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Abstract

This thesis is concerned with the development and applications of controlled interacting particle systems
for nonlinear filtering and global optimization problems. These problems are important in a number of en-
gineering domains. In nonlinear filtering, there is a growing interest to develop geometric approaches for
systems that evolve on matrix Lie groups. Examples include the problem of attitude estimation and motion
tracking in aerospace engineering, robotics and computer vision. In global optimization, the challenges typ-
ically arise from the presence of a large number of local minimizers as well as the computational scalability
of the solution. Gradient-free algorithms are attractive because in many practical situations, evaluating the
gradient of the objective function may be computationally prohibitive.

The thesis comprises two parts that are devoted to theory and applications, respectively. The theoretical
part consists of three chapters that describe methods and algorithms for nonlinear filtering, global optimiza-
tion, and numerical solutions of the Poisson equation that arise in both filtering and optimization.

For the nonlinear filtering problem, the main contribution is to extend the feedback particle filter (FPF)
algorithm to connected matrix Lie groups. In its general form, the FPF is shown to provide an intrinsic
coordinate-free description of the filter that automatically satisfies the manifold constraint. The properties
of the original (Euclidean) FPF, especially the gain-times-error feedback structure, are preserved in the
generalization.

For the global optimization problem, a controlled particle filter algorithm is introduced to numerically
approximate a solution of the global optimization problem. The theoretical significance of this work comes
from its variational aspects: (i) the proposed particle filter is a controlled interacting particle system where
the control input represents the solution of a mean-field type optimal control problem; and (ii) the associated
density transport is shown to be a gradient flow (steepest descent) for the optimal value function, with respect
to the Kullback-Leibler divergence.

For both the nonlinear filtering and optimization problems, the numerical implementation of the pro-
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posed algorithms require a solution of a Poisson equation. Two numerical algorithms are described for this
purpose. In the Galerkin scheme, the gain function is approximated using a set of pre-defined basis func-
tions; In the kernel-based scheme, a numerical solution is obtained by solving a certain fixed-point equation.
Well-posedness results for the Poisson equation are also discussed.

The second part of the thesis contains applications of the proposed algorithms to specific nonlinear
filtering and optimization problems. The FPF is applied to the problem of attitude estimation — a nonlinear
filtering problem on the Lie group SO(3). The formulae of the filter are described using both the rotation
matrix and the quaternion coordinates. A comparison is provided between FPF and the several popular
attitude filters including the multiplicative EKF, the invariant EKF, the unscented Kalman filter, the invariant
ensemble Kalman filter and the bootstrap particle filter. Numerical simulations are presented to illustrate
the comparison.

As a practical application, experimental results for a motion tracking problem are presented. The ob-
jective is to estimate the attitude of a wrist-worn motion sensor based on the motion of the arm. In the
presence of motion, considered here as the swinging motion of the arm, the observability of the sensor at-
titude is shown to improve. The estimation problem is mathematically formulated as a nonlinear filtering
problem on the product Lie group SO(3) x SO(2), and experimental results are described using data from
the gyroscope and the accelerometer installed on the sensor.

For the global optimization problem, the proposed controlled particle filter is compared with several
model-based algorithms that also employ probabilistic models to inform the search of the global minimizer.
Examples of the model-based algorithms include the model reference adaptive search, the cross entropy,
the model-based evolutionary optimization, and two algorithms based on bootstrap particle filtering. Per-
formance comparisons are provided between the control-based and the sampling-based implementation.

Results of Monte-Carlo simulations are described for several benchmark optimization problems.
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Chapter 1

Introduction

This thesis is concerned with particle-based methods and algorithms for the problem of nonlinear filtering
and global optimization. Application of particle-based algorithms for these problems has a rich history. For
the nonlinear filtering problem, the particle filter has been a popular solution approach since its debut in the
mid-1990s [63, 3, 46]. It has been applied to estimation problems that arise in engineering disciplines such as
inertial navigation [67], simultaneous localization and mapping [135], computer vision [84], wireless sensor
networks [83], and fault diagnosis [182]. For the global optimization problem, particle-based algorithms
include the genetic algorithm [62], the particle swarm optimization [91, 196], the ant colony optimization
[45], a class of interacting particle systems [133, 136], and a class of model-based algorithms [75, 79].

Nonlinear filtering and global optimization are closely-related problems with similar models and particle-
based implementations. For example, several recent works cast the global optimization problem as a particle
filtering problem whereby a Bayesian model is used to sequentially guide the search of the optimal solution
[215, 165]. Also, the methods for global optimization have influenced the development of particle filter al-
gorithms, e.g., by incorporating the annealing property that is fundamental for many optimization methods
[59, 136]. For both filtering and optimization, classical particle-based algorithms typically require certain
types of particle interaction mechanisms such as selection, computation of the so-called importance weight,
and re-generation of particles.

The aim of this thesis is to develop a class of controlled particle system algorithms for the nonlinear
filtering and global optimization problems. In the control-based approach advocated in this thesis, each
particle evolves according to a control law that depends on both the particle as well as the entire popula-
tion. There are no additional steps associated with resampling, regeneration or removal of particles. The
control-oriented construction is motivated by the feedback particle filter (FPF) [195, 194] that was originally
developed for nonlinear filtering problems in an Euclidean setting. Additional motivation comes from the

recent development in mean-field control [81, 197] and the optimal transportation theory [183, 31].



The contributions of this thesis are as follows: For the nonlinear filtering problem, the FPF algorithm
— originally constructed in the Euclidean space — is extended to matrix Lie groups. Applications of FPF to
attitude estimation and motion tracking are presented along with several numerical studies. For the global
optimization problem, a controlled particle filter algorithm — a gradient-free approach closely related to FPF
—is developed and numerically assessed for several benchmark optimization problems. For both the filtering
and optimization problems, the proposed algorithms are compared with the state-of-the-art algorithms in the
literature.

The remainder of this chapter provides an expanded summary of these contributions. Sec. 1.1 provides
a self-contained summary of background on the basic FPF theory, the mathematical problem statement
involving its extension to matrix Lie groups, a literature review, and an overview of our contributions to this
problem. Sec. 1.2 provides a similar overview for the global optimization problem. The organization of the

thesis appears in Sec. 1.3.

1.1 Nonlinear Filtering on Matrix Lie Groups

1.1.1 Background: Review of the basic feedback particle filter theory

The feedback particle filter was originally developed for the following continuous-time nonlinear filtering

problem in the Euclidean space [194, 193]:

dXt == a(X[) dt + G(X[) dB[, (lla)

dZ, = h(X,) dt + dW}, (1.1b)

where X; € RY is the hidden state (signal), Z, € R™ is the observation, a(-), h(-), o(-) are C' functions
of appropriate dimension, and B;, W, are mutually independent standard Wiener processes in R and R”,
respectively. The j-th coordinate of 4 is denoted as hj, i.e., h = (h1,....,hn). The stochastic differential
equation (sde) (1.1a) is expressed in its Itd form. The filtering objective is to numerically approximate the
conditional distribution of X; given the time-history (filtration) of the observations 2 = 6(Z;: s <1).

The Euclidean feedback particle filter consists of N controlled stochastic processes {X/}? |. The state



of the i-th particle X/ € R? evolves according to,

h(X))+ Iy
e dt), (1.2)

dX' = a(X') dr + o(X) dB + K(X',1) 0 (dZ, -
where B! fori = 1,...,N are mutually independent standard Wiener processes in R?, K(x,7) € R**™ is a gain
function to be solved, and h, := E[h(X!)| 2;]. The o after K indicates that the particle sde (1.2) is expressed
in its Stratonovich form. We refer the reader to [60] for a composition of I1t6 and Stratonovich sdes.

The gain function K(x,7) is obtained by solving a Poisson equation: For j = 1,...,m, the function ¢; is

a solution to the Poisson equation,

V- (p(x)V9;(x) = (h(x) ~hj)p(x), xeR’,

(1.3)
[oipar=o.

where p denotes the conditional density of X/ given the filtration ;. The gain function is then given by,

_ %9

[K]lj - dx;

The gain function needs to be obtained for each value of time ¢.

The FPF is an exact algorithm. That is, the posterior distribution (conditioned on the filtration Z) of X,i
exactly matches the posterior distribution of X;, provided that the two distributions are initialized according
to the same prior [194].

Numerical studies and comparisons with FPF have been reported in several papers [194, 175, 17, 164,
205, 168] where FPF was applied to various nonlinear estimation problems. In many of these studies, the
FPF exhibited certain advantages over the conventional bootstrap particle filter (BPF) [3]. For example, the
FPF was shown to avoid the particle degeneracy and sample impoverishment issue encountered in BPF, and
FPF also reduced the simulation variance. The robustness of FPF has been attributed to the error-correction
feedback structure in the particle dynamics (1.2). Indeed, extending the feedback structure to more general

spaces such as matrix Lie groups is a major goal of our work.



1.1.2 Problem statement: Filtering problem on matrix Lie groups

Throughout the thesis, a matrix Lie group is denoted as G, and its Lie algebra is denoted as ¢. The focus of

this thesis is on the following continuous-time filtering problem on G,

dXt = Xt V()(Xt) d[+Xt Va(X[) o dBta, (14a)

where X; € G is the hidden state (signal) at time ¢, Z; € R™ is the observation vector; Vy : G — ¢ and
Vo : G— % for a = 1,...,r are Lie algebra-valued functions; B* and W, are mutually independent standard
Wiener processes in R and R"™, respectively, and they are also assumed to be independent of the initial state
Xo; h: G — R™ is a given vector-valued nonlinear function. The j-th coordinate of Z; and h are denoted
as th and hj, respectively (i.e. Z; = (Z},...,Z™) and h = (hy,...,h,)). The sde (1.4a) is expressed in its
Stratonovich form, and the Einstein summation convention for the free index « is used.

The signal model (1.4a) differs from its Euclidean counterpart (1.1a) due to the multiplicative form
of the drift and noise terms. By left multiplication, the Lie algebra is used to generate a vector field that
models state evolution on a Lie group [104]. This construction, expressed in its Stratonovich form, provides
a coordinate-free description of the sde on a Lie group [74, 60, 140].

As in the Euclidean case, the objective of the filtering problem is to numerically approximate the condi-
tional distribution of X; given the time-history of observations % = o (Z; : s < t). The conditional distribu-

tion, denoted as 7", acts on a function f : G — R according to
i (f) = E[f(X;)| Z].

1.1.3 Overview of contributions

The main contribution of the thesis is to generalize the feedback particle filter to matrix Lie groups. The

FPF algorithm for the filtering problem (1.4a)-(1.4b) consists of N particles {Xf}f’z , evolving on the Lie

group G,
dX/ = X! Vo(X/) dt + X/ Vg o dB™ + X/ K;(X/ 1) o dI/*, (1.5)
propagation observati‘orn update



where B for a = 1,...,randi=1,...,N are mutually independent standard Wiener processes in R, K; € ¢
for j =1,...,m are the gain functions obtained by solving a Poisson equation on G, and the error dI,j TeR
is a modified form of the innovation process:

U = dzi - hj(X[) +h
for each j = 1,...,m, and h; := E[h;(X])| Z]].

The particle dynamics (1.5), expressed in its Stratonovich form, are shown to provide a coordinate-free
description of the filter that automatically satisfies the geometric constraints of the manifold. The filter is
also shown to be exact. That is, in the limit of large number of particles, the empirical distribution of the
particles exactly matches the posterior distribution. In a numerical implementation of FPF, however, the
source of estimation error include: i) the use of only finitely many particles, ii) the discretization of the time
interval, and iii) the error due to approximating the solution of the Poisson equation. Quantification and
analysis of these errors call for future research.

The following is a summary of contributions apart from the theoretical foundation of the FPF on matrix
Lie groups:
¢ Poisson equation on matrix Lie groups. The FPF algorithm requires numerical approximation of the gain
functions K;(x,) as a solution to a linear Poisson equation on the Lie group. The Poisson equation for this
case represents an extension of (1.3). An existence-uniqueness result for the solution is described in the Lie
group setting. Two numerical methods are proposed to approximate the solution: i) in the Galerkin method,
the gain function is approximated using a set of pre-defined basis functions; ii) in the kernel-based method, a
numerical solution is obtained by solving a certain fixed-point equation. The two numerical procedures are
described for both general Lie groups as well as special cases such as SO(3) and the Euclidean space. For
the Galerkin method, an error bound of the approximation is obtained for the case when the basis functions

are taken as the eigenfunctions of the weighted Laplacian operator in the Poisson equation.

o Feedback particle filter for attitude estimation. The attitude estimation problem represents the impor-
tant special case where the Lie group is SO(3). For this important special case, the explicit form of FPF
is described with respect to both the rotation matrix and the quaternion coordinates, with the latter being

demonstrated for computational purposes. Furthermore, in the case where the posterior distribution is con-



centrated, a certain closed-form approximation, referred to as the constant gain approximation, of the gain
function is obtained. With this approximation, evolution equations for the particle mean and the covariance

are also derived and shown to be closely related to the left invariance EKF algorithm proposed in [20].

o Numerical studies. For the attitude estimation problem, the performance of FPF with different gain func-
tion approximation schemes are investigated and compared with several filters in the literature, including
the extended Kalman filters, an unscented Kalman filter, an ensemble Kalman filter and a bootstrap particle
filter. The performance of the filters are assessed by varying the prior distribution and the noise parameters.

The particle filters are also assessed by varying the number of particles used in the filter.

o Feedback particle filter for motion tracking. The application involves tracking the motion of human arm
with a wrist-worn motion sensor equipped with a gyroscope and an accelerometer. The tracking problem is
cast as a filtering problem on the product Lie group SO(3) x SO(2). For this problem, experimental results

with FPF are presented.

1.1.4 Literature review

In recent years, there has been a growing interest in the nonlinear filtering community to develop geomet-
ric approaches for handling constrained systems. In many cases, the constraints are described by smooth
Riemannian manifolds, in particular the matrix Lie groups. Engineering applications of filtering on matrix
Lie groups include: 1) attitude estimation of aircrafts [80, 13], ii) localization of mobile robots [9, 72], and
iii) visual tracking of humans and objects [96, 116]. In these applications, the matrix Lie groups of interest
include the special orthogonal group SO(3), the special Euclidean group SE(3), and the special linear group
SL(3).

The mathematical problem of nonlinear filtering of stochastic processes in non-Euclidean spaces has a
rich history; c.f., [51, 139, 146]. More recently, the focus has been on computational approaches to numer-
ically approximate the conditional distribution. Such approaches have been developed, e.g., by extending
the classical extended Kalman filter (EKF) to Lie groups. These extensions have appeared in discrete-time
[22, 203], continuous-time [20, 58], and continuous-discrete-time settings [13, 21]. In particular, a number
of EKF-based filters have been proposed and applied for attitude estimation, e.g., the additive EKF [8] and
the multiplicative EKF [105]. The EKF-based attitude filters require a linearized model of the estimation

error, typically derived using one of the many three-dimensional attitude representations, e.g. the Euler



angle [7], the rotation vector [145], or the modified Rodrigues parameter [124].

Apart from the EKF, unscented and particle filters for matrix Lie groups and Riemannian manifolds have
also been an active area of research [38, 95, 39, 122, 160, 70]. Typically, particle filters adopt discrete-time
description of the dynamics and are based on importance sampling and resampling numerical procedures.
For the attitude estimation problem, the unscented quaternion estimator [42] and the bootstrap particle filter
[32, 141] have been developed, using one of the attitude representations. Other non-parametric approaches
include the point-mass filter [174] and filters based on certain variational formulations on the Lie groups
[202, 152, 87].

Based on geometric group-theoretic methods for Lie groups, deterministic nonlinear observers have also
been investigated [118, 98, 181]. A class of symmetry-preserving observers have been proposed to exploit
certain invariance properties [19], leading to the invariant EKF [20, 13], the invariant unscented Kalman
filter [41], the invariant ensemble Kalman filter [13], and the invariant particle filter [12] algorithms within
the stochastic filtering framework. A closely related theme is the use of non-commutative harmonic analysis
for characterizing error propagation and Bayesian fusion on Lie groups [37, 186, 191]. More comprehensive

surveys appear in [43, 200].

1.2 Global Optimization

The global optimization problem is

min A(x), (1.6)

xR
where i : RY — R is a real-valued function.
The objective is to develop a particle-based gradient-free algorithm to obtain the global minimizer of
h. Gradient-free algorithms are sought because in many practical situations, evaluating the gradient of the

objective function may be computationally prohibitive.

1.2.1 Background and overview of contributions

The main contribution is to develop the controlled particle filter (CPF) algorithm for the global optimization
problem (1.6).

The CPF is developed based on the following Bayesian approach: Given an everywhere positive initial



density (prior) py, define the (posterior) density at a positive time # by

P (1) = (1.7)

where B is a positive constant parameter. Under certain additional technical assumptions on % and pj, the
density p*(x,t) weakly converges to the Dirac delta measure at the global minimizer as time ¢ — oo. The
Bayesian approach is attractive because it can be implemented recursively: Given a finite time interval [0, 7],
define a discrete-time sequence {f,t1,%2,...,ty} of sampling instants with 0 =7y <1, < ... <ty =T and

increments given by At, :=t, —t,_1,n=1,...,N. The posterior distribution is expressed recursively as:

Initialization:  po(x) = pg(x),

Pr1(x) exp(=Bh)AL) (1.8)

~ TP () exp(—Bh(0)As)dy” " T

Update: p,(x)

Note that at time #,, p,(x) = p*(x,t,) by construction.

The Bayesian model (1.7) is not new: Taking time-derivative on both sides, one arrives at the replicator
model used in the model-based evolutionary optimization algorithm [187]. The discretized version (1.8) is
also a closely-related variant of the model used in the model reference adaptive search algorithm [76] and a
particle filtering algorithm for optimization [215].

A conventional particle filter based on sequential importance sampling and resampling (SISR) may be
used to sample from p,. A particle filter is comprised of N stochastic processes {X! : 1 <i < N}, where
X! € RY is the state for the i particle at iteration n. The SISR particle filter implements the following

recursive steps:

Initialization: Xé ~" Do,

neXn

N
Update: X, i ZWlSi , n>1,

where w', o< exp(—Bh(X!_,)At,) are referred to as the importance weights and &, denotes the Dirac-delta at
z € RY. In practice, the importance weights w', can potentially suffer from large variance. To address this
problem, several extensions have been described in literature based on consideration of suitable sampling
(proposal) distributions and efficient resampling schemes; cf., [46, 47].

We present an alternative control-based approach to the construction and simulation of the particle



system for global optimization. In particular, the CPF consists of a controlled interacting particle system

where the dynamics of the i particle evolves according to

dx;
dr

=u(X',t), X\~ p}, (1.9)

where the control function u(x,t) is obtained by solving the Poisson equation given in (1.3). In terms of the
solution ¢ (x) of (1.3) (the subscript j in (1.3) is omitted since A is scalar-valued in this case), the control

function at time ¢ is given by

u(x,t) =—BVo(x).

The inspiration for controlling a single particle — via the control input u(X/,¢) in (1.9) — comes from the
mean-field type control formalisms [81, 16, 24, 197], control methods for optimal transportation [183, 30,
31], and the feedback particle filter (FPF) algorithm for nonlinear filtering [195, 194]. One interpretation of
the control input u(X/, ¢) is that it implements the “Bayesian update step” to steer the ensemble {X/: 1 < i<
N} towards the global minimizer. Structurally, the control-based approach is a significant departure from
the importance sampling based implementation of the Bayes rule in conventional particle filters. It is noted
that there are no additional steps, e.g., associated with resampling, reproduction, death, or birth of particles.
In the language of importance sampling, the particle flow is designed so that the particles automatically have
identical importance weights for all time.

Based on the general framework as described above, specific contributions regarding the CPF algorithm

are as follows:

e Theory. The variational formulation of CPF is presented, including the gradient flow construction of
the Bayesian model (1.7) and the associated mean-field type optimal control problem from which the con-
trol function u(x,t) is obtained. To the best of our knowledge, it is the first derivation/interpretation of a
(Bayesian) particle filter as a solution to an optimal control problem. Numerical algorithms to approximate
the control function are provided. The special case with a quadratic objective function is also considered

where the control function admits a closed-form expression which is affine in the state.

o Numerical studies. The proposed CPF algorithm, together with several model-based methods, are sim-
ulated for benchmark optimization problems. Performance comparisons are provided between the control-

based and the sampling-based implementation of the Bayesian model. The numerical results are obtained



via Monte-Carlo simulations.

1.2.2 Related work

There are two broad categories of global optimization algorithms: (i) Instance-based algorithms and (ii)
Model-based algorithms; cf., [217]. The instance-based algorithms include simulated annealing [93, 149],
genetic algorithms [62], differential evolution [166], nested partitions methods [158], and various types of
random search [199] and particle swarm [91, 196] algorithms. The optimization is cast as an iterative search
where one seeks to balance the exploration of the state-space with the optimization objective. In [150],
such algorithms are referred to as “local search heuristics”, presumably because they depend upon the local
topological structure of the state-space.

In recent years, the focus has been on model-based algorithms where a reference probabilistic model
— sequence of recursively-defined distributions of the decision variables — informs the search of the global
optimizer. Examples include (i) parametric approaches such as the cross-entropy (CE) [150], the model
reference adaptive search (MRAS) [76], and the model-based evolutionary optimization (MEO) [187]; and
(i1) non-parametric approaches such as estimation of distribution algorithm [99], sequential Monte Carlo
simulated annealing (SMC-SA) [213], and the particle filtering for optimization (PFO) [215]. While non-
parametric approaches typically implement importance sampling and resampling to approximate the refer-
ence model, parametric version of model-based methods approximate the reference model by a prescribed
class of parametric distributions. The latter is also referred to as density projection [214] in particle filter-
ing. Related filtering models for global optimization appear in [114, 113, 130, 165, 59]. Bayesian filtering
approaches to the particle swarm optimization also appear in [89, 134].

Multiple reference models have appeared in model-based methods; see recent surveys [75, 77, 79, 212,
114]. Apart from the Bayesian model used in PFO, other models include the optimal importance sampling
density used in CE, the proportional selection density used in MRAS, the replicator model used in MEO,
and the Boltzmann distribution used in SMC-SA. Many of these models are closely related to the model
used in our algorithm.

System and control approaches, though not model-based, have been employed for global optimization.
The algorithm based on a continuous-time consensus model appears in [128]. The use of stochastic differ-

ential equations with decaying diffusion is presented in [33, 2]. An optimal control problem is constructed
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in [133] to improve parameter tuning of the algorithm therein.

1.3 Outline of the Thesis

The remainder of the thesis is comprised of two parts.

1) Part I covers the theory for both nonlinear filtering on matrix Lie groups and global optimization. Specif-
ically, Chapter 2 contains the basic theory for extending the FPF to matrix Lie groups. The theoretical
foundation of the proposed optimization algorithm is presented in Chapter 3. The major computation

step in these algorithms — approximating the solution of a Poisson equation — is described in Chapter 4.

2) Part II contains applications of the proposed algorithms. The FPF for attitude estimation is developed
in Chapter 3. Experimental results of FPF for the motion tracking problem are recorded in Chapter 6.

Chapter 7 includes numerical studies for the global optimization problem.

All the proofs appear in the appendix.
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Theory
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Chapter 2

Feedback Particle Filter on Matrix Lie Groups *

2.1 Introduction

In this chapter, we present an extension of the feedback particle filter (FPF) to matrix Lie groups. Through-
out the chapter, a matrix Lie group is denoted as G, and its Lie algebra is denoted as ¢. An overview of
matrix Lie groups and related notation is contained in Sec. 2.2.

The mathematical problem involves the following sdes on matrix Lie groups:

dXt = Xl VO(X;) dt+X[ VO((XZ) o dB;x, (213)

dzZ, = h(X;) dt + dW;, (2.1b)

where X; € G is the state at time ¢, Z, € R™ is the observation vector; Vy: G — % and V,, : G — ¥ for
o = 1,...,r are Lie algebra-valued functions on G; B¥ and W; are mutually independent standard Wiener
processes in R and R™, respectively, and they are also assumed to be independent of the initial state X;
h: G — R™is a given vector-valued function. The j-th coordinate of Z; and 4 are denoted as th and hj,
respectively (i.e. Z, = (Z},...,Z™) and h = (hy, ..., hy,)). The sde (2.1a) is expressed in its Stratonovich form,
and the Einstein summation convention for the index o is used.

The objective is to numerically approximate the conditional distribution of X; given the time-history
(filtration) of observations 2 = o(Z, : s <t). The conditional distribution, denoted as 7;", acts on a function

f: G — R according to
m (f) = ELf(X)| 2],

whose time-evolution is described by the Kushner-Stratonovich filtering equation (see Theorem 5.7 in

*The content of this chapter is related to the publication [208, 210, 209].
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[192]),

m) =m0+ [ w2 N+ [ (men-mwm o) (@Z-nmns), e

for all smooth functions f with compact support, where .Z* f :=Vy - f + % Yr—1Va- (V- f). The operations

Vo - f and V- f are defined in Sec. 2.2.

In this chapter, an algorithmic solution to this problem is presented. The algorithm is based on the
FPF originally proposed in [193, 194, 195] in the Euclidean setting. The main result is to show that the
gain-times-error update formula in the original Euclidean setting carries over to the manifold setting.

The primary challenge in implementing the FPF algorithm arises due to the gain function approxima-
tion. Apart from the numerical schemes that will be presented in Chapter 4, this chapter also considers a
certain special case, namely where the posterior distribution is concentrated. In this case, a closed-form
approximation, referred to as the constant gain approximation, is obtained. With this approximation, evo-
lution equations for the mean and the covariance are also derived and shown to be closely related to the left
invariance EKF algorithm proposed in [20]. Although the derivations for the concentrated distributions are

restricted to the Lie group SO(3), extending the results to general matrix Lie groups is straightforward.

The remainder of this chapter is organized as follows: A review of the relevant Lie group preliminaries is
contained in Sec. 2.2. In Sec. 2.3, the generalization of the FPF algorithm to matrix Lie groups is presented,

including both theory and numerical algorithms.

2.2 Mathematical Preliminaries

2.2.1 Geometry of Matrix Lie Groups

This section includes a brief review of matrix Lie groups based on [104, 68, 34]. The intent is to fix the
notation used in subsequent sections.

The vector space of n x n real matrices is denoted as M (n;R). The general linear group, denoted as
GL(n;R), is the group of n x n real invertible matrices, where the group operations are the matrix multipli-
cation and matrix inversion. The identity element is the identity matrix, denoted as I. A matrix Lie group,

denoted as G, is a closed subgroup of GL(n;R). G is assumed to be connected. The dimension of G is

14



denoted as d.
For any x € G, the tangent space at x is denoted as 7,G, which is a d-dimensional subspace of M(n;R).

