplicative Kalman filter uses a set of discrete weights and
points, which are generated in the error space according to the desired quadrature rule to yield

@1(21 and 6 X ,(;11. Let the portions of these quadrature points corresponding to 50;_1 be denoted

as 0X ((;;L_l, and the portions of these quadrature points corresponding to 5x7€r_1 be denoted by

56X }((Z,)k—]_‘ The quadrature points are then transformed from the local state error space into the global
state space according to

1 =q(0 X)) @G, (4.34)

- (4.35)
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where X ((;73%1 and X

corresponding to g and x, respectively, such that

}({Z’)k,l represent the portions of the quadrature point in the global state space

~ (i X
xy, = 5(?;{“’1 : (4.36)

and q(5i’ ((;;L,l) is given by Eq. (4.29) (and thus X ((;;L,I must be renormalized since the linearized

relationship is used to define g(d X g’L,I)). The quadrature weights and points used by the predictor
of the multiplicative Kalman filter are now defined by 12),(:31 and X 521. These points are now

transformed according to the dynamical system to yield the transformed sigma points according to

where f,(X ,(j)

1) and fx(;t' ,(:11) are the portions of the transformed sigma points corresponding to
q and x, respectively. The estimated quaternion, defined as f],: is then obtained as the “average”
quaternion [53], which is given by the eigenvector corresponding to the largest eigenvalue of the
matrix

@) 5,50 a0
M = Zwl(czlfq(xk—l)fg(xk_l).

The mean of the Euclidean portion of the state vector is obtained as the mean of the f;(i’ ,(21),

such that the prior estimated state at ¢, is given by
(4)

ol : NONNE" i1 30
& = [ q; ] _ maxelgvec(zi wk71fq(xk51)fq (Xk—l)) , 4.37)

O EA
>0 Fl(2 )

m

where the “maxeigvec” operator denotes the eigenvector corresponding to the maximum eigenvalue
of its input matrix.
In order to find the associated state error covariance, first, the quaternion representation of

the deviation from the estimated quaternion is found for each quadrature point according to

—(3 Y ~('L) A_—
5" = f(X,.)) ® g

which is then transformed to find the equivalent representation in the local error space, denoted by

600, according to the linearized relationship given in Eq. (4.24). The error covariance is then found
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according to

i o (4.38)
11) - m;lj [fx(xl(f)l) —my

In summary, the predictor of a quadrature-based Kalman filter is given by Eqgs. (4.37) and (4.38).

500 500 ’
P-yal | |
g k

fu(&!

The corrector of a quadrature-based multiplicative Kalman filter uses a set of discrete
weights and points, which are generated in the error space according to the desired quadrature rule
to approximate the expected values in Eqgs. (4.27). Let these discrete weights and points expressed
in the local error space be denoted by w,(j) and 60X ,(f). These quadrature points are transformed from
the local state error space into the global state space the same way they were for the predictor, which
is given by Eqs. (4.34) and (4.36). The quadrature weights and points expressed in the global state
space are now defined by u’),(j) and X l(f). The expected values in Egs. (4.27) are then approximated

according to

2=y o h(x)) (4.392)
P. =) w [’3(5( V) - Zk} [’3(56 My Zk:| ! (4.39b)
P =Y w6 x) [’3(5‘ V) - ikr : (4.39¢)

where 6 X S)k represents the portion of § X’ ,(f) corresponding to the state error vector; that is, the state
error vector before it is augmented with the measurement noise.

Similarly to the quadrature-based Kalman filters, the quadrature scheme chosen for the
quadrature-based multiplicative Kalman filters is a trade between accuracy of the quadrature ap-
proximation and its computational burden. The MUKF leverages the unscented transform to gen-
erate the quadrature weights and points in the error space, in a similar manner to how the UKF
leverages the unscented transformation. The MQKF assumes that the uncertainty in the error space
is Gaussian-distributed such that Gauss-Hermite quadrature can be used to generate the quadrature
weights and points in the error space, in a similar manner to the QKF. In general, better perfor-
mance from the MQKF can be obtained by using more points in the quadrature rule at the expense
of computational power required.

Because multiplicative Kalman filtering uses the small angle approximation given in Eq. (4.24)
to quantify the attitude error in a local minimum parameter representation constructed about the es-
timated attitude quaternion, the performance of a multiplicative Kalman filter will suffer as the

attitude uncertainty becomes large. This performance degradation is present, even if a “perfect”
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quadrature rule is used that perfectly captures the uncertainty representation in the local state er-
ror space, since these quadrature points must be transformed to the global state space using the
small angle assumption. Despite this property of multiplicative Kalman filtering, the MEKF is still
extremely effective in navigation applications, especially in applications when the attitude sensors
provide good enough information such that the attitude uncertainty remains small. In order to cir-
cumvent the small angle assumption inherent to multiplicative Kalman filtering, the uncertainty in
the attitude quaternion can be quantified on the unit hypersphere directly using the Bingham or
Bingham mixture density (if the state vector consists only of an attitude quaternion), or the Gauss-
Bingham, Gauss-Bingham mixture, Bingham-Gauss, or Bingham-Gauss density (if the state vector
consists of an attitude quaternion and other Euclidean states). The evolution of this uncertainty can
the be quantified or approximated under the Bayesian framework in order to quantify its temporal

and measurement evolution.
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5. BAYESIAN FILTERING

Under the Bayesian framework, the full state density, instead of just its first and second
moments as under the Kalman framework, is quantified. Assume that the state density is known at
an initial time ¢( and is given by p(x(). The predictor of the Bayesian filter propagates the posterior
density from ¢;_; to obtain the prior density at £, when a measurement is available. If the dynamical
system is a Markov process (x;, depends only on the previous state, x_1), the temporal evolution

of the state density is defined by the Chapman-Kolmogorov equation [30], which is given by

p(xp|z1-1) = /p($k|$k—1)p(l'k—1|lek—1)din—1, (5.1

where p(xy|xr_1) is the state transition density, which is obtained from the dynamical system
model, p(xk_1|z1.k—1) is the posterior state density at ¢5_1, p(xg|z1.k—1) is the prior state density
at ty, and 2.5 represents all measurement information up to and including t5_1; thatis, 2.1 =
{z1,22,...,25_1}. The integration in Eq. (5.1) is performed over the domain of x;_1, which is
not required to be Euclidean space; that is, the Chapman-Kolmogorov equation is valid for all state
densities, not just those that probabilistically quantify a Euclidean random variable.

The corrector of the Bayesian filter updates the prior density when a measurement is re-
ceived at t;. Let the measurement at ¢;, be denoted by z;. The Bayesian corrector for a Markovian
system is given by Bayes’ rule [30], which is given by

p(zklzr)p(xrK]21:6-1)

N FTEAS I T o2

where p(zg|Tk, 21.k—1) is the measurement likelihood, which is obtained from the measurement
model and p(xg|z1.x—1) is the prior state density at t;_;. Unlike the Kalman framework, the
Bayesian framework does not enforce a linear update structure in the corrector; that is, it employs
a nonlinear update. Similar to Eq. (5.1), the integration in Eq. (5.2) is performed over the domain
of x, which is not required to be Euclidean space. Because of this, the Bayes’ rule, and thus the
Bayesian recursion defined by Egs. (5.1) and (5.2), is valid for all state densities, not just those that
probabilistically quantify a Euclidean random variable.

Equations (5.1) and (5.2) provide the exact Bayesian filter. If the recursion defined by
Egs. (5.1) and (5.2) closes in a tractable manner, then the state density, and thus the complete prob-
abilistic description of the state, is known for all time. This recursion closes for linear systems

with additive noises, as defined by Egs. (4.4), if the initial state and the process and measurement
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noises are Gaussian-distributed and mutually independent. In this case, the Bayesian Kalman fil-
ter is obtained, in which the temporal and measurement evolution of the mean and covariance of
the Gaussian-distributed state is identical to the Kalman filter. If the initial state is non-Gaussian-
distributed, the process or measurement noise is non-Gaussian, or the dynamical system or mea-
surement model is nonlinear or possesses non-additive noise, the recursion defined by Eqgs. (5.1)
and (5.2) does not generally close in a tractable manner, and approximations are typically made
such that the recursion closes. These approximations result in an approximate Bayesian filter, in
which the recursion is forced to close; however, the approximate temporal and measurement evolu-
tion of the state density is now quantified, which allows the recursion to close.

The Bayesian Kalman filter and GMKEF are now presented, which exactly quantify the evo-
lution of the Gaussian and GM densities under the Bayesian framework given a linear dynamical
system and measurement model with additive, Gaussian-distributed process and measurement noise.
Next, the GMEKF, GMUKF, and GMQKEF are presented, which are extensions to the GMKEF that
approximately quantify the evolution of a GM density under the Bayesian framework, given a non-
linear dynamical system and measurement model with additive, Gaussian-distributed process and
measurement noise. The concept of minimum divergence filtering is then presented and is subse-
quently used to derive the GMMDF. The GMMDF approximately quantifies the evolution of a GM
density under the Bayesian framework by approximating each step in the Bayesian recursion by a
GM density. The parameters of the GM density are found by minimizing the Kullback-Leibler (KL)
divergence of the true density, defined by the Chapman-Kolmogorov equation and Bayes’ rule, to
the approximating GM density on a component-wise basis. The corrector of a single component
GMMDF is then compared to the corrector of a single component GMEKF and GMQKEF in order
to compare and contrast the GMMDF to conventional GM filters.

5.1. BAYESIAN KALMAN FILTER

The Bayesian Kalman filter quantifies the temporal and measurement evolution of a Gaus-
sian density when the dynamical system and measurement model are linear with additive, Gaussian-
distributed noise. This dynamical system and measurement model are given by Egs. (4.4), under
the further restriction that wy_; and vy are Gaussian-distributed. Let the initial Gaussian density
be defined by p,(zo; md, Py"). The temporal evolution is defined by Eq. (5.1) evaluated with the

Gaussian state density and is given by

p(xp|z16-1) = /pg(ilfk:;Fk—1$k—1,Qk—1)pg(fEk—1;mZ1,Pk+1)d33k—1, (5.3)
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where pg(@y; F—12k—1, Qk—1) is the Gaussian transition density defined by the linear dynamical
system with additive Gaussian-distributed noise. In order to solve the integral in Eq. (5.3), an impor-
tant and well-known result in Bayesian filtering [54] is exploited, which is derived in Appendix D.

Observation of Eq. (D.3) shows that the integral in Eq. (5.3) can be expressed as

p(zk|z16-1) = pg(@p; Fyoimy |, Fya P L+ Q1) (5.4)

£ pg(mk;mlz7 Pk_) )

which shows that p(xy|z;.;—1) is Gaussian. Therefore, it can be observed that the temporal evolu-

tion of the mean and covariance defining the Gaussian density are given by

m;, = F,_ym] | (5.52)
P, =F.. Pl FL, +Qi 1, (5.5b)

which is algorithmically identical to the predictor of the Kalman filter given in Eqgs. (4.13).

The corrector of the Bayesian Kalman filter, which incorporates the measurement data into
the prior Gaussian density, is given by Eq. (5.2) evaluated with the Gaussian state density according
to

pg(zr; Hyxy, Ry)pg(x;my , Py)

L) = : 5.6
PERlZ10) = 5 O HAE, Rypy (&, ) dE 60

where py(2zi; Hixy, Ry;) is the Gaussian measurement likelihood, which is defined by the linear
measurement model with additive Gaussian-distributed noise. Equations (D.1) and (D.3) are now

used to simplify the numerator and denominator of Eq. (5.6), respectively, which yields

po(zi; Hymy, , Hy P HE + Ry)py(xi;mi, P)
pg(zx; Hym, , Hy P, H] + Ry,)

p(Tr|z1k) =
= pg(mkv m;> P]j) )
where

mg =m, + Kj(z;, — Hym,)) (5.7a)

Pl =P - K H,P_, (5.7b)
and

K, 2 P HI' (H.P_ Hl + Ry, (5.8)
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which shows that the posterior density is Gaussian with updated mean and covariance given by
Egs. (5.7). The corrector of the Bayesian Kalman filter is observed to be algorithmically identical to
that of the Kalman filter, which is apparent if Egs. (4.14) are substituted into Eqs. (4.10) and (4.11)
and simplified, which yields the form of the Kalman gain and mean and covariance update given in
Egs. (5.7) and (5.8).

Observation of the Bayesian Kalman filter shows that, if a linear dynamical system and
measurement model with additive, Gaussian-distributed process and measurement noise is consid-
ered, and the initial state is Gaussian-distributed, that the state remains Gaussian-distributed under
the Bayesian recursion and the mean and covariance of the Gaussian density evolve identically to
that of the Kalman filter. It is important to note, however, that the Kalman filter is derived under
the linear MMSE framework, which quantifies only the first and second moment of the state density
and does not require that the process and measurement noise be Gaussian-distributed. The Bayesian
Kalman filter is derived under the Bayesian framework, which quantifies the evolution of the Gaus-

sian state density and requires the process and measurement noise to be Gaussian-distributed.

5.2. GAUSSIAN MIXTURE KALMAN FILTER

The GMKEF [21] quantifies the temporal and measurement evolution of a GM density when
the dynamical system and measurement model are linear with additive, Gaussian-distributed noise.
This dynamical system and measurement model are given by Eqgs. (4.4), under the further restriction

that wy,_1 and vy are Gaussian-distributed. Let the initial GM density be defined by

L
wa((fHPg (wo; mé€)+, Po(z)+) .
=1

The temporal evolution is defined by Eq. (5.1) evaluated using the GM state density and is given by

L+
p($k|21:k_1)=/pg($k,Fk 1%k—1, Qr—1 Zwk 1pg< —1,m,(f)Jf,P() )dmk 1. (5.9
=1

Because integration and summation are both linear operators, their order can be reversed and

Eq. (5.9) can be manipulated to yield

(k| 21:8-1) Z w /pg xp Fr_1xp_1, Qr— 1)pg<$k 1,m;(€)1,P(€)+> daxy_;. (5.10)
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Equation (D.3) is now used in order to express Eq. (5.10) according to

L,
/ l YA
p(@plziae) = Y wid Tpg(an; Foim() T Fi POTFE ) + Qi) (5.11)
/=1

which shows that p(x|z1.5—1) is a GM density that is defined as

p(xk|Zz1:6-1) Zw pg<a: m,(f) ,Pk(g)_). (5.12)

Comparing Eqgs. (5.11) and (5.12), it can be observed that the evolution of the number of compo-

nents, weights, means, and covariances defining the GM density are given by

L, =L, (5.13a)
w™ = wF (5.13b)
m{"” = F_ym{"T (5.13¢)
P =F  POTFL, + Qi (5.13d)

which defines the predictor of the GMKF.
The corrector of the GMKEF is defined by Eq. (5.6) evaluated using the GM state density
and is given by
L, (¢ {4
py(zi; Hyxy, Ri) > 0% wy (- Py (mk, m;(C) ,P( )= )

L —
[ polzss i, R S, 0y (&m0 PO ) a6

p(wk’zlzk) =

which can be manipulated to yield

L7 J—
>ty wif pg(zkakwkyRk)pg(iEk,mg) ,Pk(@ )

St ol [ polzrs Hig Ripg (6ml)™, PO ) de

p(Tk|z1:1) = , (5.14)

Equations (D.1) and (D.3) are now used to simplify the numerator and denominator of Egs. (5.14),

respectively, which yields

L, _
iy w "k py (@ mit, BT
L, 0)—, (£
Sty

p(xklz1k) = , (5.15)
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where
kY = py(zi Hom|) ™ Hy P H + Ry) (5.16a)
m\9" =m0 4 K9 (2, - Hm!"7) (5.16b)
Pk(m _ Pk(é% _ K}gﬁ) H, p]gff)* (5.16¢)
and
K2 pO HI(H, P H + Ry)™".

Equation (5.15) can rearranged to be expressed as

o O g O+ 0+
plaplzie) =Y —F—E—p(@ym) T BT, (5.17)

in which case it becomes apparent that the posterior density is a GM density, which is defined as

Ly
plalzia) = Y w7 p, (mk;mg”, P,gf”) . (5.18)
/=1

Equations (5.17) and (5.18) are now compared to show that the corrector of the GMKEF is given by
Egs. (5.16b), (5.16c), and

The weight update shows that the weights of each component are updated according to the relative
likelihood of the measurement from each component.

The GMKEF shows that, if a linear dynamical system and measurement model with ad-
ditive, Gaussian-distributed process and measurement noise is considered, and the initial state is
GM-distributed, that the state remains GM-distributed under the Bayesian recursion and the mean
and covariance of each component of the GM density evolve identically to that of the Kalman fil-
ter. Furthermore, it is observed that, if a single component GM is used, the GMKF reduces to the
Bayesian Kalman filter. This is an expected result, since a single component GM density is simply
a Gaussian density. The GMKF can be extended to applications in which the process and measure-

ment noise are GM-distributed; however, this is not shown for clarity of the presented GMKF.
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5.3. GAUSSIAN MIXTURE EXTENDED KALMAN FILTER

The GMEKEF [55] in an extension to the GMKF that quantifies the approximate tempo-
ral and measurement evolution of a GM density when the dynamical system and measurement
model are nonlinear with additive, Gaussian-distributed noise. This dynamical system and measure-
ment model are given by Eqs. (4.3), under the further restriction that wy_; and vy are Gaussian-
distributed. Reference [55] provides a complete derivation of the GMEKEF; therefore, the explicit
derivation of the GMEKF is omitted from this work.

Let the initial GM density be defined by

Ly,
Z w(()e)+ P (330; m(()e)+’ Po(e)+> .
=1

The temporal evolution is defined by Eq. (5.1), and is given by

I,
penlin) = [ ol ). Qi) Y ufny (essml?] PO dwc, 6.19)
=1

where py(xk; f(xr—1), Qr—1) is the Gaussian transition density defined by a nonlinear dynami-
cal system with additive, Gaussian-distributed noise. Because integration and summation are both

linear operators, their order can be reversed and Eq. (5.19) can be manipulated to yield

i,
penlzin) = 30 o] [ oyl f@in), Qe (wsimi?] PO dwca . 520
(=1

The nonlinear function quantifying the dynamical system, f(xx_1), is now linearized about the
mean of each component, m,(fflr, and the result is manipulated similarly to the predictor of the
GMKEF in order to derive the predictor of the GMEKF. This process shows that the density remains

approximately a GM density in the predictor, with the evolution of its parameters defined by

L, =L}, (5.21a)
w™ = 0T (5.21b)
m™ = f(m"h) (5.21c)

_ T
P = P! )POT Fm2]) + Qi (5.214)
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where F(m,(ff{) is the Jacobian matrix of the dynamical system and is given by

A O
F(m,(fﬁ) = 'ZEZ:)

z=m®
The corrector of the GMEKEF is defined by Eq. (5.6) and given by

L _ _ —
py(zs h(@r), Be) S wl) ™ py (il PO

L7 - - f—
J ol b€, Ba) X% w0l py (66ml P ag

p(xp|z10) = , (5.22)

where pgy(z1; h(xy), Ry) is the Gaussian measurement density defined by a nonlinear measurement

model with additive, Gaussian-distributed noise. Equation (5.22) is manipulated to yield

L7 - —_ —
St wy pg(zk§h(wk)7Rk)p9<wk§m(K) P )

L — — _
St ol [ gz h(€), Ridpy (&6mi) ™, PO de

p(xk|z1:1) = (5.23)

The nonlinear measurement model, h(xy), is now linearized about the mean of each component,
m,(f)_, and the result is manipulated similarly to the corrector of the GMKF in order to derive the
corrector of the GMEKEF. This process shows that the density remains approximately a GM density

in the corrector, with the measurement evolution of its parameters defined by

L: — L, (5.24a)
(6)=.(0)
wd = % (5.24b)
2321 wkj kkj
" =m0+ K[~ h(m?)] 5240
P = P K H (m{") P (5.24d)
where
_ _ _ _.T
KO 2y (zsh(ml ) H (i) PO H(m{?)' + Ry) (5250
_ _\7T _ _ _\T _
K02 PO H ) [H )P0 B e R G2

and H (m,(f)f) is the Jacobian matrix of the dynamical system and is given by

Oh(x)
ox |._ -

H(my)") £
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The linearization of f(xj_1) and h(z;) about m; | and m;_, respectively, in the GMEKF
allows the Bayesian recursion to close; however, because of this linearization, the resulting GM den-
sity that is quantified is only an approximation to the true state density. As the state uncertainty in
each component approaches zero, the error incurred by this linearization approaches zero and the
exact evolution of the GM state density is captured. Because of this, if the uncertainty in each
component of the the GM density is small, the error incurred by this linearization is small. This
can be exploited by using a GM density approximation of another state density in the GMEKF. If
the approximating GM has small uncertainty in each of its components, little error is incurred in
quantifying the temporal and measurement evolution of the approximating GM [55]. Furthermore,
an adaptive method to split Gaussian components can be implemented to monitor when the uncer-
tainty in the components of the GM becomes too large and split the components into several smaller

components [56].

5.4. QUADRATURE-BASED GAUSSIAN MIXTURE KALMAN FILTERS

The GMUKF and GMQKEF are both quadrature-based GM Kalman filters. These filters
are obtained by first noting that the GMEKEF, as defined by Egs. (5.21), (5.24), and (5.25), ap-
pears to be a “bank” of extended Kalman filters coupled with their corresponding weight updates.
A quadrature-based GM Kalman filter replaces these extended Kalman filter equations with their
equivalent quadrature-based forms, in an effort to reduce the error incurred by the linearization in
the GMEKEF. Therefore, the predictor of a quadrature-based GM Kalman filter is given by

Ly = Lﬁ 1
e
Zw(z 0) X(zﬁ )
_ i, i _ i 4T
PO =3l A1) - md 7| £ - m 7]+ Qe

i

where wg ? and X, @, % represent the quadrature weights and points corresponding to the ¢/ com-
ponent of the GM density used in the predictor of the quadrature-based GM Kalman filter.

The corrector of a quadrature-based GM Kalman filter is given by

Li=L,, (5.26)
wO kO
ky
wt =k Tk (5.27)

SR
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m{" =m0 + K (2, - 219) (5.28)
T
Pk(m _ Pk“)* _ K}g@ Py K}g@ : (5.29)

where K g) is the Kalman gain corresponding to the /! component of the GM density, which is
defined by

-1
9

¢ l l
K" = POPY
k:,g) is the likelihood that the measurement originated from the /" component, which is given by

ke = po(zni 2, PYO).

and the expected measurement, innovation (or residual) covariance, and state-measurement cross-

covariance corresponding to the /" component of the GM density are given by

S0 _ Zwl(f,@h(xg,z))
PO =S ul D [a(x ) - 2] [m(@00) - 2] + R
PO = S [0 -0 ) - 5]

%

where w,(j’ﬁ) and X g’ﬁ) represent the quadrature weights and points corresponding to the ¢/ com-

ponent of the GM density used in the corrector of the quadrature-based GM Kalman filter.

How the weights and points are selected for the predictor and corrector of a quadrature-
based GM Kalman filter defines the specific type of quadrature-based GM Kalman filter used. If
the unscented transform is used, the GMUKEF is obtained. If Gauss-Hermite quadrature is used,
the GMQKEF is obtained. Different and more efficient quadrature schemes can be implemented,
if desired; however, it is important to note that using quadrature methods for a GM Kalman filter
has potentially limited benefit. In general, the GM can be split such that the uncertainty in each
component is smaller, and, thus, the linearization in the GMEKF incurs less error. Because of this,
it is typically computationally advantageous to split the GM density into a larger number of smaller
components and use the GMEKEF (or potentially the GMUKEF) instead of using the GMQKF on the
original GM density, especially in systems with high-dimensionality in which the Gauss-Hermite

quadrature rule suffers from the curse of dimensionality.



99

5.5. MINIMUM DIVERGENCE FILTERING

Consider an approximate Bayesian filter in which the state density, which evolves according
to Egs. (5.1) and (5.2), is approximated by an assumed density at each step in the recursion. By
approximating the true density by an assumed density, the recursion defining the Bayesian filter is
now forced to close in a tractable manner. In order to find the parameters defining the assumed
density, an information divergence measure between the assumed density and the state density is
minimized.