The left translation map associated with x, denoted as L, : G — G, is a smooth map defined as

Lx(y) =Xy

for all y € G. The differential of L, evaluated at y is a function denoted as d(Ly) : I.G — T,,G. For any

V € T,G, the differential is evaluated according to,

L (¥(7)), (2.3)

where 7: R — G is a smooth curve such that y(0) =y and ¥ (0) = V.
A vector field on G, denoted as ¥, is a function of x such that ¥ (x) € T,G. ¥ is further called a

left-invariant vector field if

d(La)y (V' (v)) = 7 (xy)

forall x,y € G.

The Lie algebra of G, denoted as ¥, is the Lie algebra of all smooth left-invariant vector fields on G
with the Lie bracket defined for vector fields (see Chapter 8 of [104]). ¢ is identified with the tangent space
T;G via the following construction: For every left-invariant vector field ¥ € ¢, there is a unique V € T;G
such that

V(%) = d(L)i(V) 24)

for all x € G. With this construction, 7;G is considered as a Lie algebra where the Lie bracket is given by
the commutator,

V,W]:=VW - WV

for all VW € T;G. From now on, we will use the notation ¢ and 7;G interchangeably.

The exponential map of G is denoted as exp : 4 — G. For matrix Lie groups, the exponential map is
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given by the matrix exponential:

1 1
exp(V) := ZHVk:I+V+§V2+~--, (2.5)

for V € ¢4. The function y(7) := exp(tV) defines a smooth curve on G such that y(0) =1 and y'(0) = V.

Consequently, a left-invariant vector field ¥/, defined in (2.4), is calculated as,

d
W L(exp(zv)) v (2.6)

Y (x) It

=0

The vector space ¢ is equipped with an inner product, denoted as (-,-)«, and an orthonormal basis

{Ei,...,E;} such that (E;,Ej)¢ = &;;. Define a set of left-invariant vector fields {&7, ..., 6, } according to,

24 (2.6)
&n(x) == d(Ly)/(E,) = xE,
forn € {1,...,d}. Then, {&,...,&;} form a global frame of G, i.e., the set {xE},...,xE;} form a basis of

T,G for all x € G. Using these basis of T, G, a vector field 7" is expressed as,

YV (x) =vi(x)xEy + - +vg(x) xE,4

with v,(x) : G = R forn = 1,...,d. We write ¥ (x) =xV(x), where V(x) := vi(x) E; + - +vg(x) E; is an
element of ¢ for each x € G. The functions (vi(x), ...,v4(x)) are referred to as the coordinates of the vector
field #. The construction of vector fields on G is illustrated in Figure 2.1. With a slight abuse of notation,

the action of the vector field ¥ on a function f : G — R is denoted as,

d

V-f(x):=—

i f(xexp(tV(x))). (2.7

=0

A choice of the inner product for the tangent space T, G is defined as follows: For V,W € T,G, the inner

product of V and W is then given by,

(VW) = (d(Ly 1)2(V), ALy )x(W)g = (x 'V, x" W)y

IfV =Y, v,xE, and W = Y¢_, w,xE, for an orthonormal basis {E{, ..., E;} of &, we then have (V,W) =
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vector field V(z) = 2V (z)

Figure 2.1: Construction of vector fields on G.

d
Zn:] VaWp.

For two vector fields ¥ and #, we define a function (¥, #") : G — R as

d
(VW) (x) = (V(x),#(x)) = ;vn(x)wn(x). (2.8)

For a vector field 7 such that ¥ (x) = xV(x) and V(x) € ¢, we define the norms,

Vg (x) ;= (V(x),V(x))g, and |¥]|c(x):=/(¥,¥)(x). (2.9

The vector field, grad(f), for a differentiable function f : G — R is defined such that

(grad(f),7)(x) =V - f(x) (2.10)

holds for all smooth vector fields #'. By taking ¥ as &, ...,&,, we obtain the coordinates of grad(¢) as

(E1- f(x),...,Eq- f(x)), where similar as (2.7),

E, f(x) = dir‘fzof(x exp(TEn))

forn=1,....d.
A measure p on G is called a (left) Haar measure if t(xA) = 1 (A) for all x € G and all Borel set A C G,
where xA := {xa:a € A} (see Chapter 5 of [57]). Given a vector field ¥, we define a function divy : G — R

that satisfies

— [ div() ) () = [ O grad () (m( ) @.11)
G G

17



for all smooth functions f : G — R, where u is the Haar measure. Given an orthonormal basis {E},...,E4}

of ¢, div/(x) is calculated as,
divV (x) =E;1-vi(x)+ -+ Eg-vg(x), (2.12)

where (v;(x),...,v4(x)) are the coordinates of ¥

Example 2.1 (Geometry of SO(3)) The special orthogonal group SO(3) is the group of 3 x 3 matrices R
such that RRT = I and det(R) = 1. The Lie algebra so(3) is identified with the 3-dimensional vector space
of skew-symmetric matrices. An inner product is (Q1,Q),3) = %Tr(QlTQz) for ©1,Q, € s0(3), and an

orthonormal basis {E|,E»,E3} of so(3) are,

0 0 0 0 0 1 0o -1 0
Er=10 0 -1|, E2=]0 0 0|, E3=11 0 0f - (2.13)
0 1 0 1 0 O 0 0 0

These matrices have the physical interpretation of generating rotations about the three canonical axes in
R3. Here, det(-) and Tr(-) denote the determinant and trace of a matrix, respectively. Given the basis in

(2.13), a vector @ = (@1, @, ®3) € R? is uniquely mapped to an element in so(3), denoted as

(@] := 01E| + 0 Er + 3 E3. (2.14)

We consider the following function spaces: The vector space of smooth real-valued functions f: G -+ R
with compact support is denoted as C*(G). For a probability distribution 7 on G, L*(G;7) denotes the
Hilbert space of functions on G that satisfy 7(|f|*) < e (here #(|f|*) := [;|f|*dn(x), where dm(x) =
p (x)u(dx), p is the density associated with 7z, and u denotes the Haar measure on the Lie group ); H' (G; )
denotes the Hilbert space of functions f such that f and E, - f (defined in the weak sense) are all in L?(G; );

and H} (G; ) :={¢ € H'(G; )| n(¢) = 0}.
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2.2.2 Quaternions

Quaternions provide a computationally efficient coordinate representation for SO(3). A unit quaternion has
the form,

7] .0 . 6 . 6
q9=1(q0, q1, 92, q3) = (COS(E), o sm(g), [0} sm(g), 3 81n(§)>, (2.15)

which represents rotation of angle 6 about the axis defined by the unit vector (@, @, ®3). As with SO(3),
the space of quaternions admits a Lie group structure: The identity quaternion is denoted as ¢; := (1,0,0,0),

1

the inverse of ¢ is denoted as ¢~ := (g0, —q1, —42,—q3), and the multiplication is defined as,

poqo — pv - qv
p®q:= )
poqv +qopv + pv X qy

where py = (p1,p2,P3)s qv = (q1,92,43), and - and x denote the dot product and the cross product between
two vectors.

Given a unit quaternion ¢, the corresponding rotation matrix R € SO(3) is calculated by,

23 +243 -1 2(q192—qoq3)  2(q193+ q042)
R=12(q192+q093) 2q5+245—1  2(q295 —qoqn) | - (2.16)

2(q193—90q2)  2(q2q3+qoq1) 23 +245—1

For more comprehensive introduction of quaternions, we refer the reader to [178].

2.2.3 Sdes on matrix Lie groups

The sde (2.1a) is expressed in its Stratonovich form which provides a coordinate-free description of the sde.
The difference between the Stratonovich form and the It6 form is illustrated next with an example of an sde

defined on the unit circle.

Example 2.2 (sde on unit circle, c.f., Example 5.1.4 in [140]) The unit circle S' is a smooth manifold em-

bedded in R?. It is also identified with the Lie group SO(2). Consider the following Ité sde expressed using
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the Cartesian coordinates,

ax, (¢ 1 0| [x( 0 —1| |Xi(r
o) _ 1 o) dr + o) dB,, (2.17)

dX, (l‘) 0 1 Xo (l‘) 1 0 Xo (l‘)

where B, is the standard Wiener process in R. the solution of (2.17) is (cos(B;), sin(B;)), which represents
the Brownian motion on S'. Denote X, = (X, (t),Xa(t))" and define f(X;) = |X;|*. The fact that the solution
X; of (2.17) satisfies the constraint f(X;) = 1 for all t > 0 can be verified directly: Rewrite the sde (2.17) in
a compact form,

dXt :AX[ dt +MXt dBt, (218)

where according to (2.17), A = —(1/2)1 and the matrix M is shown to satisfy M' M = I and X! MX, = 0.
Then, applying the It6’s formula (see Section 4.3.3 in [60]) and the 1t6’s rule (i.e., dB; dt =0, and (dB;)?> =
dr),

1
df(X) = (Vf(X)" dX; + 5 dx/ Af(X,)dX,
=2x" dx, + dx! dx,
=2X"(AX, dt +MX,dB,) + X M"MX, dt

= XX, dt +0+ XX, dt =0,

where Vf and Af denote the gradient vector and the Hessian matrix of f, respectively. Hence, f(X;) =1
Sforallt > 01if f(Xo) = 1.

The Stratonovich form of (2.17) is obtained as (see Section 4.3.6 in [60] for the conversion formulas
between Ito and Stratonovich sdes),

Xm(l‘) _ 0 —1 Xl(l‘) o dB (2.19)

dXz(t) 1 0 Xz(t)

For a Stratonovich sde, the change of variable formula is identical to the ordinary chain rule. Using this

fact, one verifies that df (X;) = 0 for the Stratonovich sde (2.19).

Although (2.17) and (2.19) are equivalent (i.e., has the same solution), they have different interpreta-
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tions. The form of the Ito sde depends upon the choice of the coordinate system, e.g., the additional drift term
AX, dt is needed in (2.18) for the solution to satisfy the manifold constraint |X;|> = 1. In the Stratonovich sde
(2.19), the right-hand-side represents a tangent vector in S'. In general, the definition of a tangent vector
is coordinate-free, and the solution of the resulting sde automatically satisfies the manifold constraint. The

coordinate-free representation of (2.19) is given by

dXt = V(Xt) 9] dBt,

where X; € S, and V (x) € T, S™.

Analogous examples of Itd sde whose solution is a Brownian motion in the Lie group SO(3) are provided
in Section 20.4 of [34] and also in [143]. Similar as in (2.17), a coordinate-dependent drift term is needed to
satisfy the manifold constraint. The corresponding Stratonovich sde is coordinate-free and admits a similar
form as (2.1a). 1t6 sdes constructed using the local coordinates of a Riemannian manifold appear in [161].

A comparison of Itd and Stratonovich sdes for manifolds is also presented in [119].

2.2.4 Numerical Integration of sdes on matrix Lie groups

This section describes a numerical integration method for the sde (2.1a). Consider a finite time interval
[0,T] with an associated discrete-time sequence {fo,71,f2,...,ty} of sampling instants with 0 =7y < #; <
.-+ <ty =T and uniform increments given by Ar :=t, —#,_1. A numerical simulation algorithm is tabulated
in Algorithm 1. This algorithm is a direct extension of the Euler-Maruyama approximation scheme [94] to
Lie groups, based on the explicit representation of the matrix exponential. Closely related algorithms also
appear in [119, 144] as well as in [122] particularly for implementing a particle filter algorithm.
Higher-order numerical algorithms have recently been developed for matrix Lie groups [120] and the
Stiefel manifold [121]. The algorithm described in Algorithm 1 represents the simplest form of these higher-

order algorithms.

2.3 Feedback Particle Filter on Matrix Lie Groups

This section extends the FPF algorithm to matrix Lie groups, with necessary modifications to the original

framework to account for the manifold structure.
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Algorithm 1 Numerical integration of sde (2.1a)

1: Input: Initial condition Xy € G

2: Assignt =t

3: Iteration: from ¢ to 7 4 At

4: Generate sample ABY from .47 (0,Ar) fora = 1,...,r
5: Calculate AV, = V(X;) At + Vi (X;) ABY

6: Propagate the state X; o, = X; exp (AV,)

7: Assignt =1+ At

2.3.1 Particle Dynamics and Control Architecture

The FPF on a matrix Lie group G is a controlled system comprising of N stochastic processes {X/} | with

X/ € G. The particles are modeled by the Stratonovich sde,
dX; = X/ (Vo(X]) +u(X!,1)) dt + X! V(X)) 0 dBY + X K (X[ 1) 0 dZ] (2.20)

where B ' for o = 1,...,rand i = 1,...,N are mutually independent standard Wiener processes in R, and
the Einstein summation convention is used for the free indices o and j. The functions u(x,7), K;(x,7) :
G x [0,T] — & are referred to as the control and gain function, respectively, whose coordinates are de-
noted as (ui,...,ug) and (ky j,...,kq ;), for j =1,...,m. These functions need to be chosen. The following

admissibility requirement is imposed on u and K;:

Definition 2.1 (Admissible input): The functions u(x,t) and K;(x,t) are admissible if they are 2—measurable

and E[( ¥, |un(X/,1)])] < oo, E[X, |kn,;(X},1)|?] < oo for each j=1,...,m and for all 1.

The conditional distribution of the particle X/ given Z; is denoted by 7;, which acts on a function f

according to

m(f) = E[f(X))| 2.

The evolution equation for 7; is given by the proposition below. The proof appears in Appendix A.1.

Proposition 2.1 Consider the particle X! with dynamics described by (2.20). The forward evolution equa-
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tion of the conditional distribution T is given by,

w() = mlf)+ [ m( L ast [ m(K;p)az

forany f € CZ(G), where the operator £ is defined as

m

Jj=1

L= (Vo) S5 Y Ve (Ve )45 Y K5 (K1),
a=1

Problem statement: There are two types of conditional distributions of interest:
e 7: The conditional distribution of X; given Z;.

e 7;: The conditional distribution of X/ given Z.

2.21)

The functions u(x,?), K;(x,?) are said to be exact if m; = m;" for allt € [0, T]. Thus, the objective is to choose

u and K; such that, given 7y = 7, the evolution of the two conditional distributions are identical (see (2.2)

and (2.21)).

Solution: The FPF represents the following choice of the gain function K and the control function u:

1) Gain function: The gain function is obtained as follows: For j =1,...,m, let ¢; € H '(G;m) be the

solution of a linear Poisson equation:

~

m; ((grad(9)), grad(w))) = m, ((h; — h)) ),

m(¢;) =0 (normalization),

for all w € H'(G;m,), where h; := m,(h;). The gain function K; € ¢ is then chosen as,

xKj(x,1) = grad(¢;)(x).

Given a basis {En}if:] of the Lie algebra ¢, and noting that (see (2.10))

grad(9;)(x) = E1 - 9;(x) E{ + -+ Eq- 9;(x) Ej
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where E;, = xE,, the coordinates of K is given by

kn j(x,1) = E,- ¢;(x) , forn=1,...,d. (2.24)

2) Control function: The function u is chosen as,

u(x,t) = !

[\S}

i Kj(x,1) (j(x) +hj). (2.25)
j=1

Feedback particle filter: Using these choice of u and K, the i-th particle in the FPF has the following
representation:

dX/ = X/ Vo(X}) dt + X/ Vg o dB® + X K;(X/,1) 0 dI”, (2.26)

propagation observation update

where the error dI,j ' € R is a modified form of the innovation process:

hj (Xti) + h

dv' = dz/ — ! dt, (2.27)

for each j =1,...,m. The i-th particle implements the Bayesian update step —to account for the conditioning
due to the observations — as gain times an error, which is akin to the feedback structure in a classical Kalman
filter.

Note that the Poisson equation (2.22) must be solved for each j = 1,...,m, and for each time ¢.

The exactness is asserted in the following theorem. The proof is contained in appendix A.2.

Theorem 2.1 Let i) and m; satisfy the forward evolution equations (2.2) and (2.21), respectively. Suppose
that the gain functions K;, j = 1,....m, are obtained using (2.22)-(2.23), and the control function u is

obtained using (2.25). Suppose also that these functions are admissible. Then, assuming Ty = Ty, we have,

forallt € [0,T] and all function f € C2(G).

Remark 2.1 In the original Euclidean setting, the FPF has the prettiest— gain times error — representation
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of the update step in the Stratonovich form of the filter (see Remark 1 in [194]). In the Ito form, the filter
includes an additional Wong-Zakai correction term. For sdes on a manifold, it has been shown in Sec. 2.2.3
that the Stratonovich form is invariant to coordinate transformations while the Ito form is not [140]. So,
for the gain times error form of the update step to have an intrinsic coordinate independent form, the

multiplication must necessarily be in the Stratonovich form.

Remark 2.2 The equation (2.22) is the weak form of a Poisson equation. Suppose 7, admits an everywhere

positive density, denoted as p;. Then the strong form of (2.22) is given by the Poisson equation,
Ap, 0 = —(hj—h)), (2.28)

where Ap, @ := édiv (p, grad(q)j)) is the weighted Laplacian on the manifold [64], and div(-) is defined
according to (2.11). Multiplying both sides of (2.28) by w(x)p;(x) and integrating by parts, one arrives at

the weak form (2.22).

In the Euclidean case, the gain function was obtained as the gradient of the solution of a Poisson equa-
tion [194]. Remark 2.2 shows that the Euclidean gain function is a special case of the more general Lie
group formula (2.22)-(2.23). For the latter, the definition of divergence and gradient ensures that the Pois-
son equation has a coordinate-free representation. The gain function, expressed as gradient of the solution
of the Poisson equation, is an element of the Lie algebra. This is consistent with the use of Lie algebra to

define vector fields for dynamics evolving on the Lie group.

2.3.2 FPF Algorithm Summary

The numerical algorithm of the FPF on a matrix Lie group is summarized in Algorithm 2. The algorithm
simulates N particles, {X/}Y |, according to the sde (2.26) with the initial conditions {X/}?, sampled i.i.d.
from a given prior distribution 77;. Numerical approximation of the gain function K is the subject of Chapter
4, where the gain function is approximated using either the Galerkin scheme (see Sec. 4.3 and Algorithm 4)

or the kernel-based scheme (see Sec. 4.4 and Algorithm 5).
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Algorithm 2 Feedback Particle Filter on a matrix Lie group

1: Initialization: Samples {X}Y | i.i.d. from 7

2: Assignt =0

3: Iteration: from ¢ to r 4 At

4: Calculate 2§N> =+ YN hi(X]) for j=1,2,....m

5: fori=1toN do

6:  Generate samples AB;” from N(0,At) fora =1,...,r
7. Assign AU/ =0

8: for j=1tomdo

9: Calculate the error AI;J =AZ;, — % (h X+ ilE»N)) At
10: Calculate gain function K;(X/,7) (see Chapter 4)
11: Assign AU/ = AU/ +K;(X/,1) AL,
12:  end for

13:  Caleulate AV = Vo(X!) A + Vo (X)) AB* 4 AU/

14:  Propagate the particle X/ ,,

=X/ exp (AV,i )
15: end for
16: Return: empirical mean of {X/, ,,}Y

17: Assignt =t+ At

2.4 Feedback Particle Filter with Concentrated Distributions

In its original Euclidean setting [194], the FPF algorithm is shown to represent a generalization of the
Kalman filter in the following sense: Suppose that the signal and the observation models are linear and that

the prior distribution is Gaussian. Then, it is shown that:
1. The gain K; is a constant for each r whose value equals the Kalman gain;

2. The conditional distribution 7; of X/ is Gaussian whose mean and covariance evolve according to the

Kalman filter.
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For the general nonlinear non-Gaussian case, the gain function K; is no longer a constant and must be
numerically approximated. However, the conditional expectation of the gain function, E[K;| 2], admits
a closed-form expression which can furthermore be approximated using only the particles. The resulting
approximation is referred to as the constant gain approximation. This approximation reduces to the Kalman
gain in the linear Gaussian case. For the general case, this approximation often suffices in practice particu-
larly so when the conditional distribution is unimodal [194, 17, 164].

On a Riemannian manifold, unfortunately, even the state space does not possess a linear structure.
However, under the additional assumption that the posterior distribution is “concentrated” (see [186]), one
can expect the results to be close to the Euclidean case. In this section, the following is shown for the special

case of concentrated distributions on matrix Lie groups:

1. A closed-form formula for the constant gain approximation is derived and shown to admit the form

of the Kalman gain;

2. The equation for the mean and covariance are derived and shown to be closely related to the continuous-

time left invariant EKF algorithm in [20].

In this section, we restrict our attention to the following filtering problem on the Lie group SO(3),

dR[ = R[ Ql dt +Rt [©] [GB dBt ] Xy (22921)

dZ, = h(R,) dt + oy dW;, (2.29b)

where R; € SO(3) is the hidden state, Q; € so(3), h: SO(3) — R™ is a given function, B; and W; are mutually
independent standard Wiener processes in R® and R”, respectively, and oz and oy are positive scalar
parameters. The definition of [-]« (see (2.14) in Sec. 2.2.1) indicates that [ 6 dB; |« € so(3). The problem
(2.292)-(2.29b) is also used to model the attitude estimation problem in Chapter 5 (see (5.5a)-(5.5b)).

The restriction to SO(3) is not necessary but leads to a simpler presentation without undue notational
burden. Also, it allows us to make comparisons with the literature on filters for attitude estimation (These

are described in Sec. 5.5 where numerical results for the attitude estimation problem are presented).
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Gaussian

 dist. of X

G (group)

Figure 2.2: Concentrated distribution on G with mean at the identity, where R = exp(€[x ]« ) is close to the mean.
The random variable ¥ has a Gaussian distribution in so(3) 22 R3. A concentrated distribution with non-identity
mean is defined using left translation [21].

24.1 Constant Gain Approximation of FPF

For the filtering problem (2.292)-(2.29b) on SO(3), the (strong form) Poisson equation in the feedback
particle filter is given by
1 A

Apdj = —g(hj —hj) (2.30)

for j=1,...,m, where Ay¢; = %div (p grad(¢ ])) and p denotes the probability density function associated
with the particle distribution 7. The dependence on the time ¢ is suppressed in this section (i.e., we express
R; as R, m; as 7, p; as p etc.).

Consider concentrated distribution whereby the random variable R on SO(3) is parametrized as,

R=pexp(e[x]x),

where ) € so(3) =2 R? is a Gaussian random variable with mean 0 and covariance X, and € is a small
parameter. Formally, most of the probability mass of a concentrated distribution is supported in a small
neighborhood of u, and the analysis pertains to the consideration of the asymptotic limit as € — 0.

The following proposition provides an approximate formula for the gain in this special case. The proof

appears in Appendix A.3.

Proposition 2.2 Consider the Poisson equation (2.30) where the random variable R = [l exp(€[ x|« ), and

x € R3 is a Gaussian random variable with mean 0 and covariance ¥. Suppose oy = €Gyw. Let [K il
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SO(3) — R? denote the coordinates of the gain function K j- Then, in the asymptotic limit as € — 0,

1 —
[Kjl=—=XH;+0(¢),
Ow

where Hj = (El 'hj([.L), E> -hj(u), E3 h]([.L)) S R3f0rj = 1, e, m

In the attitude estimation problem described in Chapter 5, the observation model #(R) = RTr € R3 (i.e.,
m = 3), where r € R3 is a known vector (see the accelerometer and magnetometer model (5.3) and (5.4)).

In this special case, the constant gain approximation is analogous to the Kalman gain.

Corollary 2.1 Consider the Poisson equation (2.30) where the random variable R = [ exp(€[ x|« ), where
x € R? is a Gaussian random variable with mean 0 and covariance ¥. Let h i(R) = ejTRTr for j=1,2,3. Let
K € R¥3 whose columns contain the coordinates of the gain functions K, Ka, Ks. Then, in the asymptotic
limit as € — 0,

LSHT 4 o(e), (2.31)

K _
=)
Ow

where H := [u”r]..
In a numerical implementation, the constant gain approximation is calculated as,

1 .
KE=_—_3% T 1T
G‘%/ [uu r]xa

where f1 and £ denote the empirical mean and covariance of the particles {R'}Y_, respectively. The geomet-

=1
ric definition of I and related numerical algorithms appear in [132, 155]. An algorithm using the quaternion

coordinates of SO(3) is described in Sec. 5.3. The formula of £ is given by,

[log(A"R)]" [log(A"R)]"",

[Nol
Il
b
™=

—_

where log(-) : SO(3) — so(3) denotes the matrix logarithm, and for Q = @,E| + @ E> + :3E3 € so(3),

[Q]Y:= (1, ,w3) € R? (i.e., [-]" is the inverse of [-]).
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2.4.2 FPF with Concentrated Distributions

Consider the attitude estimation problem,

th :RIQI dt+RtO[863 dB[]X,

dZ, = R'rdt +eow dW,,

with initial condition Ry = o exp(€ [ X0 ]x ), where L is exactly known and yo ~ 4 (0,X).

Using the constant gain approximation (2.31), the FPF for this problem is given by,

dRI =RIQ, dr +Rio[eGp dB ] + R [K, 0 dll],, (2.32)
for small € and small time ¢ € [0, €T], where K, := 6%2 HT is the constant gain, H; = [u[r]«, and the
w
error
. h(R)+h
dI; = h(R)+h f2)+ dr

where h(R) = R r. The general form of FPF on SO(3) will be presented in Sec. 5.3.
In the following theorem, it is shown that g, and X, evolve according to the equations that are closely

related to the left invariant EKF. The proof is contained in Appendix A.4.

Theorem 2.2 Consider the FPF (2.32) where K, is given by the constant gain approximation. Suppose that
over a time horizon [0,€T), Rl = y, exp(e[x/]x) where xi ~ A (0,%,). Then, in the asymptotic limit as

€ — 0, W, and ¥, evolve according to the respective sdes,

du, = p € dt + [ Ky o d |, (2.33)

_ _ 1 _ _
d¥, = (A, dr — [K,dL ) Z + Z (A de — (K, dL )T + 651 df — E—ZZIH,THtZt dt, (2.34)
w

where A; = —Q; and dl, = dZ; — [.L,Tr dr.

The equation for the mean (2.33) is identical to the left invariant EKF [20]. The equation of the co-
variance (2.34) includes additional terms that depend on the innovation process I;. Analogous stochastic

terms for updating the covariance, though in a discrete-time setting, have also appeared in [21], where these
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terms are induced by the so-called re-parametrization step in the observation update. Other applications of
concentrated Gaussian distributions for filtering on matrix Lie groups have appeared in [26, 27]. Related

results on error propagation and Bayesian fusion on matrix Lie groups also appear in [186, 35, 191, 10].

2.5 Conclusions

In this chapter, the feedback particle filter was constructed for nonlinear filtering problems on matrix Lie
groups. It was shown that FPF is an intrinsic algorithm that has a coordinate-free representation. The
FPF update formula (2.26) not only provides for a generalization of the Kalman filter to the nonlinear non-
Gaussian case but also that the generalization carries over to nonlinear spaces such as the matrix Lie groups.

For the Lie group SO(3), The special case with concentrated Gaussian posterior distributions was also
considered. A constant gain approximation of the Poisson equation was derived. The resulting filter equa-
tions, represented by the evolution of the conditional mean and covariance, are closely related to the left
invariant EKF. This result is analogous to the fact that the original (Euclidean) FPF reduces to the classical
Kalman filter for a linear Gaussian filtering problem.

Future research directions related to filtering on manifolds include the following:

1) Extension of FPF when the observation Z; also evolves on a manifold. A geometric framework has
recently been developed in [153, 139] that transform the problem to the Euclidean space. An EKF

algorithm with discrete-time group-valued observations also appears in [21].

2) Finite-dimensional filters on matrix Lie groups and the simplification of the gain function in this case.

This is equivalent as seeking a Lie group analogue of the well-known Benes filter [15].

3) Extension of FPF to filtering problems defined in other matrix manifolds, such as the Stiefel manifold
and the Grassmann manifold [54]. These manifolds have important applications in signal processing

problems, e.g., subspace estimation of signals [162, 163].
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Chapter 3

A Controlled Particle Filter for Global Optimization

X

3.1 Introduction

We consider the global optimization problem:

min A(x),

xER4

where i : RY — R is a real-valued function. This chapter is concerned with gradient-free simulation-based

algorithms to obtain the global minimizer, denoted as

X =argmin h(x).
xeR4

It is assumed that such a minimizer exists and is unique.
As described in Sec. 1.2.1, a Bayesian approach to solve the problem is as follows: Given an everywhere

positive initial density (prior) p, define the (posterior) density at a positive time ¢ by

o p() exp(—BR()D)
DT t) 3= () exp (—BAG) 1) dy G-b

where B is a positive constant parameter. Under certain additional technical assumptions on 4 and pjj, the
density p*(x,t) weakly converges to the Dirac delta measure at X as time r — o (See Appendix B.4). The
Bayesian approach is attractive because it can be implemented recursively: Consider a finite time interval
[0,T] with an associated discrete-time sequence {f,t1,%,...,t5} of sampling instants, with 0 =1y < #; <

.. <ty =T, and increments given by At, :=t, —t,_1,n = 1,...,N. The posterior distribution is expressed

*The content of this chapter is related to the publication [207, 204].
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recursively as:
Initialization:  po(x) = pg(x),

_ _ Pn1(@) exp(=Bh(x)AL)
Tpui(y) exp(=Bh(y)an)dy” "=

such that, at time #,, p,(x) = p*(x,t,) by construction.

(3.2)

Update: p,(x)

A conventional particle filter based on sequential importance sampling and resampling (SISR) may be
used to sample from p,. A particle filter is comprised of N stochastic processes {X! : 1 < i < N}, where
X! € R? is the state for the i particle at iteration n. The SISR particle filter implements the following
recursive steps:

Initialization: X "~ pg,
N (3.3)
Update: X! S Zwi O , n>1,
where w!, o< exp(—Bh(X!_,)At,) are referred to as the importance weights and &, denotes the Dirac-delta at
z € R4, In practice, the importance weights w', can potentially suffer from large variance. To address this
problem, several extensions have been described in literature based on consideration of suitable sampling
(proposal) distributions and efficient resampling schemes; cf., [46, 47].

The use of probabilistic models to derive recursive sampling algorithms is by now a standard solution
approach to the global optimization problem: The model (3.1) appears in [187], and its recursive form (3.2)
can be regarded as a closely related variant of the models in [76, 215]. Importance sampling type schemes,

of the form (3.3), based on these and more general (stochastic) models appear in [215, 213, 113, 114, 165].

In this chapter, we present an alternate control-based approach — referred to as the controlled particle
filter — to the construction and simulation of the particle filter for global optimization. In our approach,
the particle filter is a controlled interacting particle system where the dynamics of the i particle evolve

according to
dx/

5 =u(X',t), X}~ pp, (3.4)

where the control function u(x,t) is obtained by solving a weighted Poisson equation:

V- (p(x)V(x)) = (h(x) ~W)p(x), xE R,

(3.5)
[ o@par=o.
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where /1 := [h(x)p(x)dx, V and V- denote the gradient and the divergence operators, respectively, and at
time ¢, p(x) = p(x,t) denotes the density of X/T. In terms of the solution ¢ (x) of (3.5), the control function
at time ¢ is given by

u(x,t) = —BVe(x). (3.6)

Note that the control function u is vector-valued (with dimension d X 1) and it needs to be obtained for each
value of time ¢. The basic results on existence and uniqueness of V¢ will be discussed in Sec. 4.2. These
results require additional assumptions on the prior p; and the function /4. These assumptions appear at the
end of this section. The Poisson equation (3.5) also appears in the feedback particle filter [195] and other

related algorithms [148, 44] for nonlinear filtering in the Euclidean space.
The contributions of this chapter are as follows:

e Variational formulation: A time-stepping procedure is introduced consisting of successive minimization
problems in the space of probability densities. The construction shows the density transport (3.1) may be
regarded as a gradient flow, or a steepest descent, for the expected value of the function £, with respect to
the Kullback-Leibler divergence. More significantly, the construction is used to motivate a mean-field type
optimal control problem. The control law (3.4)-(3.6) for the proposed particle filter represents the solution to
this problem. The Poisson equation (3.5) is derived from the first-order analysis of the Bellman’s optimality
principle. For a discussion on the importance of the variational aspects of nonlinear filtering, see [131]

and [100].

¢ Quadratic Gaussian cases: For a quadratic objective function & and a Gaussian prior p, the solution
of the Bayes’ model (3.1) is Gaussian with explicit expressions for its mean and covariance. The partial
differential equation (pde) (3.5) admits a closed-form solution, and the resulting control law is shown to
be affine in the decision variables. This affine control law is also used as an approximation of the control

function for the general (non-quadratic) case.

e Parametric cases: The quadratic Gaussian problem is an example of the more general parametric case

T Although this chapter is limited to R?, the proposed algorithm is applicable to global optimization problems on differential
manifolds, e.g., matrix Lie groups (For an intrinsic form of the Poisson equation, see Chapter 4). For domains with boundary, the
pde (1.3) is accompanied by a Neumann boundary condition:

Vé(x)-nx)=0

for all x on the boundary of the domain where n(x) is a unit normal vector at the boundary point x.

34



where the density is of a (known) parametrized form. The gradient flow in the parameter space is derived
from an optimal control problem that is analogous to the general non-parametric case. The parametric
models in this chapter are related to the stochastic approximation type model-based algorithms [78] and the

natural gradient algorithm [90].

The two sets of theoretical results in this chapter — the non-parametric results in Sec. 3.2.1 and the
parametric results in Sec. 3.2.3 — represent the control counterparts of the non-parametric and the parametric
model-based algorithms (see Sec. 1.2.2 for a brief survey of model-based algorithms and Sec. 7.2 for their
numerical procedures). The variational analysis serves to provide the connection between these as well as

suggest systematic approaches for approximation of the optimal control law (3.6).

The outline of the remainder of this chapter is as follows: The variational aspects of the filter — including

the non-parametric and parametric cases — appears in Sec. 3.2. All the proofs are contained in the Appendix.

Notation: The Euclidean space R? is equipped with the Borel c-algebra denoted as %(R¢). The space of

Borel probability measures on R¢ with finite second moment is denoted as Z:
P = {p :R? — [0, 00) meas. density’ /]x]zp(x)dx < oo}.

The density for a Gaussian random variable with mean m and variance ¥ is denoted as .4 (m,X). For
vectors x,y € RY, the dot product is denoted as x-y and |x| := v/x-x; xT denotes the transpose of the
vector. Similarly, for a matrix K, KT denotes the matrix transpose, and K = 0 denotes positive-definiteness.
For [,k € Z* (natural numbers), the tensor notation Jy; is used to denote the identity matrix (& = 1 if
I = k and 0 otherwise). C* is used to denote the space of k-times continuously differentiable functions on

is used to denote

R?. For a function f, Vf = g—j; is used to denote the gradient vector, and D f = aﬁ;{( -
the Hessian matrix. L denotes the space of bounded functions on R? with associated norm denoted as
|| - ||lo. L?>(R?; p) is the Hilbert space of square integrable functions on R? equipped with the inner-product,
(9, ) := [@(x)y(x)p(x)dx. The associated norm is denoted as ||¢[3 := (¢,¢). The space H'(R?;p)
is the space of square integrable functions ¢ whose derivative (defined in the weak sense) is in L?>(R%; p).

For a function ¢ € L>(R?%;p), ¢ := [ ¢(x)p(x)dx denotes the mean. L} and H} denote the co-dimension 1

subspaces of functions whose mean is zero.

Assumptions: The following assumptions are made throughout the chapter:
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Vo(x)

Assumption 3.1 The prior probability density function pjy € & and is of the form pj(x) = e~ where

Vo € C%, D*Vy € L, and
liminf VVp(x)- — = oo.

x| o0 x|

Assumption 3.2 The function h € C* N L*(RY; p3) with D*h € L™ and

liminf VA(x)- — > —co.

x| e T

Assumption 3.3 The function h has a unique minimizer ¥ € R? with minimum value h(X) =: h. Outside

some compact set D C R4, 3 r > 0 such that

h(x)>h+r YxeRI\D.

Remark 3.1 Assumptions 3.1 and 3.2 are important to prove existence, uniqueness and regularity of the
solutions of the Poisson equation (see [100]). Assumptions 3.1 holds for density with Gaussian tails. As-
sumption 3.3 is used to obtain weak convergence of p*(x,t) to Dirac delta at X. The uniqueness of the

minimizer X can be relaxed to obtain weaker conclusions on convergence (See Appendix B.4).

3.2 Variational Formulation

3.2.1 Non-parametric case

A variational formulation of the Bayes recursion (3.2) is the following time-stepping procedure: For the
discrete-time sequence {fo,t1,%,...,ty} with increments Az, :=t, —1,_; (see Sec. 3.1), set pg = pj € &

and recursively define {p, }5’:1 C & by taking p, € & to minimize the functional

(plpn-1) =5, O(p | 1) +B [ hx)p (), 3.7)

where D denotes the relative entropy or Kullback—Leibler divergence,

D(p | pn-1) :=/p(X)1n(pf_(f(L))dX~
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The proof that p,, as defined in (3.2), is in fact the minimizer is straightforward: By Jensen’s formula,
[(p|pn-1) > —In([ pu—1(y) exp(—h(y)At,)dy) with equality if and only if p = p,. Although the optimizer
is known, a careful look at the first order optimality equations associated with p,, leads to i) the replicator
dynamics pde for the gradient flow (in Theorem 3.1), and ii) the proposed particle filter algorithm for
approximation of the posterior (in Theorems 3.2 and 3.3).

The sequence of minimizers {pn}fyzo is used to construct, via interpolation, a density function p®™) (x, 1)

for ¢ € [0,T]: Define p™)(x,7) by setting

p(N)(x’[) = pn(_x), fOI‘t e [tmtlH»l)

forn=20,1,2,...,N — 1. The proof of the following theorem appears in Appendix B.1.

Theorem 3.1 (Gradient flow) In the limit as N — o the density p(1v ) (x,t) converges pointwise to the den-

sity p(x,t) which is a weak solution of of the following replicator dynamics pde:

aal;(xvt) = —B(h(x) —he) p(x,1),  p(x,0) = pj(x). (3.8)

To construct the particle filter, the key idea is to view the gradient flow time-stepping procedure as a
dynamic programming (DP) recursion from time #,_; — ¢,:
.1 " u
pn = argmin —D(p™|p, 1) +V(p"),

pWezp Aty

control cost

where V(p®) := B [ p(x)h(x)dx is the cost-to-go. The notation p* for density corresponds to the

following construction: Consider the differential equation

dx;
dr

- ”(Xti7t)

and denote the associated flow from #,_; — #, as x — s,(x). Under suitable assumptions on u (Lipschitz in x

and continuous in 1), the flow map s, is a well-defined diffeomorphism on R? and p®) := s* (Pn_1), where
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s* denotes the push-forward operator. The push-forward of a probability density p by a smooth map s is

defined through the change-of-variables formula

[@E @)lwdr= [ fs)pas

for all continuous and bounded test functions f.

Via a formal but straightforward calculation, in the asymptotic limit as Az, — 0, the control cost is

expressed in terms of the control u as

2

1 At
f— Pn_1 dx+o(At,).

E ( |pn 1)

1
pnl

V- (pn-1u)

These considerations help motivate the following optimal control problem:

Minimize: J(u) = /0 " Lpou) di+ B / h(x)pr (x) dx

Ip:

Constraint: o L4v. (peus) =0, po(x) = py(x),

where the Lagrangian is defined as

1

Lpw)i=7 [ |-

mv- (p(x)u(x))

dx+—/ |h(x) — h|* p(x) dx,

where /i := [ h(x)p(x)dx.

The Hamiltonian is defined as

H(p,q.u) i= L(pou) = [ (V- (pla)u(x) d

where q is referred to as the momentum (or co-state).

Suppose p; € < is the density at time 7. The value function is defined as

V(p.1):=inf [/tT L(ps,us)ds + B /hpT dx} .

3.9)

(3.10)

(3.11)

(3.12)

The value function is a functional on the space of densities. For a fixed p € & and time 7 € [0,T), the
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(Gateaux) derivative of V is a function on R?, and an element of the function space L*(R?; p). This function
is denoted as g—‘;(p,t)(x) for x € R?. Additional details appear in the Appendix B.2 where the following

Theorem is proved.

Theorem 3.2 (Finite-horizon optimal control) Consider the optimal control problem (3.10) with the value

function defined in (3.12). Then V solves the following DP equation:

A4 . A4
W(pvt)_'_ulgg‘z H(p,%(p,t),u)—O, IE[O,T),

V(p.T) =B [ hx)p(x)d.
The solution of the DP equation is given by
V(p.t) =B [ h(xp(x)dx,

and the associated optimal control is a solution of the following pde:

— V- (p(x)u(x)) = B(h(x)—h), VxeR" (3.13)

It is also useful to consider the following infinite-horizon version of the optimal control problem:

Minimize: J(u):/ L(ps,u)dt
0

u

Ipi
. %LV (pur) =0,  po(x) = py(x), (3.14)
Constraints:
lim [ 2(x)ps (x) = h(%).
For this problem, the value function is defined as
V(p) =inf J(u). (3.15)
u

The solution is given by the following Theorem whose proof appears in Appendix B.2:

Theorem 3.3 (Infinite-horizon optimal control) Consider the infinite horizon optimal control problem
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(3.14) with the value function defined in (3.15). The value function is given by

V(p) =B [ h0p(x)dr—Bh(R)
and the associated optimal control law is a solution of the pde (3.13).

The particle filter algorithm (3.4)-(3.6) in Sec. 3.1 is obtained by additionally requiring the solution u
of (3.13) to be of the gradient form. One of the advantages of doing so is that the optimizing control law,
obtained instead as solution of (3.5), is uniquely defined (See Theorem 4.1 in Sec. 4.2). In part, this choice

is guided by the L? optimality of the gradient form solution (The proof appears in the Appendix B.2):

Lemma 3.1 (L2 optimality) Consider the pde (3.13) where p and h satisfy Assumptions (Al)-(A2). The
general solution is given by

u=—BVe+v,
where @ is the solution of (3.5), v solves V- (pv) =0, and

eel3 = BVOI3+ [IvI[3.

That is, u = —BV@ is the minimum L*-norm solution of (3.13).

Remark 3.2 In Appendix B.3, the Pontryagin’s minimum principle of optimal control is used to express the

particle filter (3.4)-(3.6) in its Hamilton’s form:

dx;
dr

0=H(p(-,1),ph,u(-,t)) = min H(p(-,1),h,v)

veL?

= ”(Xtiat)7 X(g ~ pé

The Poisson equation (3.5) is simply the first order optimality condition to obtain a minimizing control.
Under this optimal control, the density p(x,t) is the optimal trajectory. The associated optimal trajectory

for the momentum (co-state) is a constant equal to its terminal value Bh(x).

The following theorem shows that the particle filter implements the Bayes’ transport of the density, and
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establishes the asymptotic convergence for the density (The proof appears in the Appendix (B.4)). We recall

the notation for the two types of density in our analysis:
1. p(x,t): Defines the density of X/

2. p*(x,t): The Bayes’ density given by (3.1).

Theorem 3.4 (Bayes’ exactness and convergence) Consider the particle filter (3.4)-(3.6). If p(-,0) =
p*(-,0), we have for all t > 0,

p(’,l) :p*(',l).

As t — oo, [ h(x)p(x,t)dx decreases monotonically to h(¥) and X} — % in probability.

The hard part of implementing the controlled particle filter is solving the Poisson equation (3.5). For
the quadratic Gaussian case — where the objective function 4 is quadratic and the prior p(j is Gaussian — the
solution can be obtained in an explicit form. This is the subject of the Sec. 3.2.2. In the quadratic Gaussian
case, the infinite-dimensional particle filter can be replaced by a finite-dimensional filter involving only
the mean and the variance of the Gaussian density. The simplification arises because the density admits a
parameterized form. A more general version of this result — finite-dimensional filters for general class of
parametrized densities — is the subject of Sec. 3.2.3. For the general case where a parametric form of density

is not available, numerical algorithms for approximating the control function solution appear in Chapter 4.

Remark 3.3 In the construction of the time-stepping procedure (3.7), we considered a gradient flow with
respect to the divergence metric. In the optimal transportation literature, the Wasserstein metric is widely
used. In the conference version of this chapter [204], it is shown that the limiting density with the Wasser-

stein metric evolves according to the Liouville equation [24]:

‘;’;(x,t) =V (p(x,1)Vh(x)).

The particle filter is the gradient descent algorithm:

dx;
dt

= —Vh(X}).
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The divergence metric is chosen here because of the Bayesian nature of the resulting solution.

3.2.2 Quadratic Gaussian case

For the quadratic Gaussian problem, the solution of the Poisson equation can be obtained in an explicit form

as described in the following Lemma. The proof appears in the Appendix B.5.

Lemma 3.2 Consider the Poisson equation (3.5). Suppose the objective function h is a quadratic function
such that h(x) — oo as |x| — oo and the density p is a Gaussian with mean m and variance X. Then the

control function

u(x) = =BV (x) = —BK(x—m)—Bb, (3.16)

where the affine constant vector

b= /x(h(x) —h)p(x)dx, (3.17)

and the gain matrix K = KT = 0 is the solution of the Lyapunov equation:

2K+Kz:/(x—m)(x—m)T(h(x)—za)p(x)dx. (3.18)

Using an affine control law (3.16), it is straightforward to verify that p(x,t) = p*(x,t) is a Gaussian
whose mean m; — ¥ and variance X, — 0. The proofs of the following Proposition and the Corollary appear

in the Appendix B.5:

Proposition 3.1 Consider the particle filter (3.4) with the affine control law (3.16). Suppose the objective
function h is a quadratic function such that h(x) — oo as |x| — oo and the prior density pj, is a Gaussian
with mean mo and variance ¥y. Then the posterior density p is a Gaussian whose mean m; and variance ¥,

evolve according to

e i) ),
3 | | o (3.19)
= PE[X —m) (X} —m)" (h(X]) ~ )]

where h, == E[h(X)].
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Corollary 3.1 Under the hypothesis of Proposition 3.1, with an explicit form for quadratic objective func-

tion h(x) = 3 (x—X)TH(x — %) + c where H = H” - 0, the expectations on the righthand-side of (3.19) are

computed in closed-form and the resulting evolution is given by

d

= BLH(E—m), (3.202)
»

B pras,, (3.20b)

whose explicit solution is given by

m; = mO—i-Z()S;l(f—MQ),

(3.21)
Y, =Xo—ZoS, Xy,
where S; ;= ﬁH‘l + X fort > 0. In particular, m; — X and £, — 0.
In practice, the affine control law (3.16) is implemented as:
dx; ; ;
TR K™ (! = mi™) = B =, (3.22)

where the terms are approximated empirically from the particle ensemble {X;}? . The algorithm appears
in Algorithm 3 (the dependence on time ¢ is suppressed). An alternative construction of the affine control
law is presented in Example 4.3 in Sec. 4.3.1.

As N — oo, the approximations become exact and (3.16) represents the mean-field limit of the finite-
N control in (3.22). Consequently, the empirical distribution of the ensemble approximates the posterior

distribution (density) p*(x,1).

Remark 3.4 The finite-dimensional system (3.19) is the optimization counterpart of the Kalman filter. Like-
wise the particle filter (3.22) is the counterpart of the ensemble Kalman filter [56]. While the affine control
law (3.16) is optimal for the quadratic Gaussian case, it can be implemented for more general non-quadratic
non-Gaussian settings - as long as the various approximations in Algorithm 3 can be obtained at each step.
The situation is analogous to the filtering setup where the Kalman filter is often used as an approximate

algorithm even in nonlinear non-Gaussian settings.
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Algorithm 3 Affine approximation of the control function

1: Input: {X' }L |» parameter 3

2: Calculate m™ =x LyN X,

3: Calculate V) =y Z (X (N)) (Xi — m(N))T
4: Calculate /™) := L ¥V | h(X7)

5: Calculate bV =+ XV X (h (X7) —hW)

6: Calculate

7: Calculate K™ by solving ZMK®) 4 KM gW) = )
8: Calculate u' = — KN (XI — m™)) — Bp(V)

9: Output: {u'}Y |

3.2.3 Parametric case

Consider next the case where the density has a known parametric form,

p(x,t) =0 (x:6;), (3.23)

where 6, € RM is the parameter vector. For example, in the quadratic Gaussian problem, o is a Gaussian
with parameters m, and X;.

For the parametric density o (x; ), % (log o (x;)) is a M x 1 column vector whose k' entry,

o2 (0))| =% (og o 1:09),

d
fork=1,...,M.

The Fisher information matrix is a M X M matrix:

T
Gio) = / aaﬁ(logg(x;ﬁ)) [aaﬁ(logg(x;ﬁ))} 0 (x:0) dx. (3.24)

By construction, G(y) is symmetric and positive semidefinite. In the following, it is furthermore assumed
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that Gy is strictly positive definite, and thus invertible, for all ¥ € RM,

In terms of the parameter,

()= [ h(x) o (x:0)d,

and its gradient is a M x 1 column vector:

Ve(d) = / h(x)aaﬁ(log 0 (:9)) 0 (x; ) dx. (3.25)

We are now prepared to describe the induced evolution for the parameter vector 6;. The proof of the

following proposition appears in the Appendix B.6.

Proposition 3.2 Consider the particle filter (3.4)-(3.6). Suppose the density admits the parametric form (3.23)
whose Fisher information matrix, defined in (3.24), is assumed to be invertible. Then the parameter vector

6, is a solution of the following ordinary differential equation,

de _
th =BGy Ve(6,). (3.26)

Remark 3.5 The filter (3.26) is referred to as the natural gradient; cf., [90]. There are several variational

interpretations:

(i) The filter can be obtained via a time stepping procedure, analogous to (3.7). The sequence {6, }Q’:l is

inductively defined as a minimizer of the function,

(6161-1):= | 5-D(e (0)] o (:6,-1)) +Be(®)|.

On taking the limit as At, — 0, one arrives at the filter (3.26).

(i) The optimal control interpretation of (3.20) is based on the Pontryagin’s minimum principle (see also

Remark 3.2). For the finite-dimensional problem, the Hamiltonian

H(0,q,u) =L(0,u)+q-u,
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where q € R is the momentum. With @ = u, the counterpart of (3.9) is

1 u 1 T
2 D0 (36) 0 (36,-1)) = 30 Glgyu+ o(ay).

With % uTG(g)u as the control cost component in the Lagrangian, the first order optimality condition gives

Ggyu=—q=—PVe(),

where we have used the fact that Be(0) is the value function. Note that it was not necessary to write the

explicit form of the Lagrangian to obtain the optimal control.

(iii) Finally, the filter (3.26) represents the gradient flow (in RM) for the objective function e(0) with

respect to the Riemannian metric <v,w> =7 Ggyw for all v,w € RM,

0

Example 3.1 In the quadratic Gaussian case, the natural gradient algorithm (3.26) with parameters m,

and X; reduces to (3.19).

Remark 3.6 While the systems (3.26) and (3.19) are finite-dimensional, the righthand-sides will still need
to be approximated empirically. The convergence properties of a class of related algorithms is studied using

a stochastic approximation framework in [78].

The stochastic approximation is not necessary if the problem admits a certain affine structure in the

parameters:

Example 3.2 Suppose the density is of the following exponential parametric form:

gy ep(D-y()
)= Fexp(9 - y() dy

where ¥ € RM, and y(x) := (1 (x), v2(x),..., Wy (x)) is a given set of linearly independent (basis) func-
tions, expressed here as a vector. Furthermore, suppose h is expressed as a linear combination of these

functions:
h(x) =0 W(x)a
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where oo € RM.
The elements of the Fisher information matrix (3.24) and the gradient (3.25) are given by the respective

formulae:

Gh(8) = [ () = 9) (v x) = V) ¢ (x: ) d,

Vel(8) = [ (@ w() (we() — ) ¢ (x:6) d,
where [, := [ y(x) o (x;0)dx. The ode (3.26) simplifies to

dé;
— = -Ba
dr B

Although interesting, there do not appear to be any non-trivial examples where the affine structure applies.

3.3 Conclusions

In this chapter, a controlled particle filter was introduced as an algorithmic solution to the global optimiza-

tion problem. The main conclusions are as follows:

1) Two types of variational interpretations were provided for the filter: (i) the density transport was shown
to be a gradient flow for the expected value of the objective function; (ii) the control law was shown to

be a solution of a mean-field type optimal control problem.

2) For the special case of quadratic objective function and Gaussian prior distribution, closed-form formulae
for the optimal control law were obtained and shown to be closely related to the ensemble Kalman filter

for the linear Gaussian filtering problem.
3) Comparison with other types of non-parametric and parametric algorithms were discussed.

There are a number of possible directions for future research:

1) Characteristic conditions on the objective function % (e.g., convexity) such that the affine control law

yields the optimal solution.

2) Convergence analysis of the finite-N system (3.22) for the quadratic Gaussian problem.
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Chapter 4

Poisson equation on Matrix Lie groups *

4.1 Introduction

Certain Poisson equations appear in both the feedback particle filter on matrix Lie groups (equation (2.22)
and (2.28) in Chapter 2) and the controlled particle filter in the Euclidean space (equation (3.5) in Chapter 3).
This chapter concerns the well-posedness of the Poisson equation and numerical methods to approximate
its solution. The majority of the numerical algorithms in this chapter are described for matrix Lie groups.
Specialization of these algorithms to the Euclidean space is straightforward and will be discussed as needed.