An information divergence quantifies the directed distance between two state densities. An
information divergence measure of the state density po () with respect to the state density p; (x) is
denoted by D[p1]||p2]. D[p1||p2] is always non-negative and is zero only when p1 () = p2(x). An
information divergence is a measure, but is not a metric, since D|[p1]||p2] # DIp2||p1] in general. By
minimizing an information divergence of an assumed density with respect to the true state density,
the parameters that define the assumed density that best fits the true state density are found. It is
important to note that the parameters of the best fit assumed density are defined according to the
chosen information divergence measure. In this work, the KL divergence [57] is chosen as the
divergence measure, which allows for an analytic minimization to be performed for exponential
family pdfs.

5.5.1. Minimizing the Kullback-Leibler Divergence. Let p(x) be a known state density
and ¢(x; 0) be the assumed state density, defined by the parameter set 6, that is chosen to approxi-
mate p(x). The parameter set 8 is found by minimizing the KL divergence of ¢(x; @) with respect

to p(x), which is defined by

7 = Dialplld) = [ pla)in P da (5.30)
The KL divergence is chosen because an analytic condition that minimizes the KL divergence of
an exponential family state density with respect to the true state density can be found, as will be
shown. The integration in Eq. (A.2) is performed over the domain of x, which is not required to
be Euclidean space; therefore, the KL divergence is valid for all state densities, not just those that
probabilistically quantify a Euclidean random variable, provided that the integral exists.

An exponential family density is any density that can be expressed in the form

pe(w;0) = c(x) exp {p(0)  u(x) + 9(¢(6))}, (5.31)

where 6 is the set of parameters defining the density, c¢(x) and g(¢(8)) are known functions, ¢(6)
is the vector of natural parameters, and u(x) is the natural statistics vector. The natural statistics

vector, u(x), contains enough information to fully characterize = in the exponential density of
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interest, and ¢(8) scales the entries of u(x) according to the parameter set 6. For a given parameter
set 0, ¢(0) is constant, and thus it is sufficient to specify either @ or ¢»(8) in order to define the
parameters of the general exponential density.

To illustrate the parameters of an exponential family density, consider the Gaussian density,
as defined by Eq. (3.4), which can be expressed in the form of Eq. (5.31) by choosing

0 ={m P} (5.32a)

o(z) =1 (5.32b)

oL O)u(z) =mT P le - %wTPflw (5.32¢)
9(#(0)) = —LIndet {27 P} — Im" P~ 'm. (5.32d)

The vectors ¢(0) and u(x) can be found according to Eq. (5.32¢) through vector-matrix manip-
ulation and reorganization. It can be observed from Eq. (5.32c) that the natural statistics vec-
tor for the Gaussian density contains the first- and second-order monomials in z;, where x £

[x1 @2 - x,,]7, and is given by

2 2
u(:c)z[m Ty -+ Ty, T] T1T2 -+ XT1Tp, Ty TaX3 -+ TTp, - L

The vector of natural parameters, ¢»(6), is then defined as the appropriate coefficients corresponding
to the entries of u(x) according to Eq. (5.32¢). For a given parameter set 8 = {m P}, ¢(0) is
a constant vector; thus, it is sufficient to specify either the parameter set @ = {m P} or ¢() in
order to define the Gaussian density. Typically, the parameter set @ = {m P} is specified directly
for the Gaussian density since it provides more direct insight into the Gaussian density; however, for
some members of the exponential family density, it is more convenient to work with ¢(8) directly.

It is well known [58, 59, 60, 61] that the mean and covariance of the Gaussian density
that minimize the KL divergence with respect to an arbitrary density are defined by the mean and
covariance of the arbitrary density. This result can be derived directly, or, equivalently, a condition
can be derived for the exponential family state density and then specialized to the Gaussian density,

as it is here and in References [58] and [59].

Theorem 1. The KL divergence of an exponential family state density with respect to a known state
density is minimized when the expected value of the natural statistics vector of the exponential family
state density is equivalent for both the exponential family state density and known state density, that

is,

Epe(w;e){u(m)} - Ep(w){u(x)} : (5.33)
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Proof. The KL divergence of p.(x; @) with respect to the known state density p(x) is given by

p(z)
Pe(; 0)

J = Dicslpllpe] = / p(z)In dar. (5.34)

Necessary and sufficient conditions to minimize .J are given by the first and second derivative con-

ditions

9¢p(0)

{8.] r_ g O 9 [&]

- 0p(0

T
96(0)° — 06(6) >] =0

The differentiation is performed with respect to ¢(0) instead of the parameter set 6 because it is
equivalent to specify either ¢»(0) or € in order to define the general exponential density. For this
application, it is more convenient to work with ¢(6) directly.

Differentiating Eq. (5.34) with respect to ¢(0), transposing the result, simplifying, and

enforcing the first derivative condition yields

T

Because p(x; 0) is a pdf, it must integrate to one according to

/pe(m; 6)de =1. (5.36)

Differentiating Eq. (5.36) with respect to ¢(0) and simplifying yields

82@ /pe(w;e) do = /pe(w;G)U(w) dz + aga(f((:))) =0 (5.37)

Combining Egs. (5.35) and (5.37) yields
[ petiOpule) do = [ pe)u@)da,

which can be expressed with the expected value operator defined in Eq. (3.5) as

E w0y (0(2)} = By {u(@)} (539)

Equation (5.38) provides the necessary condition to minimize the KL divergence of an exponential
family state density, p.(x; 0), with respect to the known state density, p(x).

In order to ensure that Eq. (5.38) minimizes Eq. (5.34), the second derivative condition
must be verified. Equation (5.35) is differentiated with respect to ¢(@) and simplified to yield an
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equivalent condition to the second derivative condition, which is given by

329(¢(9)) <0. (5.39)

0¢(0)

Equations (5.31) and (5.36) can be used to solve for g(¢(0)) as
g9(9(0)) = ln/c(m)exp o7 (0)u(z)dx . (5.40)

Differentiating Eq. (5.40) with respect to ¢(0) and simplifying yields

9g(¢(8))

W = —Epe(w;g){UT((E)} £ —’ELT . (541)
Differentiating the transpose of Eq. (5.41) with respect to ¢»(0) and simplifying yields
0g(o(0 . .
(%15(9()2)) = —Epe(w;g){(u (r) —a)(u(x) — u)T} <0. (5.42)

The inequality in Eq. (5.42) stems from the fact that E , (4.0){(u (z) — @)(u (z) — @)"} is the
covariance matrix of w (x) with respect to p.(x;@); thus, it is positive definite, and the second
derivative condition is met for all g(¢»(0)) and Eq. (5.38) minimizes Eq. (5.34). O

Corollary 1.1. The Gaussian state density is a member of the exponential family of state densities
with its natural statistics vector defined by the first- and second-order monomials in the entries of
x, therefore, the expected value of the natural statistics vector defines the first and second moments
of the Gaussian state density. Exploiting Theorem 1, the KL divergence of the Gaussian state den-
sity with respect to a known state density is minimized when the first and second moments of the
Gaussian state density and the known state density are equivalent. These first and second moments
are defined by

m=E,{x} and M = Ep(m){acacT}

respectively. The second central moment (covariance) is used along with the first moment to param-
eterize the Gaussian state density and is defined by the first and second moments of the state density

according to
P=M—-mm! = E @) {(x—m)(x - m)'}.

Corollary 1.1 shows that the Gaussian density that best fits a given density in the KL sense is

defined by the first and second moments of the given density. This is a useful result because, as long
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as the first and second moments of the given density can be found, the best Gaussian approximation
of the given density in terms of minimizing the KL divergence is defined by the Gaussian density
with these moments.

5.5.2. The Minimum Divergence Filter. The minimum divergence filter (MDF) quanti-
fies the prior and posterior parameter sets of an assumed density, defined as 6, and 0,?, respectively,
that minimize the KL divergence of the assumed density from the true state density at each step in
the Bayesian recursion. Let the prior and posterior assumed densities at ¢, be denoted by g(x; 6,)
and q(xy; 0;;) respectively. Assume that the posterior parameter set is known at an initial time g
and is given by Oar . The predictor of the MDF is given by

p(@rl 1) = / p(@rl@r )o@ 67 ) day (5.43a)

p(Tk|Z1:6-1)

day . (5.43b)
q(xy; 0) "

0, = argénin /p(:z:k|z1;k_1) In
where Eq. (5.43a) is a specialization of Eq. (5.1) and quantities the temporal evolution of the pos-
terior assumed density at t;_; to the prior true density at ¢; given the transition density from ¢x_
to ¢;. Equation (5.43b) then defines the parameter set, 8, , of the prior assumed density at ¢, that
minimizes the KL divergence from the prior true density, as defined by the Chapman-Kolmogorov
equation.

Similarly, the corrector of the MDF is given by

(2| Tk, 21:6—1)q(xk: 0))

1) = 5.44
P = e 2a o€ 67 ) 46 (44
0; = arg;nin /p(:ck|z1:k) lnm dxy , (5.44b)

where Eq. (5.44a) is a specialization of Eq. (5.2) and updates the prior assumed density to the
posterior true density upon receiving a measurement at ¢; given the measurement likelihood. Equa-
tion (5.44b) then finds the parameter set, 8;", of the posterior assumed density at ¢;, that minimizes
the KL divergence from the posterior true density, which is defined by Bayes’ rule.

The MDF, as defined by Egs. (5.43) and (5.44), makes no restriction that the state and
measurement vector exist in Euclidean space, as the Kalman filter does. The only requirements
to implement the MDF are that the integration and minimization can be performed to find 8, and
9;?. Ideally, this minimization and integration would be performed analytically; however, this is
only possible if further restrictions are imposed on the assumed state density, system dynamics, and
measurement model. If the minimization and integration to find 6, and 9,:? cannot be performed
analytically for the assumed state density, system dynamics, and/or measurement model, numerical

methods can potentially be used to perform this integration and/or minimization.
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No linear update structure is required for the MDF as is done for the Kalman framework.
Because the MDF approximates the true state density by an assumed density, it quantifies the pa-
rameters of the assumed density that best fit the assumed density to the true density according to
the KL divergence. While some error is incurred in approximating the true density by the assumed
density, the assumed density approach provides a tractable solution for the approximate Bayesian
filter. The error incurred by the assumed density can accumulate over time and lead to potentially
poor performance of the MDF. If the MDF is performing poorly due to this error, state density
flattening, which is a type of memory limiting operation that is related to the injection of process
noise into the dynamic system, can be implemented in order to improve its performance [62].

5.5.3. The Gaussian Mixture Minimum Divergence Filter. Consider the application of
the MDF to the case when an assumed GM density is used to approximate the true state density at
each step in the Bayesian recursion. The dynamical system and measurement model under consid-
eration are taken to be nonlinear with additive, Gaussian-distributed noise, as given by Eq. (4.3).
In this application, the MDF is not applied directly to the find the parameters of the assumed GM
density; it is instead applied on a component-wise basis to find the KL divergence optimal mean and
covariance of each component of the assumed GM density from the true evolution of the compo-
nent. The MDF is applied in this manner for computational tractability. If the MDF were employed
directly to find the parameters of the assumed GM density (instead of on a component-wise basis as
it is applied), one of two outcomes would occur, depending on if the number of components in the
assumed GM density is fixed or is included as a parameter to minimize the KL divergence. If the
number of components in the assumed GM density is not fixed, the number of components in the
mixture will approach infinity since a larger number of components allows for a better approxima-
tion of the true density. If the number of components in the assumed GM density is fixed, it is still
necessary to find the weight, mean, and covariance of each component numerically, because the GM
density is not an exponential family density and, thus, Theorem 1 cannot be used. Because of this,
the computational expense to directly find the parameters of the assumed GM density is intractably
high, in general, and thus a component-wise application of the MDF is employed instead. Because
the MDF is applied in a component-wise manner, the resulting assumed GM density approximating
the true density is not KL divergence optimal in general; however, this application minimizes the
KL divergence on a component-wise basis and results in a computationally tractable filter.

Let the initial GM density be defined by

L§
Z w(()z)+ Py (930; m(()z)+’ Po(e)+> ’
=1

which has temporal evolution given by Eq. (5.20) for a nonlinear dynamical system with additive,

Gaussian-distributed noise. This true predicted density in Eq. (5.20) is now approximated by a GM
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density according to

Lk
Zwk pg(wk,mg) Pk(z)_> (5.45)

k 1
Zwk 1 /pg xp; f(Tr— 1) Qi 1)Pg<$k 1,m;(€)1,P(£)+) dep_1,

where it is necessary to find the parameters of the assumed GM density, w ( )= m,(f) and Pk(z)_
for{ =1,2,..., L, . These parameters are found on a component-wise ba81s according to
0)— OH— 0)-
w,i) pg(cck;mgg) ,Pk( ) ) (5.46)

"‘w;(f_)irfpg(m'k;f(aik 1), Qk— 1)Pg<wk 1,m,(€)1,P(£)+) day_1,

for/ =1,2,..., L, . This dictates that the number of components in the mixture remains the same
in the predlctor of the GMMDF,; that is L, = Lk 1- In order to obtain the weight update of the
predictor, the zeroth moments of both sides of Eq. (5.46) are matched, which yields

w™ = w7 (5.47)

for ¢ =1,2,..., L, . Equation (5.47) is substituted into Eq. (5.46) to yield the necessary approxi-
mation of each component of the prior GM density according to

po(eim PO) = [yl Fonn) Qunlpy (woiml} PO ) dwnr, - 548)

for/ =1,2,..., L, . In order to find mgf)_ and Pkfe)_, the KL divergence of the right-hand side of
Eq. (5.48) with respect to its left-hand side is minimized. Because the left-hand side of Eq. (5.48)
is a Gaussian density, Corollary 1.1 is used to perform this minimization, which defines m,(f)_
and Pkgg)* as the mean and covariance of the right-hand side of Eq. (5.48), respectively, which are

defined according to

/wk/Pg xi; f(Tr—1), Qr—1)pg(Tr— hm;(c)l,P((H)dwkq dx,
P(f /-’Ekﬂﬂk /pg xy; f(@r-1), Qr—1)pg(Th— 1,m;(€)17P() ) daxy 1 dzy,

— mé - mg)
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Reversing the order of integration allows the prior mean and covariance to be expressed as expected

values with respect to pg(x—_1; mﬁff{, Pk(f);r ) according to

A ) AT (T IE S
g _
B =B e it o [ el f@e). Qo) do
T
—mmO (5.50b)

The integrals in the arguments of the expected values define the first and second moments of the
Gaussian density pg(xy; f(2x—1), Qr—1); thus, the solution of the integrals are given by the first

and second moments of py(x; f(xr—1), Qr—1) according to

/wkpg(:z:k; f(xr—1), Qr—1)dxy, = f(xr_1) (5.51a)
/ il py (@i F (@ 1), Qror) da = F(@r)F@r)” + Qi (5.51b)

Substituting Egs. (5.51) into Egs. (5.50) and simplifying yields the predictor of the MDF in terms

of expected values with respect to /™ component of the the posterior GM density as

[ —
M =By a0 p0) (@50} (320
PY" =E s o A @re1) = mO) (Flero) —mOT) T+ Qo (5.52b)
pg(mkflvmkfl 7Pk,1 )

for/ = 1,2,..., L, . These expected values are identical to the expected values defining the pre-
dictor of the Kalman framework, as defined by Eq. (4.7), under the further condition that the expec-
tation is taken with respect to pg(x4—1; m,(ffl', Pk((i)f ), instead of the unquantified state density like
the Kalman framework. Note that Eqs. (4.7) and (5.52) are slightly different because Eq. (4.7) is ex-
pressed for the most general dynamical system, as defined by Eq. (4.1a) or Eq. (4.2a), and Eq. (5.52)
is expressed for a nonlinear dynamical system with additive process noise, as defined by Eq. (4.3a).
If the nonlinear dynamical system with additive process noise is substituted into Eq. (4.7) and it
is simplified, it will take the identical form as Eq. (5.52), without the condition that the expected
value is calculated with respect to a Gaussian density. Similarly to the Kalman framework, the
expected values in Egs. (5.52) can be approximated using several methods, including linearization
like is done in the EKF, or quadrature methods like is done in the UKF and QKF. Note that the
EKF, UKF, and QKF are derived under the linear MMSE framework, and the GMMDF is derived
under the Bayesian framework; however, the approximation of the expected values present under

both frameworks can be performed in the same way.
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The true measurement evolution of the prior GM density for a nonlinear measurement
model with additive, Gaussian-distributed noise is given by Eq. (5.23). This true corrected den-

sity is now approximated by a GM density according to

L+

Zwk_ pg<:ck,m,g)+ P(£)+> (5.53)
/=1

L _
Zek1wz(f) pg(zk;h(wk),Rk)Pg(wk, 0= P(z) >

ZE 1wk fpg Zk,h(zk)aRk)pQ (wk;m’(f)i’P]f(E)7> d.’L’k

The denominator of Eq. (5.53) is now manipulated according to

Zw /pg zi h(zy), Ri)pg (mk; mg)_, ) dx), = Zw (6)- kw) (5.54)
where k,(f) is a constant which is defined by
b 2B, om0 po- Po(zi h(@i), R}
k pg($k§mk 7Pk ) g ) 9 )

which quantifies the likelihood that the measurement z;, originated from the /" component of the

GM density. Equation (5.54) is now substituted into Eq. (5.53) and the result is manipulated to yield

Ly
>l py (sl BT (5.55)
/=1
Lk (E)_
w
= Zﬁm(zk;h(mk) Ry)p, (;,;k,m;c) P~ )
=1 5k Ry

where it is necessary to find the parameters of the assumed GM density, w (£)+ (EH , and P(g)+

for{=1,2,..., LZ. These parameters are found on a component-wise bas1s accordlng to

(13)*
w py (wismi PO ~ Py (=5 h(@e), Ropg (wimy)~, BPO7).

s w0k

(5.56)

for{=1,2,..., L,j. This dictates that the number of components in the mixture remains the same
in the corrector of the GMMDF; that is L;: = L, . In order to obtain the weight update of the
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corrector, the zeroth moments of both sides of Eq. (5.56) are matched, which yields

Ok

w _ _
w,(fH = L_k(j)(j)/pg(zk;h(wk),Rk)pg(wk;m,(f) ,Pk(g) )dwk
Zji1 wy ky
wd
=—F 2 ——E o po-{pg(zk;h(xk), Ri)}
Zjl'/ilwl(cj)_kl(cj) pg(zimy’ P07
ORSAC)
o W By . (5.57)

- N
Zjﬁlwl(c]) k‘]g])

for{ =1,2,..., Lz. This weight update is observed to be identical to that of the GMKF, GMEKEF,
and the quadrature-based GM Kalman filters (with the caveat that k,(f) is approximated differently),
which updates the weight of each component according to the relative likelihood that the measure-
ment originated from each component. Equation (5.57) is substituted into Eq. (5.56) to yield the

necessary approximation of each component of the posterior GM density according to

1 _ _
Py (wk;mg”,Pf)*) ~ ng(szh(wk)vapg (kam](f) ,P;ie) ) , (5.58)
k

In order to find mgH and Pk(gH, the KL divergence of the right-hand side of Eq. (5.58) with respect
to its left-hand side is minimized. Because the left-hand side of Eq. (5.58) is a Gaussian density,
Corollary 1.1 is used to perform this minimization, which defines mgf)Jr and Pk(é)Jr as the mean and

covariance of the right-hand side of Eq. (5.58), respectively, which are defined according to

1 _ _
m,(f)+ = k(@)/mkpg(zldh(wk)7Rk)p9<$k§m(£) ,Pk(é) )dmk
k

¢ 1 H— 50— - _0-T
P,§ )+ — k(@/mkmfpg(zzc;h(mk),Rk)pg@k;m;&) >Pk() )dmk—m;(g) ml(c) :
k

which are expressed as expected values with respect to the /! component of the prior GM density

according to

0+ _ 1 .
Y = 08 i ). ) sotm
o+ _ 1 (- O—\T :
A - RO i~ g0y (@ =m )@k —m ) pg(zk: hli), Ri)} (5.60b)
for{ =1,2,..., L;. In order to approximate the expected values in Eq. (5.60), quadrature tech-

niques are employed. When approximating these expected values, special care must be taken if
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the measurement noise is small. As the measurement noise becomes small, a higher-order poly-
nomial becomes necessary to approximate py(zy; h(xy), Ri) without incurring significant error.
Since Gauss-Hermite quadrature is exact for polynomials of degree 2¢g — 1, where ¢ is the number
of points used in the quadrature rule, more quadrature points must be used to approximate these
expected values in this case. Progressive Gaussian filtering [60, 63, 64] can be used to reduce
the quadrature order required to achieve sufficient accuracy by progressively introducing the mea-
surement information into the posterior density; however, this approach requires the density to be
assumed Gaussian at each iteration in introducing the measurement information. Progressive Gaus-
sian filtering exchanges error due to quadrature for error due to the assumed Gaussian density. In
some cases, this exchange in error sources is prudent and can provide improved results.

Observation of the GMMDF, with the predictor defined by Egs. (5.47) and (5.52), and the
corrector defined by Eqgs. (5.57) and (5.60), shows that the predictor of the GMMDF is identical to
the GMEKF, GMUKEF, and GMQKEF, depending on the type of approximation used to approximate
the expected values in Eq. (5.52). The corrector of the GMMDF, however, is different from that
of the GMEKF, GMUKEF, and GMQKF because it approximates the mean and covariance of each
component of the GM density by evaluating the moments of Bayes’ rule, which is constructed
using the prior component of the GM density, instead of performing the Kalman-like update to each
component. The weight update used in the correctors of the GMMDF and the GMEKF, GMUKEF,
and GMQKF are similar in that they update the weights of the GM density according to the relative
likelihood that the measurement originated from each component; however, the relative likelihood
is approximated differently between the different filters. Because the corrector of the GMMDF
is different from the correctors of the GMEKF, GMUKF, and GMQKEF, they are now applied to
the lensing problem in order to compare and contrast them. In order to simplify the comparison
such that meaningful conclusions can be made, a single component GM density, which is simply a
Gaussian density, is considered. Because of this, the GMMDF, GMEKF, GMUKF, and GMQKF
reduce to the MDF, Bayesian EKF, Bayesian UKF, and Bayesian QKF, respectively.

The lensing problem occurs when the uncertainty in the position of an object has a rela-
tively large uncertainty with respect to the uncertainty of a range measurement taken from a nearby
observer. The shape of the resulting true posterior density resembles an optical lens (hence the name
lensing problem), which may not be well-approximated by a Gaussian density. In this case, the ob-
jective is not to capture the lens shape, which is the ultimate objective of the lensing problem, but
to accurately capture the first and second moments of the lens. The lensing problem is illustrated
in Figure (5.1). In this example, the mean position of the object is 7 = [2 0] meters and the
observer is at the origin. A range measurement of 2 meters from the observer to the object is taken
and is assumed to be corrupted by additive zero-mean Gaussian noise of standard deviation 0.1 me-

ters. Two Gaussian prior densities for the initial position, one with relatively large uncertainty and
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one with relatively small uncertainty, are considered and are shown in Figures. (5.1a) and (5.1b),
respectively. The resulting true posterior density for both prior densities, which is defined by Bayes’
rule and computed by a grid-based approach, is also shown in Figures. (5.1a) and (5.1b).

When the uncertainty in the prior position density is relatively large with respect to the
uncertainty in the range measurement, as it is in Figure (5.1a), the posterior density is highly-
skewed and thus is not well-approximated by a Gaussian density. When the uncertainty in the prior
position density is relatively small with respect to the uncertainty in the range measurement, as
shown in Figure (5.1b), the posterior density is not highly-skewed and can be well-approximated by
a Gaussian density.

The corrector of the MDF, as well as the corrector of the Bayesian EKF and Bayesian
QKEF, are applied to both scenarios to evaluate their performance. Gauss-Hermite quadrature with
1000 points per dimension is used to evaluate the expected values associated with the corrector of
the MDF and the Bayesian QKF in order to ensure that the approximation error of the quadrature
is negligible and the filters can be compared equally. The posterior assumed Gaussian densities
quantified by the corrector of each filter are shown in Figures. (5.1c) and (5.1d).