Recall from Sec. 2.3.1 that the (weak form) Poisson equation in the feedback particle filter on a matrix
Lie group is given by,

7 ((grad(¢), grad(y))) = x((h—h)y),

n(¢) =0 (normalization),

4.1

for all v € H'(G;7), where the solution ¢ € Hg (G;m), h: G — R is a given function, and 7 denotes the

particle distribution. The strong form of this Poisson equation is given by,
Ao = —(h—h), (4.2)

where A, := %div (p grad((}))) denotes the weighted Laplacian operator, and p denotes the density function
associated with . Compared with its general form (2.22), the explicit dependence on j and ¢ is suppressed
in the Poisson equation (4.1) since the equations for each j = 1,...,m are uncoupled and the time ¢ is fixed.

The numerical problem of gain function approximation is as follows: Given samples {X',..., X', ... XN

drawn i.i.d. from the distribution 7, approximate the solution {K(X"),...,K(X%),...,K(X")}, where accord-

*The content of this chapter is related to the publication [208, 209].
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ing to (2.23),
X'K(X") = grad(¢)(X")

fori=1,...,N. The density function of p is not explicitly known.

Two numerical schemes for approximating the solution of (4.2) are described in this chapter:

1) Galerkin algorithm:

The Galerkin solution is the best least square approximation of the solution ¢ of (4.1) in a finite-
dimensional subspace of the function space Hg (G; 7). The subspace is defined as a span of a prescribed
set of basis functions. Numerically, the algorithm entails solving a matrix equation where the entries of

the matrices are approximated empirically using the particles.

2) Kernel-based algorithm:

In the kernel-based algorithm, the solution ¢ of (4.2) is equivalently expressed as a solution of a fixed-
point problem defined in terms of the semigroup e/“» of the weighted Laplacian Ap. In a numerical
implementation, the semigroup is approximated as a Markov matrix defined on the discrete graph asso-
ciated with the particles {X'} ,. The entries of the Markov matrix are approximated empirically using

the particles.

The remainder of this chapter is organized as follows: In Sec. 4.2, the well-posedness results of the
Poisson equation are presented. In Sec. 4.3, the Galerkin scheme is described, together with formulae
for basis functions for SO(3) and the Euclidean space. Sec. 4.4 contains the numerical procedure for the

kernel-based gain function approximation. Related approaches are discussed in Sec. 4.5.

4.2 Well-posedness and Admissibility of the Gain

The admissibility of the gain function solution, i.e., E[( ¥, |u.(X")|)] < oo and E[Y, |ky,j(X?)|*] < oo, requires
a well-posedness analysis of the Poisson equation. Similar as in the original Euclidean setting [194], we

make the following assumptions:

Assumption 4.1 The function h € L*(G; ).
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Assumption 4.2 The distribution T admits a uniform spectral gap (or Poincaré inequality) with constant A
(Sec. 4.2 in [6]): That is, for a function ¢ € H} (G; 1),

1

n(lgf*) <

7(|grad(¢)[z). 4.3)

pu

The proof of the following well-posedness theorem appears in Appendix C.1. The proof is nearly

identical to the proof presented in [194] for the Euclidean case.

Theorem 4.1 Under Assumption 4.1 and Assumption 4.2, the Poisson equation (2.22) possesses a unique

solution ¢ € H(} (G; ), satisfying

1 N
7 (|grad(¢)[z) < in(m—hlz)- (4.4)
For this solution, one has the following bounds,
1
n(|K[Z) < 57 (lh— h?), (4.5)
Z lua|) <Cr(|A?), (4.6)

where the constant C depends on A. That is, the resulting gain and control functions are admissible accord-

ing to Definition 2.1.

The norms |- | and |- | are defined in (2.9) in Sec. 2.2.

Remark 4.1 (Remark on Assumptions A1-A2) Suppose the Lie group G is compact, e.g., SO(3). In this
case, if T has an everywhere positive density p, then Assumption 4.1 and 4.2 automatically hold. For non
compact manifolds, e.g., SE(3), the assumptions hold if the density p has a Gaussian tail (see Remark 2

in [194]).

The main challenge to implement the FPF algorithm is to approximate the gain function solution. Since
the problem (2.22) is linear, the approximation involves constructing a matrix problem to obtain the approx-

imate solution. In the following two sections, two numerical schemes for the approximation are presented.
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4.3 Galerkin Gain Function Approximation

In a Galerkin approach, the solution ¢ is approximated as,

L
o =Y Ky,
i=1

where {y;}- | C H}(G; ) is a given (assumed) set of basis functions on G. Denote S := span{y, ..., y.}.
The finite-dimensional approximation of the Poisson equation (2.22) is to choose coefficients {ICI}ZL:1 such

that,

7((grad(9p™"), grad(y))) = n((h—h)y), (4.7)

for all v € H'(G; ). On taking ¥ = 1, ..., W, (4.7) is compactly written as a linear matrix equation,
Ak =D, (4.8)
where k := (kj,...,K.), and the entries of the L x L matrix A and the L x 1 vector b are defined as,

Ay = m((grad(y;), grad(wi))),

b =n((h—h)w),

In numerical implementations with a finite set of particles {X'}Y | sampled from the distribution 7, the

empirical approximation of (4.8) is denoted as

AN (V) _ (V)

)

where the entries of A) and b™) are given by,

NS}

(

91 & E ; l_
VLY (E ) (X)) (B, y) (X)),

i=ln=1

(grad(y;), grad (y)) (X")

N>/\
=
|
=z~
1=

(h(x7) =A™y (),

»w/"\
=2
[
=z~
™M=
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Algorithm 4 Galerkin gain function approximation

1: Input: Particles {X'}¥ , sampled i.i.d. from 7, basis functions {y;}\-
2: Calculate A = Ly¥  h(X?)

3: fork=1to L do

4 Caleulate b\ = LYV | ((X") = h™) y (X7

5: forl=1toLdo

6: Calculate Akl =y L Xt (En- W) (X)) (En - y2) (X7)

7:  end for

8: end for

9: Solve the matrix equation AN k™) = pV) | with AW) = [A,(flv)], pN) = [b,((N)]
10: Calculate ki) (x) =Yk, K‘l VE,- (X, forn=1,....d

11: Return: Coordinates { (k LN)(X]),~-- ki )(XN))}n 1

where AV =x Ly | h(X"). The solution ¢ is then empirically approximated by the function

L
= Z KZ(N> ‘Vl;
=1

and the gain function K is empirically approximated by the function K(“N) € & whose coordinates with

respect to a basis {E,}?_, of ¢ are given by

kM E,-wi, n=1,....d.

k(LvN)

n

Mh

—
Il

1

The numerical procedure of the Galerkin gain function approximation is tabulated in Algorithm 4.

On a compact Lie group where the density p is everywhere positive, the following proposition provides
error bounds of the Galerkin approximation for the special case where the basis functions are chosen to be
the eigenfunctions of the weighted Laplacian A,. The proof appears in Appendix C.2. In the proposition
statement and proof, the following notation is used: For two functions ¢,y : G — R, their inner product
in L*(G; ) is defined as (9, y) := m(9y) = [; ¢ (x) y(x) p(x) dx, and the induced norm ||@ |2 := /{9, 9).
Let the gradient vector field grad(¢)(x) = xK(x) where K(x) € 4. Define ||grad(¢)||¢ := 1/ 7(|grad(¢)[%).
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Define also ||K||y := y/7(|K|%). The norms |- |G and |- |4 are defined in Sec. 2.2.1, where the definition

(2.8) also implies ||K||¢ = ||grad(¢)|| due to the correspondence between grad(¢) and K.

Proposition 4.1 Consider the empirical Galerkin approximation of the Poisson equation (4.2) on the space
S:=span{ey,es, ... er}, where the basis functions of S consist of the first L eigenfunctions of Ap. Fix L < oo,
Suppose the Lie group G is compact and the density p is everywhere positive. Then there exists a unique
solution for the matrix equation (4.8), and there is a sequence of random variables {€y} such that

1

VL

1K = KEM ||y < ——||f — Tghl|2 + &, (4.9)

where gy — 0 as N — oo a.s, h:= h— h, and Tgh := YL (e, h)e; is the projection of h onto S.

Remark 4.2 (Variational interpretation) Suppose ¢ is the exact solution of the weak form of the Poisson
equation (2.22). The Galerkin solution ([)(L) is the optimal least-square approximation of ¢ in S C H& (G;p),
ie,

q)(L) = argmin ||grad(¢) — grad(y)||c,
yes

where grad(§) — grad(y) is understood as a vector field defined as

(grad(¢) — grad(y))(x) := grad(9)(x) — grad(y)(x) € T,G

for all x € G. The Galerkin approximation (4.7) is simply the statement of the projection theorem (see

Theorem 0.3.3 in [23]).

Note that both the Poisson equation (4.2) as well as its Galerkin finite-dimensional approximation (4.8)
are coordinate-free representations. Particle-based approximation of the solution (4.8) can be carried out for
any choice of coordinates. Certain coordinates may offer computational advantages, e.g., quaternions for
SO(3).

The non-trivial step in the Galerkin approximation is the choice of the basis function. In general, this
choice is problem dependent. For matrix Lie groups, one choice is to use the Fourier basis. This is illustrated

by two examples below.
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Example 4.1 (Basis functions on SO(2)) The Lie group SO(2) is identified with the unit circle S'. Using

the angle coordinate 0 € S', the simplest choice of the basis functions are the Fourier basis, e.g.,
y1(0) =sin(0), y2(0)=cos(O). (4.10)

Note that these two basis functions are the eigenfunctions of the Laplacian on SO(2), associated with its

smallest non-zero eigenvalue.

Example 4.2 (Basis functions on SO(3)) For the rotation group SO(3), the Fourier basis are the eigen-
functions of the Laplace-Beltrami operator on the manifold defined as Ay := div(grad(¢)) [97]. These
functions are also associated with the irreducible unitary representation of SO(3) [36]. Given its impor-
tance in applications, the eigenfunctions associated with the smallest eigenvalue for SO(3) are tabulated in

Appendix C.3. Also included is a brief overview of the derivation of these basis functions.

4.3.1 Basis functions in the Euclidean space

Recall that the Poisson equation for the global optimization algorithm in the Euclidean space is given by,

(see equation (3.5)),
~V-(p(x)V§(x)) = (h(x) —h)p(x), x€R’,

[owptax=o,

whose weak form is obtained as,

[ 9o Vu@pwdi= [ (o) - Hp @.11)

for all v € H'(R%; p). The control function is given by u(x) = —V¢(x).
The following examples provide certain choice of basis functions in the Euclidean space. These may
be used for approximating the control function for solving the global optimization problem presented in

Chapter 3:

Example 4.3 Two types of approximations follow from consideration of first order and second order poly-

nomials as basis functions:
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1) The constant approximation is obtained by taking basis functions as W;(x) =x; forl = 1,...,d. With this

choice, A is the identity matrix and the control function is a constant vector:

u(x) = ~Bb =B [ x(h(x) ) p(x)d,

where A and b are defined as in (4.8).

2) The affine approximation is obtained by taking the basis functions as quadratic polynomials, y;(x) = x
forl=1,....d and yy(x) = (x; —my) (x; —my) for 1 <1 <k <d, where m:= [xp(x)dx is the mean.
In this case,

u(x) = —BK(x—m) — b,

and direct calculations show that the matrix equation (4.8) leads to the same equations for K and b as
given by (3.18) and (3.17). Hence, the Galerkin method provides an alternative way to calculate the
affine control law. Note that the Galerkin derivation of the affine control law does not require that the
density be Gaussian or the objective function be quadratic. This is consistent with the observations in

Remark 3.4.

Example 4.4 One choice for the basis functions is the Fourier basis functions, e.g.,

Example 4.5 With a single basis function y(x) = h(x), the approximate Galerkin solution is

@ - ipplar,
0= vnw e ar "

Using an empirical approximation, the finite-N system (3.4) is the gradient-descent algorithm:

ax; B?mm» )2

Vh(X!).
dt "1 VA(X)? ’

Remark 4.3 There is no general guideline for choosing a proper set of basis functions. The basis can

be defined either globally or locally. The spectral Galerkin method [156] uses the Fourier basis or the
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various orthogonal polynomials (e.g., Hermite, Chebyshev, Laguerre polynomials) that are defined over the
entire domain. A class of meshless Galerkin methods [109], in contrast, employ the moving least square
construction [108] where a basis function typically has only a compact support centered at a nodal point.
Such local approximation has given rise to the reproducing kernel particle method [115], the partition of
unity method [49], the meshless local Petrov-Galerkin method [4], and the meshless Galerkin method using
radial basis functions [ 190, 48]. Some meshless methods have recently been applied to numerically solving
pdes on 3D surfaces that arise in certain computer vision applications [110, 107]. Galerkin approximation

methods on spheres with localized kernel basis function appear in [101, 138].

4.4 Kernel-based Gain Function Approximation

In this section, we present the kernel-based method whose attractive feature is that it does not involve
selection of basis functions. In the numerical results presented in Chapter 5 and 7, this approach is also
shown to be very effective. The original development of the kernel-based method in the Euclidean space
is presented in [170, 169], The implementation specifically for the global optimization problem appears in
[207].

In a kernel-based method, the unknown function ¢ (x)—solution of the strong form Poisson equation

(4.2) —is approximated by its values at the particles {X ’}i\’: I
Q= (p(X"),0(X?),....0(X")) e RY.
In terms of @, the Poisson equation (4.2) is approximated as a finite-dimensional fixed-point problem,
&=TEN P eHWN) (4.12)

on the co-dimension 1 subspace of normalized (i.e., mean zero) vectors, where € is a small positive param-
eter, HVN) := (h(Xx") — AN h(X%) = W) R(XV) —fl(N)) e RV, and TN € RV*N is a Markov matrix

that is assembled from the ensemble {X’ }f\’: |- It is shown in [169] that:
1) The Markov matrix 7€) is a strict contraction on the subspace, and thus

2) the finite-dimensional problem (4.12) admits a unique normalized solution &,
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3) this solution can be obtained by successive approximations, and
4) & approximates the true solution ¢ as € — 0 and N — oo.
For the manifold, the (i, /)™ element of the N x N matrix T (¢") is constructed as,

(&,N) _ ]}(8)(Xi’Xj)

A — _ 4.1
] ﬁlk(e)(X’,Xl)j ( 3)
where the kernel k¢) : G x G — R is given by,
k&) (xi xJ
AC) (X' x7) = ( ) (4.14)
VAT koo xt) [N ke (x1 X1
and k(¢ is the Gaussian kernel,
o £2(x', X))
(e) _— > G2
KO (X X7 1= e ( . ) (4.15)

where d is the dimension of G, and { : G x G — R denotes a distance metric on G induced from the

Euclidean space in which G is smoothly embedded (see Assumption 19 in [71]).

Remark 4.4 The justification of the fixed-point problem (4.12) is as follows: The weighted Laplacian is the
infinitesimal generator of a Markov semigroup, denoted as e€*0; c.f, [6]. In terms of this semigroup, the

Poisson equation (4.2) is equivalently expressed as the following fixed-point problem,
8 ~
0 :esAp¢+/ e (h—h) ds, (4.16)
Jo

for fixed € > 0. If the distribution T admits a spectral gap (i.e., (4.3) holds for some A > 0), then €2 is a
contraction on LZ(G ) and a unique solution exists by the contracting mapping theorem.

In the limit as € — 0 and N — oo, €20 is approximated by an operator T'®) defined as:

1

TE) f(x) = € (x)

LR @ r0)p0)dy.

where n'€) (x) = [ k') (x,y)p(y)dy is a normalization factor chosen such that T'€)1 = 1 (see Proposition 3
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in [40]). The fixed-point problem (4.16) is thus approximated as,
¢(€) :T(8)¢(8)+g(h,f,)’ 4.17)

where [ e (h—h)ds ~ €(h— h) for small € > 0. In the limit as N — o, the fixed-point problem (4.12)

represents a finite-dimensional approximation of (4.17), with TEN) representing a finite-dimensional ap-

proximation of the semigroup e€%.

The coordinates of the gain function k, = E, - ¢ for n = 1,...,d are obtained by taking an explicit
derivative of (4.17). The numerical procedure to obtain k, is summarized below:

1) Define the vector

Hy:= (Ey-h(X"), Ex-h(X?), ... Eq-R(XY)),

and define the N x N matrix Z, whose elements are given by,
(Zn>ij =E,- Cz(Xivxj)7

where E,, - {*(x,y) := %‘TZOCZ (xexp(zE,),y) forx,y € G.

2) Define the N x N matrix,

S, :=TEN «7,
where * denotes the Hadamard (element-wise) product of two matrices, i.e., (S,)ij = (TEM);; (Z,);;.

3) Define 1;, := (kn(X"'), kn(X?), ..., kn(X")) € RV. Then,

Y, =eH,— — [S,®— (S,1)+ (TEV )], (4.18)

1
de
where 1= (1,1,...,1) € R", and  denotes the element-wise product of two vectors.

The numerical procedure of the kernel-based gain function approximation is tabulated in Algorithm 5.

The choice of distance metric {?(x,y) depends on the manifold. Two examples are given below:
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Algorithm 5 Kernel-based gain function approximation

1: Input: Particles {X'}Y | sampled i.i.d. from 7, parameters €, K
2: Calculate A = LYY h(X?)

3: Calculate H )

Y =h(X) AW fori=1,....N
4: Calculate k®) (X7, X7), k&) (X!, X7) by (4.15), (4.14) for all i,

(e.N)

5: Calculate T, i according to (4.13) for all i, j

6: Assign initial condition &y
7: fork=0to K—1do

8:  Calculate @y = TEN B + eHV), with TEN) = [1EV)]

ij
9:  Assign Py = Pt — 5 Lov (Prs1)i
10: end for

11: Caleulate T, = (ko(X"), ...,kn(X")) for n =1, ...,d according to (4.18) with @ = Py
d

n=1

12: Return: Coordinates { (k,(X"), ...,k,(X")) }

Example 4.6 (Distance metric in SO(3)) On the Lie group SO(3), d = 3, and the distance metric is given
by (see [82]),

$*(Ri,R2) = |Ry — Ra|7,

for Ri,Ry € SO(3), where |- | is the Frobenius norm of a matrix. This metric is induced from the Euclidean
space R®, where the smooth embedding i : SO(3) — R° is defined as i(R) = (R11,R12,...,R33). Using the

basis of so(3) given by (2.13), we have

E,- (L) (R,R)) = 2Tr(RE,R)), n=1,2,3.

Example 4.7 (Distance metric in RY) In the Euclidean space RY, the distance metric is the conventional
Euclidean distance,

XX = X - X7

for X', X7 € RY. This is used in the kernel-based control function approximation for the controlled particle

filter algorithm presented in Chapter 3.
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An example of the distance metric on the product Lie group SO(3) x SO(2) is given in Sec. 6.4.3 for the

motion tracking application with FPF.

4.5 Related Approximation Methods

The gain function approximation is a hard problem. The Galerkin algorithm represents a straightforward
solution where the hard part is to select the basis functions. A number of papers have considered related
approaches: i) the use of proper orthogonal decomposition (POD) to select basis functions in [18]; ii) a
continuation scheme in [129]; and iii) certain probabilistic approaches involving dynamic programming in
[147]. We expect that many of these approaches can be also generalized to the manifold setting.

Kernel-based approaches have received considerable attention in machine learning applications includ-
ing dimensionality reduction [40, 14], spectral clustering [184], and other unsupervised learning models
[177]. The semigroup associated with the weighted Laplacian operator has also been intensively studied
[65, 28].

Apart from the Galerkin and the kernel-based numerical schemes, the meshless collocation method has
been widely used for numerical approximations [211, 73, 185] and recently also extended to certain manifold
[102]. However, the collocation method typically requires an explicit expression of the differential operator
in the (strong form) pde, hence not suitable for the Poisson equation (4.2) where the density function p is
unknown in general. It is noted that both the Galerkin and the kernel-based method described in this chapter
are completely adapted to data. That is, no explicit computation of the density is ever required. Instead, one
only needs to either evaluate a given set of basis functions at the particles, or construct a weighted graph

using the particles.

4.6 Conclusions

In this chapter, we discussed algorithms for numerical solutions of the Poisson equation in the feedback
particle filter. In the Lie group setting, the well-posedness results were presented, and two algorithms were

described to numerically approximate the gain function:

1) In the Galerkin gain function approximation, the solution is approximated via a projection onto the

subspace spanned by a prescribed set of basis functions. Numerically, the algorithm entails solving a
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finite-dimensional linear matrix equation.

2) In the kernel-based gain function approximation, the solution is obtained via a Markov approximation of

the semigroup.

Both the Galerkin and the kernel-based scheme are shown to respect the intrinsic geometry of the mani-
fold, and are completely adapted to data. Numerical procedures to obtain the approximations were provided,

including examples on important Lie groups such as SO(3) as well as the Euclidean space R¢.
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Part 11

Applications
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Chapter 5

Attitude Estimation with Feedback Particle Filter *

5.1 Introduction

This chapter is concerned with the problem of attitude estimation, modeled here as a continuous-time non-
linear filtering problem on the Lie group SO(3). For this important special case, the explicit form of the
feedback particle filter is described with respect to both the rotation matrix and the quaternion coordinates,

with the latter being demonstrated for computational purposes.

Apart from theory, a comparison is provided between FPF and the several popular attitude filters includ-
ing the multiplicative EKF, the invariant EKF, the unscented Kalman filter, the invariant ensemble Kalman
filter and the bootstrap particle filter (BPF). Numerical algorithms of these filters are described in a self-
contained manner. The comparison is illustrated by two numerical studies: (i) an attitude estimation problem
on SO(3), and (ii) a filtering problem with a bimodal prior distribution supported on the subgroup SO(2).

For the attitude estimation problem, the filters are assessed with respect to their averaged estimation
error and simulation variance across multiple Monte-Carlo runs. Their performance is also investigated by
varying the prior distribution, the process noise, the observation noise, as well as the number of particles
used in particle filters. The particle filters are also compared in terms of their computational complexity.

For the filtering problem with support on SO(2), a static process model is considered such that the
posterior density admits a closed-form Bayes’ formula. The filters are simulated with a bimodal initial
distribution. FPF and BPF are compared regarding their capability of handling non-Gaussian posterior
distributions. The kernel-based gain function approximation in FPF is also investigated.

Numerical studies that contain comparisons of state-of-the-art attitude filters and attitude observers also

appear in several Ph.D. theses [200, 85, 11, 117] as well as research papers [86, 13, 25].

The remainder of this chapter is organized as follows: The mathematical formulation of the attitude

*The content of this chapter is related to the publication [208, 209].
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estimation problem is presented in Sec. 5.2. The feedback particle filter algorithm for attitude estimation is
described in Sec. 5.3. Sec. 5.4 provides a self-contained description of the attitude filters that are considered
in the numerical studies. Simulation results for the attitude estimation problem on SO(3) and the problem

on the subgroup SO(2) appear in Sec. 5.5 and Sec. 5.6, respectively.

5.2 Problem Formulation

Process model: A kinematic model of rigid body is given by,
dR[:R[Qtdt+RtO[GBdBt]X, (51)

where R; € SO(3) is the orientation of the rigid body at time #, expressed with respect to an inertial frame;
Q; = [y ]x where @, € R? represents the angular velocity expressed in the body frame; B, is a standard
Wiener process in R3, and o3 is a positive scalar. Both Q; and [op dB; ]« are elements of the Lie algebra
s0(3) (see (2.14) for the definition of [-]).

Using the quaternion coordinates, (5.1) is written as,

1
dg; = 5q1®(a)tdt+03 dB,), 5.2)

where, by a slight abuse of notation, @, € R? is interpreted as a quaternion (0, ), and dB; is interpreted

similarly. The sde (5.2) is also interpreted in the Stratonovich sense.

Accelerometer: In the absence of translational motion, the accelerometer is modeled as (see [118]),
dzf = —RI' ¢ dr 4 o AW}, (5.3)

where ¢ € R3 is the unit vector in the inertial frame aligned with the gravity, W is a standard Wiener

process in R3, and a parameter oy is used to scale the observation noise.

Magnetometer: The model of the magnetometer is of a similar form (see [118]),

dz? = RT /> dt + ow dW?, (5.4)
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where r” € R? is the unit vector in the inertial frame aligned with the local magnetic field, and W/ is a

standard Wiener process in R.

In terms of the process and observation models (5.1)-(5.4), the nonlinear filtering problem for attitude

estimation is succinctly expressed as,

dR[:R[Qtdt+RtO[GB dBt]X7 (55a)

dZ, = h(R,) dt + oy dW;, (5.5b)

where % : SO(3) — R® is a given function whose j-th coordinate is denoted as j» and W, is a standard
Wiener process in RS. Note that (5.5b) encapsulates the sensor models given in (5.3) and (5.4) within a
single equation. It is assumed that B, and W; are mutually independent, and both are independent of the

initial condition Ry.

Remark 5.1 There are a number of simplifying assumptions implicit in the model defined in (5.52)-(5.5b).
In practice, @y needs to be estimated from noisy gyroscope measurements and there is translational motion
as well. This requires additional models which are easily incorporated within the proposed filtering frame-
work. The purpose here is to elucidate the geometric aspects of the FPF in the simplest possible setting of
SO(3). More practical FPF-based filters that also incorporate models for translational motion, measure-
ments of @y from gyroscope, effects of translational motion on accelerometer, and effects of sensor bias are

subject of separate publication.

5.3 FPF for Attitude Estimation

Following the general framework of FPF described in Sec. 2.3, the dynamics of the i-th particle is defined
by,
dRI = RIQ, dr + Rio[op dB! ]« + R [K(R!,t) o dI!], (5.6)

where B! for i = 1,...,N are mutually independent standard Wiener processes in R*. The error dI' € R® is
given by,

dl} = dz, — %(h(Rﬁ) +h)dr.
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Algorithm 6 Feedback Particle Filter for attitude estimation

1: Initialization: Samples {g}}" | i.i.d. from 7}

2: Assignt =0

3: Iteration: from ¢ to 7 4 At

4: Calculate 2V) = YN h(q)

5: fori=1to N do

6:  Generate a sample, ABY, from N (0, (Ar)])

7. Calculate the error Al := AZ, — 1 (h(g}) + 7)) At

8 Calculate gain function K(g!,t) using Galerkin or kernel-based scheme (see Chapter 4)
9:  Calculate AV/ = @ At + o AB + K(g',1) ALl
10:  Propagate the particle ¢/ according to (see [178], and | - | denotes the Euclidean norm in R?)
cos (|Av{]/2)

i
Qr+ar = 4;

@XA sin (JAv/]/2)

11: end for

: LyN i i T
12: Define matrix Q = 5 Y0 g a4 A

13: Return: empirical mean of {q; i At}?’: 1» 1.€., the unit eigenvector of Q associated with its largest eigen-
value

14: Assignt =1+ At

The gain function K is a 3 x 6 matrix whose entries are obtained as follows: For j = 1,2,...,6, the j-th
column of K contains the coordinates of the vector-field grad(¢;), where the function ¢; € H!(SO(3); ;) is

a solution to the Poisson equation,

7 ((grad () grd () = — 7 (y ~ ).
W 6.7

m(¢;) =0 (normalization),

for all y € H'(SO(3); 7).
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For numerical purposes, it is convenient to express the FPF with respect to the quaternion coordinates.
In this coordinate representation, the dynamics of the i-th particle is given by,

. 1 . .

where ¢! is the quaternion state of the i-th particle, and v/ € R? evolves according to,

higi) +h dt), (5.9)

dvi = @ dr + dB! + K(q',t) 0 (dZ, -

where K(g,1) = K(R(q),t) and h(q) = h(R(q)), with R = R(q) given by the formula (2.16).