Before proceeding with analysis of the lensing problem, it is important to consider a prop-
erty of the Bayesian UKF and Bayesian QKF; these filters are an extension to the Bayesian EKF, in
which the evolution of the mean and covariance of the Gaussian density is observed to be identical
to that of the EKF (as derived under the linear MMSE framework). Because of this, the UKF and
QKF equations (as derived under the linear MMSE framework) are used to quantify the evolution of
the mean and covariance as originally quantified by the Bayesian EKF, in which case the Bayesian
UKEF and Bayesian QKF are born. These filters have not been shown to be well-principled; that
is, they do not stem directly from the Chapman-Kolmogorov equation and Bayes’ rule. Because of
this, the Bayesian UKF and Bayesian QKF are restricted to perform a linear measurement update,
as is inherent to the linear MMSE framework. For the Bayesian EKF, this linear update is shown to
stem from Bayes’ rule; however, since the Bayesian UKF and Bayesian QKF do not stem directly
from Bayes’ rule, and rather from the linear MMSE framework, their linear measurement update
may not be representative of the true posterior as defined by Bayes’ rule. Rather, the Bayesian UKF
and Bayesian QKF aim to more accurately capture the evolution of the mean and covariance of the
Gaussian density than the Bayesian EKF.

The Bayesian EKF provides a very different posterior density than the MDF and Bayesian
QKF when the uncertainty in the prior position density is relatively large with respect to the uncer-
tainty in the range measurement, as it is in Figure (5.1c). In this case, the posterior density of the
Bayesian EKF reflects an overconfidence in a poor state estimate due to the linearization error in-
curred in processing the nonlinear range measurement. The posterior densities of the MDF and the

Bayesian QKF are very similar; however, the linear gain measurement update of the Bayesian QKF



(a) Prior Gaussian density with “large” uncertainty, with
the measurement likelihood and true posterior densities.

(c) Posterior densities for the prior Gaussian density with
“large” uncertainty.
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(b) Prior Gaussian density with “small” uncertainty, with
the measurement likelihood and true posterior densities.

———— MDF |

(d) Posterior densities for the prior Gaussian density with
“small” uncertainty.

Figure 5.1. Prior, measurement likelihood, and true posterior densities for the lensing problem.
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does not allow it to incorporate any of the information gained due to the skewness of the true poste-
rior density. Since the MDF employs a nonlinear update, it is able to incorporate this information.
This can be observed by comparing the posterior densities of the MDF and the Bayesian QKF. The
two posterior densities are nearly identical in the range (x) direction, but the posterior density of the
MDF possesses smaller uncertainty in the y direction since it is the minimum divergence Gaussian
density with respect to the skewed true posterior density.

The MDF, Bayesian QKF, and Bayesian EKF all provide very similar posterior densities
when the uncertainty in the prior position density is relatively small with respect to the uncertainty
in the range measurement, as it is in Figure (5.1d). This is an expected result since the true posterior
density can be well-approximated as Gaussian in this case. Furthermore, it is postulated that the
correctors of the MDF, EKF, and QKF become identical as the uncertainty in the prior Gaussian
density approaches zero. This postulation stems from the fact that the error incurred by the lineariza-
tion approximation used by the Bayesian EKF, the linear measurement update used by the Bayesian
QKEF, and the minimum divergence update used by the MDF approaches zero as the uncertainty in
the prior Gaussian density goes to zero. This implies that, if a GM density with sufficiently small
uncertainty in each component is used instead of a Gaussian density, that the GMMDF, GMEKF,
GMUKEF, and GMQKF will perform very similarly.

The mean square error of the MDF can be smaller than that of the Bayesian QKF, as can be
observed in Figure (5.1c). At first, this may seem counterintuitive because the corrector used under
the Kalman filter framework is derived to minimize the mean square error; however, the corrector
used under the Kalman filter framework is derived by assuming the posterior mean to be a linear
combination of the prior mean and measurement; thus, it minimizes the linear mean square error.
By employing a nonlinear update, the MDF is able to capture more information from the update and

the posterior density possesses a smaller mean square error than does the Bayesian QKF.



113

6. UNCERTAINTY PROPAGATION WITH THE GAUSS-BINGHAM DENSITY

Consider the Gauss-Bingham-distributed state vector that consists of the attitude quaternion
and other Euclidean states, as defined by Eq. (3.49). Ideally, the temporal and measurement evolu-
tion of the Gauss-Bingham density would be quantified, either exactly or approximately, under the
Bayesian framework. Quantifying this evolution, even approximately, is difficult due to the form
of the Gauss-Bingham density, which does not belong to the general exponential family, and, thus,
if the MDF is specialized to the Gauss-Bingham density, Theorem 1 cannot be used to perform
the associated minimization. Because of this, the MDF specialized to the Gauss-Bingham density
is computationally intractable. Theoretically, the MDF specialized to the Gauss-Bingham density
can be implemented numerically, which would yield the approximate Bayesian filter; however, this
is not performed in lieu of the BGM filter, which does not require numerical optimization, and is
presented in Section 7. Instead, an uncertainty propagation strategy is developed for the Gauss-
Bingham-distributed state vector [65] that parallels the predictor of the UKF, under the further
assumption that the state density is Gaussian-distributed.

In order to propagate the uncertainty of a given Gauss-Bingham-distributed state vector,
an unscented transform is used that generates a set of sigma points representing the initial Gauss-
Bingham density. These sigma points are then transformed according to the (potentially) nonlinear
dynamical system, and the weighted maximum log-likelihood parameters of the Gauss-Bingham
density are found. This process of uncertainty propagation is shown to be identical to that of the
predictor of the UKF, under the further assumption that the resulting state density is Gaussian-
distributed, as is shown in Appendix E.

Assume that discrete-time nonlinear system dynamics are given for the most general non-
linear dynamical system defined by Eq. (4.1a), or equivalently, Eq. (4.2a). Because of the antipodal
property of the attitude quaternion, these system dynamics must satisfy

q qr—1 g —qk-1
k ; —qi ;
[ ] =F| | = and [ ] =f || xx-1 : (6.1)
Xk

W1 Wg—1
which shows that the quaternion portion of the state vector remains antipodal through the transfor-
mation through the dynamical system. Equation (6.1) defines an important property of the system
dynamics, f . This property states that the system dynamics preserve the antipodal symmetry of
the quaternion, which is exploited to reduce the amount of computation necessary to propagate the

sigma points representing the Gauss-Bingham density.



114

In order to simplify the development of the uncertainty propagation scheme, the dynamical
system is assumed not to have process noise. When process noise is not present in the state vector,
the dynamical system property given in Eq. (6.1) simplifies to

) I P e E

which is observed to be the dynamical system defined in Eq. (4.3a) without the inclusion of process
noise, as expected. If desired, it is straightforward to extend the presented uncertainty propagation
scheme to include Gaussian-distributed process noise by appending it to the Gaussian-distributed

portion of the state vector, xj_1.

6.1. UNSCENTED TRANSFORM

In order to select a set of weights and locations for the sigma points of the unscented trans-
form for the canonical Gauss-Bingham density, the zeroth, first, and second moments between the
canonical Gauss-Bingham density and the sigma points are matched in R” x R**!. The moments
will be matched in R” x R**!; however, the sigma points will be parameterized such that they
remain on the manifold R" x S®. After finding sigma points for the canonical Gauss-Bingham
density, Eq. (3.54) is then used to convert the locations of the sigma points from the canonical
Gauss-Bingham to the given Gauss-Bingham density.

In order to reduce the number of sigma points, only one of each pair of antipodal sigma
points is considered and propagated since the system dynamics preserve the antipodal symmetry of
the sigma points as shown by Eq. (6.1). To illustrate this concept, consider the following example
antipodal sigma points in R' x St at #;,_1, X;_; and X} _, that are antipodal in ¢ and given by

T
3"

T
xk_lz{i -1 3} and X;;_lz[

-1 1
V2 V2 V2 V2

These sigma points are propagated by some (potentially) nonlinear function, f, that satisfies the

property given by Eq. (6.2). Assume that this propagation transforms the sigma points to
T T
e=[o 1 4] and Xi=[ 0 -1 4,

which are still antipodal in @; thus, the computational expense can be lowered by considering only
X_1. X1 is transformed according to f to obtain X', and antipodal symmetry can be used to
obtain X7, if desired.
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In order to generate the sigma points for the Gauss-Bingham density, motivation is drawn
from the 2n + 1 unscented transform [43]. The 2n + 1 unscented transform for the canonical
Gaussian density places two sigma points at equal but opposite deviations from zero for each of
the n = r canonical Gaussian states. A central sigma point is then placed at the origin. When
generating sigma points for the canonical Gauss-Bingham density, which considers only one of
each pair of antipodal points in the attitude quaternion, a similar approach to that of the 2n + 1
unscented transform for the canonical Gaussian density is used.

In order to generate the sigma points for the canonical Gauss-Bingham density, first a set
of sigma points that quantify deviations from the origin in each state of z (the portion of the state
vector that is canonical Gaussian-distributed) are introduced as +4 while p (the portion of the state
that is canonical Bingham-distributed) is held constant as the identity quaternion. The locations of

these 2r sigma points are given by

€ss cR”
Z(1)1(2):[0 e 01T X550 --- ()]T

3(3)7(4):[0 e 010 +£68 --- O]T

Z(@2r=1),2r) _ [0 .- 010 ---0 i(s}T’
with corresponding weights given by

w2 — 1 ,3)(4) — .= ) (2r=1)(2r) — %’
4r

where Z®:0) and w®-0) represent the locations and weights of the i" and j™ sigma points, re-
spectively, representing the canonical Gauss-Bingham density and w,, is a parameter used to specify
the weights of these sigma points. The braces are used to denote the portions of Z which are the
Euclidean and quaternion states.

Next, angular deviations are introduced into the quaternion state as +ay for = 1,2, ..., s
while z is held constant at zero in order to guarantee that the perturbed attitude quaternion remains

on the unit hypersphere. These 2s sigma points are given by

€s® €R"
Z(2r+1),2r+2) _ [:l:Sal 0Oo---0C

Z(2r43),2r+4) _ [0 4+ S - 0 Cay 0--- o]T

Zra2s-0@r425) _ [0 ... 0 £ 8, Co, 0---0]"
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with corresponding weights given by

w2, C2r+2) %
w(@r3),2r+4) _ %

w2 +2s—1),(2r+2s) _ Wh

where wy,, for £ = 1, 2, ..., s, are parameters used to specify the weights of these sigma points
and S, and C|, represent the sine and cosine of «, respectively.
Finally, a central sigma point is placed at z = 0 and in the “zero” direction of p, which is
the identity quaternion. This single sigma point is given by
€sS® eRrR”

ZM=[0 010 - 0]T7

with corresponding weight given by

where w, is a parameter used to specify the weight of this sigma point and N = 2r + 2s + 1 is the
total number of sigma points.

In order to find the parameters 6, ay, we, wy, and wy,, where £ = 1, 2, ..., s, which
fully define the weights and locations of the sigma points for the canonical Gauss-Bingham density,
the zeroth, first, and second moments between the sigma points and the canonical Gauss-Bingham
density are matched in R**! x R”. The zeroth and first moments of the canonical Gauss-Bingham
are 1 and O, respectively. The second moment of the canonical Gauss-Bingham density is given
by Eq. (3.22). While only one of each antipodal pair of sigma points is stored and propagated,
it is important to note that both of the antipodal sigma points, which are equally weighted, are
considered when calculating the moments of the sigma points. After accounting for the antipodal
symmetry of each of the sigma points, the first moment of the sigma points is zero for any choice
of the parameters. Matching the zeroth and second moments of the sigma points with the canonical

Gauss-Bingham density yields

> wp, + we + wy =1 (6.3a)
(=1
52wg

=1 (6.3b)

r



117

wbzsin2ag:fg, £=1,2,...,s (6.3¢)

S
Z Wy, cos? ay + we + wy = fsy1, (6.3d)
(=1

where Eq. (6.3a) stems from the zeroth moment and Egs. (6.3b)—(6.3d) stem from the second
moment. Summing Eq. (6.3c) for £ = 1, 2, ..., s and Eq. (6.3d) while noting the proper-
ties in Egs. (3.24) yields Eq. (6.3a); thus, Eq. (6.3d) is redundant and may be neglected. Solv-
ing Egs. (6.3b) and (6.3c) for § and oy gives the locations of the sigma points as a function of their

weights as

5= = and oy = asin ﬁ, (=1,2,...,s. (6.4)
Wy W,

Now, the weights must be selected for the sigma points. In order for Egs. (6.4) to have real
solutions, wy, must be greater than or equal to fy forall ¢ = 1, 2, ..., s. In order to ensure that
this condition is met, a somewhat nonintuitive choice for the weights of the sigma points for the
canonical Gauss-Bingham density is chosen that parallels the choice of weights of the sigma points
for the Bingham density presented in [12]. Noting the properties given in Eqgs. (3.24), the weights

of the sigma points representing the Gauss-Bingham density which satisfy Eq. (6.3a) are chosen as

wbngg+(1—A—n)fs“, (=1,2,...,s (6.52)
S
wg = Kfst1, (6.5¢)

where A and k are positive tuning parameters such that A + x < 1. While choosing the weights
according to Eqgs. (6.5) is nonintuitive, this choice of weights satisfies Eq. (6.3a) and provides real
locations for the sigma points. A\ and « are chosen such that the weights of all the sigma points
approach an equal weight of 1/ as the uncertainty in the states corresponding to g approaches
zero; that is, Z1, Zs, ..., Zs — —o0o. This choice of weights ensures that the sigma points possess
nearly equal weights, and thus have nearly equal importance, when the uncertainty in the attitude
quaternion is small. Using the properties in Egs. (3.24), the X and « that yield equal weights for the

sigma points as the uncertainty in the quaternion goes to zero are given by
A= — and K= —. (6.6)

The sigma points for the canonical Gauss-Bingham density, which are defined in terms of the param-

eters in Egs. (6.4), (6.5), and (6.6), are transformed from the canonical Gauss-Bingham density to
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the Gauss-Bingham density of interest defined by p,(x; m, P, ¢, 3, Z) according to Egs. (3.54).
These transformed sigma points and their associated weights representing the Gauss-Bingham den-
sity at t;_, are denoted by X ,(21 and w,@l, respectively, where ¢ = 1,2,...  N. These sigma
points are then transformed according to the nonlinear system dynamics given by Eq. (6.2) to obtain
the sigma points and weights representing the Gauss-Bingham density at tx, denoted by X and

w,(:), respectively, where ¢ = 1,2, ..., N and the weights are unchanged in the transformation; that

is, w,(j) = w,@l. If the dynamical system is governed by continuous-time dynamics, the nonlinear
discrete-time function in Eq. (6.2), f, is given by the integration of X', from ¢;_1 to tj, to obtain

X

6.2. MAXIMUM WEIGHTED LOG-LIKELIHOOD GAUSS-BINGHAM PARAMETERS

To obtain the parameters of the best-fit Gauss-Bingham density given the set of sigma points
and weights at ¢, the parameters of the Gauss-Bingham density that maximize the weighted log-
likelihood of the sigma points are found. To illustrate why the maximum weighted log-likelihood
parameters are sought, consider the case when the unscented transform is used for a state that exists
in R". Given the sigma points and weights from the unscented transform, the mean and covariance
are recovered from the weighted sample mean and covariance of the sigma points. It is shown in
Appendix E that the weighted sample mean and covariance of the sigma points is the mean and
covariance of the Gaussian density that maximizes the weighted log-likelihood of the sigma points.

In this spirit, the parameters of the Gauss-Bingham density are recovered from the sigma

points according to
{mu, Py, dok, Bk, Zi} = (6.7)

N
argmax Zw,(j) In pg (X,(f); m, P, ¢, 3, Z) ,

m,P,¢0,8,Z ;|
This maximization can be performed analytically for the mean and covariance of the Gaussian
density, m and P, as is shown in Appendix F. First, note that the sigma points can be decomposed
into their Euclidean and quaternion portions according to X, = [X gf X qu’ «JT. The mean and
covariance of the Gaussian density that maximizes the weighted log-likelihood of the sigma points
is given by the sample mean and covariance of the Euclidean portion of the sigma points according

to

N
my =23 wl x?, (6.8a)
=1
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Po=2) w (20 —my) (20 - mk)T : (6.8b)

where the factor of two is included since only one of each antipodal pair of sigma points in the
quaternion state is quantified.

After using Eq. (6.8) to determine my, and Py, Eq. (6.7) becomes
{¢0,k7 /Bkru Zk} = argmax J(¢07 /67 Z) ) (69)
¢0.8,Z

where
N . .
J(¢0,8,2) = > w'n pgy (X imy, Pr, 60,8, Z) .
=1

This maximization is carried out numerically to find ¢, 3, and Z. In order to perform this numeri-
cal maximization, it is first transformed into a root-finding problem according to the first derivative

conditions of a maximum, i.e.

0J (¢o.ks Brs Z)

=0 6.10
0o . (6.102)
0J(b0.ks Brs Z:)
: =0 6.10b
96, ( )
a‘]((tb(],kvﬁk) Zk:) _
o —o0, (6.10¢)

where the explicit expressions for the derivatives are included in Appendix F. A root-finding al-
gorithm is used to find the ¢ i, Bi, and Zj, that satisfy Eqgs. (6.10). To initialize the root-finding
algorithm, ¢¢ 11, Bx—1, and Zj,_; are used. By initializing the root-finding algorithm in this way,
if the propagation time step is chosen sufficiently small, ¢ 1, Bx—1, and Z;_; remain close to
the local maximum, and a gradient-based root-finding algorithm will converge to ¢ 1., By, and Zj,
without excessive iteration required or risk of diverging to a different root.

A number of root-finding algorithms can be used to find the ¢, By, and Zj, that sat-
isfy Eqgs. (6.10). The Levenberg—Marquardt algorithm, a well-known optimizer, is chosen to find
these ¢ 1, Bk, and Zj, [66, 67]. This algorithm is used to find the roots of an arbitrary system of
equations defined by g(«) = 0 by minimizing the cost function g(z)? g(x) using x as the mini-
mization variable. The Levenberg—Marquardt algorithm was chosen to find ¢ 1., B, and Zj, be-
cause the cost function will remain near the minimum if the time step is chosen sufficiently small and

®0.k—1, Br—1, and Zj_; are used to initialize the algorithm. Applying the Levenberg—Marquardt
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algorithm in this manner to find the roots of Eqgs. (6.10) was found to be more computationally ef-
ficient than applying it to the optimization problem in Eq. (6.9) directly. In summary, the algorithm
used to propagate the Gauss-Bingham density is given by Algorithm 6.1.

Algorithm 6.1 Uncertainty Propagation of the Gauss-Bingham density.

¢ Given:

— A Gauss-Bingham-distributed state vector at g, which is defined by the parameters my,
Py, ¢o,0. Bo. Zo.

— System dynamics that preserve the antipodal symmetry of the quaternion as defined by
the property given by Eq. (6.2).

— A sequence of times to which to propagate the Gauss-Bingham density, ¢4, t2, ..., .
1. Generate the sigma points and weights according to pgy,(x; mo, Py, ¢0,0, B0, Zo).
2. Set the time counter to k = 1
3. Propagate the sigma points from ¢;_ to t; according to the given system dynamics.
4. Recover my and Py according to Eqgs. (6.8).

5. Recover ¢ ., B, and Zj, according to the root-finding problem defined by Eq. (6.10) using
®0,k—1 »Br—1, and Zj_1 to initialize the root-finding algorithm.

6. If t, = ty, stop; if ¢ < ty, set k = k + 1 and return to step 3.

The sequence of times to which to propagate the Gauss-Bingham density, ¢4, to, ..., ty,
should be chosen such that the time step is small enough that ¢ 11, Bx—1, and Zj,_; are close to
@0,k Bk, and Zj, in order to ensure that the root-finding algorithm converges to the proper solution
for ¢k, Bk, and Zj,. The size of the time step is a compromise between computational cost and
ensuring that the root-finding algorithm converges to the correct root. Because the sigma points are
not resampled at each time step, no approximation error is introduced by choosing the time step too
small. Since the time step chosen is problem dependent, no general guidelines for choosing this

time step can be imposed.

6.3. DEMONSTRATIONS

Two demonstrations are performed to illustrate uncertainty propagation using the Gauss-
Bingham density. The first demonstration propagates the uncertainty of the planar attitude and

angular velocity of a body in R! x S!, where the Gauss-Bingham density can be visualized on the
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unit cylinder. This demonstration provides an intuitive example of uncertainty propagation using
the Gauss-Bingham density. The second demonstration propagates the uncertainty in the dynamic
pose (position, velocity, attitude, and angular velocity) of a chase spacecraft with respect to a target
spacecraft. This demonstration compares uncertainty propagation using the Gauss-Bingham density
to the predictor of the multiplicative extended Kalman filter and a Monte Carlo approach in order to
show the efficacy of uncertainty propagation using the Gauss-Bingham density.

6.3.1. Planar Attitude and Angular Velocity. Consider the attitude quaternion and angu-
lar velocity representing the one-dimensional attitude motion of a body undergoing rotation about

the z-axis. In this case, the state vector of the body is defined by

€= H es' xR!, 6.11)
w

where g represents the one-dimensional attitude quaternion and w represents the one-dimensional
angular velocity of the body. The angular velocity comprises the Gaussian-distributed portion of

the state vector, with initial mean and covariance given by
mo=0 and Py = (0.01°/s5)?, (6.12)

respectively. The attitude quaternion comprises the conditional Bingham-distributed portion of the
state vector and is initially uncorrelated with the angular velocity (that is, By = 0). The parameters
defining the orientation and concentration of the conditional Bingham-distributed portion of the

state vector are given by
¢)0 =0 and Zl,O = —100,

respectively. The Gauss-Bingham density representing the initial attitude quaternion and angular
velocity of the body, as well as the sigma points generated by the unscented transform, are shown in
Figure (6.1a). The marginalized density of the initial attitude quaternion is shown in Figure (6.1c).

The body undergoes torque-free motion, that is, 7% = 0. The temporal evolution of the
attitude quaternion and angular velocity are given by Eqgs. (2.44) and (2.46), respectively. The
uncertainty propagation algorithm summarized in Algorithm 6.1 is used to propagate the uncertainty
of the attitude quaternion and angular velocity forward in time. A time step of one minute is used to
propagate the uncertainty, which is small enough to ensure that the root-finding algorithm converges
to the proper ¢, Bk, and Zj, at each time step. Figure (6.1) shows the evolution of Gauss-
Bingham density and sigma points representing the attitude quaternion and angular velocity of the
body, as well as the marginalized density of the attitude quaternion over time. Table 6.1 provides

the corresponding parameters of the Gauss-Bingham density over time. It is observed that the mean
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Table 6.1. Gauss-Bingham parameters over time.

Time [hours] m [°/s] P [(°/s)?] oo I¢] Z
0 0  (0.01)2 0 0.0000 —100

0.25 0 (0.01)2 0 0.0785 —100

1 0 (0.01)2 0 0.3142 —100

6 0 (0.01)2 0 1.8850 —100

and covariance of the angular velocity, m and P, respectively, remain constant, which is expected
because the one-dimensional angular-velocity is constant under torque-free motion.

The concentration matrix of the conditional Bingham density, Z, remains constant (within
numerical accuracy of the root finding algorithm). The mean direction of the Gauss-Bingham den-
sity, ¢q, remains at zero since the mean of the angular velocity is zero for all time; however the
linear correlation parameter, 3 evolves in time in order to quantify the effect of the uncertain an-
gular velocity on the attitude quaternion. It is interesting to note that 3 evolves linearly in time
for this problem. The Gauss-Bingham density eventually wraps around its cylindrical manifold as
it is propagated, which causes the attitude quaternion to become equiprobable as time increases,
and is apparent in Figure (6.1h). This is an expected result for a body undergoing one-dimensional
attitude motion with an uncertain angular velocity; as time increases, the uncertainty in the attitude
quaternion of the body grows until the attitude quaternion becomes equiprobable.

Several important properties of the Gauss-Bingham density and its utility in uncertainty
propagation can be observed in Figure (6.1). The Gauss-Bingham density is antipodally symmetric
in the quaternion state for all time, which is a necessary property to properly quantify the un-
certainty in the attitude quaternion. Because this example quantifies the one-dimensional attitude
motion in S' x R, 2n 41 = 5 sigma points, which are generated similarly to the traditional 2n + 1
unscented transform and account for implied antipodal symmetry, are required to quantify the tem-
poral evolution of the Gauss-Bingham density. The attitude quaternion becomes equiprobable as the
uncertainty is propagated; however, the concentration parameter Z; does not approach zero. As the
uncertainty is propagated, the attitude quaternion becomes equiprobable due to the wrapping of the
Gauss-Bingham density around the cylinder, not because the concentration parameter approaches
Zero.