The FPF algorithm is numerically implemented using the quaternion coordinates, and is described in
Algorithm 6. The algorithm simulates N particles, {g i\’: |» according to the sde’s (5.8) and (5.9), with the
initial conditions {qg}f’: | sampled i.i.d. from a given prior distribution 7;. The gain function is approxi-
mated using either the Galerkin scheme (see Sec. 4.3) with the basis functions given in Appendix C.3, or

the kernel-based scheme (see Sec. 4.4).

N

Given a particle set {g' } i1 its empirical mean is obtained as the eigenvector (with norm 1) of the 4 x 4

matrix O = + YV, giq! T corresponding to its largest eigenvalue [125].

5.4 Review of Some Attitude Filters

This section presents detailed algorithms for the attitude filters that are simulated for the comparison in

Sec. 5.5. The following attitude estimation problem is considered,

1
dg; = 54 ® (a)t dt + op dBt)v (5.10a)
dZ, = R(q,)" r dt + ow dW,, (5.10b)

where r € R3 denotes a generic reference vector. The simplified observation model (5.10b) avoids undue
notations in the description of the filters. A more realistic model with both gravity and magnetic field
observed is used in Sec. 5.5 for numerical simulations.

Most of the filters presented in this section are discrete-time filters. They require a discrete-time filtering

67



model that is chosen to be consistent with the continuous-time model (5.10a)-(5.10b). For the discrete-time

filters, the sampled observations, denoted as {Y, }, are made at discrete times {#, }, whose model is formally

AZ,
Ar

2
= R(q;,)"r+ W2 where {W} are i.i.d. with the distribution .#"(0, 5L J), and At

expressed as Y, :=
denotes the time step. Such a model leads to the correct scaling between the continuous and the discrete-
time filter implementations.

The multiplicative EKF, unscented quaternion estimator and bootstrap particle filter use one of the three-
dimensional parametrization of SO(3), e.g., the Euler angle, the rotation vector, and the Rodrigues param-
eter, to represent the attitude estimation error. The filter is then implemented as an EKF on a subset of R?.

The subset is referred to as the parameter space. In our numerical studies, the modified Rodrigues parameter

(MRP) is used. Conversion between an error MRP x and an error quaternion &g is given by [124],

5 0q1
sa) = — "M g = .11
7= 16+ |x|? 8 | o9 = 1+ 840 0q2 | ’
5613

where notationally 6g = (dqo,dq1,8492,0q3).

All the filters are implemented using the quaternion coordinates. For discrete-time filters, the posterior
filter estimate at time ¢, is denoted as §,. The filter estimate after the propagation step between t,_; and
t, is denoted as ¢/,. For Kalman-type filters, the associated covariance matrices are denoted as X, and X,

respectively. Each filter is described for one iteration that maps §,— to §, and X, to X,,.

5.4.1 Multiplicative EKF

The MEKEF algorithm is described in [124, 178]. The linearized model of the estimation error, represented
using the MRP, is given by,
dxt:—[a)t]xxt dt—GBdB[, (512)

where x; denotes the error MRP at time ¢. Such a linearization is reasonable when |x;| and op are both
sufficiently small. The MEKF then follows the classical EKF based on the linearized model (5.12) defined

in R3. The detailed algorithm is presented below.

Input: Current quaternion estimate §,—1 and X,_,. The estimate of error MRP is £,_; = 0.
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Propagation:

Gn = Gn—1® exp(@,—1 A1), (5.13)
Y =dr, & +0, (5.14)
where by slight abuse of notation,
cos (|w|/2
exp(®) := <‘ / )

ﬁ sin (|w]/2)

for w € R3, and @, := @, . The matrix ® and Q are given by

®=1—[@ 1]Ar, Q=(cFANL.

Update: The observation update is first carried out for the error MRP:

)en - KnIna
K,=X HI'S 1,
S, =H,X, HI +R,

Y, =(—-K,H,)ZX,,

where I, =Y, — R(g,) r, H, = [R(g,)" r]«, and R = (63 /At) .

Reset: The update of error MRP is then incorporated in the quaternion estimate in a multiplicative way:

Gn = 4, @ 6q (%), (5.15)

%, =G, L, G, (5.16)

where G, =1 — 1 [K,1,]«, and 8¢(%,) is calculated by (5.11). The multiplicative nature of the formula

(5.15) is the reason for calling this filter the multiplicative EKF.

The reset step is included such that %, is reset to zero at each time step. This is analogous to the “re-
linearization” step in a classical EKF [88] and also coincides with the “re-parametrization” step in the EKF

algorithm proposed in [21]. While the reset step is implicit and trivial in a Euclidean EKF, it explicitly
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modifies the updated covariance (see (5.16)) in a Lie group setting due to the multiplicative nature of the

update formula (5.15).

Remark 5.2 The formula (5.14) for covariance propagation is obtained by discretizing the continuous-
time error model (5.12). O((At)?) terms are neglected in both ® and Q. For higher-order terms in these
matrices, c.f., [178]. For the sake of consistency, all the filters discussed in this section use the same order
of numerical approximation. g

5.4.2 Unscented Quaternion Estimator

The unscented quaternion estimator (USQUE) is described in [42]. The estimation error is parameterized
using the MRP, and sigma points are employed to represent the error distribution. A conventional unscented
Kalman filter is then implemented in the parameter space. The number of sigma points is L = 2d + 1 where

d = 3 is the dimensional of the MRP. The detailed algorithm is presented below.
Input: Current quaternion estimate §,—1 and ¥,_;. The error estimate in MRP is £,,_; = 0.

Sigma points generation:

i) Generate L sigma points of error MRP {x,,_ (! )}IL:_()l €eR3 fromX, |,

X0-1(0) = %1 =0, {x,-1(1)}Z] = 2d columns of ++/(d+A)Z, 1,

where A is a tuning parameter. It is recommended in [42] that A = 1. In practice, the square root of a

positive definite matrix is computed using the Cholesky decomposition.

ii) Convert error MRP x,,_; (/) to error quaternion ¢, (1),
0gn-1(0)=qr, Ogn—1(l) =6q(x,—1(l)) using (5.11) forl=1,....L—1.

where g; denotes the identity quaternion, i.e., g; = (1,0,0,0).

iii) Generate quaternion sigma points {g,_1 (1)},

Qn—l(o) =qn-1, LIn—l(l) :qAn—1®5Qn—l(l)~
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Propagation:

1) Propagate quaternion sigma points according to the process model,
g.(1) = qu_1() @exp(®,_1 A1), VI
ii) Calculate propagated error quaternion,
8a,(0)=a1, 84,(1) = (¢,(0) ' @4, (0).
iii) Calculate propagated error MRP,
K (0)=0, x,(I)=x(84,(1)) (see(5.11)).

iv) Calculate propagated mean £, and covariance X, from the sigma points {x/,(/) le_Ol using (5.17) and

(5.18) below. Additionally, process noise matrix Q = %(GI%At)I is added to XJ,.

Given a set of sigma points {x(/) ,L;OI € R4, their mean (weighted average) and covariance are calculated

1 1L—1
f=——=(Ax(0)+=Y x(1)), 5.1
rEs A CEUREW0) 5.17)
2= (A 6(0) - (0~ T+ 1 Y (s ) 7). o
d+2A 2 &~
Update:

i) Calculate predicted observation of each sigma point,

wa(l) = R(g,(D)'r V1,

whose covariance, denoted as iﬁ’ , 1s calculated using (5.18).

ii) Calculate the cross-correlation matrix X from the two sets of sigma points {£,}/— and {y,}/—. The

formula is analogous to (5.18).
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iii) Calculate the gain matrix

s evy—1
K, = £ 501,
where &) = 2 + (6% /Ar) 1.

iv) Calculate the innovation error

In — Yn _yn(o)-

v) Update the error MRP estimate,

vi) Update the covariance matrix,

Y, =X, 1 — K, 2K,

vii) Update quaternion estimate,

Gn = 4, ® 8q(%n)-

Reset: Reset £, = 0. The covariance matrix is unchanged after reset in USQUE.

5.4.3 Bootstrap Particle Filter

The bootstrap particle filter (BPF) is described in [32]. The estimation error is parameterized using the
MRP, and N particles are employed to represent the error distribution. A conventional particle filter is
then implemented in the parameter space based on importance sampling and resampling . The algorithm is

presented below.
Input: Current quaternion estimate §,—1 and quaternion particles {¢/_,}V |.

Propagation: Propagate the quaternion estimate and particles according to the process model,
3y = dn-1@exp(@,11), ¢y =g, @exp(@,_1 At +B,) Vi,

where the process noise {B.,}¥ | are i.i.d. samples from .4 (0, (c3A¢)I).

Update:
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1) Calculate error quaternion particles,
i 1 ;

8q,=(q,)  ®4,-
ii) Calculate error MRP particles {&,}YY | from {84’ }YY | using formula (5.11).
iii) Calculate weights,

. 1 . .
wh o< exp { = 2 (Y = R(¢)" )R (1 — R(¢})"r) }
where R = (o, /Ar) L.

iv) Calculate the mean error MRP £, = ¥, wi &

v) Calculate the updated quaternion estimate,

qAn = qA;; ® SCI(XAn)

vi) Resample to obtain uniformly weighted error MRP particles {x/,}?  from {& }Y

procedure follows Algorithm 2 presented in [3].

vii) Perturb the new error MRP particles,

i Lyl oy 2
X, X, +v,, v, ~AN(0,0°%,),

where ¥, = ﬁ Y xi xiT and o is a small tuning parameter.

viii) Update the quaternion particles,

gy = q) ® 8q(x).

. The resampling

For problems with large initialization error and concentrated likelihood functions, only a few particles

have significant weights w', after a few steps. Since resampling eliminates the majority of particles with

very small weight, the particle filter quickly loses particle diversity. The perturbation in Step vii) above may

alleviate this issue. Additionally, the progressive correction technique is applied in [32], which splits the

likelihood function as a product of several “wider” likelihood functions, and then sequentially implements
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the update (Step 1) to viii) above) due to each split likelihood. Detailed procedure for doing this is provided

in [32] and Chapter 12 of [46].

5.4.4 Leftinvariant EKF

The left invariant EKF (LIEKF) is a continuous-time filter on SO(3) whose equation is given by,

dg; = = ¢, ® (@ dt + K, dI,),

N —

where §; denotes the quaternion estimate at time ¢, dI; = dZ, — R(c},)Tr, and K, = G%Z,HIT with H, =
w

[R(@t)T”]w

The equation of the covariance is given by the Riccati equation,

dr 1
— =AX +LA] + o5l — — LHHY,.
dr (o

For additional details, c.f., [20].
The connection between LIEKF and the feedback particle filter with concentrate distributions was dis-

cussed in Sec. 2.4.2.

5.4.5 Invariant EKF

The invariant EKF (IEKF) is a discrete-time filter proposed in [13]. The IEKF is originally developed to

solve a slightly different attitude estimation problem,

1 1
dg: = 5 g ® o dt + 5 (0 dB) D s, (5.19a)
dZ, = R(g))" (r+ ow dW), (5.19b)

where both the process and observation noise are defined in the inertial frame instead of the body frame.
However, the noise defined in two frames are statistically equivalent if the noise is isotropic (see [13] for
a definition of isotropic noise). The noise in the filtering problem (5.10a)-(5.10b) is isotropic and rotation-
invariant since the components of the noise are mutually independent and have equal variance.

The detailed algorithm is presented below:
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Input: Current quaternion estimate §,—1 and X,_. The error estimate é,,_; = 0.

Propagation:

G, = Gn—1 @exp(w,_1At),

%, =X, 1+ (03411,

The propagation step is identical to MEKF.

Update: The observation update is carried out for the Lie-algebraic error as follows,

ép = KnIna
K,=X,H'S, !,

S, =HX,H" + (o7 /A,

where H = [r], and the innovation I,, = R(§,)Y, — r is modeled in the inertial frame. The update in the

error estimate is then incorporated in the quaternion estimate in a multiplicative way:

gn = 64q(6n) @ 4y, (5.20)

Y, =—-K,H)X,,

where d¢(é,) = exp(é,). The Lie-algebraic error is used in IEKF since it leads to an intrinsic construction
of the filter, and the error dynamics exhibits certain invariance property. This is a key difference between

IEKF and MEKF.

5.4.6 Invariant Ensemble Kalman Filter

Whereas the MEKF and IEKF algorithms compute the gain by linearizing the error model, the invariant
ensemble Kalman filter (IEnKF) employs an ensemble of random samples whose empirical covariance is
used for gain computation.

The detailed algorithm is presented below:

Input: Current quaternion estimate §,—; and error samples {nr’;_l }f\’: 1
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Gain computation:

i) Propagate the error samples,

m,' = exp(B,) ®1, 1,
where {B!} are i.i.d. and drawn from .4 (0, (63A¢)I).

ii) Calculate predicted observation for each sample,
o =R+ W,

where {W,} are i.i.d. and drawn from .4 (0, (07, /At)I).

iii) Calculate empirical covariance,

1 ¢ i i
L, = N Z log(n,) log(n,")",
i=1

where the calculation of log(-) is remarked at the end of the algorithm.

iv) Calculate the empirical covariance of the observation noise,
— LA}
R, = N;:l YnIn -

v) Calculate the gain,

K,=X,H'S,",
where S, = HX, H" + R, and H = [r].

vi) Update the error samples (with the predicted observations {y}),

My =My ©exp (= Ky (v, = 1))
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Filter estimate:
(Propagation) ¢, = §,—1 ®exp(@,_ At),

(Observation update) g, = exp (K,, (R(g,)Y, — r)) ®4q,.

Remark 5.3 The function log : S* — R3 converts a quaternion to the corresponding rotation vector: Let

q=(q0, 91,92, q3), and define 0 = 2 arccos(|qo|) € [0, 7). Then,

log(q) = (91,92, q3),

sin(%)

when 6 # 0. Clearly, log(q) = (0,0,0) when 6 = 0.

Remark 5.4 (Invariance properties) The invariant filters exploit certain invariance or symmetry proper-
ties of the Lie group. A process on the Lie group is called invariant if it is unchanged when a chosen group
action is applied to the state and the control input (e.g., the angular velocity w; in (5.10a)). Similarly, an
observation model is called equivariant if it is unchanged under a chosen group action applied to the state,
the external input (e.g., the reference vector r in (5.10b)) and the output variables. In particular, the left- and
right-invariance are distinguished by the left and right multiplication when the group action is applied. The
estimation error is also defined differently, with 1, := §; ' @ q, for the left-invariant filter, and 1, := q, ® §; !
for the right-invariant filter. More detailed explanation of the left and right-invariance and the resulting
properties of the filters is contained in [20, 13].

A prominent feature of the right-invariant filters is that the resulting error dynamics do not depend on
the actual trajectory of the filter estimate nor the input angular velocity. Consequently, right-invariant filters
may converge on a wider range of trajectories. Computationally, the gain can be conveniently computed
off-line. In the subsequent numerical studies, only right-invariant filters, i.e., IEKF and IEnKF, are included

since they were found to slightly outperform the left invariant filter.
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5.5 Numerical Results for Attitude Estimation

For the attitude estimation problem, consider the following model with observations from both the ac-
celerometer and magnetometer (see (5.3) and (5.4)),

1
th = eq®(a)tdt+63 dB[)7 (5213)

_R(‘II)T 0 ré
dz; = dt + ow dW;, (5.21b)
0 R(Qt)T rb

where the model for angular velocity is taken from [200],

. . 27 T 27
w = (sm (Et)’ —sm(ﬁt—i-%), cos (ﬁt))’

and 7¢ = (0,0,1), ¥’ = (1/+/2,0,1/+/2) are assumed to be aligned with the gravity and the local magnetic
field, respectively.
This section presents various simulation results that compare the attitude filters in Sec. 5.4 with the

proposed feedback particle filters. These filters are listed as below:

1) MEKF: the multiplicative EKF algorithm described in [124, 178] using the modified Rodrigues param-

eter (MRP).
2) USQUE: the unscented quaternion estimator described in [42] also using the MRP.

3) BPF: the bootstrap particle filter described in [32] also using the MRP. The progressive correction tech-
nique is applied with 20 splits of the likelihood function during the initial transient phase of the filter.

The perturbation parameter ¢ = 0.1 (see Step vii) in the update step of BPF).
4) IEKF: the invariant EKF algorithm described in [13].
5) IEnKF: the invariant ensemble Kalman filter described in [13].

6) FPF-G: the FPF using the Galerkin gain function approximation: Algorithm 4 in Sec. 4.3 with the nine

basis functions in Table C.1 in Appendix C.3.
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7) FPF-K: the FPF using the kernel-based gain function approximation: Algorithm 5 in Sec. 4.4 with the

parameter € = 1.
8) FPE-C: the FPF using the constant gain approximation described in Sec. 2.4.

The performance metric is evaluated in terms of the rotation angle error defined as follows: Let g,
and g, denote the true and estimated attitude, respectively, at time ¢. The estimation error is defined as
8q, =4, ' ® q; and the rotation angle error 8¢, := 2arccos(|8¢?|) € [0, 7], where 8¢° denotes the first
component of d¢;.

In an experiment, each filter is simulated over M independent Monte Carlo runs. For the j-th Monte
Carlo run, 5(ptj denotes the rotation angle error as a function of time. The time-averaged error for the j-th

run is defined as,

. T .
e (5.22)

and the time-averaged error of the M runs is defined as,

(5¢/)r. (5.23)

g

< 1
ol =3

1

The average error of the M Monte Carlo runs as a function of time is defined according to,
—~ 1 M .
0@, =173 89/, (5.24)
j=1

The simulation parameters are as follows: The simulations are carried out over a finite time-horizon
t € [0,T] with fixed time step Az. The filters are all initialized with a Gaussian distribution, denoted as
A (q0,%0), with mean go and Xy = O'gl is a diagonal matrix representing the variance in each axis of
the Lie algebra. For the BPF and FPF implementation, the initial set of particles are sampled from this
distribution as follows: First, {v'}Y, are sampled i.i.d. from the Gaussian distribution .4 (0,%) in R3.

Next, the particles {g{}Y | are obtained by,

cos (|v]/2)
v sin (|v¥]/2)

V]

90=490®

The IEnKF also uses the same set of initial particles as the BPF and FPF.
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In numerical simulations, it was observed that the continuous-time filters, especially the FPF-G, are
susceptible to numerical instabilities due to high gain during the initial transients. The instability in FPF-
G is exacerbated by possible ill-conditioning of the matrix A in constructing the Galerkin approximation
(see Algorithm 4). In order to mitigate the numerical issues observed during the implementation of the
FPF-G algorithm, the discrete time-step during the initial transients is further sub-divided. Specifically, for
t < Ty, the time interval ¢, 4+ Ar] is uniformly divided into Ny sub-intervals. The update step in the FPF

(specifically Line 4 — Line 11 in Algorithm 6) is implemented on each sub-interval by replacing AZ, with

AZ,
Ny

and Ar with f,—;. The sub-dividing technique has the same effect of “widening” the likelihood function
as obtained by the progressive correction in BPF (see Sec. 5.4.3).

To provide a fair comparison, the same set of observations are used for all the continuous-time and the
discrete-time algorithms. The particle-based filters use the same set of initial particles.
The nominal parameter values are chosen as: T =2, At = 0.01, N = 100, M = 100, Ty = 0.2, Ny = 100.

The choice of Ty and Ny may vary according to the severity of numerical issues encountered in practice.

The simulation results are discussed next:

1. The average error g?p, as a function of the initial uncertainty: Figure 5.1 depicts the average error
g(\p, (see (5.24)) of the filters over M = 100 simulation runs, with two choices of initial variance:
(a) o = 0.5236% and (b) £y = 1.0472°1. The two cases correspond to a standard deviation of 30°
and 60°, respectively. For the two priors, the mean is the same, given by identity quaternion ¢; =
(1,0,0,0). For case (a), the target is initialized by sampling from the prior distribution. For case (b),
the target is initialized with a fixed attitude —rotation of 180° about the axis (3, 1,4). These parameters

indicate large estimation error initially for case (b).

The results depicted in Figure 5.1 show that the performance is nearly identical across filters for
case (a) when the initial uncertainty is small, except that the BPF has slightly higher error due to
the additional diffusion after the resampling step. For case (b) when the initial uncertainty is large,
the particle-based filters (IEnKF, BPF and FPF) exhibit superior performance compared to the EKFs
and the unscented filter. The differences are exhibited in the speed of convergence of the estimate to
the target with the particle-based filters converging quickly compared to the EKFs and the unscented

filter.
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Figure 5.1: Comparison of the average error g?p, for two prior distributions.
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Figure 5.2: Statistical analysis of filter performance: The bars indicate the mean and the lines indicate the 1
standard deviation of {(8¢/)7 }/ across M = 100 Monte-Carlo runs

As the results in Figure 5.1 are averaged over multiple Monte-Carlo runs, statistical analysis was
also carried out to assess the variability in performance across runs. The results of this analysis are
presented in Figure 5.2, which depicts the mean and standard deviation of {(5¢/ )T}IJW: | (see (5.22)).
Apart from poorer performance on average, the EKFs and the unscented filter also exhibit a greater
variability in performance across the Monte-Carlo runs. For some trajectories, these filters exhibit
slow convergence because the gain becomes very small. The particle-based filters all exhibit superior
error performance, except that the FPF with constant gain approximation exhibit larger simulation

variance as the concentrated distribution assumption is violated in case (b).

. The time-averaged error (&p)T as a function of the process noise: In this simulation, the process
noise op € {0.05,0.2,0.5, 1.0} for fixed ow = 0.05236 and prior distribution according to case (b)

in Figure 5.1. Figure 5.3 (a) depicts the time-averaged error (g?p)T (see (5.23)) across filters as the
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Figure 5.3: Time-averaged error (6 @) of filters as a function of op and ow. The value of oy is converted to the
standard deviation (in degree) of the corresponding discrete-time observation model.

process noise parameter is varied. One would have expected the error to decrease monotonically with
the op value reduced. The fact that such is not the case for the EKFs and the unscented filter indicates
that the relatively poor performance of these filters for small values of process noise is an artifact of
the linearization assumption that lead to overly small gains. These small gains adversely affect the

filter performance during the initial transients.

3. The time-averaged error <<§(\p>T as a function of the observation noise: In this simulation, the
observation noise parameter oy € {0.01745, 0.03491, 0.05236, 0.08727} for fixed 65 = 0.2 and prior
distribution according to case (b) in Figure 5.1. The oy parameter values correspond to the choice of
the standard deviation of 10°,20°, 30° and 50° in the discrete-time model. Figure 5.3 (b) depicts the
time-averaged error <(§?p>T As expected, the error deteriorates as the observation noise increases. The
particle filters not only continue to exhibit better performance but also the performance deterioration

is more graceful for larger values of oy .

4. The time-averaged error <(§(\p)r as a function of N: In this simulation, N € {20,50,100,200}
in the particle filters, for a fixed o = 0.2, oy = 0.05236, and prior distribution according to case
(b) in Figure 5.1. Figure 5.4 (a) depicts the time-averaged error (S?p)T For all the particle-based
filters, N = 50 particles is seen to be sufficient. For fewer than 50 particles, the BPF exhibits severe
performance deterioration due to large approximation error in the importance sampling. Other filters
exhibit slight performance deterioration as insufficient number of particles leads to issues in the gain

computation.
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Figure 5.4: (a): Time-averaged error (g(\p>r, and (b): mean computational time of a single propagation-update step,
both as a function of the number of particles N.

5. Computational times as a function of N: In this simulation, N € {20,50,100,200,500}. The mean

computational time (per propagation-update step of the algorithm, averaged over 100 Monte Carlo

runs) is depicted as a function of N in Figure 5.4 (b). The O(N) and O(N?) lines are included to

aid the comparison. The computational cost of particle filters scale linearly with N except the kernel

method which scales quadratically. For online computations, both FPF-G and FPF-C have lower

computational burden compared with IEnKF and BPF. However, for the IEnKF algorithm, the gain

computation — which contributes to most of the computation load — can be implemented offline [13].

The experiments were conducted on a platform with an Intel i3-2120 3.3GHz CPU.

5.6 Filtering with a Bimodal Distribution

In this section, we consider the following static model:

1
dql:7q1®(0tdtv

where @, = (0,0,0). The prior distribution is assumed to be supported on the subgroup SO(2), parametrized

by the angle 6 € [—m, 7). Its density is denoted as p;(6). An arbitrary element in SO(2) is represented as

qg= (cos(g), 0,0, sin(%)).
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Figure 5.5: Density evolution of FPF-K on SO(2) with bimodal distribution. The particle distributions are

represented by histograms and are also compared with the exact posterior (5.25) (solid line) and the MEKF solution
(dashed line). The FPF-K can handle general non-Gaussian posteriors.

The observation model is of the following form:

where 7(6) = (cos(8),—sin(6)), and W, is a standard Wiener process in R?.

Since the process is static, the density of the posterior distribution has a closed-form Bayes’ formula:

1 1
p*(6,1) = (const.) exp (G—th(e)Zt -~ |h(e)\2t> i (8). (5.25)
w w

For the numerical results described next, the FPF is simulated according to (5.8) and (5.9):

dqi = %q; ® [K(qi,t) ) (dZt — M dt)] )
where g}, are sampled i.i.d. from the prior pg.

The simulation parameters are as follows: The prior is a mixture of two Gaussians, .4 ( — uo,cg)
and .4 (/,LO, Gg), with equal weights, where o = 90° and oy = 30°. The observation noise parameter
ow = 0.12, and the unknown state is initialized as go = (1/+/2, 0, 0, 1/+/2), which corresponds to 6y = 90°.
The simulations are carried out over # € [0,0.2] with a fixed time step Az = 0.01. The following filters are

simulated for a comparison:
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Figure 5.6: Density evolution of BPF on SO(2) with bimodal initial distribution. The particle distributions are
represented by histograms and are also compared with the exact posterior (5.25) (solid line) and the MEKF solution
(dashed line). The BPF fails to capture the bimodal posterior at # = 0.01.

1) MEKF with a Gaussian prior .4 (0°,60°).
2) BPF with N =100 and o =0.1.
3) FPF-K with N =100 and € =0.2.