6.3.2. Spacecraft Relative Dynamic Pose. Now, consider an example in which a chase
spacecraft is orbiting in close proximity to a target spacecraft. The state of the chase spacecraft
is defined to be [w! §rT svT q']7, where g and w represent the attitude quaternion and angu-

lar velocity of the chase spacecraft, respectively, and §r and dv represent the relative position and
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(a) Initial state density

q:

(c) Initial quaternion density
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(e) State density at 1 hour
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(g) Quaternion density at 1 hour
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(b) State density at 15 minutes
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(d) Quaternion density at 15 minutes
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(f) State density at 6 hours

q q.

(h) Quaternion density at 6 hours

Figure 6.1. Gauss-Bingham uncertainty propagation for one-dimensional attitude motion.
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velocity, respectively, of the chase spacecraft with respect to the target spacecraft. The chase space-
craft is taken to have an identity inertia tensor and undergoes torque-free motion, with the temporal
evolution of the attitude quaternion and angular velocity given by Egs. (2.44) and (2.46), respec-
tively. Because the body undergoes torque-free motion and has an identity inertia tensor, Eq. (2.46)
shows that the angular velocity is constant in time.

In order to quantify the temporal evolution of the relative position and velocity, the Clohessy-
Wiltshire equations are used [68, 69, 70]. The Clohessy-Wiltshire equations approximate the rela-
tive motion of the chase spacecraft with respect to the target spacecraft under the assumptions that
the spacecraft are in close proximity and that the target spacecraft is in a circular orbit. If these
assumptions are valid, the Clohessy-Wiltshire equations governing the temporal evolution of the

relative position and velocity are

(0 0 0 1 0 0

00 0 0 1 0
[51 o0 0o 0 01 [57«]7 6.13)
) 3n2 0 0 0 2n 0| |[év

0 0 0 -2n 0 0

(0 0 —m* 0 0 0]

where n is the mean motion of the target spacecraft and dr and dv are expressed in a rotating
coordinate frame with origin at the target spacecraft. The rotating coordinate frame is defined by
the position and velocity vectors of the target spacecraft. The target spacecraft is taken to be in a
geostationary orbit with an orbital radius of 42, 164 km, which results in a mean motion of the target
spacecraft of 7.2920 x 1075 rad/;,

The Gauss-Bingham density is used to quantify the uncertainty of the state vector of the
chase spacecraft. The Gaussian portion of the Gauss-Bingham density quantifies the uncertainty of

the angular velocity, relative position, and relative velocity, with initial mean and covariance given



125

by

[0.5 /s [0.12 (ofs)? ]

0.8 °/s 0.12 (o/s)2

1.0 °/s 0.12 (o/5)?
0 1 m?

mo = |10 km and Py = diag 1 m? , (6.14)

0 1 m?
0 0.012 (m/s)2
0 0.012 (m/s)2

. 0 | 10.012 (m/s)? |

respectively, where the diag v operator constructs a diagonal matrix with entires defined by the arbi-
trary vector v. The attitude quaternion of the chase spacecraft comprises the conditional Bingham-
distributed portion of the state vector, which is taken to be initially uncorrelated with the angular
velocity, relative position, and relative velocity (that is, 3y = 0). The parameters defining the initial
orientation and concentration of the conditional Bingham-distributed portion of the state vector are

given by
¢0 =0 and Zl,O = 2270 = Z370 = —5000,

respectively.

The uncertainty propagation algorithm given in Algorithm 6.1 is used to propagate the un-
certainty of the angular velocity, relative position, relative velocity, and attitude quaternion forward
in time. A time step of fifteen seconds is used to propagate the uncertainty, which is small enough
to ensure that the root-finding algorithm converges to the proper ¢, B, and Zj, at each time
step. Uncertainty propagation using the Gauss-Bingham density is compared to two other methods
of uncertainty propagation to evaluate its efficacy: a Monte Carlo approach and the predictor step
of the multiplicative extended Kalman filter (MEKF) [5, 33, 71]. 100,000 Monte Carlo samples
are realized from the initial Gauss-Bingham density using an acceptance sampling method, and
are propagated forward in time to quantitatively represent the true evolution of the initial Gauss-
Bingham density.

The predictor step of the MEKF quantifies the “mean” using the attitude quaternion and
relies on a small angle assumption to project the uncertainty in the attitude quaternion into a three-
parameter attitude representation (the rotation vector is used in this analysis). Quotation marks are
used around “mean” for the MEKF to indicate that it is not the mean as defined by the first moment

of the state vector; rather, it is the “mean” quaternion as defined by one of the antipodal pair used
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to quantify the quaternion estimate. In order to find the equivalent “mean” and covariance for the
MEKEF given the initial Gauss-Bingham density, it is first noted that “mean” attitude quaternion
is the identity quaternion since ¢p9 = 0 and By = 0; thus, the mean for the MEKF is given by
the concatenation of the mean given in Eq. (6.14) and the identity quaternion. The equivalent
covariance of the MEKF state vector, which is expressed using the rotation vector instead of the
attitude quaternion, is found by converting the quaternion portion of the initial Monte Carlo samples
to their equivalent rotation vector according to Eq. (2.40), and calculating their sample covariance.

Because the angular velocity, relative position, and relative velocity are initially Gaussian-
distributed, evolve according to linear dynamics, and their temporal evolution is not a function of
the attitude quaternion, they remain Gaussian-distributed for all time. Because of this, both the
Gauss-Bingham and MEKF uncertainty propagation methods perfectly capture the evolution of
the uncertainty in these states, which is presented in Figures (6.2)-(6.4) and shows the standard
deviation of each component of these states quantified by both the MEKF and the Gauss-Bingham
density over time. Furthermore, the mean of these quantities is constant for all time since their mean
is a stationary solution to Egs. (2.46) and (6.13) under torque-free motion with an identity inertia
tensor. Figure (6.2) shows that the uncertainty of the angular velocity is constant, as expected
because the angular velocity is constant. Figure (6.3) shows that the uncertainty in the relative
position grows as time increases. Figure (6.4) shows that the uncertainty in the z- and y-components
of the relative velocity increase, while the uncertainty in the z-component decreases. This decrease
in uncertainty is expected due to the periodicity present in the Clohessy-Wiltshire equations. If the
uncertainty is propagated for an entire orbit of the target spacecraft (approximately 24 hours), it
would complete one cycle of its period.

Uncertainty propagation using the Gauss-Bingham density does not require that the system
dynamics governing the Gaussian-distributed states be linear nor that their temporal evolution be
functionally independent of the attitude quaternion. These conditions are used in this example to
simplify the presentation and analysis of the results of the uncertainty propagation. If nonlinear
system dynamics are used, or if the system dynamics are a function of the attitude quaternion, the
best-fit Gaussian density that maximizes the weighted log-likelihood of the sigma points as defined
by Egs. (6.8) is found.

Because the attitude uncertainty quantified by the Gauss-Bingham density and Monte Carlo
samples are expressed using the attitude quaternion and the uncertainty quantified by the MEKF
predictor is expressed using the rotation vector, the uncertainty quantified by the Gauss-Bingham
density and Monte Carlo samples are converted to rotation vector space in order to make a direct
comparison. The rotation vector space is chosen for this comparison since it is a three-parameter
representation of attitude. In order to convert the uncertainty quantified by the Gauss-Bingham

density and Monte Carlo samples from the attitude quaternion representation to the rotation vector
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Figure 6.2. Gaussian-distributed angular velocity standard deviation quantified by the Gauss-

Bingham density (black) and the predictor of the MEKF (red).
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Figure 6.3. Gaussian-distributed relative position standard deviation quantified by the Gauss-

Bingham density (black) and the predictor of the MEKF (red).
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Figure 6.4. Gaussian-distributed relative velocity standard deviation quantified by the Gauss-
Bingham density (black) and the predictor of the MEKF (red).

representation, first, 100,000 samples of the Gauss-Bingham density are generated using an ac-
ceptance sampling method. The quaternion portion of the Gauss-Bingham samples, as well as the
Monte Carlo samples, are then converted to their equivalent rotation vector according to Eq. (2.40).
Expectation maximization [72] is then performed for each set of samples to fit a Gaussian mixture
density to the x-y, y-z, and x-z projections of the rotation vector portion of the respective samples.
This process is used only to visualize the uncertainty of the attitude quaternion quantified by the
Gauss-Bingham density and the Monte Carlo samples in rotation vector space and is not an element
of the uncertainty propagation using the Gauss-Bingham density. Because the MEKF quantifies the
mean and covariance of the rotation vector and not its density, the density is assumed to be Gaussian.

The attitude uncertainty quantified by the Gauss-Bingham density, Monte Carlo samples,
and MEKEF at a time of five minutes are presented in Figure (6.5). Figures (6.5a) and (6.5b) show
the z-y projection of the rotation vector for 1,000 of the Monte Carlo and Gauss-Bingham samples,
as well as the Gaussian mixture densities fit to these samples to show the agreement between the
samples and the densities. These plots are repeated without the samples in Figures. (6.5¢) and (6.5d)
for clarity along with the uncertainty quantified by the MEKF in red in Figure (6.5d). Figures (6.5¢)
and (6.5f) and Figures. (6.5g) and (6.5h) show the y-z and z-z projections, respectively, of the
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uncertainty quantified by the Gauss-Bingham density, true density (as approximated from the Monte
Carlo samples), and MEKF. At the time of five minutes, the Gauss-Bingham density agrees very
well with the true density. The MEKF quantifies the mean and covariance of the true density as
well, which is attributed to the fact that the attitude uncertainty is still relatively small at this time.

Figure (6.6) shows the uncertainty quantified by the Gauss-Bingham density, true density
(as approximated from the Monte Carlo samples), and MEKF at a time of one hour in the same
plots as Figure (6.5). After propagating the uncertainty for one hour, the attitude uncertainty quan-
tified by the MEKF does not agree with the true uncertainty, as it has outgrown the § € [—7 )
bound on the rotation vector. This uncertainty can potentially be wrapped such that it is expressed
in the appropriate bounded region; however, this is not common practice when using the MEKF.
The underlying small angle assumption used to derive the predictor of the MEKF becomes invalid
when the attitude uncertainties become large; thus, it is not well-suited to propagate large attitude
uncertainties.

After propagating the uncertainty for one hour, the Gauss-Bingham density is still in close
agreement with the true density as is shown in Figure (6.6). This is due to the fact that the un-
certainty propagation using the Gauss-Bingham density does not rely on a small angle assumption.
The uncertainty is also quantified on the natural manifold of the attitude quaternion and the other
Euclidean states, R? x S?, so the uncertainty cannot escape the bounded region on which it is de-
fined. Because of these reasons, uncertainty propagation using the Gauss-Bingham density remains

well-suited to quantify attitude uncertainty, even as the attitude uncertainty becomes large.

6.4. GAUSS-BINGHAM CORRECTOR

Ideally, the uncertainty propagation step presented would be used as the predictor step in a
filter along with a corrector step to incorporate measurement data into the state density; however, a
corrector using the Gauss-Bingham density has been found to be computationally intractable. The
corrector of the MDF, as defined by Egs. (5.44) can be specialized to the Gauss-Bingham density

according to

(zilzre) p(zkl Tk, 216-1)Pgo (TR My Py b 1 By 5 Zy)
P\ Lk |Z1:k) = — — — — —
fp(zk’£7 zl:kfl)pgb(é;mk ) Pk 7¢0’k7/6k 7Zk )d€

+ -+ + + + . p(xk‘zlik)
m; P ¢ ., B, Z"} = argmin /p Tr|z1.1) In dxy, .
{ k F 0.k Tk k } m,P,¢0,3,Z ( | ) pgb(mk;ma P, ¢, 0, Z)

Numerical methods must be employed in order to perform this integration and minimization, which
becomes computationally intractable, even for state vectors with small dimension, because the in-

tegration must be performed inside the cost function of the minimization scheme to find mi, P,j ,
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Figure 6.5. True, Gauss-Bingham, and MEKEF attitude uncertainties expressed in rotation vector
space at a time of five minutes. The MEKF density is shown in red.
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(ba . ﬁ,j, and Z ,j . This minimization must be performed numerically because the Gauss-Bingham
density is not a member of the general exponential family due to the dependence of the orien-
tation matrix of the Bingham density on the Gaussian-distributed random variable according to
M (x;m, P, ¢g,3). This represents a nonlinear transformation of the parameters of the Gauss-
Bingham density to specify the orientation matrix of the conditional Bingham density. This non-
linear transformation is the reason that the Gauss-Bingham density does not belong to the general
exponential family and makes analytic results using this density difficult to obtain. Because of this,
the Bingham-Gauss density, which is a member of the general exponential family and parameterized
by its first and second moments, is used to construct an approximate Bayesian filter, as is presented

in Chapter 7.



133

7. THE BINGHAM-GAUSS MIXTURE FILTER

Consider the application of the MDF to the case when an assumed BGM density is used
to approximate the true state density at each step in the Bayesian recursion. The dynamical system
and measurement model under consideration are taken to be the most general forms, as defined by
Egs. (4.1) or, equivalently, Eqgs. (4.2). In this application, the MDF is not applied directly to the find
the parameters of the assumed BGM densitys; it is instead applied on a component-wise basis to find
the KL divergence optimal parameters of each component of the assumed BGM density from the
true evolution of the component. This is the same manner in which the MDF is applied to develop
the GMMDF filter in Section 5.5.3. Because the MDF is applied in a component-wise manner,
the resulting assumed BGM density approximating the true density is not KL divergence optimal
in general; however, this application minimizes the KL divergence on a component-wise basis and
results in a computationally tractable filter.

The BGM filter is an assumed density Bayesian filter in which the temporal and measure-
ment evolution of each component of the BGM density is approximated by its KL optimal Bingham-
Gauss density. Because the Bingham-Gauss density is an exponential family density (similar to the
Gaussian density), the KL optimal Bingham-Gauss approximation of an arbitrary density is de-
fined by Theorem 1. This result is used to approximate the resulting pdfs from Bayes’ rule and the
Chapman-Kolmogorov equation in order to make the recursion of the (now approximate) Bayes’
filter close. The predictor and corrector of the BGM filter are developed and cast in terms of the
integrals defining the parameters of the components of the approximating BGM density, which are
then approximated using quadrature-type methods.

Let the initial BGM density, which probabilistically quantifies the initial state vector, xg,

be given by
Ly
)+ £)+ £)+ )+ )+
plao) =D wy) " pug(wosmy" PGY PO PG
/=1

Recall that the state vector augmented with the process noise is defined by Z—1 = [z | wl |]7.
By augmenting the state vector with the process noise in this way, €;_; is BGM-distributed (pro-

vided that the process noise is Gaussian-distributed) according to

Lt
~ )4 ~ ~ (£ (0 4 (0
p(Er-tlzr1) = O wid T pyg (@il PO PO PO Y
/=1
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OF (&), (7.2)

0+ 0+
mOt — [mx,k—1] poO+ _ [Px,k—1 0 ] 15(4);71 — [P(5)+
0 qx,
and the ¢(OF (aE k_l) notation is introduced for notational convenience. Because the augmented state
vector includes all stochastic inputs, the transition density is given by the Dirac density according

to
p(a|&r—1) = 6 (o — f(&r-1)) - (7.3)

Equations (7.1) and (7.3) are now substituted into Eq. (5.1) and simplified to yield the true prior

density at t; according to

+
Lk*l

p(xk|z1-1) = w,g_)J{/5($k — F(@5-1))q' 0" (#4-1) dges - (7.4)
=1

If the integral in Eq. (7.4) can be calculated exactly, then the true prior density at tx_; is known, and
no approximation is necessary. In general, it is not possible nor tractable to calculate this integral,
and the true prior density at tx_; is approximated by a BGM density in order to yield a tractable

recursion for the Bayesian filter, in which case an approximate Bayesian filter is obtained. This

approximation is performed according to

Ly
_ 0= 50— )= pl0)—
S wl pog (s m, P P P
=1
Li_,
= Z w,ff)T/é(wk — f(@k-1)) O (85-1) dBp—1
=1

where it is necessary to find the parameters defining the BGM mixture approximating the prior
density at £, which are given by w(@_, m)(ﬁg_, P)Eg,z_, Pq(gk)_, and Pq(ﬁ)k_ ford =1,2,...,L, . A
component-wise approximation of the mixture is performed according to
0)— O— 50— ) — )—
! o (s m 3 PO P PO (15)

~ wg)ir/é(ack - f(aékfﬁ)q(ﬁ)—i_(ikfl) dzy_1,
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for¢ =1,2,..., L, , which dictates that the number of components remains the same in the predic-
tor; thatis, L, = L;—r In order to obtain the weight evolution in the predictor, the zeroth moments
of both sides of Eq. (7.5) are matched, which yields the weight evolution for the predictor as

wy =wp, (7.6)

for{ =1,2,..., L, . Equation (7.6) is substituted into Eq. (7.5) to yield the necessary approxima-
tion of each component of the prior BGM according to

p(msmll PO PP~ [ am = Fn)a ) dir

The parameters of the components of the approximating Bingham-Gauss density are now found
such that the KL divergence of the right-hand side of this approximation with respect to its left-hand
side is minimized. Because the Bingham-Gauss density is an exponential family density, Theorem 1

states that the parameters of the KL optimal Bingham-Gauss density are given by

my) =2 /S+ Xk / Sk — F(@r-1)) g (&r-1) dBx_y damy (7.72)

PU =2 [ =m0 —mly )T (7.7
X /5(90k — F(@5-1)) O (85_1) dy_1 dy,

By =2 /S _aa; / 6(ek — f(&5-1))a" (@11) Ay day (7.7¢)

+P = 2/S+ @ (x — mfj);)T/a(mk — F(@1))q 0" (#r_1) dEp_y day,  (7.7d)

where the ST notation on the integral is used to denote that this integration is performed over the
entire support of x, but only over the support ST for g. In deriving this result, the antipodal sym-
metry of the Bingham-Gauss density is exploited to express these integrals defining the parameters
of the Bingham-Gauss density over S* (instead of over the entire hypersphere, S), which results in
the factor of two in front of the integrals. Whether —i—Pq()?k_ or —Pq(f?k_ is obtained, as well as why
there is ambiguity in this parameters, is addressed at the end of this subsection for clarity.

In order to manipulate Egs. (7.7) into a more usable form, first the nonlinear function repre-
senting the system dynamics, f (Zx—1), can be partitioned into two parts representing the quaternion
and Euclidean portions of the system dynamics according to

F(@r1) = [Jﬁq(?k_l)] :
Fx(Zr-1)



136

Now, the order of integration in Eqgs. (7.7) is reversed and the sifting property of the Dirac delta
density is exploited to yield the parameters of the /! component of the approximating BGM as

m _2/ Fo(@r-1)q"0" (F-1) dZg_
P,Eegz = /S+(fx(xk 1) — m(ei )(.fx('ikfl)_m,(f;g_)Tq(e)—i_(ikfl) dxy_4

Pq(k_ = fq(mk; D Fa(@p-1)TqOF (&5-1) dEg

P(ek —2/ Fo@p—1) (Fe(@x_1) — E(i; ) Tl " (#h-1) dEg_s -

If these integrals can be calculated analytically for a certain fi(&),_1) and/or f,(Z_1), then these
parameters are known in closed-form. In general, analytic expressions for these integrals are not

possible, so a discrete approximation of the integrals is used to approximate these parameters ac-

cording to

14 AN (@)

mf(;; ~ 2 Z w/(21 Fx(X20) (7.8a)
¢ Al £ 300 {4 & 500 O—\T

P ~2 Z wl | (FuX ) —m) (Fu(X) ) - m)) (7.8b)
¢ (4)

Pq(,k) ~ 2Zwk 1Jq Xk DFa(X )T (7.8¢)

~ 2Zw XD (&) - m0T, (7.84)

for{ =1,2,..., L, , where w( ) , and X,g) fori=1,2,... N are the discrete weights and points

that approximate ¢ O+ (:ﬁk_l) on the “positive” half of the unit hypersphere, S*. The unscented
transform presented in Section 6.1, quadrature, or Monte Carlo integration, among other methods,
can be used to obtain these weights and points corresponding to the Bingham-Gauss density. If
the unscented transform presented in Section 6.1 is used, it is used to generate the weights and
points corresponding to the canonical Bingham-Gauss density (which is identical to the canonical
Gauss-Bingham density), and the points are transformed according to Egs. (3.59) to represent the
Bingham-Gauss density of interest. A quadrature scheme and an efficient acceptance sampling
method have been developed for the Bingham density in References [73] and [74], respectively.

These can be combined with Gauss-Hermite quadrature and a sampling method for the Gaussian
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density to obtain a quadrature scheme and a Monte Carlo integration method for the Bingham-Gauss
density.
0

The sign ambiguity in :thXJ; is now resolved, which depends on whether or not the
weights and quaternion portions of the transformed points, w,(le and fq(i' ,(21) fort =1,2,...,N,
define the portion of the Bingham-Gauss density on S™ or S™, which is apparent from Eq. (3.58).
To determine which half of the Bingham-Gauss density is quantified by these weights and points,

Ok

first, Egs. (7.8) are evaluated assuming that —|—P ok is obtained. A consistency check between the

weights and points and the Bingham-Gauss densities with :I:Pq(x)k is then performed. The Bingham-

O

Gauss density that is most consistent with the weights and points determines whether +P ,; or

P(X)k is actually obtained, and should be used. In this work, the weighted log-likelihood is used
as the consistency check, such that if

N
i 30 - pO- pl -
Zwézlln pbg(f(xkfl);mx}c =P>E,13 ’Pq(,k) 7+Pq(x?k)
is greater than
N
i i3l ¢ 6)— 6-
Zwéllln pbg(f(xkfl);mng aPLﬁ ’Pq(k) ) Pq(x?k ) ’

then the weights and transformed points define the portion of the Bingham-Gauss density on S*
and —|—Pq(ﬁ?k_ should be used; if it is not, then the weights and transformed points define the portion
of the Bingham-Gauss density on S~ and —Pq()?k_ should be used.

This consistency check is illustrated in Figure (7.1), which shows the bounds used to define
which of the antipodal pair of most likely quaternions defines S'* as red lines. The one of the
antipodal pair of most likely quaternions lying on the right-hand side of the circle defines S'*,
as denoted by the green lines. Figure (7.1a) shows the prior Bingham-Gauss density, as well as
the X ,(;11 fori = 1,2,...,5 which approximate the half of the Bingham-Gauss density on S'.
Figures (7.1b) and (7.1c) show the transformed sigma points, f (i’ ,811), which are observed to
approximate the half of the Bingham-Gauss density on S!~. Because of this, —Pq()?,; results in
the Bingham-Gauss density that is more consistent with the transformed points, as is shown in
Figure (7.1b), and, thus, —Pq(fgkj instead of —I—Pq()?,; is used to quantify the prior Bingham-Gauss
density.

Let the prior BGM density at ¢, be given by

0 10— -
p(x|z1:6-1) Zwk Py (s M iLPﬁ,ﬁ ,P( ,qu Zw ¢~ (x),
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() prior density and points (b) transformed points with —Pq(f?k_ (c) transformed points with —i—Pq(Qk_

Figure 7.1. Consistency check of the propagated density (with +P( )k_ and P ) with the
transformed points.

where the ¢()~(z;,) notation is introduced for notational convenience. Equation (5.2) is used to

define the true posterior density, which is given after simplification according to

Sk wl) " p(zila)a <f>-<:ck>

S Wl [ p(zel)g) (€) dg

p(Tk|z1k) = (7.9)

If this equation can be manipulated into a usable form, then the true posterior density at ¢; is known,
and no approximation is necessary. In general, it is not possible nor tractable to manipulate this into
a usable form, and the true posterior density at ¢ is approximated by a BGM density in order to
yield a tractable recursion for the Bayesian filter, in a similar manner to the approximation made in
the predictor.

Noting the antipodal symmetry of the Bingham-Gauss density, the integral in the denomi-

nator of Eq. (7.9) can be expressed as and approximated by

B & /S p(zl€)¢9 (&) d£~2Zw Ip(zl X)) (7.10)

=1

for/ =1,2,..., L, , where w( " and X @ for i = 1,2,..., N are the discrete weights and points
that approximate g~ (x1) on the “positive” half of the unit hypersphere, ST. These weights and
points are obtained similarly for the corrector as they are for the predictor. Equation (7.10) is now
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substituted into Eq. (7.9) and manipulated to yield

Lk (g),
p(@y|z1s) = Z 0 p(zel@r)g " () - (7.11)
=1 Z] kl wk

This true posterior density, as defined by Eq. (7.11), is now approximated by a BGM density ac-

cording to

L Ly (0)—

L l ¢ l l w —
Dok g (s mi QT PO P PO = 3D e pardan)d O ()
=1 =1 2321 wk] kk]

where it is necessary to find the parameters defining the BGM mixture approximating the posterior
density at ¢, which are given by w(e) , )(f;j, P}EQJF, Pq(Kk)Jr, nd P(E) ford =1,2,..., L:. A

component-wise approximation of the mixture is used according to

Ok

‘ ‘ ¢ 0+ w _
wi ™ prg (wk;mi}f’l’iﬁﬁpq(,ﬁ Pt;fx)k ) = % p(zrlmr)g ) (zh),  (7.12)
J kl k
for{ =1,2,..., L:, which dictates that the number of components remains the same in the correc-

tor; that is Lz = L, . In order to obtain the weight update in the corrector, the zeroth moments of

both sides of Eq. (7.12) are matched, which yields the weight update for the corrector as

w®~

¢ _

wf* = ZL’fwz |, el ae 7.13)

k Kk’

J 1 W k

( )— k,(f)
= _— (7.14)
Z; ) w,g) k( )

fort =1,2,..., LZF, which is observed to be a similar weight update as is used by the corrector of

the GMKF, GMEKEF, quadrature-based GM Kalman filters, and the GMMDF, which all update the
weights according to the relative likelihood that the measurement originated from the /" component
of the mixture density; however, this relative likelihood is approximated differently between the
filters. Equation (7.13) is now substituted into Eq. (7.12) and simplified to yield the necessary

approximation of each component according to

O+ pO+ pO+ p0+ _ PEEE) gD ()
Pbg(wb my k ’Px,k Py ’qu,k)N 10 .
k
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The parameters of the components of the approximating Bingham-Gauss mixture density are now
found such that the KL divergence of the right-hand side of this approximation with respect to its
left-hand side is minimized. Because the Bingham-Gauss density is an exponential family density,

Theorem 1 states that the parameters of the KL optimal Bingham-Gauss density are given by

2
mi' =5 / xip(zrler)g ) () day
’ k' Jst

2 _ _
ngJr = W /S+ (xp — m)(fi; ) (xx — m)f;c )Tp(zk\wk)q(e)*(wk) dxy,
k

2 _ _
Pq(,ngr:(g)/ arai p(zilar)g) ™ (z) day,
k.’ Js+

2 _
+POF = 2o | qu(xi, — mO ) p(zilaen)g O (ay) day
ax, k:,(f) -

where the factor of two stems from exploiting the antipodal symmetry of the Bingham-Gauss den-
sity. If these integrals can be calculated analytically for a certain p(zg|xy), then these parameters
are known in closed form. In general, analytic expressions for these integrals are not possible, so

quadrature approximation of the integrals is used to approximate these parameters according to

N
V4 2 7 7 7
m = 253l Al )
k i=1
N
0)+ 2 7 7 0)— i H—\T i
P~ WZw,i)(XX,L —m{0) (X —m) p(zl )
k i=1
pO+ 2 0 @ 3O p (0
q,k szk .,k " q,k p(zk’| k )
k=1
OF 2 N~ 0 ) (300 O—\T (4)
qux,k ~ W Zwk Xq,k (Xx,k - mx,k; ) p(zk|Xk; )7
k=1

for{ =1,2,... ,L; where w1(21 and ngl fort =1,2,..., N are the weights and points defined
in Eq. (7.10), and X ((;  and X )(:)k define the quaternion and Euclidean portions of X ,(CZ) , respectively.
These weights and points can be selected using the unscented transform presented in Section 6.1, a
quadrature rule, or Monte Carlo methods, among other methods, similarly to how the weights and
points are selected for the predictor.

O

The sign ambiguity in quﬁ ,:r is now resolved in a similar manner to how it is resolved in
the predictor. This is performed as a consistency check between the “weights,” given by w,(:) p(zk|X ,(f) )s
and points, given by X g), fort =1,2,..., N, and the Bingham-Gauss densities with qu(f): . The
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weighted log-likelihood is used as the consistency check, such that if

N

i i i l l {4 {4
D p(arl X)) In g (275 ml S PG R 4 PO
i=1

is greater than

N
S e (T P PP,
i=1
then +Pq(ﬁ?7 should be used to define the posterior Bingham-Gauss density; if it is not, then —Pq(fgkj
should be used.

While the number of components in the corrector strictly remains the same, significant com-
putational savings can be obtained by removing components with sufficiently small weights after
the corrector is applied. These components are removed, and the weights of the remaining compo-
nents are renormalized to ensure that they sum to unity. While some approximation error is incurred
in removing these components, this error is typically negligible if the weights are forced to be suffi-
ciently small before removing a component, and the computational savings typically outweighs this

approximation error.
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8. APPLICATIONS

In order to evaluate the efficacy of the Bingham-Gauss mixture filter, it is simulated to es-
timate the state of three systems: The one-dimensional attitude quaternion and angular velocity of
a body, the two-dimensional relative orbit and one-dimensional attitude of an inspector spacecraft
approaching a target spacecraft, and the three-dimensional attitude and angular velocity of a space-
craft in low-Earth orbit. The BGM filter is applied to the first system in order to compare it to a
multiplicative Kalman filter using a Monte Carlo analysis in order to perform a direct comparison.
The BGM filter is applied to the second system to illustrate its efficacy in estimating the planar
dynamic pose (two-dimensional relative position and velocity and one-dimensional attitude and an-
gular velocity) of a vehicle given nonlinear measurements of the range between the inspector and
target spacecraft and the angle from the inspector to the target spacecraft, taken in the inspector’s

body frame.

8.1. ONE-DIMENSIONAL ATTITUDE MOTION

In order to compare the BGM filter to the MEKF, both filters are applied to the one-
dimensional attitude and angular velocity of a body. The state vector quantifying this motion is
defined by

T = d e St x R!,
w
where § £ [g. q]T is the attitude quaternion quantifying the one-dimensional attitude of the
body and w is its angular velocity. Assume that no external torques act on the body, such that

the equations-of-motion governing the temporal evolution of the state vector are given by

q,z §Wq
T = q = _%qu )
w 0

The initial state vector is taken to be Bingham-Gauss distributed with parameters defined by

myo =0

P =0.1%2 (/s)?
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P, = diag [0.5 0.5]
qu,O =0,

which represents an equiprobable initial attitude quaternion (that is, no prior attitude knowledge is
present) that is uncorrelated with the angular velocity. This initial single-component BGM density
is shown in Figure (8.1a), which illustrates that the initial density represents an equiprobable quater-
nion and a Gaussian-distributed angular velocity, as expected. It is not necessary to implement a
multiple-component BGM density in this case to avoid potential discontinuity issues, as illustrated
in Figure (3.11), even though the density wraps around the cylinder. This is because the attitude
quaternion is equiprobable; thus, the single component BGM density is equal on both sides of the
boundary defining the split.

Assume that a sensor on the body measures the inertial z-direction in its body frame every

60 seconds, beginning at t = 0, according to
2z, = atan2(y?, 28) + vy, (8.1)

where 22 and y® are the inertial 2- and y-directions expressed in the body frame, respectively, and
v, 1s wrapped-normal-distributed [9] noise with a standard deviation parameter of 3°. The wrapped
normal density for a scalar random variable is defined by
oo
Pun(0;0,P) = Y py(0+2mk; 0, P), (8.2)

k=—00

where § and P represent the directional “mean” and “covariance” of the random variable 6, and
the summation is truncated when py(x + 27k;m, P) is effectively zero in practical applications.
Equation (8.2) shows that the wrapped normal density represents the Gaussian density wrapped
infinitely around the unit circle, which is where the “wrapped normal” nomenclature derives. The

vectors ¥ and y? are related to the attitude quaternion according to

aB| | cosf(q) sinf(q)| |1] | cos6(q) 83)
yB —sinf(q) cosf(q)| |0 —sinf(q)|’ '
where 6(q) is the heading angle of the spacecraft parameterized by the attitude quaternion. Noting

Egs. (8.1) and (8.3), the measurement likelihood function is given by

p(zk|TK) = puwn(2k; atan2(— sin O(qy), cos 0(qx)), (30)2) ,
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where special attention is payed to the units used and the summation is performed for £k = —1
to k = 1 to ensure that the periodicity of the atan2(— sin 6(qx), cos 0(qx)) is effectively covered.
If the measurement noise were larger, the summation could be truncated at a larger index; how-
ever, because the measurement noise is relatively small, & = —1 to k& = 1 is sufficient because
the probability of zj is effectively zero when a distance of 27 away from the conditional mean,
atan2(— sin 0(qy), cos 0(qy)).

The BGM filter is implemented in order to quantify the temporal and measurement evolu-
tion of the single-component BGM density and observe its performance. The quadrature weights
and points used in the predictor of the BGM filter are generated using the unscented transform pre-
sented in Section 6.1. The unscented transform is first performed for the canonical Bingham-Gauss
density (which is identical to the canonical Gauss-Bingham density), and the points are then trans-
formed according to Egs. (3.59) in order to represent a component of the BGM density. In order
to generate the quadrature weights and points for the corrector of the BGM filter, the Monte Carlo
sampling technique in Reference [74] is used for the Bingham portion of the BGM component and
a standard technique is used to sample the Gaussian portion of the BGM component. 10, 000 Monte
Carlo points are used in the corrector, which is found to provide sufficient accuracy.

The corrected density at ¢ = 0, as well as the predicted and corrected densities at ¢ = 60
seconds, are shown in Figure (8.1), along with the initial density. It is observed that, after the first
measurement is processed at ¢ = 0, the corrected density, which is shown in Figure (8.1b), is ob-
served to have gained information in the attitude quaternion state, as expected due to the correlation
between the bearing measurement and the attitude quaternion; however, no correlation between the
attitude quaternion and the angular velocity exists, which is apparent because the density is not
“tilted” on the cylinder. Furthermore, it is observed that the corrected density has evolved such
that it is effectively zero along the splitting boundary between the two halves of the density. After
the density is propagated forward in time for 60 seconds, the attitude quaternion and the angular
velocity are correlated, as expected due to the dynamical relationship between these quantities. An-
other measurement is processed at ¢ = 60 seconds to yield the corrected density at this time. It
is observed that, after processing this measurement, the uncertainty in the attitude quaternion has
decreased, as expected. Because the attitude quaternion and angular velocity are correlated before
the corrector is applied, the measurement also decreases the uncertainty in the angular velocity as
well. This trend will continue as the predictor/corrector recursion continues, which allows both the
attitude quaternion and angular velocity to be estimated given measurements of the bearing of the
vehicle.

In order to observe the performance of the BGM filter over a longer time span, the error in
the heading angle representation and the angular velocity, as well as their covariance, are calculated

over time by sampling the single-component BGM density 10, 000 times, The “average” quaternion
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is then found according to Reference [53] and is assumed to be the estimated quaternion. The
quaternion representation of the attitude error of each sample is then found and is subsequently
converted to its corresponding heading angle. The error covariance of the heading angle and angular
velocity are then found in order to calculate the 30 intervals of error. The error in the heading
angle representation and the angular velocity, as well as their covariance, are shown over time in
Figure (8.2), alongside the same values as quantified by a multiplicative Kalman filter, which is
implemented for comparison.

The multiplicative Kalman filter implemented is a quadrature-based multiplicative Kalman
filter. In order to implement the multiplicative Kalman filter in as similar manner to the BGM filter
as possible, the predictor of the MUKF, which uses the unscented transform, is implemented along
with a Monte Carlo integration-based corrector. This corrector assumes that the error covariance
quantified by the multiplicative Kalman filter represents a zero-mean Gaussian density in order to
realize the Monte Carlo points in the error space necessary to implement Eq. (4.39). 10, 000 Monte
Carlo points are used in this corrector as well to ensure the filters are compared on an equal basis.
The initial estimated state and its error covariance are found for the MEKF by sampling the initial
BGM density 10, 000 times, finding the average quaternion [53] and angular velocity, calculating
the deviation of each sample expressed using the attitude quaternion, converting the deviations to
the single-parameter space using the small angle assumption, and collecting the covariance of the
deviations. The small angle assumption is used in this process because it is fundamental to the error
representation used by a multiplicative Kalman filter.

Observation of Figure (8.2) shows that the estimated heading angle and angular velocity
quantified by the BGM filter and multiplicative Kalman filter are very different initially, but con-
verge to very similar solutions over time. The BGM filter is able to converge more quickly on its
estimate, which is evident due to the fact that its 3o interval is smaller than that of the multiplicative
Kalman filter, and is most apparent in the zero to ten minute window. In order to check the statistical
consistency of both filters, 100 Monte Carlo trials of each filter are run in order to calculate their
Monte Carlo error covariance. The results of this Monte Carlo analysis are shown in Figures. (8.3)
and (8.4) for the initial and long-term periods, respectively. Figure (8.3) shows that the BGM filter
is more statistically consistent than the multiplicative Kalman filter during the initial period, which
is when the attitude uncertainties are large. This is most apparent in the zero to one minute range,
which is after the first measurement is processed. The single-run and Monte Carlo error covariance
of the BGM filter are very close in this range; however, these quantities are not consistent for the
multiplicative Kalman filter. It is also observed that the single-run error covariance of the multiplica-
tive Kalman filter is typically smaller than its Monte Carlo error covariance, which is potentially
troublesome because it reflects an overconfidence in the estimated state. Because the measurements

are nonlinear functions of the state, measurement underweighting [75] can be implemented in order
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to mitigate this over-convergence of the multiplicative Kalman filter when the attitude uncertainty
is large with respect to the measurement uncertainty. In this case, the underweighting factor can be
chosen in order to make the single-run error covariance of the multiplicative Kalman filter consis-
tent with its Monte Carlo error covariance (which makes the multiplicative Kalman filter statistically
consistent). In this case, the state error uncertainty quantified by the multiplicative Kalman filter is
representative of the true state error uncertainty; however, this uncertainty is much larger than that
of the BGM filter, which shows that the BGM filter more accurately estimates the state than the
multiplicative Kalman filter does, even if measurement underweighting is implemented.

The single-run and Monte Carlo angular velocity error covariance are very similar after
processing the first measurement at ¢ = 0, but not after processing the second measurement at
t = 1 minute; this is because no correlation is initially present between the attitude and angular
velocity in either filter, and thus, no significant updates (only changes due to numeric artifacts) are
applied to the angular velocity when processing the first measurement. After processing the first
measurement, correlation between the attitude and angular velocity are quantified by both filters,
and, therefore, the second measurement updates the angular velocity. The BGM filter quantifies
this correlation more accurately, which is apparent because the single-run and Monte Carlo error
covariances match very closely for the BGM filter, but not for the multiplicative Kalman filter, after
the second measurement is processed. Figure (8.4) shows that the filters converge to the same, and
statistically consistent, state estimates as time increases, which is expected because the attitude un-
certainty becomes progressively smaller and the small uncertainty assumption of the multiplicative

Kalman filter incurs less error.

8.2. PLANAR DYNAMIC POSE

Consider the two-dimensional relative orbit and one-dimensional attitude, which quantifies
the planar dynamic pose, of an inspector spacecraft approaching a target spacecraft. In this case, the

state vector representing the planar dynamic pose of the inspector spacecraft is given by

eS' xR,

8
I
1
HoQ
LA
I
E S 3 O

where ¢ = [q. q]7 is the attitude quaternion quantifying the one-dimensional attitude of the vehicle
with respect to the Hill frame in which the relative motion of the inspector spacecraft is quanti-

fied [70], 7 £ [ry 7,7 and v £ [v, v,]T are the relative position and velocity, respectively, of the
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inspector spacecraft with respect to the chief spacecraft, and w is the angular velocity of the space-
craft with respect to the Hill frame. Assuming no external torques act on the inspector spacecraft,
the target spacecraft is in a circular orbit Earth orbit of 500 km, and that only two-body gravitational
acceleration acts on the spacecraft, the equations of motion governing the temporal evolution of the
state vector are given by [5, 70]

qz SWq
q —swy.
Ty Vg
T=|ry| = Uy )
Vg 2nvy + 3n2r,
Uy —2nvy,
- w - - 0 -

where n = 0.0634 °/s is the mean motion of the target spacecraft. The initial state vector is taken
to be Bingham-Gauss distributed with parameters defined by

myo = [0 1000m 05534 m/s 0 O]T

P, o = diag [102 m? 102m? 0.12 (m/s)®> 0.12 (m/s)?  0.1% (°/s)? .
P = diag [0.5 0.5]

Pyxo=0,

which represents an equiprobable initial attitude quaternion (that is, no prior attitude knowledge is
available) that is uncorrelated with the Gaussian states. The mean of the position and velocity define
a two-by-one ellipse of the inspector spacecraft about the target spacecraft, and their uncertainty
represents approximately what would be expected from a GPS solution of these quantities. The
initial angular velocity of the inspector spacecraft is assumed zero-mean with a 0.1 °/s standard
deviation.

Now, assume that the spacecraft no longer uses GPS to navigate and instead switches to a
sensor that measures the range and angle in the spacecraft frame to the target spacecraft, located at
the origin of the Hill frame, at a frequency of once per minute. This sensor measures the range and

angle in the body frame from the inspector spacecraft to the target spacecraft according to

2 2
/B rB? f oy,
zZE =

atan2(r5, D) + g

)
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where v1 y is zero mean Gaussian-distributed noise with a standard deviation of 3 m, and vy, is
wrapped-normal-distributed noise with a standard deviation parameter of 2°. rZ and rf represent
the components of the position vector expressed in the spacecraft frame, which is related to the

attitude quaternion and inertial position vector according to

rB | cosO(q) sind(q)| |z

[rf] B [— sinf(q) cos H(q)] [ry] ’
where 6(q) is the heading angle of the spacecraft parameterized by the attitude quaternion, which
shows that the attitude measurement depends not only on the attitude quaternion but also on the
relative position of the inspector spacecraft.

Two BGM filters are implemented in order to observe and compare their performance. The
first filter is the BGM filter operating on the initial Bingham-Gauss density, which is a single com-
ponent BGM density, directly. The second filter is the BGM filter which is initialized with BGM
density that approximates the initial Bingham-Gauss density with 11 components in the Bingham
portion of the density, 11 components in the position channels of the Gaussian density, and a sin-
gle component in the velocity and angular velocity channels of the Gaussian density. A ¢ value of
—22, which defines the size of the Bingham components in the Bingham-Gauss mixture according
to Eq. (3.45), is found to provide acceptably small Bingham components without incurring unac-
ceptably large approximation error. The Bingham portion of the density and the position channels
of the Gaussian portion of the density are approximated with mixtures because they are the states
on which the measurements directly depend; by using mixtures in these states, fewer points can be
used in the necessary quadrature approximations since the components of the mixture are smaller
than the single component that they approximate.

In order to generate the quadrature weights and points for the predictor of the BGM fil-
ter, the unscented transform presented in Section 6.1 is used. In order to generate the quadrature
weights and points for the corrector of the BGM filter, the Monte Carlo sampling technique in Ref-
erence [74] is used for the Bingham portion of the BGM component, and a standard technique is
used to sample the Gaussian portion of the BGM component.Both the unscented transform and the
Monte Carlo techniques are used to sample the canonical Bingham-Gauss density (while ensuring
that only samples in S'T are generated), and then the samples are converted to the desired Bingham-
Gauss density according to Egs. (3.59). 100, 000 samples are used in the Monte Carlo integration
for the corrector of the single-component BGM filter, and 1,000 samples per component are used
for the multiple-component filter. Components are removed from the mixture if their weights are
smaller than 10~!2. In order to quantify the uncertainty represented by each filter, each BGM den-
sity is sampled at the prior and posterior of each time step 10, 000 times, the error of each sample is

calculated, the attitude error portion of the samples is converted to the heading angle representation
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of the attitude error, and the 3o intervals of the heading angle, relative position, relative velocity,
and angular velocity are calculated.

The results of both filters are shown for the first 20 minutes of the simulation in Figure (8.5)
in order to observe their transient performance. It is observed that the performance of both filters
is similar, with the apparent small differences between the filters due to a few reasons. First of all,
the error incurred in the approximation of the integrals used in the correctors between the filters is
slightly different since the single component filter uses 100, 000 points in the integral approxima-
tion, and the mixture filter uses 1, 000 points per component in the integral approximation. While
the overall computational effort required by both filters is roughly the same at the beginning of
the simulation, fewer points are required for the integral approximation in each component by the
mixture filter. As the simulation progresses and components that do not maintain sufficient agree-
ment with the measurement data are trimmed, the mixture filter requires less computation than the
single component filter. Second, the BGM filter is capable of quantifying non-Bingham-Gauss den-
sities, which typically occur due to nonlinear system dynamics and/or measurements. The single
component filter makes the best Bingham-Gauss approximation (in the KL sense) of these non-
Bingham-Gauss densities, which, in general, will incur more approximation error in quantifying the
true state density than the mixture filter will. Finally, sampling the densities to discretely calculate
the error and 3o intervals of the single component and mixture densities quantified by the filter
introduces some error in these values as well. This sampling to calculate these values is only used
for a straightforward visualization of the filter performance; it is not integral to the BGM filter. The
initial disagreement in the attitude state between the filters is an artifact of this sampling because the
initial attitude quaternion is equiprobable. Because of this, the estimated attitude quaternion quan-
tified by this sampling technique is arbitrary and therefore is not meaningful. After measurement
data is incorporated into the filters, the attitude error and its 3o interval are very similar.

Figure (8.6) show the errors and 3o intervals of the filters for 150 minutes in order to
observe their steady state behaviors. Both filters perform very similarly to each other over this time
interval as well, with slight differences between the filters due to the aforementioned reasons in the
discussion of Figure (8.5). It is interesting to note that, during the beginning of the simulation, when
the uncertainty in the relative position of the inspector spacecraft is still high, the attitude uncertainty
remains relatively high as well. This is because the angle to the target spacecraft measured by the
inspector spacecraft in the body frame depends on the relative position of the inspector spacecraft.
Because of this, as the uncertainty in the relative position of the inspector spacecraft decreases,
the attitude uncertainty decreases as well. It is also interesting to note that, during the beginning
of the simulation, the uncertainty in the relative position is exchanged between the r, and r, over
time. This is because range measurements between the spacecraft are taken, and measurement

information can only be gained into the position density in the direction of this range. As the range
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direction changes, this causes the uncertainty in r, and r, to grow and shrink at different times.
After sufficient time, the measurement data incorporated into the state density, which is constrained
in time by the system dynamics, cause the uncertainty in both r, and r,, to decrease, as is observed
in Figure (8.6).

8.3. INERTIAL MEASUREMENT UNIT-BASED DYNAMIC POSE ESTIMATION

Consider the case when a small spacecraft in low-Earth orbit uses an inertial measurement
unit (IMU), magnetometer, and GPS receiver to determine its dynamic pose. The IMU measures
the angular velocity and non-gravitational acceleration of the spacecraft, which are used to propa-
gate the state (and its uncertainty) forward in time. The GPS receiver is assumed to provide direct
measurements of the spacecraft’s position, which is ultimately obtained from processing the pseu-
dorange measurements to the GPS spacecraft in view. The magnetometer measures the Earth’s
magnetic field over time to resolve the three-dimensional attitude of the spacecraft. The measure-
ments of the Earth’s magnetic field provide information about the direction of the magnetic field,
but do not provide any information regarding the rotation about the axis defined by this direction.
If a magnetometer measurement is taken at a single time, the attitude of the spacecraft is unobserv-
able because the rotation of the spacecraft about the magnetic field direction cannot be resolved;
however, taking measurements of the Earth’s magnetic field over time can resolve this ambiguity
because the attitude of the spacecraft over time is constrained according to its dynamic model. By
measuring the angular velocity (and non-gravitational acceleration) of the vehicle and using these
measurements to propagate the probabilistic state of the vehicle through time, a three-axis attitude
solution of the spacecraft can typically be obtained.