The modified Rodrigues parameter in MEKF and BPF is replaced by the angle parameter 6. The same
initial particles are used in BPF and FPF-K.

Figure 5.5 depicts the results of one simulation run that include the exact posterior (see (5.25)), the
histogram of the particles of FPF-K, and the MEKF solution. Figure 5.6 depicts the corresponding simu-
lation results produced by BPF. This example shows that the FPF-K algorithm can easily handle a general
class of non-Gaussian distributions. In particular, at # = 0.01, the BPF fails to capture the bimodal posterior
due to the importance sampling and resampling procedure that immediately eliminates particles with low
importance weight.

A further investigation of the gain computation is provided in Figure 5.7 and 5.8, where the kernel-based
gain approximation in FPF-K is plotted at selected time instants. The two gains depicted in the respective
figures correspond to the two observations /;(0) = cos(6) and hy(0) = —sin(6). The FPF-K is seen to
reasonably approximate the exact gain function.

The exact gain functions are obtained analytically as follows: Using the angle parametrization, the
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Figure 5.7: Kernel-based gain approximation on SO(2), corresponding to the observation /;(6) = cos(0). The blue
dots depict the gain function approximation evaluated at the particles.

Poisson equation (2.28) restricted to SO(2) is given by,

2 (p(6) 22(0)) = ~(n(0) ) p(6), =12

where /1, := ["_h;(6) d6, and the gain function K;(0) = %(9). The explicit formulas for K; is given by,

K;(8) = L2 L(C* iP(‘P)(%’(‘P) —h;) d(P>, (5.26)

where the constant C is determined by the periodicity condition ¢ (—n) = ¢ (7) and is given by

C= ffﬂﬁ ffﬂp(ﬁ)(h.i(ﬁ) —flj) dBda

7% e dex
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Figure 5.8: Kernel-based gain approximation on SO(2), corresponding to the observation /,(0) = —sin(0). The blue
dots depict the gain function approximation evaluated at the particles.

5.7 Conclusions

In this chapter, the feedback particle filter was applied to the problem of attitude estimation — modeled as a
continuous-time filtering problem on the Lie group SO(3). The FPF was described using both the rotation
matrix and the quaternion coordinates.

Numerical studies of the FPF and several state-of-the-art attitude filters were carried out for an atti-
tude estimation problem on SO(3), as well as a filtering problem on the subgroup SO(2). For the attitude

estimation problem, it was shown that:

1) The particle-based filters, including the IEnKF, BPF and FPF, exhibited superior estimation accuracy
and simulation variance compared to the EKFs and the unscented filter. This was particularly true in the
presence of large uncertainty in the prior distribution. In this case, the linearization assumption in the

EKEF no longer holds, which can result in a large estimation error.

2) Among the particle filters, the FPF with kernel-based gain function approximation (FPF-K) exhibited
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superior accuracy when the number of particles is small, whereas the performance of the BPF severely
deteriorated as the number of particles is reduced. The computational complexity of the FPF -K is
approximately quadratic in the number of particles N, while the complexity of the other particle-based

filters scales linearly with V.

For the filtering problem on SO(2) with a bimodal initial distribution, it was shown that:

1) The feedback particle filter is better suited to capture general non-Gaussian posterior compared to the

MEKEF and the BPF, and

2) the kernel-based scheme provided a good approximation of the gain function, leading to accurate poste-

rior computation.

It is the subject of ongoing and future work to compare the FPF with more attitude filters in the literature,
such as the Kalman filter with norm constraints on SO(3) [203, 58], the invariant UKF [41], and the filters
based on a variational construction [87, 202], just to name a few. Particularly for the filtering problems on
SO(2), the PHD filter [126], the wrapped Kalman filter [127], and the minimum-energy filter [201] have
appeared recently. In addition, the feedback particle filter may also be tested with filtering problems where

translational motion and sensor bias are involved.
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Chapter 6

Attitude Estimation of a Wearable Motion Sensor *

6.1 Introduction

This chapter is concerned with the problem of human motion tracking using body-worn sensors where the
attitude (orientation) of the sensor must also be jointly estimated. The motivation for the problem comes
from applications where sensors are embedded in apparel worn by the user, e.g., an activity tracker worn on
the wrist. A body-worn sensor has a nominal location and orientation based on the apparel it is embedded in.
However, there is often some degree of uncertainty, e.g., a wrist worn sensor may be worn interchangeably
on the two wrists, or the piece of clothing may slip. Since the measurements are often recorded in the sensor
body coordinate, changes in sensor orientation can cause the signals to transform via a rotation group.

The specific problem considered in this chapter involves the arm motion with wrist-worn inertial sensors
that contain a 3-axis gyroscope and a 3-axis accelerometer. In the absence of motion, with the arm in its
natural resting state, the attitude of the motion sensor is unobservable because the accelerometer’s measure-
ment of gravity vector alone can not distinguish between configurations of the sensor obtained by rotating
the sensor around the wrist. In the presence of motion, considered here to be the swinging motion of the
arm, the observability is shown to improve. The problem is mathematically formulated as a continuous-time
filtering problem on the product Lie group SO(3) x SO(2), where SO(3) captures the attitude of the motion
sensor, and SO(2) captures the phase of the periodic swing motion. The feedback particle filter algorithm
is explicitly constructed in this setting, including a kernel-based gain function approximation scheme. Ex-
perimental results with real sensor data are provided to illustrate the tracking performance of the proposed

filter.

Tracking of human motion using body-worn motion sensors (e.g., accelerometer and gyroscope) is a

problem of substantial current interest due to its importance to a wide range of applications, e.g., activity

*The content of this chapter is related to the publication [206].
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tracking [157, 173], medical rehabilitation [216, 92], virtual reality [189, 180] etc. A number of avant
garde motion tracking products are reviewed in the March ’16 issue of the IEEE Spectrum magazine. These
products “[embedded with] minuscule chips help to count steps, track calories burned, and monitor heart-
rate [111].” Companies such as Under Armour are developing ‘smart clothing” products that they expect to
launch in a few years [61]. Smart Health is widely regarded as a key driver of these products. According
to the Economist magazine, “[/These products] may even provide a glimpse of the future of health care, in
which a greater emphasis is placed on monitoring, using a variety of gizmos, to prevent disease, prolong
lives and reduce medical costs [53].”

In almost all the cases of practical interest, the mathematical models of human motion involve matrix
Lie groups such as the special orthogonal group SO(3) and the special Euclidean group SE(3). The associ-
ated estimation/filtering problem therefore require consideration of the geometry of the non-Euclidean state
space involving nonlinear dynamic and measurement models and non-Gaussian probability distributions.
In many ways, these problems have an old and rich history specifically with applications in aerospace and
target tracking [43]. In other ways, these problems are new: In contrast to an aircraft or a missile, humans
exhibit far richer dynamic sets of behaviors which are computationally prohibitive to model a priori. This

necessitates new paradigms and architectures for modeling and inference.

The proposed solution has three steps:

e Modeling: Mathematically, the motion dynamics are modeled on the product Lie group SO(3) x SO(2).
This leads to coupled dynamics whereby the attitude of the wrist-worn sensor is coupled to the swinging
motion of the arm. The measurement models for the gyroscope and the accelerometer are related to both

the attitude and the (assumed) kinematic model of the motion.

e Feedback particle filter: The problem is to jointly estimate the motion of the arm and the attitude
of the wrist-worn motion sensor. This problem is formulated as a continuous-time filtering problem on
SO(3) x SO(2). The explicit form of the filter is described with respect to both the rotation matrix and the
quaternion coordinates. A kernel-based approximation scheme is used to solve for the gain function on this

product manifold.

e Experiments. The modeling and the inference algorithms are demonstrated in an experimental environ-
ment using a wrist-worn motion sensor. The tracking performance is assessed in terms of the attitude of the

sensor and the relative sensor rotation on the wrist. An observability issue is briefly discussed for the arm
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swing motion. Experimental results help illustrate the performance of the filter with real sensor data.

A number of authors have investigated the attitude estimation problem in the context of motion: Al-
gorithmic approaches to solving this problem include the extended Kalman filter [167, 172, 198], the un-
scented Kalman filter [5, 55], and the bootstrap particle filter [171]. These filters are typically formulated in
a discrete-time setting, and the intrinsic geometry of the underlying matrix Lie group is often not explicitly
considered. For a more comprehensive review of attitude filters, c.f., [43].

An important theme in motion tracking applications pertains to the modeling of inertial sensors. Typ-
ically, the gyroscope measurements are incorporated in the filter propagation step [112, 198]. The ac-
celerometer measurements are used to provide an estimate of the gravity vector typically for static or slow
motion [118]. In problems involving dynamic and fast motion, the external acceleration needs to be distin-
guished from the gravity. A vector selection method that compares the true measurements with the gravity
appears in [151]. In [112, 103], the external acceleration is incorporated in the system state with an assumed
temporal model. A method closely related to our approach appears in [137], where the external acceleration

is explicitly calculated using a kinematic model of the motion.

The remainder of this chapter is organized as follows: A brief overview of the product Lie group SO(3) x
SO(2) is included in Sec. 6.2. The modeling framework and the estimation algorithms appears in Sec. 6.3

and Sec. 6.4, respectively. The experiment results are contained in Sec. 6.5.

6.2 Preliminaries: Geometry of SO(3) x SO(2)

An element X of G := SO(3) x SO(2) is written as X = (R,S), where R € SO(3) and S € SO(2). The

projection maps are defined as,

P, :G—S0(3), Pi(X)=R,

P,:G—S0(2), Py(X)=S5.

The Lie algebra of G, denoted as ¢, is a four-dimensional vector space that is identified with so(3) &
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s0(2) (see Proposition 3.14 in [104]). A basis {El, E,, E3, 54} of ¢ is defined such that,

E, = dP|(E,) forn=1,2,3,

E = dPy(E,),

where {E|, E», E3} is the orthonormal basis of so(3) (see (2.13)), E is the basis of so(2), and dP;, dP,
denote the differential of the projection maps at the identity element of G.

For a function f : G — R, the coordinates of grad(f), evaluated at (R, S), are obtained as,

E.-f(R,S)=E,-f(R,S) forn=1,2,3,
(6.1)
E4f(R7S) :Ef(RaS)7

where E,, - f(R,S) := % T:Of(R exp(TEy), S) forn=1,2,3,and E - f(R,S) := d%}r:of(R’ Sexp(TE)).

6.3 Modeling

This section describes the modeling paradigm for the motion tracking problem, whereby the motion is
considered to be the arm swing. The objective is to formulate the motion tracking as a continuous-time

filtering problem on the product SO(3) x SO(2).

6.3.1 Kinematics Model of Arm Swing

The inertial frame, represented as the x —y — z coordinate system, is fixed at the shoulder. The arm swings
in the x —y plane in a quasi-periodic manner. The motion is modeled via the time-evolution of and angle
0, (see Figure 6.1). The motion sensor is worn on the wrist, and x’ —y’ — 7’ are the axes of the body frame
attached to the sensor. It is assumed that the arm swings in a plane, remains straight, and that the length
of the arm, denoted as L, is known. Therefore, the position of the motion sensor, expressed in the inertial
frame, is uniquely described by the angle 6,.

The model for the arm angle 6; is parametrized in terms of a phase variable,

0 = f(pi; 1), (6.2)
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where ¢; € S! is referred to as the phase of the swing motion, and A denotes model parameters.

Example: The sinusoidal model of the arm swing is of the form,

f(‘PthmaQO) = em Sin((pt)+607 (63)

where the parameter 6,, determines the amplitude of the arm swing, and the parameter 6y models the asym-
metry in the arm swing with respect to the inertial frame: The maximum swing angle is typically larger

during the forward portion of the arm swing. U

The phase ¢ is modeled as a noisy oscillator,

dg, = odr + 05 dB},  mod 2, (6.4)

where the constant @ represents the frequency of the arm motion, B} is a standard Wiener process in R,
and oy is a positive scalar. The process noise is used to model the random variability in the motion. The
oscillator model has been employed for modeling periodic motions, e.g., gaits [176].

For the purpose of formulating and solving the filtering problem in Sec. 6.4, it is convenient to identify

S! with the Lie group SO(2). The equivalent process model of (6.4) in SO(2) is given by,

dS, = S,(wE)dt + S,E o (6} dBY), (6.5)

where S; € SO(2) is represented using ¢ as,

o [cos@) —sinton| 6o

sin(@)  cos(¢r)

and

denotes a basis of the Lie algebra so(2).

The parameters in the swing model are listed in Table 6.1.
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Figure 6.1: Illustration of arm swing

Table 6.1: Model parameters

6; | angle of swing attime ¢ || ¢ | phase variable at time ¢
6,, | model parameter 6y | model parameter
o | frequency of swing L | arm length

6.3.2 Sensor Model

Kinematic model of the attitude: The angular velocity of the motion sensor, expressed in the inertial
frame, is denoted as Q, € R3. For the planar arm swing model described in Sec. 6.3.1, Q, = (0,0, 9,). The

kinematic model of the sensor is given by,

dR; = [Q|x R; dt +R; o [op dBy ], (6.7)

where R, € SO(3) denotes the attitude of the sensor at time 7, with respect to the inertial frame; B is a

standard Wiener process in R?, accounting for random effects that cause small variation in sensor attitude.

The motion sensor is equipped with a gyroscope and an accelerometer, whose models are described as

follows:

Gyroscope: A gyroscope measures the angular velocity of the sensor in the sensor body frame. It is modeled
as,

dz? = RTQ, dt + oy dW}, (6.8)
where Z¢ denotes the gyroscope observation at time #, W,* is a standard Wiener process in R, and oy is a
positive scalar.

Accelerometer: An accelerometer measures the specific acceleration (that is, the external acceleration
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minus the gravity) in the body frame of the sensor [106]. For a prescribed 6;, the specific acceleration is

easily obtained, expressed with respect to the x — y — z inertial frame as,

A; = (6,Lcos(6,) — 67 L sin(6,),

6, Lsin(6,) + 67 Lcos(6,) +g, 0), (6.9)

where 6, L and 67 L represent the magnitude of the tangential and the centripedal acceleration, respectively
(see Figure 6.1).

The model for the accelerometer is simply obtained by transforming the vector A, to the sensor body
frame,

dz¢ = RT A, dt + oy dWS. (6.10)

One difficulty arises because 6; is not directly prescribed but must be estimated from the measurements.

The difficulty is circumvented by assuming the following models for 6; and 6, in terms of the phase variable

(7%

6, == ® 6, cos(¢,), (6.11)

6 := —»° 6, sin(¢,). (6.12)

These models are used in defining the acceleration vector A; in (6.9), which is subsequently used for the
accelerometer model (6.10). Finally, W in (6.10) is the observation noise modeled here as a standard

Wiener process in R3, which is furthermore assumed to be independent of the process noise.

Remark 6.1 The gyroscope model (6.8) and the accelerometer model (6.10) have the general form,
dz") =RTr, dt + oy dw,",

where r, € R? is a time-varying reference vector in the inertial frame. Such a model is somewhat different
from the standard model in attitude estimation, where the reference vector is a known time-independent
constant vector (e.g., the gravity and the (local) magnetic field [118]). Attitude observers that handles

time-varying reference vectors appear in [66, 179].
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In a typical attitude estimation problem, at least two reference vectors are required to ensure obsery-
ability and used in the filter update [123]. In our approach, the gyroscope is modeled such that it measures
a reference vector, namely the angular velocity vector €. This new usage of gyroscope is different from a

typical attitude filter where the gyroscope measurements are incorporated in the propagation step. O

6.4 Estimation

6.4.1 Filtering Problem

The filtering problem is to jointly estimate the attitude of the motion sensor and the phase of the arm swing.
The state space G is a four-dimensional product Lie group SO(3) x SO(2). Using (6.7), (6.5) and (6.8),

(6.10), the signal and the observation models are,

. th:[-Qt]xRt dt+RtO[Gl§dBtr]><,
Signal:

dS, = S;(wE)dt +S,E o (o dBY),

Observation: dZ, = h(R;,S;)dt + ow dW;,

where h: G — R® encapsulates the sensor models given in (6.8) and (6.10) within a single vector-valued
function, and B}, B}, W; are mutually independent standard Wiener processes of appropriate dimension.
The filtering objective is to numerically approximate the conditional distribution of (R;,S;) given the

observation history 2 = o(Z: s <1).

6.4.2 FPF Algorithm

Analogous to its construction for the attitude estimation problem on SO(3) (see Sec. 5.3), the FPF is com-

prised of N stochastic processes {(R!, S)} | that evolve on G. The particles evolve according to the sdes,

dR = [Q!]. R dt +R!o[c} dB' ], + R [K' (R, S! ) o dI' ], (6.13a)

dSi = Si(@'E)dt + SIE o (03 dB}") + SIE(K*(R!, S, 1) o dI). (6.13b)

For the sake of self-contained exposition, models for each of the sdes is summarized next:
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1) @' are sampled i.i.d. from a uniform distribution on the interval [@y — 27y, wy + 27wy for certain @y

and Y. The variability of ®' is used to capture the uncertainty in the actual frequency of the motion.

2) QI = (0,0, 8/), where 8] = ®'0,, cos(¢/) according to (6.11). Here, ¢/ denotes the phase of the i-th

particle, and it is related to S by (6.6).
3) Btr’i and Bf’i fori=1,...,N are mutually independent standard Wiener processes in R* and R, respectively.

4) K":Gx[0,T] — R3>*®and K*: G x [0,T] — R'*6 denote the gain functions. By slight abuse of notation,

their vertical concatenation is denoted as K := (K", K¥) € R**,
5) The innovation process Ii € R® is defined as,

drl = dz, — 5

dt,

where &, := m,(h), and m; denotes the conditional distribution of X/ := (R!,S!). In a numerical imple-

mentation, i, ~ YN | h(RI,S!) =: WM.

The gain functions K is obtained as follows: For j = 1,2,...,6, the j-th column of K contains the

coordinates of the vector-field grad(¢;), where the function ¢; is a solution to the Poisson equation,

7 ((grad () grd () = — 7 ((h; ~ ).
W (6.14)

m(¢;) =0 (normalization),

for all test functions .

6.4.3 Numerical implementation

The FPF algorithm is numerically implemented using the quaternion coordinates. In these coordinates, the

sdes (6.13a)-(6.13b) are expressed as,

g}’ = ~ g/’ @ dv”, (6.152)

dg' = S g @ dv)”, (6.15b)
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where (q,r’i,q?’i) is the quaternion representation of the i-th particle, and v;’ ’i, A ' e R3 evolve according to,

dvii = R(q/")TQ, dt + o dB] + K (g} ¢} 1) 0 dL,

dv = [0’ dr + o dB) + K (q/" g} 1) 0 dIL]Y,

where [@]" := (0,0, @) € R? for ® € R, and R(g) converts a quaternion to its associated rotation matrix

(c.f., formula (2.16)).

Algorithm 7 Feedback particle filter for motion tracking

I: initialization: Samples { (g, ¢5")}Y. | i.i.d. from 7}

2: Assignt =0

3: iteration: from ¢ to r + At

4: Calculate fz,(N) =1y, h(g g

5: fori=1toN do

6:  Generate a sample, AB", from N (0,(An)I)

7. Generate a sample, AB™™, from N (0,Ar)

8:  Calculate the error Al := AZ, — 1 (h(qtr’i, "))+ fzt(N)) At

9:  Calculate gain function K(q,r’i,qf’i) using the kernel-based scheme (see Sec. 6.4.3)
10:  Calculate AV, = Q; At + 05 AB + K’ (¢, ¢ AT
11:  Calculate AV} = [@! At + G5 ABY' + K¥ (g, gi") ALY

12:  Propagate the particle q,r’i according to (see [178], and | - | denotes the Euclidean norm in R?)

cos (|Av/"|/2)
M Gin (|Avi]/2)

‘Avtni‘

i i
iiar = 4

13:  Propagate the particle qf’i similarly
14: end for
15: return: empirical mean of {(qtrjr A qt‘i ) FY, (see Line 13 in Algorithm 6)

16: Assignt =1+ At

The FPF algorithm using the quaternion coordinates is described in Algorithm 7. The algorithm sim-
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ulates N particles, {(g", ")}, according to the sde’s (6.15a) and (6.15b), with the initial conditions

i=1
{(qgi,qf)’i)}f.\’: , sampled i.i.d. from a given prior distribution 7; supported on SO(3) x SO(2).
Gain function approximation: In the experimental results to be presented in Sec. 6.5, the FPF is im-
plemented using the kernel-based gain function approximation whose numerical procedure is described in
Sec. 4.4. The kernel function is defined as,

2 i j
¢ <X7’X’)>7 6.17)

k(s)(Xi,Xj) = Wexp( 1

where d = 4 for the product Lie group G = SO(3) x SO(2), and { : G x G — R denotes a distance metric

on G. One choice of the distance metric is,
o . . 1 . .
GXXT) = R = R[5+ 5 |S"= S'[F, (6.18)

where |- |r is the Frobenius norm of a matrix. This metric is induced from the Euclidean distance metric
defined in R” x R? in which G is smoothly embedded. Note that the time index ¢ is omitted.
The gain function is denoted as K = (ki ..., k4) with coordinates k, = E,- ¢, where {El, E», E3, 54} is

the basis of the Lie algebra of G. The formulae of k, are obtained similarly as the formula (4.18) in Sec. 4.4,

En ’ (P(Xi) - 8En'h(Xi) - % [(M”q))i B (Mﬂl)i

(rVe) ],
forn=1,...,4, where 1 = (1,1,...,1) € RY, and the entries of the N x N matrix M, are calculated as,

(My)ij = Tiﬁ?’N) E,-C2(X', X7,

and the elements of the Markov matrix 7(&N) are given by (4.13). The derivative of {2 is taken with
respect to its first argument. For the metric defined by (6.18), the explicit expressions of E,- {? are obtained

following the formula (6.1) in Sec. 6.2:

E,-C3(X',X7) = —2Tr(RE,R?), forn=1,2,3,

Ey4-C3(X',X7) = —Tr(SES/).
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Figure 6.2: The InvenSense chip.

Figure 6.3: Sensor orientation on the wrist: (a) Nominal orientation; (b) Rotation of 90° clockwise about the wrist
(—90° around x’-axis); (c) Rotation of 90° counter-clockwise about the wrist (90° around x’-axis).

6.5 Experiments

6.5.1 Experimental Testbed

The experiments were carried out with the InvenSense MP MPU-9150 chip (see Figure 6.2). The InvenSense
hardware includes a 3-axis gyroscope and a 3-axis accelerometer and also provides a USB and Bluetooth
connectivity back to a host computer. For the experiments, the InvenSense chip is used as the wearable
device, worn on the user’s wrist. The nominal orientation of the sensor faces outwards but the sensor
orientation may change, typically rotate around the wrist. Figure 6.3 depicts the nominal sensor orientation
as well as some variations.

One of the motivations of the present study is to use the dynamic motion of arm swing to better estimate
the sensor orientation. Note that, in the absence of motion, the accelerometer only measures the (downward)
gravity vector. Any rotation of the sensor around the wrist will yield the same accelerometer reading.
Hence, in the absence of motion, the problem is not observable. The experimental results presented next
demonstrate that the observability is improved by using dynamic information from the sensor while the user

is performing arm swing.
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Table 6.2: Experiment parameters

6, 6o L g op cg Oow
Model 050106 198 [ 02 |02 04
FPF N 0y Y € At | Initial dist.

50 | 1.87 | 0.5 ] 0.5 ] 0.02 Uniform

6.5.2 Filter Parameters

While the arm swing is performed, the measurements from the 3-axis gyroscope and 3-axis accelerometer
were sampled at a fixed sampling rate of 50 Hz. Figure 6.5 depicts the raw sensor measurements in the six
sensor axes from a single experiment run.

The sensor measurements were processed by the FPF algorithm. Table 6.2 tabulates the filter parameters
used: The model parameters 6,,, 6y and wy were chosen based on an offline assessment of the natural arm
swing. For example, the frequency @y was chosen to be close to the natural frequency of a rigid rod of
length L with uniform mass distribution. The uncertainty in these model parameters is modeled by choosing
relatively large values of process noise parameters oy, 0 and the frequency de-tuning parameter y. The
observation noise parameter Gy is chosen based on assessment of various sources of the sensor noise. This
parameter affects the convergence speed of the filter. In numerical implementation of the filter, too small
a choice of the parameter oy can lead to numerical instabilities on account of large gain values during the
initial transients. Finally, € is a parameter required by the by the kernel-based gain function approximation.

Once the numerical parameter values have been selected, the FPF sde is simulated using the numerical
algorithm described in Algorithm 7. The particles in FPF are initially sampled i.i.d. from the uniform
distribution on the compact Lie group SO(3) x SO(2). In the quaternion coordinates, the uniform sampling
scheme is taken from [159]. A fixed discrete time-step equal to the sampling time-step At = % seconds is

used for numerical integration.

6.5.3 Performance Metric

During each experiment run, the user wears the motion sensor in a fixed orientation. Denote ¢, and §; as
the ground-truth and the estimated attitude, respectively. Denote 8¢; := 4, ' ® g;. The performance metric
is defined as S, = 2arccos(|84°|) € [0°,180°], where 8¢° is the first component of 8¢,. Physically, the

metric § o, represents rotation angle between the ground truth and the estimated attitude.
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(a) “fictitious” motion (swinging backward) (b) actual motion (swinging forward)
Figure 6.4: In the case of a symmetric model of the arm swing, the two sensor orientations and swing patterns, as

depicted in (a) and (b) respectively, yield the same sensor measurements. The sensor orientation differs by 180° for
the two motion patterns.

6.5.4 Experimental Results

In an experimental run, referred to as Experiment-1, the user performed arm swing with the sensor orien-
tation chosen to be a rotation of (approximately) 90° clockwise from the nominal orientation (see Figure
6.3 (b)). The tracking results for the FPF are illustrated in Figure 6.5. The experimentally obtained sensor
measurements from the gyroscope and the accelerometer are depicted, together with the prediction fAz,(N)

computed using the FPF (see Line 4 in Algorithm 7). It is seen that the predictions closely follow the

measurements, indicating that the filter estimates of attitude and phase both converge.

6.5.5 Observability Issue

In the case of a symmetric model of the arm swing, i.e., 8y = 0 in the model (6.3), the following two sensor

orientations and swing patterns yield the same sensor measurements:
1) The forward swing motion (see Figure 6.4 (b)) with the sensor orientation depicted in Figure 6.3(b);

2) The backward swing motion (see Figure 6.4 (a)) with the sensor orientation depicted in Figure 6.3 (c).

The sensor orientation differs from case 1) by 180°.
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Figure 6.5: Sensor measurements and FPF prediction IA1,(N) in Experiment-1. ﬁ,(N) closely follows the measurements.
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Figure 6.6: Sensor measurements and FPF prediction fz,(N) in Experiment-2. The results are nearly identical with the

case depicted in Figure 6.5.

103



deg deg
180} A LR D s e 180}
7
v
90} !.\-»"" T
- 4= -
% Experiment-1 ' Experiment-1
-- Experiment-2 -- Experiment-2
of
1 —90} 1
0 t t
0 2 4 6 8 10 0 2 4 6 8 10

(a) Estimation error of the sensor attitude (b) Estimated sensor rotation on the wrist

Figure 6.7: FPF may converge to two equilibria. The FPF in Experiment-1 (orange lines) converges to the true sensor
attitude (see (a)), which is a rotation of —90° from the nominal orientation around the wrist (see (b)); The FPF in
Experiment-2 (blue dashed lines) converges to an attitude with 180° error.

In our experiments, the asymmetry was found to be small, 8y = 10°. As a result, the filter sometimes
converged to the out-of-phase equilibria whereby the error is 180°. Figure 6.6 depicts the results of another
independent experimental run, referred to as Experiment-2. Figure 6.5 and Figure 6.6 show that both the
sensor measurements and FPF predictions are nearly identical in the two experiments. However, as de-
picted in Figure 6.7 (a), the FPF in Experiment-1 converges to the true sensor attitude, whereas the FPF in
Experiment-2 converges to an attitude with error of 180°. Equivalently, as shown in Figure 6.7 (b), the two
FPFs converge to sensor orientations that correspond to rotation by —90° and 90°, respectively, from the
nominal orientation around the wrist. Detailed analysis of the loss of observability and strategies to mitigate

it is a subject of continuing work.

6.6 Conclusions

In this chapter, we presented experimental results for the problem of jointly estimating the motion of a

swinging arm and the attitude of the motion sensor. The conclusions are as follows:

1) The presence of dynamic arm motion serves to improve the overall observability of the sensor attitude.
However, for a symmetric motion, two configurations (where the sensor is rotated by 180°) cannot be

distinguished.
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2)

3)

1y

2)

3)

A new modeling paradigm was proposed. The accelerometer was modeled without simplifications and
approximations that have appeared in the literature. A phase variable was introduced to capture period-

icity of the motion.

The feedback particle filter was shown to easily handle the highly nonlinear aspects of dynamics and
sensing that arise in motion tracking applications even as simple as arm swing. Using a kernel-based gain
function approximation, the FPF achieved satisfactory tracking performance with moderate computation

load and a degree of robustness against model uncertainties.

There are several directions for future work on this problem:

In a realistic setting, it will be important to include additional degrees of freedom, e.g., due to bending

and twisting of the arm. It will be useful to investigate the influence of these types of motion modalities.

A comparison of the FPF with other filters, e.g., the EKF and the bootstrap particle filter, will be useful
to provide insights as for why the feedback structure in the FPF may be advantageous in the presence of

severe nonlinearities.

For real-time implementations, it will be important to develop more computationally efficient algorithms

for the gain function approximation.
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Chapter 7

Numerical Results for the Global Optimization
Problem *

7.1 Introduction

In this chapter, results of numerical experiments are described for some benchmark global optimization
problems. For these problems, performance comparison results between the controlled particle filter and
other state-of-the-art model-based algorithms are also presented.

The remainder of this chapter is organized as follows: Sec. 7.2 provides a summary of several model-
based algorithms for global optimization. The intent is to describe, in a self-contained manner, both the
model as well as the particle update rules for each of these algorithms. Sec. 7.3 contains results of numerical
experiments for the quadratic function A(x) = 1|x[>. The quadratic function is considered because the
optimal solution is known in closed-form (see Sec. 3.2.2). Performance comparisons are described, using
Monte-Carlo simulations as a function of the problem dimension and the number of particles. Sec. 7.4
contains simulation results for a one-dimensional double-well potential which represents the simplest non-
convex function with multiple (two in this case) local minimizers. Sec. 7.5 includes a comparison for
other benchmark problems, including the Ackley function, the Griewank function, the Pintér’s function, the

Salomon function, the Rastrigin function, and the Trigonometric function.

7.2 Review of Model-based Algorithms

In a model-based optimization algorithm, the search of the global minimizer is guided by a (prescribed)
reference model — a sequence of probability densities that asymptotically assigns all of its probability mass
to the global minimizer. The reference model is denoted as {p}(x)} where n = 1,2, ... are the discrete-time

indices. The optimal solution is obtained by sampling from p;,. However, since the objective function /% is

*The content of this chapter is related to the publication [207, 204].
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Table 7.1: Comparison of some model-based optimization algorithms

Algorithm Reference model Model update Parametric
« X Importance sampling
MRAS Pt (X) o< pp(x) 9 (h(x)) Lin(o <y + Density projection yes
* Importance sampling
CE Pr1(¥) < q(x,6,) 9 (h()) Lny<yy | Density projection yes
. CdpfoN RN Importance sampling
MEO Replicator: =i~ (x) = —(h(x) — k) p; (x) + Density projection yes
# % B Importance sampling
PFO P (x) o< pp(x) @ (yn — h(x)) + Resampling no
Importance sampling
- . ¥ o _
SMC-SA Boltzmann: p}(x) o< exp(—h(x)/T,) + Resampling + SA no
X X B Importance sampling
SISR Ppy1(x) o< pj,(x) exp(—Bh(x)Ar,) + Resampling no
P (x) o< pi(x) exp (—Bh(x)1)) Optimal control
CPF . . . . no
(same as replicator if f = 1) without resampling

used in defining p}, the problem of sampling directly from the reference model is not straightforward.

This section reviews several model-based algorithms (see Table 7.1). Broadly, there are two types of
model-based algorithms: (i) parametric algorithms and (ii) non-parametric algorithms. Parametric algo-
rithms include the cross-entropy (CE) algorithm, the model reference adaptive search (MRAS) algorithm
and the model-based evolutionary optimization (MEO) algorithm. Non-parametric algorithms include the
particle filter optimization (PFO) algorithm, the sequential Monte-Carlo simulated annealing (SMC-SA),
and the sequential importance sampling and resampling (SISR) algorithm.

The non-parametric algorithms employ the importance sampling and resampling procedure to sample
from the reference model. The numerical procedure mirrors the Bayes’ update step in the particle filter
[3]. In a parametric algorithm, the difficulty of sampling from an arbitrary distribution is circumvented by
sampling from a surrogate density model that best approximates p; for each n. The surrogate model is
typically chosen from a family of parametric densities, denoted as g(x; 6,), where {6, },en C © denotes the
sequence of parameters in a given parameter space ® C R?. A popular choice for g(x; 6,) is the Gaussian
density function.

The primary difference among the algorithms is the choice of the reference model which leads to dif-
ferent importance sampling formulae for the non-parametric algorithms and parameter update formulae for

the parametric algorithms. The various reference models are tabulated in Table 7.1.
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7.2.1 Model Reference Adaptive Search (MRAS)

MRAS is a parametric model-based algorithm. The reference model is of the following general form:

Pn(x) 9 (h(x)) Ly <y
fpn( )O(h(y)) Liny)<y,y dy

P (%) := (7.1)

with a given prior density pg(x). The surrogate density ¢(x;6,) is Gaussian with parameters 6, = (1,,%,)

as the mean and covariance:

1 1
q(X,en) = W eXp(—E(x—,LL,,)TZ;l(x—[J,,)). (72)

The terms in the model (7.1) are explained next:

1) The function ¢ () is chosen such that the reference model is biased towards region with lower function
values. Typically, ¢ is taken to be some non-increasing non-negative function of its argument, e.g.,

¢(z) = 1. In the numerical studies reported in this thesis, an exponential function is used for ¢,

¢ (h(x) = e,

where r > 0 is a tuning parameter.

2) The indicator 1)<y, 18 used to further restrict the search within the region where the function value

is below a threshold. The sequence of threshold {¥,} is specified according to the sequence of surrogate
model {q(-;6,)}, e.g.,
Yo :=inf {y: Py, (h(X) <7) = C}, (7.3)

where { € (0,1] is a prescribed parameter, and Py, (-) denotes the probability with respect to the density

q('7 en)
The explicit solution of (7.1) is given by,
Pt (%) o< p(x) @ (h(x))" " Lpy<yy (7.4)

where {7} is a non-increasing sequence.

108



The MRAS algorithm is described next. At the end of the (n — 1)-th time step, one has a collection of
particles {X/}Y | sampled i.i.d. from the density g(;6,) with uniform weight. For the n-th time step, the
objective is to estimate a new parameter, 6,1, and generate new samples from the density g(+; 6,+1). This

is carried out by iterating the following two steps:

1) Calculation of importance weights: The importance sampling procedure is used to approximate the
reference model p;;_ , given the samples {X/}¥ | from the surrogate model g(-;6,) which is viewed as
the proposal density, and the importance weight of each particle is calculated as,

i P (X)) @ pp(X;) -

,. e B (RX))" T Lpxiy<py wh=1. (7.5)
dX:0,) ~ a(Xi:0,) COETNY

The empirical approximation of the reference model p;, , is represented as

wS(x—X). (7.6)

n

M=

ﬁ:+1(x) =
1

2) Parameter estimation: A popular algorithm for estimating the new parameter 6, is via density pro-
jection, i.e., minimizing the Kullback-Leibler (K-L) divergence between p ., and g(-;6,.1). By the

definition of the K-L divergence,

6,41 = argmin D(p},|q(x;0))

6cO
. Lk Ppp1(x)

:argmln/p X log< )dx

6O w1 (%) q(x:0)
= arg max /ﬁ;:+1 (x) logg(x;0) dx

0cO
(7.6) N . .
=" argmax )_wjlogq(X;;0) (7.7)

0ec® =1

Note that only the samples satisfying h(X!) < ¥, have non-zero weights and contribute to the parameter

update.

In the Gaussian case, the solution of (7.7) can be obtained in closed-form. For example, when g(-; 0) is
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Gaussian as given in (7.2), the solution is given by,

N

i yi

Hpp1 = anXnv
i=1

N

Yor1 = W;(Xri — Hns1) (X}’ll - .un+1)T'

i=1

The derivation appears in Appendix D.1. These formulae also appear in [76].

The numerical procedure of the MRAS algorithm is tabulated in Algorithm 8; see also [76]. Note that
the sequence {7, },>0 is guaranteed to be non-increasing, and a smoothing parameter v is introduced to
“dampen” the parameter update (see Line 12). A modified version of MRAS is also described in [76] where

the parameter § and the sample size are both adaptive.

Remark 7.1 If ¢(h(x)) = e P"0A s ysed, where At, is the time step, the reference model of MRAS

becomes,
by P XD B ) )Ly
el I Pi(y) exp(—B h(y) Ata) Lpex) <y dy”

(7.8)

with a given prior py. Without the factor 1g,x)<y,), this model is identical to the Bayes’ model used in the

controlled particle filter algorithm (see (3.2)).

7.2.2 Cross-entropy (CE)

The reference model in the CE algorithm is closely related to the model in the MRAS algorithm:

_ 48, 9 (h(x) Ly <y
Ja(y:60) 9 (h(y) Lingyy<yy &

Prp1(X) (7.9)

where the definitions of g(-;6,), ¢(-) and 1y;,(x)<y,) are identical to the case with the MRAS algorithm.
The CE algorithm follows the same numerical procedure as MRAS at each time step. However, com-
pared with the model (7.1) used in MRAS, the density p} is replaced with the surrogate model ¢(-;6,) in

(7.9). Correspondingly, the importance weights in the CE algorithm becomes (see (7.5)),

i Pa(Xa) 09)

N
: . (X)) L gpixiyen 1y w=1.
A IAGGLR TS
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Algorithm 8 MRAS numerical algorithm

1: Input: Initial distribution g(x; 6y), parameters { € (0,1], € € (0,1), v € [0,1]

2: Iteration n (n > 0):

3: Sample {X/}V | i.i.d. from g(x;6,)

4: Calculate %, := h(j¢yy), where hy is the k-th smallest element in h := (h(X}),....,h(X})), and [a] is

the smallest integer greater than a
5: ifn=0or ¥, < ¥%_1 — & then
6:  Assigny, =%,
7: else
8:  Assign ¥, = Yu-1
9: end if
10: Calculate importance weights,

i POXR)
" q(Xi0,)

11: Update the model parameter,

6c® =1

12: Assign 6,1 =Vv8,.1+(1—Vv)6,

13: Assign n = n+ 1 if the stopping rule is not satisfied; otherwise terminate

N
O(h(X)" ™ Lipxy <y ;WZ =1

N
0,+1 := arg max Zwi, log ¢(X;;0)

The numerical procedure for the CE algorithm is tabulated in Algorithm 9; see also [150, 76].

7.2.3 Model-based Evolutionary Optimization (MEQO)

The reference model in MEO evolves according to the replicator dynamics,

dr

111

dp; (x) — _(h(x) —iz,)p;‘(x),

(7.10)



Algorithm 9 CE numerical algorithm

1: Input: Initial distribution g(x; 6y), parameter { € (0, 1]

2: Iteration n (n > 0):

3: Sample {X/}V | i.i.d. from g(x;6,)

4. Calculate ¥, := h(¢yy), where h( is the k-th smallest element in h := (h(X}),....,h(X}))), and [a]
denotes the smallest integer greater than a

5: Calculate importance weights,
. . N .
wh o< 0(h(X)) Lxineyy, YL wn=1
i=1
6: Update the model parameter,

N
0,+1 := arg max Z w, log q¢(X;;0)
6e® =1

7: Assign n = n+ 1 if the stopping rule is not satisfied; otherwise terminate

where /; := [h(x) pf(x) dx. In a sampling-based implementation, the density is approximated as p;(x) ~

N wid(x—X/), and the corresponding odes for the weights are obtained as,

M —(h(

dr Xti)_i:lt(N))Wi? i=1,...N, (7.11)

where }Az,(N) = ):ﬁvz L, wih(X!). Denoting At, as the step size, the discrete-time system for the weight update

in MEO is given by,

Wi = wh— (ROE) = ") wi, Aty

e normalization Y~ , w! . = | automatica olds. The reference mode is then approximated as
Th lization Y ; w_ ; = 1 automatically holds. The ref: del p_ is then app ted

N
Dra ™Y Wi 8(x—X,).
—1

1

The parameter estimation is obtained by density projection as in the MRAS and CE algorithms. The
formula was given by (7.7).

The numerical procedure of the MEO algorithm is tabulated in Algorithm 10; see also [187].

112



Algorithm 10 MEO numerical algorithm

1:

2:

3:

Input: Initial distribution g(x; 6y), parameter § € (0, 1]

Iteration n (n > 0):

Sample {X/}¥ | i.i.d. from g(x,6,) with equal weights wi, = 1 /N, Vi
Calculate 7" = %Zé\; h(X!)

Calculate importance weights,

Update the model parameter,

0,+1 := arg max ZWZH log ¢(X';0)
0c® =1

Assign n = n+ 1 if the stopping rule is not satisfied; otherwise terminate

7.2.4 Particle Filtering for Optimization (PFQO)

A particle filtering framework for global optimization was introduced in [215]. The PFO explicitly casts the

global optimization problem as a filtering problem with the following state-space mode:

Xn+1 =Xy +Bn7

Yn+1 = h(Xn+l) + Wn+la

forn € N, where {B,, },>1 and {W, },> are mutually independent sequence of random variables that are also

independent of Xy. The hidden state {X, },ciy can be viewed as a perturbed random process which converges

to the global minimizer X as the perturbation B, gradually reduces to zero [215].

The reference model is given by the Bayes’ rule,

(Prediction)  p!,,(x) = / Ko (xl00) p2 () o,
g ) 9 (s —h(x)) (7.12)
D@ 9 (a1 —h(2)) de”

(Update)  pj.;(x)

where the transition kernel K, (+|-) and the function ¢ (-) specify the distribution of the random processes B,

and W, respectively.
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Algorithm 11 PFO framework

1: Input: Initial samples {X}}Y | b~ p(x), kernel functions {K,(|-) },en, function ¢(-)

2: Iteration n (n > 0):

3: Sample X! | ~ K, (-|X}) fori=1,....N

4: Observation generation: Take Y, to be a sample function value according to certain rule. If n > 1 and
Yir1 > Y, thensetY, .| =Y,

5: Bayes’ update: Calculate importance weights,

o< ¢( n+1— n+l anJrl =1

6: Resampling: Generate samples {X! |} | from {x o1 1Y, using resampling with replacement; c.f., [3]

7: Assign n = n+ 1 if the stopping rule is not satisfied; otherwise terminate

The implementation of the PFO algorithm is identical to a bootstrap particle filter [3], and a non-
increasing sequence of observations {Y, },>0 need to be generated using the samples. The numerical proce-

dure of PFO is tabulated in Algorithm 11; see also [215].

Remark 7.2 If the observation Y.\ := min (h(X

n+l) h(XN

N.)). the function ¢(z) = eP?%, and B, =

0,Vn € N, the update formula in the Bayes’ model of PFO becomes,

Py(x) exp(=B (h(x) = Yoi1) Atn)

P8 = T exp(—B (h(2) —Yorn) D) &2 713

which is closely related to the reference model (7.8) used in MRAS. The difference here is the presence
of a fictitious observation Y, ;1. Whereas the MRAS, CE and MEQ algorithms generate samples from a
parametric distribution, PFO is non-parametric and uses the resampling procedure to obtain new samples

instead of the density projection.

114



Algorithm 12 SMC-SA numerical algorithm

1: Input: Initial samples {X}}Y | S P (x), cooling schedule {7, },cn, kernel functions {K,(-|-) }nen
2: Iteration n (n > 0):

3: Importance update: Calculate importance weights,
wo o< exp(—h(X()/To) /Py (Xo),

N
whecexp (h(Xy_ ) (1/To1 —1/T;)), n>1, Y w, =1
i=1

4: Resampling: Generate samples {Xv},}f\’: , from {X' | }¥ | using resampling with replacement
5: fori=1,...,Ndo
6:  Generate Y/ ~ K, (y|X!)

7. Calculate acceptance probability
G =min { exp ((h(%;) ~ (¥}))/T:), 1}

8:  Accept/Reject

| Y we. g
Xi=
X wp. 1=

9: end for

10: Assign n = n—+ 1 if the stopping rule is not satisfied; otherwise terminate

7.2.5 Sequential Monte-Carlo Simulated Annealing (SMC-SA)

The SMC-SA algorithm, proposed recently in [213], combines importance sampling with the simulated

annealing (SA) ideas [93]. The reference model is the Boltzmann distribution,

__exp(=h(x)/Ty)
Jexp(=h(y)/T,) dy’

Pn(x) (7.14)

where the non-increasing real-valued sequence {7, },>0 is a prescribed cooling schedule. The SMC-SA
algorithm approximates the Boltzmann model (7.14) using an importance sampling procedure followed by

aclassical SA procedure for each sample independently. The numerical procedure of the SMC-SA algorithm
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Algorithm 13 SISR numerical algorithm

1: Input: Initial samples {X}}Y | S pi(x), kernel functions {K,(-|-) }nen
2: Iteration n (n > 0):

3: Bayes’ update: Calculate the weights,

w! o< exp (-B h(X,’;)Atn),

™=
S
—
Il

Il
—

4: Resampling: Generate samples {X:}Y | from {X!} | using resampling with replacement
5: Diffusion: Sample X! | ~ K,(-|X}) fori=1,...N

6: Assign n = n+ 1 if the stopping rule is not satisfied; otherwise terminate

is tabulated in Algorithm 12; see also [213].

The following cooling schedule is used in [213],

gl
" log(n+1)’

where £, denotes the best function value found by the algorithm up to the n-th time step.

7.2.6 Sequential Importance Sampling and Resampling (SISR)

SISR is a non-parametric algorithm based on importance sampling and resampling. The reference model is

the Bayes’ model (3.2),
p* (.X) _ p;;(x) CXP(—ﬁ h(x) Atﬂ)
. I i) exp(=B h(y) Aty) dy’

(7.15)

where At, =, —t, is the time step. The numerical procedure of the SISR algorithm is described in

Sec. 3.1 and also tabulated in Algorithm 13.

7.3 Simulation Results — Quadratic Function

In this section, we describe simulation results for the quadratic function,

1
h(x) = Elx\z.
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Results of numerical experiments with the following algorithms is described except for CPF-G and CPF-K.

These two algorithms will be studied in Sec. 7.4 and Sec. 7.5 for non-quadratic problems.

1) MRAS: the model reference adaptive search algorithm described in [76] and Algorithm 8.

2) CE: the cross-entropy algorithm described in [150] and Algorithm 9.

3) MEO: the model-based evolutionary optimization algorithm described in [187] and Algorithm 10.

4) PFO: the particle filtering optimization algorithm described in [215] and Algorithm 11.

5) SISR: the sequential importance sampling and resampling algorithm described in Algorithm 13.

6) CPF-A: the controlled particle filter algorithm with the affine control law described in Table 3 in Sec. 3.2.2.

7) CPF-G: the controlled particle filter algorithm with the Galerkin control law described in Table 4 in

Sec. 4.3.

8) CPF-K: the controlled particle filter algorithm with the kernel-based control law described in Table 5 in

Sec. 4.4.

The simulation parameters are as follows: The simulations are carried out over a finite time-horizon
[0,T] with T = 1, a fixed time step Ar = 0.001, and the parameter 8 = 1. The algorithms are initialized with
the same samples drawn i.i.d. from the Gaussian distribution .4 (mq, %), where mo = (10, ...,10) € R and

¥ = diag(5%, ...,5%). The parameters used in these algorithms are as follows:

1) Reference models: The reference models (7.8), (7.9), (7.10), (7.13), and (7.15) are used for the MRAS,
CE, MEO, PFO, and SISR algorithms, respectively. The reference models used in these algorithms are

closely related.

2) Diffusion kernel: The diffusion kernel {K,(+|-) },en used in PFO and SISR is chosen as Gaussians. That

is, at the n-th time step,

K, (x|x) o<exp(—%(x—x’)T)i,fl(x—x’)), (7.16)

where X, = diag(G2, ...,62), and {G, }nen is a decaying sequence G, = Gok” [212]. k = 0.95 is used

in all the simulations. The choice of 6y may depend on the dimension of the problem as well as the
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Figure 7.1: Simulation results of CPF-A with h(x) = %xz. Trajectories of N = 500 particles is depicted as dots in the
background. The solid line is the mean m; obtained using the exact formula (3.21) and the dashed line is its empirical
estimate obtained using the particles. The shaded region depicts the 1 standard deviation bound.

initial condition. For the quadratic function considered in this section, 6y = 0.1 for d < 5, and 6y = 0.5

otherwise. Large value of 6y may prevent undesirable premature convergence.

3) The MRAS, CE and MEO algorithms are simulated without the factor 1)<y, in their reference mod-
els. Even thought it was observed that including this term may expedite the search and lead to superior
convergence speed, the intent here is to compare the parametric and non-parametric algorithms with

consistent reference models.

4) For the CPF-A algorithm, an Euler discretization is used to numerically integrate the ode (3.4) with

B=1.

Figure 7.1 depicts a typical simulation result of CPF-A for d = 1 and N = 500. The empirical mean
m,(N) is seen to closely match its mean-field limit m, obtained using the exact formula (3.21).
The performance of the algorithms is compared based on J = 100 independent Monte-Carlo (M.C.)

runs. The performance metrics are the M.C. average and variance of the empirical mean at the terminal time

T. The M.C. average and variance of the terminal empirical mean are defined as,
S L)
M.C. average: my = 7 Z mr

1
M.C. variance: Var(m(TN)) = Z |m(TNJ) —nA1(TN)|2,
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Figure 7.3: rﬁ(TN) and Var(m(TN )) as a function of dimension 4.

(N)

where my ; denotes the empirical mean of the particles at terminal time for the j-th M.C. run.

The simulation results for the quadratic function is presented next:

1) rﬁ(TN) and Var(m(TN)) as a function of N: In this simulation, the number of particles varies in the range

N € {50,100,200,500, 1000}, for a fixed dimension d = 2. Figure 7.2 depicts the M.C. average and

variance. As expected, both ﬁ(TN) and Var(m(TN)) decrease with N for all the algorithms.

2) ") and Var(m\") as a function of d: In this simulation, the dimension d € {1,2,5,10}, for a fixed

number of particles N = 500. Figure 7.3 depicts the M.C. average and variance. Whereas the paramet-
ric algorithms (CE, MRAS, MEO) continue to exhibit robust performance, non-parametric algorithms

(PFO, SISR, CPF-A) are strongly susceptible to the increase in dimension. Such a drastic performance
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Figure 7.4: Computational time per iteration as a function of the number of particles N (part (a)) and dimension d
(part (b)).

3)

4)

deterioration suggests that more particles are required for high-dimensional problems.

In both Figure 7.2 and Figure 7.3, the MRAS consistently performs the best and its simulation variance is
the smallest for all choice of d simulated here. For all values of N and moderate values of d, the control-
based algorithm CPF-A exhibits less error and simulation variance compared with the sampling-based

non-parametric algorithms.

Computational time as a function of N: The mean computational time (per iteration of the algorithm,
averaged over 500 Monte Carlo runs) is depicted in Figure 7.4 (a) as a function of N. The CPF-K is also
included to assess its computational complexity. In addition, the O(N) and O(N?) lines are plotted to aid
the comparison. The plot shows that the computational time scales linearly with N for all the algorithms
except CPF-K which scales quadratically. The MRAS has relatively higher computational cost due to

the more intricate importance weight calculation (see (7.5)) than the other model-based algorithms.

Computational time as a function of d: The mean computational time (per iteration of the algorithm,
averaged over 500 Monte Carlo runs) is depicted in Figure 7.4 (b) as a function of d. For all the al-
gorithms except CPF-A, the computational time is nearly independent of d. The exceptionally high
computational cost of CPF-A for high dimensions is due to the affine control scheme in which the num-

ber of second-order polynomial basis functions scales quadratically with d.

The experiments in 3) and 4) were conducted on a platform with an Intel i3-2120 3.3GHz CPU.
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Figure 7.5: Double-well potential.
7.4 Simulation Results — Double-well Potential

In this section, we describe simulation results for the double-well potential

h(x) = (x—2)2(x+2)2—§.

The function is depicted in Figure 7.5.

The simulations are conducted over a finite time-horizon [0,7] with 7 = 10 and a fixed time step
At = 0.01. For each of the simulations, N = 500 particles are used. The initial particles Xé are sampled
ii.d. from a mixture of two Gaussians, .4 (—2,0.6?) and .#(2, 0.6?), with equal weights. The Gaussian
diffusion kernel given in (7.16) is used in PFO and SISR where 6,, = 6" with 65 = 0.1 and k¥ = 0.95. An
Euler discretization is used for numerical integration in the CPF algorithms with B = 1. For the Galerkin
approximation, the basis functions are {x, cos(3Zx), sin(3%x)}. For the kernel approximation, the pa-
rameter € = 0.5.