The state vector of the spacecraft is defined to be

eS? xR,

8
|
S 3N K

where g represents the attitude quaternion defining the attitude of the spacecraft, which is defined as
the rotation from the Earth-centered inertial (ECI) coordinate-frame to the spacecraft body frame,
and r and v are defined to be the position and velocity of the spacecraft, respectively, which are
expressed in the ECI frame. The angular velocity is not included in the state vector, even though it
is typically part of the state vector quantifying dynamic pose, because it is measured by the IMU.
If a model-based approach (as opposed to the IMU-based approach) were used, then it would be
necessary to include the angular velocity in the state vector.
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Figure 8.6. Error (dashed lines) and 3¢ interval (solid lines) after initialization for the single-

component (red) and multiple-component (black) BGM filters.
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The measurements of the angular velocity and acceleration of the spacecraft, which are
provided by the three-axis gyroscope and accelerometer within the IMU, are assumed to be cor-
rupted only by zero-mean white noise which produces a measurement of the angular velocity and

acceleration of the vehicle discretely at time ¢; according to

Wk = Wi + Wy i (8.4)

Ak = Qpg kT Wa k- (8.5)

In the gyroscope model, wy, ;. is the measured angular velocity from the gyroscope, wy, is the true
angular velocity of the vehicle, and w, . is a zero-mean, Gaussian-distributed, white-noise sequence
of covariance @ 1. In the accelerometer model, a, i, is the measured non-gravitational acceleration
from the accelerometer, a,  is the true acceleration acting on the spacecraft that is not due to
gravity, and w, . is a zero-mean, Gaussian-distributed, white-noise sequence of covariance Q .
The covariances of the white-noise sequences in the IMU model are chosen to model the Epson
M-G364' IMU. The relevant specifications from this IMU are summarized in Table 8.1. These IMU
specifications are converted into the covariances of the underlying white-noise sequences according
to [76]

2 2

Qs = O.OQW L - 0.0015ﬁ I
’ Aty VAL
r 2
0.025%2 4.167 x 1074142
g —_— I = I 3
Qa,k’ \/m 3 \/Ttk 3

where Aty = tp — tg_1 is the sampling time of the IMU and I5 represents the identity matrix of
dimension three. The IMU is assumed to provide measurements of the acceleration and angular

velocity at a frequency of 10 Hz, which defines Aty as 0.1 s.

Table 8.1. Specifications for the Epson M-G364 IMU.

Angular Random Walk 0.09%
. m/s
Velocity Random Walk 0‘025ﬁ

A three-axis magnetometer is used to measure the Earth’s magnetic field vector expressed
in the spacecraft’s body frame (which is assumed coincident with the magnetometer frame) at a

frequency of 0.5 Hz. This magnetic field measurement is assumed to be corrupted by zero mean,

"http://global.epson.com/products_and_drivers/sensing_system/imu/g364/
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Gaussian-distributed noise according to
zpk = T(qk)Bk(rk) + vBi

where By (ry) represents the Earth’s magnetic field vector expressed in the ECI frame, which is
functionally dependent on the position of the spacecraft, T'(qy) represents the attitude matrix pa-
rameterized by the attitude quaternion, and vpg j, is zero-mean, Gaussian-distributed noise with co-

variance matrix defined by
Rp, = (1667 nT)*I3,

which is chosen to model the Billingsley TFM100G2 magnetometer’. The magnetic field vec-
tor, By(ry), is calculated from the 2015 World Magnetic Model? [77] for both the filter and the
measurement synthesis. A transformation between the ECI and Earth-centered Earth-fixed (ECEF)
coordinate frames [78] is used to express the magnetic field vector in the ECI frame. The simulation
is assumed to start at 19:00 UTC on October 19, 2016, which defines the secular effects in the
World Magnetic Model and the orientation of the ECEF frame with respect to the ECI frame.

A GPS receiver is assumed to provide measurements of the position of the spacecraft at a

frequency of 0.5 Hz, and at the same times as the magnetometer, according to
Zrk =Tkt Urk,

where v, is zero-mean, Gaussian-distributed noise that is independent of vp ; with covariance

matrix defined by
R, = (10 m)*I;.

This position measurement assumes that the measured pseudoranges between the spacecraft and
the GPS spacecraft in view of the GPS antenna are preprocessed to provide a “measurement” of
the position of the spacecraft. These pseudoranges can be processed into the BGM directly instead
of processing the resolved position “measurement,” if desired. The resolved position measurement
is processed in this application, since the motivation is to show the applicability of the single-
component BGM filter to estimate the dynamic pose of a spacecraft and not to analyze different
methods of processing GPS data. The position measurements are generated by adding Gaussian-

distributed noise to the true position of the spacecraft. Noting the measurement models for the

“http://magnetometer.com/products/fluxgate-magnetometers/tfm100g2/
SMATLAB’s implementation of the 2015 World Magnetic Model, “wrldmag,” was used in this analysis.
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magnetometer and GPS receiver, the measurement likelihood is given by

p(zklzr) = pg(2.k; T(qr) Be(k), B k)pg(2rk Ty Bik)
where 2, = [25, 21,7,
Assume that an initial single-component BGM density probabilistically represents the atti-

tude quaternion and gyroscope bias according to

Mo = [6878.137km 0 0 0 6.59 ks 3.811<m/sr

P, o = diag [202 m? 202m? 202m? 0.12(m/s)? 0.1% (m/s)* 0.12 (m/s)? !
P, = diag [0.001 0.001 0.001 0.997}

Pyo=0,

where m o corresponds to a 500 km altitude circular orbit inclined at 30° and P, o corresponds
to a most-likely quaternion of [0 0 0 1]7 and an approximate 10° 3¢ interval along each of the
body axes. The BGM filter is used to quantify the temporal and measurement evolution of this
single-component BGM density.

The predictor of the BGM filter uses the unscented transform presented in Section 6.1 to
generate the quadrature weights and points. Each predictor step of the BGM filter augments the
state vector with the process noise corrupting the angular velocity and acceleration measurements
from the IMU, according to Egs. (8.4), in order to quantify its effect on the temporal evolution of
the parameters. Furthermore, the predictor runs at a frequency of 10 Hz, the same frequency that
the IMU returns measurements of the angular velocity of the spacecraft. In order to reduce the error
present in the single-component BGM filter that accumulates due to the repeated approximations of
the true state density at each step in the Bayesian recursion, artificial process noise is added to the

accelerometer measurement model used by the filter according to

Am,k = Qng k + W,k + Wiyne,k » (86)
where Wiype k 18 zero-mean, Gaussian-distributed process noise of covariance

Qtunek = 0'001(771/;2)2 At I .

This level of “tuning” process noise is found to provide a stable filter without over convergence over

time due to approximation error.
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The corrector of the BGM filter uses the Monte Carlo sampling technique in Reference [74]
for the Bingham portion of the BGM component, and a standard sampling technique for the Gaus-
sian portion of the BGM component in order to generate the quadrature weights and points. Both
the unscented transform and the Monte Carlo techniques are used to sample the canonical Bingham-
Gauss density (while ensuring that only samples in S3* are generated), and then the samples are
converted to the desired Bingham-Gauss density according to Egs. (3.59). 100,000 samples are
used in the Monte Carlo integration for the corrector of the single-component BGM filter.

In order to quantify the uncertainty represented by each filter, each BGM density is sampled
at the prior and posterior of each time step 100, 000 times, the error of each sample is calculated, the
attitude error portion of the samples is converted to the heading angle representation of the attitude
error, and the 3o intervals of the attitude, position, and velocity error are calculated.

The true initial attitude, position, and velocity are realized from the initial single-component
BGM density. The initial angular velocity of the spacecraft is taken to be

1°
wo = 0 5
0

and the spacecraft is assumed to have an identity inertia tensor and undergo torque-free motion. The
true orbit of the spacecraft is propagated according to two-body dynamics.

The performance of the single-component BGM filter is shown in Figures (8.7)—(8.9) for the
attitude, position, and velocity error, respectively. It is observed that the attitude uncertainty about
the body-fixed z-axis decreases more quickly than the attitude uncertainty about the body-fixed
y- and z-axes, which occurs because the spacecraft is rotating about the x-axis. Furthermore, it is
observed that the uncertainty in the y- and z-axes of the attitude error fluctuates between the axes, as
expected since the magnitude of the magnetic field in these directions fluctuates between these axes.
Because of this, the amount of information incorporated into each of these axes fluctuates, and, thus,
the 3o intervals of these axes fluctuate. As time increases, the attitude uncertainty decreases even
though it still fluctuates about the y- and z-axes, which is expected since more attitude information
is incorporated into the filter as time increases.

The position uncertainty decreases quickly to reach a steady-state value along all three axes,
as is observed in Figure (8.8). This is expected because linear measurements of the position are
processed by the filter. The position error remains inside its 3o interval (which is a good heuristic
to determine whether a filter is performing well), with the exception of a brief time interval just
after five minutes along the x-component of velocity. This is likely due to a specific sequence of
position measurements that occur, because the error quickly reenters its 3o interval and remains

there throughout the simulation. The velocity uncertainty also decreases to reach a steady-state



161

12 - .

6, [deg]
(e)
R J_

125 ] ! | N

12 - -

n
re r by e~
1 L L IR

12 .

-
a
(BN I,

iy =
F e
v ~

125 1 1 1 ]
0 2.5 5 7.5 10
Time [min]

Figure 8.7. Attitude error (dashed lines) and 3¢ interval (solid lines) for the single-component BGM
filter.
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value along all three axes, as is observed in Figure (8.9). This is also expected due to the time-wise
correlation between position and velocity and the linear position measurements.

Ideally, a multiple-component BGM filter could be applied to this scenario, in which little
or no tuning process noise, as defined by Eq. (8.6), would be necessary to prevent over conver-
gence of the filter due to the accumulation of error due to the repeated approximations of the true
state density at each step in the Bayesian recursion. Less error is incurred when using a multiple-
component BGM density to quantify the state vector when compared to a single-component BGM
density, which is equivalent to the Bingham-Gauss density. This is because the error incurred in the
approximation of the true state density at each step in the Bayesian recursion by a Bingham-Gauss
mixture density decreases as the uncertainty in each component of the mixture becomes smaller, or
equivalently, the number of components in the mixture increases. This becomes computationally in-
feasible for this application, however, since the approximating mixture would have to be constructed
in nine dimensions, which becomes computationally demanding due to the curse of dimensional-
ity. If three, five, and seven components per dimension are used to construct the mixture, 19, 683,
1,953,125, and 40, 353, 607 components exist in the BGM mixture. The inclusion of the tuning
process noise added to the single-component BGM filter causes a mismatch between the true dy-
namical system and the modeled dynamical system for the filter; however, its inclusion results in
a computationally feasible filter capable of quantifying the dynamic pose of the spacecraft in this

scenario.
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9. CONCLUSIONS

Two new probability density functions (pdfs) were developed, termed the Gauss-Bingham
and Bingham-Gauss mixture (BGM) densities, that probabilistically represent a state vector con-
sisting of an attitude quaternion and other Euclidean states. When the state vector consists of the
attitude quaternion, position, velocity, and angular velocity of a body, its dynamic pose is probabilis-
tically quantified by these pdfs. The Gauss-Bingham and BGM densities quantify the state vector on
its natural manifold, the unit-hypercylinder, and therefore, no small angle assumption is necessary
to project the uncertainty in the attitude quaternion portion of the state vector into an approximately
additive three-parameter attitude space, as is done by the multiplicative quaternion error represen-
tation used by the multiplicative extended Kalman filter (MEKF). An unscented transform-based
uncertainty propagation scheme was developed for the Gauss-Bingham density, which quantifies the
temporal evolution of the density given a (potentially) nonlinear dynamical system. This uncertainty
propagation scheme was shown to quantify the uncertainty in the dynamic pose state vector more
accurately than the uncertainty propagation scheme employed by the MEKF, which requires a small
attitude uncertainty assumption. Because of this, the increased accuracy of the Gauss-Bingham un-
certainty propagation scheme as compared to that of the MEKEF is especially apparent when the
attitude uncertainty grows large and can be advantageous in situations with sparse or poor attitude
information.

A minimum divergence filtering framework was developed, which approximates the true
state density at each step in the Bayesian recursion by an assumed density. The parameters of
the assumed density are found by minimizing the Kullback-Leibler (KL) divergence of the true
density with respect to the assumed density. It was shown that this divergence is minimized for
exponential family pdfs when the expected value of the natural statistics vector is identical for both
the true and assumed densities. This result is employed to develop the Gaussian mixture minimum
divergence filter (GMMDF), which approximates the true temporal and measurement evolution
of each component of the Gaussian mixture (GM) pdf with its KL divergence optimal Gaussian
density. The predictor of the GMMDEF is shown to be identical to other GM filters, with the specific
type of GM filter it is identical to defined by the type of calculation or approximation used to
evaluate the necessary expected values. The corrector of the GMMDF has a similar weight update
to other GM filters, which updates the weight of each component according to the relative likelihood
that the measurement originated from that component. The parameters of each component of the
GM density are defined by the moments of Bayes’ rule, which performs a nonlinear update for
each component. This nonlinear update was compared to the update used by the extended Kalman

filter (EKF) and quadrature Kalman filter (QKF) for the “lensing” problem, which occurs when an
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accurate range measurement is taken to an object with a large position uncertainty, which results in
a highly non-Gaussian posterior density. The nonlinear update performed for each component of
the GMMDF is capable of incorporating information from the range measurement in the direction
perpendicular to the range, which stems from the curvature of the posterior density. The linear
update used by the EKF and QKEF is not capable of incorporating information in this direction.

The minimum divergence filtering framework was used to develop the BGM filter, which
quantifies the temporal and measurement evolution of the parameters of a BGM density according
to (potentially) nonlinear dynamical system and measurement models. The BGM filter was cast
in terms of its defining integrals, and an unscented transform, which was developed in this work,
or Monte Carlo integration was used to approximate these integrals. The BGM filter was applied
to three simulations in order to evaluate its efficacy in estimating a state vector that consists of an
attitude quaternion and other Euclidean states. The first application compared a single-component
BGM filter to an MEKEF in estimating the one-dimensional attitude and angular velocity of a body
given measurements of a known direction expressed in the body-fixed frame. No initial attitude
information was known, and a Monte Carlo analysis of both filters was performed. When the attitude
uncertainty was large at the beginning of the simulation, the single-component BGM filter proves
to be more statistically consistent than the MEKF, which is expected because the MEKF assumes
the attitude uncertainty to be small. When the attitude uncertainty decreases as more measurement
information is incorporated, the single-component BGM filter and the MEKF converge to similar
state estimates.

The second application of the BGM filter compared the performance of a single-component
and a multiple-component BGM filter to estimate the planar relative dynamic pose of a chase space-
craft with respect to a target spacecraft given range and bearing measurements between the space-
craft. Both the single-component and multiple-component filter perform well in estimating the
planar relative dynamic pose of a chase spacecraft, which is due to the linear dynamics defining
the relative motion between the spacecraft and the amount of attitude information available to the
filter, which causes the attitude uncertainty to decrease quickly, and thus, the single-component and
multiple-component mixture filters perform nearly identically. The mixture filter requires fewer
evaluations of the measurement likelihood, and thus has a lower computational demand, after the
first few measurements are processed, however, because the components with significantly low like-
lihood are trimmed from the mixture over time.

The final application of the BGM filter demonstrates the ability of a single-component
BGM filter to estimate the three-dimensional dynamic pose of a spacecraft in low-Earth orbit, given
measurements of the Earth’s magnetic field and the position of the spacecraft. This application
demonstrates the applicability of the BGM filter to a nonlinear dynamical system and measure-

ments. Instead of using a model-based approach, as was used in the first two applications of the
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BGM filter, this application uses an inertial measurement unit (IMU)-based approach, in which
the non-gravitational acceleration and angular velocity of the spacecraft are measured by the IMU.
These measurements are used in the predictor of the single-component BGM filter to propagate the
parameters of the BGM filter forward in time. The single-component BGM filter is capable of es-
timating the dynamic pose of the spacecraft, even though the magnetometer measurements provide
relatively little attitude information because they provide a measurement of the direction of a single
direction (the direction of the Earth’s magnetic field), which changes over time.

Future work includes the development of a pdf that probabilistically represents a state vector
comprised of an attitude quaternion and other Euclidean states that exists in the general exponential
family and does not require splitting across the unit-hypersphere, as the Bingham-Gauss density
does. This will facilitate a filter developed under the minimum divergence filtering framework that
is similar to the BGM filter that does not require the consistency check of the parameters with the
unscented or Monte Carlo points, as the BGM filter does. This will provide a more computationally
efficient and robust approximate Bayesian filter that does not require a small angle assumption to
quantify the attitude uncertainty.

The integral approximation inherent to the GMMDF and the BGM filter was performed
using an unscented transformation or Monte Carlo integration. Future work includes the investi-
gation and implementation of more efficient and/or accurate approximation methods for these inte-
grals, because the current methods of approximating these integrals restricts the applicability of the
GMMDF and BGM filter to situations with significant computing resources. If these more accurate
and efficient methods of integral approximation can be developed, the GMMDF and BGM filter can
potentially be implemented in situations with more limited computing resources, including dynamic

pose estimation in near real-time aboard spacecraft and other vehicles.



APPENDIX A

THE L, DISTANCE BETWEEN A GAUSSIAN AND A GAUSSIAN MIXTURE DENSITY
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The L9 distance between a Gaussian density, as defined by Eq. (3.4), and a Gaussian mix-
ture (GM) density, as defined by Eq. (3.7), is defined by

Lalpgllpgm] = /[pg(w;mvP) — pym ()] da. (A.1)

This Lo distance is found in closed-form for an arbitrary Gaussian and GM density, which can
then be specialized to the case when the Gaussian density becomes the canonical Gaussian density
through the substitution m = 0 and P = I, if desired. In order to simplify the Lo distance given
in Eq. (A.1), the integrand is expanded, the definition of the GM is substituted from Eq. (3.7), and
the linearity of the integral and summation is exploited to yield

L
La[py||pgm] = /pg(:v;m,P)zdw —2> w® /pg(sv;m,P)pg (w;m“),P(")) da
/=1
L L ‘
+303 wul) [y (im®, PO, (aim, P da. (a2)
(=1 j=1

Before simplifying Eq. (A.2) further, it is necessary to consider the product of two Gaussian pdfs,
which is a scaled Gaussian pdf and is given by [22, 79]

pg(x;a, A)py(x;b, B) =T'(a,b, A, B)py(x;c,C), (A.3)
where

C=A"'"+BHY!' ec=Cc(A'a+B'b)

I'(a,b, A, B) = det {27T(A + B)} 2 exp {—%(a -7 (A+B) Ha- b)} .

Equation (A.3) is substituted into Eq. (A.2) and simplified (while noting that I'(a, b, A, B) is a
constant and the Gaussian pdf integrates to unity over its support) to yield
L

L2[p‘|pgm] = F(m7m7P7 P) - QZU}(Z) F(m7m(g)7P7P(4))
(=1

L L
+ Zzw ])F ) m(j)jp(f)’p(j)).
=1 j=1
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The function I'(m, m, P, P) is further simplified, which yields the final form of the Lo distance
between a Gaussian density and a Gaussian mixture (GM) density as

L
Lo[pl|pgm] = det {4xP}~/2 =23 " 0w T(m, m!9, P, PY)
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TABULATING THE NORMALIZING CONSTANTS OF THE BINGHAM DENSITY
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The normalization constant of the Bingham density is given by the hypergeometric function

of a matrix argument according to Eq. (3.19), which is given by

F(Z)= /S exp (a7 Zq} ds* = [S*] 1 Fy (;;5;1;2> , B.1)
where |S®| represents the area of the unit-hypersphere of dimension s and . F(; -; -) represents the
hypergeometric function of a matrix argument. In order to approximate this normalization constant,
the integral in Eq. (B.1) is approximated directly instead of approximating the hypergeometric func-
tion of a matrix argument. This integral is approximated using Gauss-Legendre quadrature over the
spherical coordinates, which is a minimum parameter set defining the unit vector g (which is a valid
attitude quaternion when s = 1 or s = 3). Integrating over these spherical coordinates transforms
the integral in Eq. (B.1) from integration over the unit-hypersphere to integration over the area of

the unit-hypersphere defined by the spherical coordinates according to
)= [ ew{a@) 249 1a9). ®2)

where g(¢) represents the attitude quaternion parameterized by spherical coordinates according
to Egs. (3.36) and dA(¢) represents the differential area of the hypersphere swept out by g(¢).
Equation (3.37) is substituted into Eq. (B.2) to yield the integral defined directly over the spherical

coordinates according to

)= [ - [ [ e tater zate)}

x sin® " ¢y sin® "2 by - - - sin 51 depy dpa - - - dgps—1 dopss

These integrals can be approximated using quadrature techniques in this form, if desired; however,
it is advantageous to exploit the symmetry of the Bingham pdf first to decrease the computational

expense of the approximation according to

w/2 /2 w/2 /2
P— .. 1 T 7
F(Z) =, /0 /0 /O /0 exp {3(6)7 Za(0))
x sin® ! by sin® 2 g - - - sin g1 depy dp - - - dps_1 dgps, (B.3)

where c; is the factor that is gained due to the symmetry of the Bingham pdf and is given by the

recursion

Cs = 2C51 )
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and is initialized with c; = 4. Noting that the bounds of integration of each spherical coordinate are
now identical, Gauss-Legendre quadrature [80] is used to generate N quadrature weights and points
for each of the s spherical coordinates over the interval [0 /2], which are denoted by w(") and gzby),
respectively, for / = 1,2,...,sandi = 1,2,..., N. The integral in Eq. (B.3) is then approximated

according to

N

N N
F(Z) = c, Z Z e Z w@p(i2) g lis)

11=112=1 is=1

i T i
¢g 1) g 1)
o) (i2) | | |
X exp G 2 Zq 2 sin®~! d)g“) sin®~2 qﬁé”) -+ - sin qbgljf) . (B4
2 28

If more points are used per dimension, that is, /N becomes larger, less error is incurred in the approx-
imation at the expense of computational burden. This computational burden is further exacerbated
for higher dimensions due to the curse of dimensionality, which is apparent due to the embedded
summations in Eq. (B.4). In this work, N = 200 points per dimension is found to provide a suffi-
cient approximation of the normalizing constant.

In order to approximate the f; for ¢ = 1,2,..., s, which are the unique elements of the
diagonal covariance matrix defined by the canonical Bingham pdf and defined by Eq. (3.23), the
partial derivatives with respect to each Z; fori = 1,2, ..., s of Eq. (B.4) are taken and subsequently
normalized by F'(Z). This is equivalent to taking the partial derivatives of the integral definition
of F'(Z) defined in Eq. (B.1), normalizing by F'(Z), and then using Gauss-Legendre quadrature to
approximate the resulting integrals. Noting that Z is a diagonal matrix, the f; fori = 1,2,...,s

are approximated according to

_ OF(Z)
(Z2)A2FY(Z
1(2) £ F2) =2
gil) 2
NN N | $5?)
~FNZ)e Y Y Y w®al®@) g, 2 (B.5)

i1=142=1 ig=1
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i T i
g 1) d)g 1)
(i2) (i2) . , )
X exp { G 2 Zq 2 sin®~! qbgzl) sin®~2 gbé”) -..gin gbgzjl) ,
L) )

where the explicit functional dependence of f; is shown for clarity and g; (¢») denotes the i com-
ponent of the quaternion defined by the collection of spherical coordinates, ¢. Similar to the ap-
proximation of the normalization constant itself, N = 200 points per dimension is found to provide
a sufficient approximation of the f; fori =1,2,...,s.

For a given Z, Eqgs. (B.4) and (B.5) are used to approximate F'(Z) and f; fori = 1,2,...,s.
These approximations can potentially be performed online; however, in typical applications, this
approximation is too slow to perform online. To circumvent this, these values are approximated and
stored over an appropriate range of Z values and then interpolated online. 100 points over the range
[—100000 0] were used for each Z; for i = 1,2,...,s in this work to store these values for later
interpolation. These points are chosen to be more densely spaced as they approached zero, which is
found to decrease the interpolation error incurred for values of Z close to zero, where the changes

in F(Z) and f; fori =1,2,..., s are larger for a given change in Z.
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The Lo distance between a Bingham density, as defined by Eq. (3.18), and a Bingham
mixture (BM) density, as defined by Eq. (3.28), is defined by

Lolp||pom] = / (0@ M., Z) — pom(a)] 2 dq. €.

This Lo distance is found in closed-form for an arbitrary Bingham and BM density, which can
them be specialized to the case when the Bingham density becomes the canonical Bingham density
through the substitution M = I, if desired. In order to simplify the Lo distance given in Eq. (C.1),
the integrand is expanded, the definition of the BM is substituted from Eq. (3.28), and the linearity

of the integral and summation is exploited to yield
L
La[py|[pom] = / po(@; M, Z2)*dq — 2 Z w® / (@ M, 2)py (g M, 29) dg

L
+ Zw ])/pb q; M Z(£)>pb<q M Z(j)) dg. (C2)
=1 j=1

Before simplifying Eq. (C.2) further, it is necessary to consider the product of two Bingham pdfs,

which is given for two arbitrary Bingham pdfs according to

1
Po(@: My, Z0)po(q: Mo, 2) = s exp (@ MiZ MY @} s exp (g Mo 2 My q}

1
= exp{@- (ML ZM] + M,Z,MI)g}. (C3)
F(Zl)F(Zg) { ( 1 2) }
This can be expressed using an eigen-decomposition of My Z; M{ + My Z, M/, which is defined

according to
VAVT = M, Z M| + MyZ, M7 |

where V' € SO(s + 1) is a matrix with columns consisting of the eigenvectors and A is the cor-
responding diagonal matrix of nondecreasing eigenvalues with maximum eigenvalue denoted by A.
The product of the Bingham densities, given in Eq. (C.3), is now expressed as

o(q; My, Z1)py(q; Mo, Zo) = exp{q' VAV'q}.

F(2))F(2)

Al is subtracted and added to A to yield

po(q; Mh, Z1)py(q; Mo, Z3) = exp{q" V[A - M+ \I|VTq}

F(21)F(22)
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exp {\}

~ F(21)F(2)

It is now observed that V' = M3 and A — \I £ Z; are a valid orientation matrix and matrix of

exp{q’ V[A - \I|VTq}. (C.4)

concentration parameters. Substituting these definitions into Eq. (C.4) yields

- _ exp {\} _T T -
‘M. Z My, Zo) = ——= MsZs Mg\ .
o(@; My, Z1)py(q; Mo, Z3) F(Zl)F(Z2)eXp{q 3Z3M3 q}

This is manipulated to show that the product of two Bingham densities is a scaled Bingham density

according to

o(q; My, Z1)py(q; M2, Z3) = exp {q’ M3Z3; M7 q}
3
= — o~ (q; M3, Z3) . (C5)

This expression can be specialized to the case when a Bingham density is squared, that is M; =

My 2 M and Z, = Zy £ Z. In this case, the the square of the Bingham density is given by

Mm(q-M Z) F(zzz po(q: M ,2Z) (C.6)

(@M. 2 =) MM = E g

Now that the product of Bingham densities has been quantified, Eq. (C.2) is simplified
using Egs. (C.5) and (C.6), while noting that the Bingham pdf integrates to unity over its support,

according to

F 2Z L exp {)\ }F(Z:.SE))
Lalpsllpom] = — —2) w®
— (Z(é))
L L (£5)
)exp{A NYF(Z37)
—I—ZZw (ZO)F(20) (C.7)
/=1 j=1

where A\(©) and Zée) are the largest eigenvalue and matrix of concentration parameters, respec-
tively, defined by the eigen-decomposition of M ZM?T + MO ZO O and A“) and Z§€j )
are the largest eigenvalue and matrix of concentration parameters, respectively, defined by the
eigen-decomposition of M () Z(©) pp 08 + MO ZO MG )", At the surface, it appears as though
Eq. (C.7) does not depend on the orientation matrices of the Bingham density and BM compo-
nents; however, these orientation matrices are used in the calculation of )\(Z), Z?()E) , & ), and Zg(fj ).

Because of this, the Ly distance is affected by the orientation matrices, as intuition suggests.
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PROOF OF EQUATION 32 IN REFERENCE [54]
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Equation (32) in Reference [54] is a crucial relationship used in the derivations of the
Bayesian Kalman and Gaussian sum filters. This relationship transforms the product of a Gaus-
sian distribution in & and a Gaussian distribution in z linearly conditioned on « to the product
of a Gaussian distribution in z and a Gaussian distribution in x linearly conditioned on z. This

relationship is given by
pg(x;m, P)py(z; Hx, R) = py(z; Hm, HPH” + R)py(x; pu,II) , (D.1)
where
p=m+K(z—Hm), II=P-KHP, K=PH'(HPH" +R)™,

and the Gaussian pdf is defined by Eq. (3.4). In order to prove Eq. (D.1), its left-hand side is
manipulated to yield its right-hand side [81]. The matrix inversion lemma [82] and Sylvester’s de-
terminant theorem [83] are used in the process of the proof. This proof is omitted from Ho and Lee’s
original paper and cannot be found in literature in the form presented here to the best knowledge
of the author. Several references, including References [79, 84, 85], use Eq. (D.1) in deriving the
Bayesian Kalman or Gaussian sum filter; however, they omit the proof and cite another source for
the equation, which can ultimately be tracked back to Ho and Lee’s original paper. Reference [86]
shows this derivation using a different approach, in which the order of the conditioning is reversed
by treating « and z as jointly-Gaussian-distributed random variables and using these properties to
obtain a result similar to Eq. (D.1).

Before presenting the proof of Eq. (D.1), another important result is presented, which occurs

when Eq. (D.1) is integrated over & according to
/pg(w; m, P)py(z; Hz, R) dx = /pg(z; Hm,HPH" + R)p,(z; p, M) dz.  (D.2)

Noting that p,(z; Hm, H P H” + R) does not depend on x and that the Gaussian density integrates
to unity over its support, Eq. (D.2) becomes

/pg(a:;m, P)py(z; Hx, R) dx = py(z; Hm, HPHT + R), (D.3)

which is also used in deriving the Bayesian Kalman or Gaussian sum filter.

Proof. To begin the proof, the definition of the Gaussian distribution given in Eq. (3.4) is substituted
into the left-hand side of Eq. (D.1) to give



180

palaim, Py, Ha, B) = det (2P} Voexp { (o = m) P-4 (o — m) |
x det {2r R}~/ 2exp {—;(z —~Hx)'R (2 - Hm)} .
The exponential terms are now combined according to
pg(x;m, P)py(z; He, R) = det {27 P}~/ 2det {2r R} /2
exp {—; [(m -m)'P Y x—m)+ (2 — Hx)' R (2 - H;c)} } .

The argument of the exponential is now expanded and grouped to make a quadratic equation in

to give

pg(x;m, P)py(z; He, R) = det {27 P}~/ 2det {2r R} ~1/2

X exp —% ' 'z — 227 (HTRflz + Pilm) +2TR' 24+ m" P 'm , (D.4)
where
n'2H'"R'H+P . (D.5)
The matrix inversion lemma is used to solve Eq. (D.5) for II as
M=P-PH' (HPH" + Ry 'HP=P - KHP, (D.6)
where
K2 PHT(HPH" + R)™'. (D.7)
Adding a factor of II~'IT into the term that is linear in z in Eq. (D.4) yields

pg(x;m, P)py(z; Hx, R) = det {2r P}~ Y2det {27 R} /2

1
e st [mTﬂ_lw —22'TI 'p+2"R'2+m" P 'm|, (DY)

where

p=I(H'R'z+P 'm). (D.9)
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In order to manipulate Eq. (D.9) into a more convenient form, first note that an alternate form for

K can be derived by pre- and post-multiplying Eq. (D.5) by IT and P, respectively, to yield
P=TIH'R'HP +1I. (D.10)
Equation (D.10) is now post-multiplied by H” R~! and manipulated to yield
PH'R'=TIH'R'(HPH" + R)\R'. (D.11)
Solving Eq. (D.11) for ITHT R~! yields
NH'R'=PH"(HPH" + R)™!. (D.12)
Combining Egs. (D.7) and (D.12) yields the alternate expression for K as
K=TH"R™'. (D.13)
Equations (D.13) and (D.6) is now substitued into Eq. (D.9) to yield
p=Kz+(I-KH)m=m+ K(z— Hm), (D.14)

which is the desired form for p. Substituting the definition for g given in Eq. (D.9) into Eq. (D.8)
yields

pg(x;m, P)py(z; He, R) = det {27 P}~/ 2det {2r R} /2

1
X exp —5 e’ e — 22" p+ 2"R 12 + mTP_lm] . (D.15)
Completing the square for x in Eq. (D.15) yields

pg(z;m, P)py(z; He, R) = det {27 P}~/ 2det {2r R} /2

1
X exp — [(w ) I (@ —p)—p T 'p+2"R 2+ mTPflm] . (D.16)

Now, the term g7 TI~! 44 is manipulated. Substituting Eq. (D.14) into " TI~! 11 and expanding the
result yields
p T =
m T 'm +2(z— Hm)'K'TI 'm + (2 - Hm)"K"II"'K (2 — Hm). (D.17)
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Equation (D.13) can be manipulated to yield

K'lm'=R'H,
which is substituted into Eq. (D.17) and expanded to yield

p' Ty =m T 'm+22"R'Hm - 2(Hm)"R"'Hm

+2"RT'HKz - 2(Hm)"R'HKz+ (Hm)"R"'HKHm . (D.18)

Substituting Eq. (D.5) into Eq. (D.18) and simplifying yields

p' T y=m"P'm+2"R'HKz — (Hm)"[R™! - R"'HK|(Hm)
+2(Hm)T[R™' -~ R"'HK]z. (D.19)

Noting Eq. (D.7), the term R~! — R~'H K can be expressed as

R!'-R'HK=R'-R'HPH"(HPH" + R)™!
=R 'YI-HPH"(HPH” + R)™!]

— R 'HPH" + R—- HPHT|(HPH" + R)™!

= (HPH" + R)™". (D.20)

Combining Egs. (D.19) and (D.20) yields

p 'ty =m"P'm4+ 2"R'HKz - (Hm)"(HPH" + R)"'(Hm)
+2(Hm)'(HPH" + R)™'2. (D.21)

Equation (D.20) can be solved for R~' H K according to

R'HK =R '- (HPH" + R)™'. (D.22)

Equations (D.21) and (D.22) are now combined and the result is simplified to yield

W' y=m"P'm+2"R'2— (22— Hm)'(HPH" + R)"'(z — Hm). (D.23)

Equation (D.23) is substituted into Eq. (D.16) to yield

pg(z;m, P)py(z; He, R) = det {27 P}~/ 2det {2r R} /2
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X exp {—; (&~ )™ @ — ) + (s~ Hm)" (HPH" + R) (=~ Hm))| } . (D24)

The exponential term is now broken apart to yield

1
pg(x;m, P)py(z; He, R) = det {27 P}~ 1/2det {2 R}~/ %exp {—2(az — ) Yz — p) }
1
X exp {—2(z ~Hm)"(HPH" + R !(z - Hm)} . (D.25)
In order to force these exponential arguments to be Gaussian distributions, Eq. (D.25) is manipulated
by multiplying and dividing by the appropriate normalizing constants according to

det {27 P}~1/2det {27 R}~ 1/?
det {271} ~/2det {2r(HPHT + R)}~1/2

x det {27TT} " 2exp {—;(m —p) otz - u)}

pg(x;m, P)py(z; Hx, R) =

(D.26)

x det{2r(HPH" + R)}~/?exp {—;(z ~Hm)"(HPH? + R)"!(z - Hm)} :

Noting the definition of the Gaussian pdf in Eq. (3.4), Eq. (D.26) becomes

det {27 P} ~1/2det {2n R} /2
det {271} ~Y/2det {2r(HPHT + R)}~1/2
x pg(x; w, M)py(z; Hm, HPH' + R). (D.27)

pg(x;m, P)py(z; Hx, R) =

The term

det {2nP}~1/2det {27 R}~ 1/?
det {271} ~1/2det {2n(HPHT + R)}~1/2

is now simplified according to

det {2nP}~'/2det {27 R}~ 1/2 _ [det{IT}det {(HPH™ +R)}]é (D.28)
det (2nT1}~12det {2n(HPHT + R)}-12 | det{P}det {R] |

— [det {TIP~'}det {(HPHT + R)R*l}} :

] 1
— [det {TIP~'}det {HPHTR™' + I}} 2
Using Sylvester’s determinant theorem [83], which is given by

det{I, + BA} =det{I,+ AB},
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Eq. (D.28) can be expressed as

det {27 P}~'/2det {2r R}~ 1/?
det {27T1}—1/2det {2n(HPHT + R)}~1/2

1
2

= |det {TIP '}det{PHTR'H +I}|". (D.29)
Equation (D.5) can be solved for H TR™'H as
H'RF'H=11'-P'. (D.30)

Equations (D.29) and (D.30) are now combined to yield

ol

det {27 P} ~1/2det {27 R} /2
det {271} ~/2det {2r(HPHT + R)}~1/2

= —det{HP_l}det{P(H_l P+ I}]

N

— [det {TLP !} det {PH_I}}

- 1
— [det {HP—1PH—1}] 2

- :det {I}} :

=1. (D.31)
Substituting Eq. (D.31) into Eq. (D.27) yields Eq. (D.1) according to
py(x;m, P)py(z; He, R) = py(z; (Hm), HPH" + R)py(x; p, ),

which completes the proof. O
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Consider the case when a set of discrete points and weights is used to probabilistically
represent a state vector x. Let these weights and associated points be denoted by w(® and X’ @), re-
spectively, where ¢ = 1,2,..., N, respectively. Assume that the points represent a valid probability

mass function; that is

N

Zw(ﬂ =1. (E.1)

i=1

It is desired to find the parameters of the Gaussian distribution, m and P, that best fit the weighted
points. These best fit parameters are found using the sum of the weighted log-likelihood of the

discrete points as the performance index, which is given by

N
J(m, P) = Z w® lnpg(.)c'(i); m, P), (E.2)

i=1
One may be inclined to use the sum of the weighted likelihood or log weighted-likelihood of the
sigma points; however, either of these approaches make the performance index independent of the
weights, which is undesirable. The definition of the Gaussian density is substituted from Eq. (3.4)

into Equation (E.2) to yield the cost function as

N

1 . . T .

J(m, P) = —3 [lndet 2P} + 3w (;r@) - m) p! (x@) - m)] . (E.3)
i=1

Equation (E.3) can be minimized without enforcing the symmetry and positive definiteness

of P. This method, obviously, does not guarantee the symmetry and positive definiteness of P,

which may lead to a solution that results in an invalid Gaussian density. Differentiating Eq. (E.3)

with respect to m and P and setting the results equal to zero yields the optimality conditions as

0J(m,P) 1 (@) ( 2() T T | p-1y _ QT
A — _2;11) (X —m) (PP +P =0 (E.4a)

N
&I(gzP,P) :_% [P—T_;w(i)P—T (x@')_m) (X(i)_m)Tp—T] =0. (E4b)

If P is forced to be symmetric, then Eqs. (E.4) can be simplified to
N

> (20 —m)' Pt = o (E.52)
i=1
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N T
1 (i) p—1 G) (@) _ -1 _o. .
P ;w P (20 —m) (20 —m) P =0 (E.5b)

If P is forced to be positive definite, then P is full rank (and hence invertible), and Eq. (E.5) can be

simplified to
N
3wl < 2 _ m)T _ o (E.6a)
i=1
N T
N (2 (i) ~1_9. :
I ;w (x m) (x m) Pl—0 (E.6b)

Equations (E.6) can then be solved for m and P according to

N

m=> wix® (E.7a)
x @) ( 2(0) 0) T

P = VIXY —m) (XY —m) . (E.7b)
50 (20 m) (30 -

Observation of Egs. (E.7) shows that the covariance is both positive definite and symmetric, pro-
vided that there are at least NV linearly independent deviations from the mean, X @) — mn, and this
mean and covariance represents a valid Gaussian pdf.

In order to prove that Eqs. (E.7) maximize Eq. (E.3), a second-derivative condition must be
shown. Showing this condition for arbitrary dimension becomes quite cumbersome and is omitted
for brevity. Instead, the second-derivative condition is shown for the scalar case. In the scalar case,
the performance index, as given by Eq. (E.3), simplifies to

o2

N ; 2
1 (x) —
J(m,o?) = -3 [ln{27m2} + Z;w@(m)] : (E.8)
and the first derivative condition given in Eqgs. (E.4) simplifies to

N i
0J(m,a?) _ Zw(i)x( ) —m

o 2 2 (E.9a)
. 2
0J(m,a?) 1)1 N 0) (X —m)
—_— —_ — — _— l . E'
002 2 [02 — v o (E.9b)
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The second derivatives are now found by differentiating each of Eqs. (E.9) with respect to m and

o? to yield

02J(m,a?) w® -1
omom Z

02J(m,o?) _ 0?J(m,a?) _ —zN:w(i)X(i) —-m
Omdo? do20m

0*J(m,o?) 1|1 al @) (X0 — m)2
002902 2|0t QZw

Equations (E.10) are evaluated at the optimum point defined by Egs. (E.7) to yield

9?J(m,o?) Z w® -1
omom P o2 o2
02J(m, o?) _o
Omoo?
9*J(m,0?) -1
002902 2047

which shows that the optimum point is a maximum because

8*J(m,0?) &*J(m,0%)  (9*J(m,0?) C_ BT
omom 002002 Omoo2 - 206 ’
and
02J(m,a?)
“omom =0

(E.10a)

(E.10b)

(E.10c)

(E.11a)

(E.11b)

(E.11c)

which are sufficient conditions for a local maximum of a performance index of two variables.
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Consider the case when a set of discrete points with associated weights is used to proba-
bilistically represent the vector & = [q7 x| € S* x R". Let these weights and associated points
be denoted by w(” and X £ [x t(f)T X )(f)T]T, where i = 1,2,..., N, respectively. Assume that
each point, X (@), has an implied point that is antipodal in the quaternion portion of the state vec-
tor, given by X0 2 [-X ((f)T X )(f)T]T. Assume that the points (including the implied antipodal

points) represent a valid probability mass function; that is

Zw(“ = % (F.1)

It is desired to find the parameters of the Gauss-Bingham distribution, as defined by Eq. (3.53), that
best fit the given points in the weighted log-likelihood sense. An equivalent form of the Gauss-

Bingham density is used, which is given by

pgp(x;m, P, o, B, Z) = py(x;m, P) py(q; M (z; ¢, 3), Z) , (F2)

and uses the canonical Gaussian variable z, as defined by Eq. (3.6), instead of x for better numerical
stability. The best-fit parameters can be found using the sum of the weighted log-likelihood of the
discrete points (including the implied antipodal points) as the performance index, which is given by

N
J(m, P,¢0,8,2) = " w® In [py(XV;m, P, g0, B, 2)]
i=1
N
+> 0 [py(XVsm, P, 8, 2)] . (E3)
i=1

One may be inclined to use the sum of the weighted likelihood or log weighted-likelihood of the
sigma points; however, either of these approaches makes the performance index independent of the
weights, which is undesirable. Since the Gauss-Bingham distribution is antipodally symmetric in g,

this reduces to

N
J(m7 P7 d)Ov B: Z) =2 Zw(Z) In [pgb(x(l)a m, P7 ¢0> /87 Z):| . (F4)
i=1
Substituting Egs. (F.2), (3.4), and (3.18) into Eq. (F.4) and exploiting the properties of the natural
logarithm yields

N
1 ) ) T
J(m, P,¢o,B,Z) = -3 [lndet{%P} ) E w® (;()((Z) _ m)
i=1

P (20— m)
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N

+2l F (2) -4 wO X0 M g, B)ZM (X); 40, 87X |, (FS)

i=1

where X ;i) represents the transformed X >(f) according to

x0 =5x0 +m, (F.6)
where
ssT 2 p

Equation (F.5) can be maximized analytically for m and P without enforcing the symmetry
and positive definiteness of P, in a similar manner to how they are found for the Gaussian pdf in
Appendix E. Differentiating Eq. (F.5) with respect to m and P and setting the results equal to zero

yields the optimality conditions as

N

0J(m,P,¢0,8,Z) _ S wld (X)(j) _m)T (P T+P 1) =0T (F.72)

om

aJ(m7P7¢0716’Z) o
oP

- % [PT _9 Zf: w®p=T (x,@ - m> (ng? . m)T PT] —0. (E7b)

If P is forced to be symmetric, then Eqgs. (F.7) can be simplified to

23w (20 —m) P =0 (F:82)
=1
—QZw - ( X0 - )(X}(ﬁ—m)TP*l:o. (F.8b)

Furthermore, if P is forced to be positive definite, then P is full rank (and hence invertible), and
Eq. (E.8) can be simplified to

N . . T
23wl (2(59 _ m) — o7 (F.9a)
=1

I- zzw”( x - )(xgjbm) Pl=o0. (F.9b)
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Equation (F.9) can then be solved for m and P according to
m=2Y w?xl (F.10a)

w® (X@ - m> (ij> - m)T . (E.10b)

N

Il

[\)
iM=1

Observation of Egs. (F.10) shows that the covariance is both positive definite and symmetric, pro-
vided that there are at least IV linearly independent deviations from the mean, X’ )(f) — m. Note that
the dependence of X S') on m and P is neglected in finding these parameters analytically. This is
not an issue, however, because m and P define a linear transformation of the points for a given m
and P. Similarly, ¢ and 3 define a linear function of X 5"). Because of this, any deviations in m
and P (which would be present if they were not first found analytically) will simply be absorbed by
¢ and 8. This implies that m and P can be found first and held constant, and then ¢¢, 3, and Z
can be found that maximize the performance index.

The parameters m and P are now known, so an appropriate cost function is given by a

simplification of Eq. (F.5) (noting that /m and P are now known and constant) according to
N . T . . .
J(¢0,8,2) =2 w X" M(X: 0, B)ZM (X5 ¢0,8)" X —InF (Z) . (E11)
i=1

Recall that the conditional orientation matrix of the Gauss-Bingham density is parameterized by
a minimum set of parameters that are functionally dependent on A ;”, ¢o, and 3 according to
M(ng); b0,3) = M[q&(Xgl); ¢0, 3)], such that Eq. (F.11) can be expressed according to

N
J(90,8,2) =23 w0 M[p(XD; g0, 8) ZM[$(X; o, B)) XY
=1

—InF(Z), (F12)
where
(X5 o, B) = o + BX) . (F.13)

It is now desired to find the optimality conditions by differentiating Eq. (F.12) with respect
to each entry of ¢g, 3, Z and setting the result equal to zero. In order to do this, first, the chain rule

for the case of differentiating the function G/(F (X)) with respect to the entry in the i row and ;"
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column of X, Xj ;, is introduced and is given by [87]

N
aG ) OFyy
ZZ . (F.14)
et Fk ¢ 0Xij

7]

If F' is a column vector denoted now by f, Eq. (F.14) simplifies to

IGU(X)) _§~9GU) Ol

= (F.15)
0X; ; — Ofr 0Xi;
If G is a scalar denoted now by g, Eq. (F.14) simplifies to
M N
OXM 1 =1 aij 3Xi,j
which can be expressed in matrix form as
09(F(X)) _ _[0g(F) OF \ E1)
0X; j OF 0X;;

These relationships are used in the remainder of this appendix to differentiate the appropriate quan-
tities.

The optimality conditions for the performance index given in Eq. (F.12) are now consid-
ered for the s = 1 and s = 3 cases, separately. These cases are considered because they are the
dimensions in which the one- and three-dimensional attitude quaternion exists. For s = 1, the cost

function simplifies to

N
J(60.8.2) = 23w X Mp(X; 60, 8)| ZM (X (; 6o, B)| T X ()

=1
—InF(Z). (F18)

where

Z1 0

F.19
0 0 (F.19)

—sing coso

and M (6) = [ cos ¢ singb]

For notational simplicity, let the cost function be defined by

J (60,8, 2 —2Zw i(¢0,8,2) —InF(Z), (F.20)
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where
Ki(60,8, Z) = X" M[3(XD; ¢, 8)| ZM[p(X); 6o, B)] " XL

The partial derivative of the cost function with respect to and arbitrary parameter that is denoted by

the symbol “x” can then be expressed as

J(¢0, 8, Z 2 OKG( ¢>0,,3 Z) OmF(Z)
% S

It is now necessary to find these partial derivatives with respect to Z1, ¢y, and 3. The term In F' (Z)
is solely a function of Z;; therefore, its only nonzero partial derivative is with respect to Z; accord-

ing to

=fi-

OnF (Z) OnF (Z) OF (Z) L OF(Z)
9z, _tr{ oF (Z) 07, }_F (2) 9z,

Now the partial derivatives of K;(¢o, 3, Z) with respect to Z1, ¢o, and 8 must be found.

Its partial derivative with respect to Z; is given by

A @7 (i), (i), T 4 (i)
0K;(¢0, 8, Z) .y 0Xy" M[p(X;7;00,B)|ZM[p(X27; ¢0,B8)] Xy 0Z

- F.21
8Zl f 0Z 8Z1 ( )
Calculating the derivatives in Eq. (F.21) yields
0K;(¢o,8,Z ; ; i
(QE)Z)OZF) =tr {M[¢( (4). ¢0“3)]TX )X() M[qS(Xg );¢0,ﬁ)]1?€} . (F22)

where the 1 ' matrix represents a k by ¢ matrix of all zeros, except the ¢, j entry which is one.

Using the cychc property of the trace, Eq. (F.22) can be expressed as

aKi(¢0757 Z)

S = XD Mo 0. BT MG 0. B)] X,

The partial derivative of K;(¢o, 3, Z) with respect to ¢ is given by

0Ki(60,8.2) _ [ ox)" MIp(xD; 00, 8)ZM (s 60, 9) X
IRP0, Py &) =tr q z 5 P0, : z 5 P0, q (F23)

Do oM [p(XS; ¢, B)]

L OM[o(Xy); 60, )]
Ao '
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The former derivative of the chain rule in Eq. (F.23) is calculated as

M2 60, 8)]ZM[6(XD; 6o, B)] XY

OMp(X; ¢, B)]

(¢
0%, = (F.24)

. T .
202 Mp(X(); 60, 8)|Z .
The latter derivative of the chain rule in Eq. (F.23) is calculated (using the chain rule again) as

OM(XY); 60, 8)] _ OM[6(XL"; 60, 8)] 98(XL; 60, B)
00 06(x": 0. B) 9o

(F.25)

The derivatives in the right hand side of Eq. (F.25) can now be calculated from Eqgs. (F.13) and (F.19)

as

. (OR
o9 —cos¢ —sing 0o
such that Eq. (F.25) becomes
OM[p(X; ¢, ,
X 00 a2 60, ) (F.27)
Do
Substituting Egs. (F.24) and (F.27) into Eq. (F.23) becomes
OB BZ) _ e [0 2)" MIs(x 2 00.8) 20 [o(X0:60.8)]} . (E28)
Do a a
Using the cyclic property of the trace, Eq. (F.28) can be expressed as
PR BE) ) Mo(xDs0n, 9 ZM [o 0500, )| XY (R29)
0
The partial derivative of K;(¢o, 3, Z) with respect to 3; j, where k = 1,2,...,r is given
by
aKi(¢07 B7 Z)

0Bk

o Mol 60, 8)2M (o 60, 8) X oM(B(X:60,8)] | (F30)
OM[p(xL; 0. B) Br
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The former derivative of the chain rule in Eq. (F.30) is given by Eq. (F.24). The latter derivative of

the chain rule in Eq. (F.30) is calculated (using the chain rule again) as

OM(XY); 60, 8)] _ OM[B(XL"; 60, 8)] 98(X(; 60, B)
OB a6(x); 6o, B) e

(F.31)

The former derivative of the right hand side of Eq. (F.31) is given by Eq. (F.26). The latter derivative

is given by (using the chain rule again)

00X 00,8) _ 00(XL;60,8) 0B
851113 8,6 851,]6

(F.32)
The former derivative in the right hand side of Eq. (F.32) can now be calculated from Eq. (F.19) as

(X ¢o, B)

AT

=xW E
93 2 (F.33)
Substituting Eq. (F.33) into Eq. (F.32) yields
(4). 4
aQS(Xz ) ¢0a /6) _ X(zlz : (F34)

0Bk “

where Xz(f,z represents the Eth entry of X 5”. Substituting Eqgs. (F.26) and (F.34) into Eq. (F.31) yields
OM[p(x; 0. )]
81,k

Substituting Egs. (F.24) and (F.35) into Eq. (F.30) yields

aKi((ZS(), /67 Z)
0Bk

= M [6(x():00,8)] A1) (£35)

—tr {2265")2(,5")TM 6(X; 00, M ZM' [ 6(XD;00,8)| X5} . (F36)

Using the cyclic property of the trace, Eq. (F.36) can be expressed as

0K Z , , ‘
W — 220" M[o(X); 69, 8)) ZM’ [gb(X;Z); o, ﬂ)} xOx®  (E37)
].,k' ’
In summary the optimality conditions are given for s = 1 (with some minor algebraic
simplification) by

dJ(¢o,B, Z) 07T a). y ). o] _
8¢0 —42”[1) |:X [(Z)(Xz 7¢07ﬁ)]ZM (b(Xz 7¢0718):| Xq :| =0
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8J(¢0, B, Z) l @- i i
(%OZ? = QZ [X( MIp(x(); g0, B)1TT M (X, qﬁo,ﬁ)]Txg)} Ch=o0

9J(¢0.8,2Z) _ 0 [T (0. (a0 (5) ()
5t —4;w X0 MIo(X: 00,8 Z2M [6(X; 00.8)] 2 xf])] = 0

For s = 3, the cost function is given by

T . . ,
J(¢0,8,2) =2> wDx(" M(p(x(D; do, 3)]ZM[p(XL; po, B)]" XL
i=1
—InF(Z). (E38)
where
Z1 0 0 O
0 Zy 0 0 0; _ _
Z = and M =R o) R 0 , F.39
0 0 Z 0 ([@J) £(q(0r)) Rr(q(Or)) (F.39)
0 0 0 0
94 —q3 QG2 —q1 q4 —q3 G2 q1
RL(Q): q3 q4 —q1 —Qq2 and RR(Q): q3 g4  —q1 Q2 7 (F.40)
—q2 q1 q4 —q3 —q2 41 q4 g3
q1 q2 q3 qa —q1 —Qq2 —q3 Q4
and
0 ... 0
- Sl 5
q(a):[9 92]. (F.41)
COS§

For convenience, ¢ and 3 are now decomposed into their top and bottom halves representing the

left and right isoclonic rotations, respectively, according to

0
do= |27 ad = BL 7
0o,r Br
such that Eq. (F.42) can be equivalently parameterized by the according to

J(0o,,600,r,BL,Br, Z) =2 Zw [ l)T {(j [9 (Xgi); OO’L’BL>]}
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x Rr{q|0(2":00r.8r)| } ZRE {q |0 (200 8r) | }
« RY {q [9 (x;”; 007L,ﬁL>} } x((ﬁ] “mF(Z), (F42)

where 6 (Xgi); 0oL, ,BL) = 0o, + BL;\%S). The cost function is now defined by

J (60,5, 00,7, Br, Br, Z —2Zw i(60,,00,5,B1,8r, Z) —InF (Z) . (F43)

where
Ki(60,1.,00,r.BL,Br, Z) = Xéi)TRL {q [9 (X;i); GO,L,IBLH } Rp {q [9 (Xg)500,R,,6R>]}
<o (0o (e 0 ) 1 o (0]

The partial derivative of the cost function with respect to an arbitrary parameter denoted by the

symbol x can then be expressed as

6J(00,L700,Ra/6L716R7 _22 8K 00L>00R76L7537 ) _ 81HF(Z)
0% O% Ox '

It is now necessary to find these partial derivatives with respect to 21, Zo, and Z3, as well as each
entry of 6o 1., 8o,r, Br, and Br. The term In F' (Z) is solely a function of Zj, where k = 1,2, 3;

therefore, its only nonzero partial derivative is with respect to these Zj, according to

OnF(Z)  (0nF(Z)9F(Z)\ OF (Z)
07y _“{aF(Z) 07k }_F (2) oz,

Now the partial derivatives of K;(6o 1., 00.r, BL, Br, Z) with respect to Z1, Z, and Z3, as
well as each entry of 0 1,, 0 r, B1,, and B3r must be found. Its partial derivative with respect to the
Zy, is given by

0K;(60.1.,00,r,BL,BR, Z)
07},

8Xr(zi)T [RL {Q {6’ <X;i); GO,L”BL)} } Rpr {q {9 <X§i); GO,R;,@R>] }] Z [ : ] TX«(zi) 07
07z 07y,

= (F.44)

tr

)
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where the |- - - ] represents the same term as what is in the previous | ]. Calculating the derivatives
in Eq. (F.44) yields

8Ki(90,L7 00,R7 /BLa BRa Z)
07y,

o{ ol (e )] e fao ()} e[ o).

Using the cyclic property of the trace, Eq. (F.45) can be expressed as

— (F.45)

8Ki(00,L7 90,R7 16L7 I3R7 Z) _
0Zy,

x0" [RL {alo(x:60..80)|} Br{a|6 (20:00r.8r)] }] 1k [ - } E

The partial derivative of K;(6o 1, 00.r, BL, Br, Z) with respect to the k™ entry of 6y 1,

0o, for k = 1,2, 3, is given by

0K;i(6o,1.,60,r, BL: PR, Z)
000, 1,
T

8Xéi)T[RL {q [0 (Xéi);eo,L,ﬂLﬂ } Ry {q [9 (X&');Oo,R,ﬂRﬂ }]Z{ . ] xy
or, {alo(x1:60.,8.)]}
R {alo (x:60..8.)]} } _

- (F46)

tr

08,1k

The former derivative of the chain rule in Eq. (F.46) is calculated as

" o {a [0 (%1001 0)]| } e {a o (% 0080) |} 2] | 20
o {a (0 (X% 00s.01)]}

s e 0) 2 o (00
x RY {q [9 (xg“; 0oL, 5L)] } x0x0"

(F47)
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The latter derivative of the chain rule in Eq. (F.46) is calculated as

or,{q0(x:000.80)]} 4 oR{q|0(x000.8.)]}
00,1k - az::l 0qa [0 (Xgi); 00,L75L)} .
0qq [0 <X§i); GO,LHBL)}

00,1, '

X

The former derivative of the right hand side of Eq. (F.48) is calculated from Eq. (F.40) according to

ORy, {q[0< ;),HOL ﬁL)H 8 8 —01 N
[0 <X; -~ BLH — 01 (F.49a)
10 0 0
(0 01 0]
oR; {a|o (X§>,eo 6]} _ 01 8 8 —01 (F49b)
0q2 |0 | X5 ,9 , -
QQ [ < i BL)} |0 1.0 0
ORy, q[0< O: 00,1, ﬁL)H (1) _01 8 8
Jqs3 {0 <X; ;6 LyﬁL)} “oo0 0 - e
0 1 0]
(100 0
ORy, {Q{9< xf) ,HOL,,BL)” _ 8 (1) (1) 8 (F490)
0qs |0 | X5 ,0 )
" [ < i BL)} 00 01
The latter derivative of the right hand side of Eq. (F.48) is calculated according to
0qq {0 <X;i)§00,L718L)} _ 9qq {9 (Xg)SBO,LHBL” 00 (Xgi); GO’L’BL> ‘ (F.50)

00,1,k 00 (Xgi); 0.1, ﬂL) 90,1k

The former derivative of the right hand side of Eq. (F.50) is calculated from Eq. (F.41) and is given
by

0q (0) ( ég cos % - 9% sin 5 ) 667 + 4§ sin 9I
Ny . (E51)
—5g 5in 50
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The latter derivative of the right hand side of Eq. (F.50) is calculated from Eq. (F.13) is given by

(@). (4).
00 <Xz ,OO,LHBL) _ 300 (Xz 700,L,,3L) 860,15
00,1,k 09,1 00,1,

- 121 _ (F.52)
Substituting Eq. (F.52) into Eq. (F.50) yields

9qa [0 (Xg)§00,L,,@L)} B 9qa [0 (Xgi)§00,L,,3L>}

_ , 131 (F.53)
00,1 k 00 <X§Z); 60,1, ﬁL) o
It is now noted that Eq. (F.53) can be expressed as
Jqq {9 (ng‘); OO,LHBL)] 0q [9 <X£i); GO,LHBL)} R
_ Sopar, (BS54

800.1, 00 (Xéi); OO,LaBL) ok

where M, . represents the entry in the a™-row and k™-column of the arbitrary matrix M. Substi-
tuting Eq. (F.54) into Eq. (F.48) yields

or, {alo(x:600.8.)|} & { o (Xz 00.0.61) | }
Z apar-  (E55)
8907L7k a=1 |: ( Z 00 L BL)1|
which can be simplified noting Eqgs. (F.49) to yield
apak  —OL3k  OpL2k  —OL1E
= (4. Y ” ” T
OR, {q [0 (XZ ’BO’L’ﬂL)]} _ | Lk QLak TOLLE TOL2E| A 4 E56
90 = =Apr. (F56)
0,L,k —Qrpok  QL1k ar4r  —OL3E
aL1k L2k OL3k  OL4k
Substituting Egs. (F.47) and (F.56) into Eq. (F.46) yields
0K;(00.1,00r,BL,8r, Z _ ,
Bo., 00,5, P, Br Z) _ {2Rr{a |0 (x:60r.8r)|} 2 (F.57)
00,1k

XRE{Q [9 (Xgi);Oo,RﬁR)H %{ {9 (Xg 790L,ﬂL)” ()Xff)TAL,k}-
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Exploiting the cyclic property of the trace, Eq. (F.57) can be expressed as

0K;(6o,r,600,r, BL,BRr, Z)
000, 1.,k

—2x" A; Ry {q [0 (xg“; Oo.x, 5R)} } z (F.58)
RL {Q {9 <X§i); OO,RHBR)} } R} {(j [9 <X§i); OO,LvﬁLﬂ } Xgi) :

The partial derivative of K;(6o 1, 60.r, 8L, Br, Z) with respect to the k™ row and ¢th entry
of Br, Brpefork =1,2,3and = 1,2,...,r,is given by

8K'L(00,L) 00,R7 /3L7 /6R7 Z) —
IBL k.0

ox{" [RL {alo(%L560..8.) ]} Re{al6 (%1605 8nr)] }] z [ : ] &

OR;, {(j [9 (Xgi); 90,L,,3L)”

(F.59)

tr

ORy, {Q [9 (ng‘); 90,L,BL>]}

X
OBL ke

The former derivative of the chain rule in Eq. (F.59) is given by Eq. (F.47). The latter derivative of
the chain rule in Eq. (F.59) is calculated as

ORy, {q {0 (Xgi); OO,LHQL)}} - 1 ARy {(j [9 (Xgi)ﬂo,L,ﬁL)]}
OBL ke N azzl 94 [0 (Xgi); 00,L,ﬁL>:| (F.60)
040 [0 (21:00,0.81) |

IBLke e '

X

The former derivative of the right hand side of Eq. (F.60) is given by Eq. (F.49). The latter derivative
of the right hand side of Eq. (F.60) is calculated according to

0a, 0 (X000, 1) | 0ud [0 (&é“;eo,L,ﬂL)} 9 (X5801.81) o
O0BL ke 90 (xgl); 601, gL) OBL ke

The former derivative of the right hand side of Eq. (F.61) is given by Eq. (F.51). The latter derivative
of the right hand side of Eq. (F.61) is calculated from Eq. (F.13) and is given by

(1), r (2).
00 (Xz 790,L,ﬁL) _ 3 00 (Xz 700,L716L) OBL b
OBL ke OBLbe OBL ke

b=1 c=1
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=13 (F62)
Substituting Eq. (F.62) into Eq. (F.61) yields

040 [0 (%():001.81)|  0a0 [0 (2:00.0.81 )]

(4)13
= . X107 (F.63)
OBL ke o0 (ng); 0.1, BL) o 1
It is now noted that Eq. (F.63) can be expressed as
(i) - (9.
OBL ke 00 (X;Z); 00,1, BL) ” o

Substituting Eq. (F.64) into Eq. (F.60) yields

o falo(x0nm)]} aRL{ G («vz 001, 01) ]}

aparX’) . (F65)

OBL ke a:1 [9 ( 9 00,1, 5L>] K
which can be simplified to yield
= (4).
ondal? g/;;,kfo’b L) ("66)

Substituting Egs. (F.47) and (F.66) into Eq. (F.59) yields

0Ki(6o,L, g;i;vaﬁsz) - {2RR {q {9 ( X9 001, 53)“ z (F.67)

xRp; {q {9 (Xgi)QGO,RaBRﬂ } R} {q {9 (X;i); GO,L”BL)} } Xéi)xgi)TAL,kXZ(fg)} .

Exploiting the cyclic property of the trace, Eq. (F.67) can be expressed as

8K7;(90,L7007R7/3L7BR7 )
OBL ke

—2x) 2" AL R {a o (%:00r.80)]} 2 (E68)

RE{a|o(x0:00r.8r)|} RE{a |0 (x(;00.,80)|} 2.

The partial derivative of K;(0o 1,00 r, B, Br, Z) with respect to the k™ entry of 6 g,
Oo,rk for k = 1,2, 3, is given by

8Ki(00,L7 00,R7 /BLa BR? Z)

— F.69
000, R (F69)
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ox{" [RL {alo(%:60.0.80)|} Br{a[6 (%:00.r.8r)] }] z [ : ] &

ORR {Q [9 (Xg); 90,RﬁR>H

oRn {alo(%:008.8r)] } } |

00,5,k

tr

The former derivative of the chain rule in Eq. (F.69) is calculated as

ox{" [RL {alo(x:60.0.80)|} B {a[6 (% 00.r 8r)] }} z [ : ] “x
ORy, {Q [9 (Xgi); 90,LﬁL)]} -
2Z R}, {zj [0 <X;i); OO,RHBR)} } R} {(j [9 (Xéi); 007L7ﬁL>} } (E.70)

X Xt(zi)xt(zi)TRL {q [9 (Xgi);ao,L,ﬂL)}} .

The latter derivative of the chain rule in Eq. (F.69) is calculated as

oRr{q |0 (x;00.8r)|} 2 0Re{a[0 (% 00r8r)]}
900,k N a=1 0qq [0 (X;i); GO,R,,BR)}
04 [0 (%";60.1,8r) |

00y, R

(E71)

X

The former derivative of the right hand side of Eq. (F.71) is calculated from Eq. (F.40) according to

0 0 0 1]
8RR{q [0 X! 90,1«2751%)}} 10 0 -1 0 (E72a)
oq1 [0 (ng‘); HO,RHBR)} ot oo |
10 0 0]
| 0 0 1 0]
oRz{q0(x:00r.8:)]} |0 0 01 E725)
0q2 [9 (X( );90,3 ﬁR)} I |
0 -1 0 0



o
S = O O

—_

o O OO
S = O O
— o O O

'c oo ~r'"c o —~ o

The latter derivative of the right hand side of Eq. (F.71) is calculated according to

040 [0 (X100 8r)] 04 |0 (XL 00.0.r)] 00 (%L 00.5.8r)

900,k 00 (Xg); 0o,R, ,3R> 000,k

Substituting Egs. (F.51) and (F.52) into Eq. (F.73) yields

040 [0 (%2:00m.8r) | Dac |6 (XL:60.5. 8) |

' 13,1
000, Rk 00 (X o8 0o.r, 53)

E,1°

It is now noted that Eq. (F.74) can be expressed as

Ot {0 (Xgi);OO,RvﬁRﬂ |94 {9 <Xg)§00,R;,6R>] .
900,k Y (X;i); Bon. ,@R> k = QR k -

Substituting Eq. (F.75) into Eq. (F.71) yields

oRp{a |0 (x:00.r.8r)| } 24: 0Rx{q |0 (X 00n0r)) |

gle
900,k a=1 0Oqq {9 (Xgi);eo,R,ﬁRﬂ

which can be simplified to yield

" QRp4k —OR3Ek OR2E ORI
aRR{q {9 (XZ ;HOvR’BRﬂ} QR3k  ORAR —QRI1k OR2E

an,R,k —QRr2k ORI1E OR4k QR3k

—QR1,k —COR2E TQR3k CQRA4E

thatl A
— = ARy

205

(F.72¢)

(F.724d)

(E.73)

(F.74)

(E75)

(E.76)

FE77)
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Substituting Egs. (F.70) and (F.77) into Eq. (F.69) yields

0K;(00.1,,00,r, BL,Br, Z)

Do = (E78)
tr {QZRE {q {9 (Xéi); GO,RvﬁRﬂ } R} {q {9 (Xgi); 00,L7,8L)} } Xgi)xéi)T
xRy, {Q {9 <X§i); 90,L,5L)} } AR,k} .
Exploiting the cyclic property of the trace, Eq. (F.78) can be expressed as
OKi(Bo.L ggfL’fL’ﬁR’ 2 xRy {ao (29:000.81)]} Arsz (E79)

« R {a [0 (2):00.5.60) |} RE {a [0 (%:001.8,)] } ().

The partial derivative of K;(6o 1, 00.r, 8L, Br, Z) with respect to the k™ row and /™ entry
of Br, Brke fork =1,2,3and £ = 1,2,...,r,is given by

0Ki(6o., 90.r, BL, Br, Z) _
OBR ke
T

ox" [RL {alo(x:00..8:0)]} Rr{a|6 (%60 8r)] }] z [ . ] X
oRp{a |0 (xL:00.r.8r)| }

oy {alo(xf;60r.6r)]} } |

OBR k¢

(F.80)

i)

(
q

tr

The former derivative of the chain rule in Eq. (F.80) is given by Eq. (F.70). The latter derivative of
the chain rule in Eq. (F.80) is calculated as

oRn{a [0 (2:0,0.81)|} L oRe{a o (20:001.0:)]}
OBR k¢ a ; 0qq [0 (X;i); 90,R,ﬁR)} e
Jqq [9 (ng‘); 0o.R, BR)}

OBRk¢

X
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The former derivative of the right hand side of Eq. (F.81) is given by Eq. (F.72). The latter derivative
of the right hand side of Eq. (F.81) is calculated according to

4a [0 (ng'); 00,&53)} 04qq [9 (Xgi); HO,R,ﬁR)} 00 (xé”; 90,R,ﬂR)
OBR.k ¢ - 90 (Xgi); Bo.n. ,3R> DBrnt : (F.82)

The former derivative of the right hand side of Eq. (F.82) is given by Eq. (F.51). The latter derivative
of the right hand side of Eq. (F.82) is calculated from Eq. (F.13) and is given by

(0. . (0.
06 (x."; 605, Br) T (25:60.1.8r) 5,
OBR k. — = OBRp,c OBR, k¢
i)13,1
= x5 (F83)

Zy

Substituting Eq. (F.83) into Eq. (F.82) yields

9qq {9 (Xg);eo,R,ﬁRﬂ B 0qa [9 (Xgi);OO,RaBRﬂ
PRkt 00 (x0);60.5,8n)

x93 (F.84)

It is now noted that Eq. (F.84) can be expressed as

040 |0 (%500 8r)]  [0a |0 (%L:60.0.8r)]
OBk | 08 (x;008,8r)

X9 2 ap XY (P85)

Substituting Eq. (F.85) into Eq. (F.81) yields

orn{alo (x:600r 6r)|} iaR w{alo (X&’,eog,ﬁR)}}
OBR k.t [0( z ,%RﬁRﬂ

which can be simplified to yield

aRaiX,) . (F86)

oRp {0 (x;00.8r)|}

= Appx'. F.87
OBR k. Rkat - (E87)
Substituting Egs. (F.70) and (F.87) into Eq. (F.80) yields
8Ki(90,L?00,R7/3L7BR3Z) o T | = (3).
T —u {22R} {a |0 (*();60r.8r)| | (F.88)



208

xR {q {9 (Xgi); 0,1, ,BL)] } X,(f)X((f)TRL {q {9 (X;i); 00,L,,3L)} } AR,kXZ(fg)} :
Exploiting the cyclic property of the trace, Eq. (F.88) can be expressed as

Allor o BB 2) )"y fa [0 (x0:00s.50) |} Ansz s

<R {(j [0 <X¥); GO’R’ﬁR)} } R}, {q [0 (ng’); 90,L,5L)] } xl.

In summary the optimality conditions for s = 3 are given (with some minor algebraic

simplification) by
0J(6o,1.,00,r: BL. PR, Z (i) gi) 144 OT ()T 40
A QZ "Rl RY1GRY R XY~ fi=0
0J(6o,1.,00,r: BL. PR, Z @) pO)T T 3 ()
J J =4 A R ZR Ry XV =0
00,1, Z v bk Lo

OBL ke P

aJ(go L, 00 R BLa IBRJ (74 ( ) (7') (3 )
: . =4 R ArLZR}, R; X
960, R & Z R
N
Z i) 1() 4o (i i )T @I 4.
8J(90,L,Z%R,ﬁL,ﬁR; ) _ 42w(Z)XZ(g)Xg)TR(L)AR,kZR%) RV 20 0,
Rkt im1 ’

where

R(Li) =Ry {q [9 (Xg);eo,LﬁL)}}
Rf) = Re{q |0 (x;605.8z)| | -
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