The CPF algorithm with the three types of control laws (i.e., the affine, Galerkin and kernel-based
control laws) are depicted in Figure 7.6 (g)-(i). The kernel-based control law leads to a more graceful
transient behavior than the other two control laws. The affine control law is unable to merge the two mode
in the posterior distribution, and the Galerkin control law may suffer from numerical instability on account
of ill-conditioning of the matrix A (see Table 4). This can lead to relatively large values of control requiring
small time-steps for numerical integration.

Figure 7.7 depicts a comparison of fz[(N) = ﬁzih(X,") with the three types of control laws. With the

optimal control, Theorem 3.4 shows that /; decreases monotonically as a function of time. This was indeed
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Figure 7.6: Particle trajectories of the algorithms for the Double-well potential.
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Figure 7.7: Comparison of fz,(N) with the three types of approximate control laws. The global minimum value 7 is

also plotted at the bottom.

Table 7.2: M.C. average and std. dev. of empirical error at terminal time, M.C. std. dev. in the parenthesis.

MRAS CE MEO
3.15e-3 (2.31e-3) | 5.88e-2 (4.16e-2) | 1.68e-1 (6.55e-1)

SMC-SA PFO SISR
3.61e-3 (2.50e-3) | 4.65e-3 (4.10e-3) | 4.95e-3 (3.66e-3)

CPF-A CPF-G CPF-K
8.67e-3 (2.27e-3) | 6.845e-3 (1.89¢-2) | 1.20e-1 (4.03e-3)

found to be the case with the kernel-based algorithm but not so with the other two. Even though the particles
in all three cases eventually converge to the correct equilibrium (see Figure 7.6 (g)-(i)), the approximate
nature of the control can lead to a transient growth of fz,(N).

Other model-based algorithms are depicted in Figure 7.6 (a) - (f). It is observed that the non-parametric
algorithms such as PFO, SISR and CPF-K handle bi-modal distributions better than the Gaussian-based
parametric algorithms (MRAS, CE, MEO) during the initial transient phase of the search. Among the
parametric algorithms, the MRAS eventually settles at the global minimizer while CE and MEO exhibit
fluctuations around the global minimizer. This indicates that the reference model and the associated weight
calculation in MRAS are advantageous over those in CE and MEO. The SMC-SA algorithm described in
Sec. 7.2.5 is also included in the comparison.

Monte-Carlo simulations are carried out to assess the empirical error of the algorithms at the terminal

time 7. Let m(TN,) denotes the empirical mean of the particles at time 7 for the j-th M.C. run. The M.C.
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average and standard deviation (std. dev.) of the terminal empirical error are then defined as,

N 1w
& . - Zle;j (7.182)
j:
™) "
Std. dev.(er ) = | 5 Z |eT ; M2 (7.18b)

(N) (N) _

where e ;1= lmy. ; X|. For each algorithm, the two metrics obtained from 100 independent M.C. runs

are tabulated in Table 7.2. It is seen that the MEO has the largest score in both metrics. The CPF-K also
exhibits larger M.C. average of the error due to a relatively large value of € used in the simulation which

slows down the asymptotic convergence. Adaptively setting the value of € requires further investigation.

7.5 Simulation Results — Benchmark Problems

In this section, we present performance comparison results of the optimization algorithms for six benchmark
optimization problems listed as below. Numerical results for these problems appear in recent publications,

e.g., [76,78, 1].

1) Ackley function,

[x?

1 d
h(x) = =20 exp{ —0.02 %} - exp{d;cos@nxk)} +20+e,

where the global minimizer £ = (0, ...,0), and & := h(x) = 0.
2) Griewank function,
2
hlx) = 4000| g HCOS( )

where % = (0,...,0), and & = 0.

3) Pintér’s function,
d d
=Y kx2 420 ) kesin® (x_y sin(xe) —x¢ -+ sin(xes 1))
k=1 k=1

d
+ Y klogyo (1+k(x_ | — 2x¢ + 331 — cos(x) +1)7),
k=1
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where % = (0,...,0), and & = 0.
4) Rastrigin function,
d
ha(x) = x> =10} cos(27x;) + 10d,
k=1

where % = (0,...,0), and & = 0.

5) Salomon function,

ha(x) =1 —cos(2m|x|) +0.1|x|,
where ¥ = (0, ...,0), and 7 = 0.

6) Trigonometric function,
d
hs(x) =Y [8sin*(7(xc —0.9)%) 4 6 sin(14(x — 0.9)*) + (3 — 0.9)°],
k=1

where % = (0.9, ...,0.9), and 2 = 0.

These functions are non-convex and possess multiple local minimizers. Their graphs are depicted in
Figure 7.8 for d = 2.

Table 7.3: Time horizon and time step for simulating each problem

Ackley | Griewank | Pintér’s | Rastrigin | Salomon | Trigonometric
T 50 100 0.05 0.05 50 0.05
At 0.1 0.1 0.0001 | 0.0001 0.1 0.0001

The simulations parameters are as follows:

1) Time horizon: The simulations are carried out over a finite time-horizon [0, 7] with a fixed time step
At. The choice of T and At may vary for different problems, as tabulated in Table 7.3. For the Pintér’s,
Rastrigin, and Trigonometric function, smaller Az is used to prevent numerical instability due to large
function values. The values of T and At are determined upon case-by-case based preliminary experi-

ments.

2) Initial condition: For all the problems, the algorithms are initialized with the Gaussian distribution

N (Uo,Xo), where the mean o € R? is randomly selected from the uniform distribution on [—50, 50],
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and the covariance £y € R?*? is a diagonal matrix with all the diagonal elements chosen as 500. Same

initialization scheme and parameters were used in the numerical studies presented in [76, 213].

3) Algorithm parameters: The MRAS, CE and MEO algorithms are simulated without the factor 1)<y,
in their reference model. The Gaussian diffusion kernel (see the formula (7.16)) is used for simulating
PFO and SISR with ,, = diag(G2, ..., 62), and a decaying sequence G, = 6k with Gy = 5 and k = 0.95.
A large value of 0y is used to increase “coverage” of the search. All the CPF algorithms are simulated

with B = 1. The CPF-G algorithm uses the following basis functions,

2 2
{xk, cos(—nxk), sin( ﬂxk), kzl,...,d}
T T

with 7 = 400. The parameter € in the CPF-K algorithm is adaptive: At each time step, € is chosen as

the largest empirical covariance of the current particle set among all the directions. It was observed that
too small a value of € easily led to numerical instability. More judicious choice of the basis functions in

CPF-G as well as the parameter € in CPF-K is the subject of future research.

The algorithms are assessed based on J = 100 independent Monte-Carlo (M.C.) runs. Figure 7.9 depicts
the M.C. average of the empirical error as a function of time ¢ for all the problems and all the algorithms.
(N)

Let m, ;” denotes the empirical mean of the particles at time 7 for the j-th M.C. run. The M.C. average of

the empirical error at time ¢ is then defined as,
Im —x|. (7.19)

It is seen from Figure 7.9 that:

1) Except for the Salomon function, the CPF-K algorithm exhibits the the lowest error within the allocated

computation budget. Improvement over the affine and Galerkin control law is also observed.

2) Except for the Salomon function, the CPF algorithms will potentially continue to search for better solu-
tions after the terminal time 7', whereas the CE and MEO stop the search very early at local minimizers.

The MRAS also suffers from such early stagnation for the Ackley and the Griewank function.
3) The MRAS algorithm may exhibit numerical instability during both the transient phase (e.g., for the
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(c) Pintér’s function (d) Rastrigin function

(e) Salomon function (f) Trigonometric function

Figure 7.8: Plots of some benchmark objective functions in 2D.

127



10° ‘ :
o—e MRAS
&4 CE

s MEO

®-E PFO

*-¥ SISR
+—¢ CPF-A
oo CPF-G
a4 CPF-K

(a) Ackley function

o—o MRAS

&-a CE

wee MEO
=-m PFO

¥ SISR
+— CPF-A
e CPF-G
A4 CPF-K

(c) Pintér’s function

102

0.00 0.01 0.02 0.03

o—e MRAS
&a CE
e MEO
=-m PFO

—¢ CPF-A

v SISR

e e CPF-G
a4 CPF-K

(e) Salomon function

0.00 0.01 0.02 0.03 0.04 0.05

(d) Rastrigin function

10° ‘
o—o MRAS v SISR
& CE +—¢ CPF-A
e MEO oo CPF-G

ama CPFK

0.00 0.01 0.02 0.03 0.04 0.05

(f) Trigonometric function

(N)

Figure 7.9: M.C. average of the empirical error ¢, ' as a function of 7.
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4)

5)

Table 7.4: Monte-Carlo average and std. dev. of |m(TNJ) — x| (PartI)

Ackley Griewank Pintér’s
MRAS 9.55e-1 (9.80e-1) 2.07e1 (8.30e0) 1.14e0 (8.23e-1)
CE 6.55e-1 (4.77e-1) 1.94el (7.14e0) 3.96e0 (1.98e0)
MEO 8.31e-1 (4.70e-1) 1.93el (5.87e0) 6.41e0 (3.08e0)
PFO 3.65e-1 (1.18e-1) 8.53e0 (2.91e0) 7.58e-1 (3.60e-1)
SISR 3.53e-1 (1.13e-1) 8.51e0 (2.70e0) 2.96e0 (1.17e0)
CPF-A 3.00e-1 (8.99¢-2) 4.29¢0 (1.91e0) 1.14e0 (9.27e-1)
CPF-G 3.71e-1 (1.53e-1) 4.52e0 (1.60e0) 1.45€e0 (8.26e-1)
CPF-K 291e-1 (1.15e-1) 2.60e0 (7.75e-1) 6.57e-1 (2.64e-1)

Table 7.5: Monte-Carlo average and std. dev. of \m(TNj) —x| (PartII)

Rastrigin Salomon Trigonometric
MRAS 1.38e0 (3.35e-1) 7.34e-1 (5.06e-1) 1.33e0 (3.03e-1)
CE 7.29e0 (3.60e0) 1.34e0 (6.38e-1) 7.50e0 (3.20e0)
MEO 9.63e0 (4.24e0) 1.73e0 (1.04e0) 9.54e0 (4.12¢0)
PFO 1.12e0 (4.03e-1) 5.58e-1 (1.77e-1) 1.16e0 (3.46e-1)
SISR 1.08e0 (3.57e-1) 5.34e-1 (1.90e-1) 4.32e0 (1.50e0)
CPF-A 2.34e0 (1.37e0) 6.31e-1 (2.21e-1) 2.55e0 (1.72e0)
CPF-G 2.60e0 (9.97-1) 8.09e-1 (4.45e-1) 2.59e0 (9.78e-1)
CPF-K 6.74e-1 (2.39¢-1) 8.14e-1 (2.67e-1) 6.84e-1 (2.53e-1)

Ackley and Salomon function) and the asymptotic phase (e.g., for the Pintér’s function). This is likely
due to the randomness in the density projection step and the associated weigh calculation of the particles

(see formula (7.5)).

The PFO and SISR algorithms perform identically except for the Pintér’s and Trigonometric function.
For all the problems, particularly the Griewank function, these two algorithms converge fast initially due
to the strong diffusion noise added to expedites the search. However, strong diffusion may also adversely
affect the asymptotic convergence rate, as shown in the cases with the Griewank, the Rastrigin and the

Trigonometric functions.

The Griewank function is challenging due to the fact that the global minimum value is very close to
the multiple local minimum values around it. While the parametric and the importance sampling-based
algorithms eventually stagnates at a local minimum, the CPF algorithms are capable of continuing the

search towards areas closer to the global minimizer.
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The M.C. average and standard deviation of the empirical error at the terminal time 7 is tabulated
in Table 7.4 and Table 7.5. These metrics are calculated according to (7.18a)-(7.18b). For most of the
problems, the CE and the MEO algorithms exhibit relatively larger error and simulation variance, whereas
the CPF-K algorithm performs the best with the lowest error and simulation variance. The importance
sampling-based algorithms (PFO and SISR) and the other CPF algorithms (CPF-A and CPF-G) exhibit

similar error patterns.

7.6 Conclusions

Numerical studies of the controlled particle filter (CPF) algorithm as well as several model-based algo-
rithms were carried out for multiple global optimization problems, including a quadratic function, a one-
dimensional Double-well potential, and six benchmark optimization problems of dimension five.

The conclusions are as follows:

1. For the quadratic Gaussian case, the MRAS algorithm exhibited the best accuracy and robustness with
the increase of dimension. Among the other algorithms, the CPF algorithm with the affine control
law provided more accurate approximation of the Gaussian posterior. However, the computation

complexity of CPF-A scales quadratically with the dimension.

2. For the benchmark optimization problems, the algorithms were assessed based on Monte-Carlo sim-
ulations. For most of the test problems, the CPF algorithms exhibited higher potential to prevent
premature convergence. The CPF algorithm with the kernel-based control law exhibited the lowest

error and simulation variance among all the algorithms.

It is the subject of ongoing and future work to compare the FPF with more global optimization algo-
rithms, e.g., the SMC-SA algorithm (see Sec. 7.2.5), the particle swarm optimization algorithm [91], and
the consensus-based algorithm [128]. It is also desirable to pursue deeper theoretical analysis of these algo-
rithms for certain type of problems, e.g., the quadratic problem and the more general convex optimization

problems.
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Appendix A

Proof for Chapter 2

A.1 Proof of Proposition 2.1

For any function f € C°(G), f(X/) is a continuous semimartingale that satisfies [74],
df (X)) = (Vo+u)- f(X])dt + V- F(X]) 0 dB +K;- F(X)) o dZ]. (A1)

For the ease of taking the expectation, we convert (A.1) to its Itd form (see Theorem 1.2 in [188]): For

real-valued continuous semi-martingales A, B, C,

1
AodB=AdB+;dAdB, (A2)

(Ao dB)dC =A(dBdC). (A.3)
For the second term on the right hand side of (A.1), taking A in (A.2) to be V- f(X ) and B to be B;X l,
Ve f(X[) 0 dB = Vg - f(X]) B} + %d(va - f)(X/)dB. (A4)
Replacing f by Vi - f in (A.1),
(Vi f) = (Vo+u)- (Ve f)dt + V- (Voo f) 0 dBP + K+ (Vo f) 0 dZ].
Using (A.3) and Itd’s rule (dB}” ’dBB’ o p dt, dB*dt =0, and dB*'dZ/ = 0 for all &, B3, j),

d(Vy - f)(X)dB®' = Zva (Vo - £) (X)) dt,
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which when substituted in (A.4) yields,
‘ ‘ . 1S .
Va ‘f(th) © de(“ =Vq 'f(th)dB;x’l+ 5 Z Va - (Va ‘f)(th)dt-
o=1

The third term on the right hand side of (A.1) is similarly converted. The It6 form of (A.1) is then given
by,
df (X)) = LF (X)) di + Vo - f(X))dBE +K; - f(X/ 1) dZ]

where the operator . is defined by,

L= (o) 45 Y Ve (Ve )5 L K- (K 7).
Jj=1

a=1

In its integral form,
. . t ) t ) , t
1) = )+ [ Zp O ds+ [ Vo px) B2+ [ £ (D) 02

By taking conditional expectation on both sides, interchanging expectation and integration (see Lemma 5.4

n [192]) and noting the fact that B ' is a Wiener process,

m() =)+ [ m(@nas+ [ miK; paz

which is the desired formula (2.21). O

A.2 Proof of Theorem 2.1

Using (2.2) and (2.21) and the expressions for the operators .Z* and .Z, it suffices to show that,

m(u-f)ds+ = Zns (Kj- f)) ds+my(K; - £)dZ
J

i (m(fhj) — ms(h))m(f)) (dZ] — mg(h;) ds) (A.5)

forall 0 <s<tandall f € CZ(G).
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On taking ¥ = f in (2.22) and using the formula (2.10) with V = K; and " = grad(¢;),

7, (K- f) = m((grad(¢;), grad(f))) = 7 ((hj — 7s(h))) f).- (A.6)

Using the expression (2.25) for the control function and noting that /; = 7,(h;),

EZh—m ) (K- f) =) me(h
j=1 j=1

Using (A.6) repeatedly then leads to,

s

~5 (<)) = L) (0. (A7)

N \

j=1

The desired equality (A.5) is now verified by substituting in (A.6) and (A.7). U

A.3 Proof of Proposition 2.2

Given a basis {E1, E», E3} of the Lie algebra so(3), the strong form Poisson equation (2.30) is expressed as,

3
1 .
ZlEn' (Pknj) = —%(hj—hj)/), (A.8)

where we used the formula (2.12) of div(-), and the relation grad(¢;)(x) = xK;(x). Forn =1,2,3, ky; :
50(3) — ]R, and [Kj] = (kl,j’ k27j, k37j).

Since y ~ A(0,X), R = wexp(e[x]«), the density p is of the form [10],

p(R) = C(R) exp (— 5 [log(u"R)]" "= [log(u"R)]"),

where C(R) ~ 1/+/(27)3|Z| (i.e., a constant) when the distribution is concentrated [186], and ¥ := €2X. By

definition,
E,-p= i p (R exp(TEn))
dt l=
_ 4 ! exp(—l[log(uTR exp(TE,,))]VTZ*I[log(,uTR exp(TEn))]v>. (A9)
dtlr=0 (2m)3|Z| 2
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Furthermore,

[log(u"Rexp(tE,))]" = [log (exp(e[x]x) exp([tea]x)) |

2 T

2 —_——
[x)sen— 555

— et Tent —€[x]xent e* (x4 en+O(T?)

AP
2 12

—ex+1tMe,+0(7),

where M =T+ 3€[x ]« + 15€*[x]% — 3€*[2]% =1+ 0(€), {e1, ez, e3} denote the canonical basis of R?,
and the second equality above used the Baker-Campbell-Hausdorff (BCH) formula to expand the logarithm
of the product of two matrix exponentials (see Chapter 3 of [68]). Substituting this result into (A.9), we
obtain,

E,-p= —%xTi’lMe,,p. (A.10)

Using (A.10), the left-hand-side of (A.8) is expanded as follows,

3 3 >
Z pknj :Z E P kn,j + P ZE k"J:_fxTZ M[Kj]p+p ZE"'k”J'

n=1 n=1

The Taylor expansion of /; is given by,
hj(R) = hj() +ex" H;+O(e?),
where H; := (E; -hj(1), E>-hj(1), E3-hj()) € R®. Using the fact that 7(x) = 0, we have hj=m(h;) =

hi(u)+O(€?), leading to hj — ﬁj = e xTH;+ O(€?). Hence, (A.8) becomes,

3
o 1
" MK +e Y Epkyj= = X Hj+O0(e).
w

n=1

In the asymptotic limit as € — 0, [K;] = E%EHJ- +0(e). O
w
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A.4 Proof of Theorem 2.2

Under the constant gain approximation, the FPF is given by (see (2.32)),

dR' =R/ Q;dt + R o[eGpdB! ]« + R [K, 0 dl'],, (A.11)
where K, := %%it HI and H, = [u['r]«. A concentrated distribution is assumed, i.e.,

Ry = pr exp(e[2/]x) = b+ e [ 7] + O(€7), (A.12)

where ! ~ .4 (0,%,).
The evolution equation for the mean i, and covariance X, are derived using a perturbation analysis

approach. We begin by simplifying the modified form of the innovation error,

. RiT RiT RiT T
dr = dzt,wdt: dztf%dwo(g)
RT,—ul _elyi T, _ T
= dI[—M dt+0(82) — dIt_ CXP( [%f];)ut r :ut r dt+0(82) (Al?))
1 ; 1 .
=dli+5e (X 1ep ] rde +0(€?) = dI, — S EH 1 dr +0(¢?), (A.14)

where dI, = dZ, — urdt, and we used the fact that 7, (RI”r) = ulr 4 O(€?) due to the representation
(A.12).

On substituting (A.12) and (A.14) into the FPF (A.11) and matching terms, the O(1) balance gives,
dw, = 1, Q, dr + w[K; o dI; . (A.15)
The O(¢€) balance gives,
A [215) = te (261 Q0 di + Gy [ dBy ) + e [ 2] [Ky 0 d1i ] — %Iit (K Hy 2/ dr.
Using the formula (A.15), this is simplified to obtain the following equation of y/, expressed in its Itd form:

. . | . .
dy! =A;x! dt + o5 dB! — 3 K H, x! dr — [K,dL ]« x/ + O(€%), (A.16)
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where A; = — Q.

Define IV := y/ x/T. Using the Itd’s lemma,

dry = dy/ ¢/ + 2 d(g ") + dyy d(xT)
= (A, dr — [K,dL, ] )T + Th (A, dr — [thI,]X)T—i-aB (dBi /" + x/ dBI") + 631 dt

1 S
-3 (K H T+ HT KT dt 4+ 0(e?).
By definition, ¥, = m;(I"). Taking the conditional expectation on both sides and using the formula of K;,
_ o 1 _ _
%, = (A, dr — [K,dL ] )5 + 5 (A, dr — [K,dL ] )T + 631 dr — E—ZE,HtTH,Zt dr,
w

where O(€?) terms have been ignored.
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Appendix B

Proof for Chapter 3

B.1 Gradient Flow

Proof of Theorem 3.1: As Az, | 0, p®™)(x,1) — p*(x,1), the posterior density defined in (3.1). By direct
substitution, it is verified that p* is a solution of the replicator pde (3.8).
In the conference version of Chapter 3 (see [204]), the replicator pde is derived based on variational

analysis. The main steps of the variational proof are as follows:

(i) By taking the first variation of the functional (3.7), the minimizer p, is shown to satisfy the E-L equation:

o
Pn—1

V-(pn,lg)dx—Atnﬁ/Vh-gpndxzo, (B.1)

for each vector field ¢ € L>(R%;p,_1).

(ii) Given any C! smooth and compactly supported (test) function f, let &, € L>(R¢;p,_1) be the solution of

\& (pn—lén) = (f_fn—l)pn—h (B.2)

where f,_| := [ fpu—1dx. Then, using the E-L equation (B.1),

fn_ Anfl :Atnﬁ/Vhénpndxa

and upon summing,

N
fyv=h+BY A, / Vi Epndr. (B.3)
n=1
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(iii) Integrating by parts and using (B.2),

[h-&apr == [1(f = fi-t)prr a6,

where the error term &, = O(At,). Equation (B.3) thus becomes
. R N R N
Fy=Fo~B Y 80, [ H(f = Fit)puordet Y A
n=1 n=1
(iv) On taking the limit as Af, | 0, the limiting density p*(x,7) satisfies

fi=o=B [ [0 = Fp ) s
_fo_ﬁ/ol /(h(x) B f(x)p" (x, ) dxds (B.4)

for all test functions f, showing that p*(x,¢) is a weak solution of the replicator pde (3.8). For additional

details on these calculations, see [204].

B.2 Optimal Control

Preliminaries: Consider a functional E : & — R mapping densities to real numbers. For a fixed p € Z, the

(Gateaux) derivative of E is a real-valued function on R?, and an element of the function space L?>(R%;p)

[16]. This function is denoted as g—g(p,t)(x) for x € R?, and defined as follows:

JE
=~ [ 55 POV (p()uo)ax

d
EE(Pt) L

where p, is a path in &2 such that % = —V - (p;u) with py = p, and u is any arbitrary vector-field on RY.

Similarly, gip’g" (p) € L*(RY x RY) is the second (Gateaux) derivative of the functional E if

d JE

2
oot == [ ST (PO

rre

t=0

The optimal control problems (3.10) and (3.14) are examples of the mean-field type control problem

introduced in [16]. The notation and the methodology for the following proofs is based in part on [16].
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Proof of Theorem 3.2: The value function V(p,t), defined in (3.12), is the solution of the DP equation (i.e.,
the HJB equation):
A% oV
—(p,t inf H(p,=—(p,t =0, te|0,T
o (P1)+ inf, Hip, 52(0.1)u) =0, 1€(0.T),

(B.5)
V(p.T) =B [ hw)p(x)dx

In the following, we use the notation

@szmwzgpmmn

Forafixed p € # and ¢ € [0,T), ® is a function on R?.
A necessary condition is obtained by considering the first variation of H. Suppose u is a minimizing

control function. Then u satisfies the first order optimality condition:

d
S h —
P (p,®,u+¢ev) . 0,

where v is an arbitrary vector field on R?. Explicitly,

/V(—:)V-(pu)—i-@)'vpdxzo,

or in its strong form

V.- (pu)+ © = (constant).

A

Multiplying both sides by p and integrating yields the value of the constant as [ @(p,#)(x)p(x)dx=: O(p,1).

Therefore, the minimizing control solves the pde
—V-(pu)=0-0.
On substituting the optimal control law into (B.5), the HIB equation for the value function is given by

pt+—/]h h*p dx — /\@pt O(p,n)’pdx=0, t€[0,T),

vavzﬁ/mwmmm
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The equation involves both V and @. One obtains the so-called master equation (see [16]) involving only ®

by differentiating with respect to p

2
% 000+ ) i L0p.0) () 6.1

A 20
- [(©(e.00) - 0(p.0) 5 (.0 () dy =0, 1 €0.7),
O(p,T) = ph.
It is easily verified that ®(p,¢) = Bh solves the master equation. The corresponding value function V(p,t) =
B [ hp dx.

Sufficiency: The proof that the proposed control law is a minimizer is as follows. Consider any arbitrary

control law v, with the resulting density p,. Taking the time derivative of —f [ hp, dx:

—B;/hpthZﬁ/hV-(p,v,)dx

= [Blh=5) (¥ (i) prds

2 ~n 11
< [ S|h=h*+=
_/<2’ ’+2p

—V-(pvr)
t

2
)Ptdx

=L(pr,r).

On integrating both sides with respect to time,

: T
B[ hoodr < [ Lipovydr + B [ hprax,
R4 0 R4

where the equality holds with v, = i, (defined as solution of (3.13)). Therefore,

Jw) =B /hpodx < J(v).

This also confirms that V(p,t) = B [ hp dx is the value function, and completes the proof of Theorem 3.2.

U
The analysis for the infinite horizon optimal control problem (3.14) is similar and described next.
Proof of Theorem 3.3: The infinite-horizon value function V=(p) := inf, ;" L(ps,u;)dz is a solution of the
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DP equation:

inf H(p,0(p),u) =0, (B.6)

ucl?

where ®(p) := %~ (p). By carrying out the first order analysis in an identical manner, it is readily verified

that:
(i) A minimizing control « is a solution of the pde (3.13);
(ii) V=(p) = B [hp dx — Ph(x) is a solution of the DP equation (B.6).

The sufficiency also follows similarly. With any arbitrary control v;,

[3/ hpodxg/ L(ps,v,)dt + Blimsup | hp,dx,
R 0 R

t—roo

with equality if v, = u, solves the pde (3.13). Using the boundary condition, limsup,_,., [ hp; dx = h(X),

1) =B [ hoodx— Bh(x) < J)

g

Proof of Lemma 3.1: Suppose ¢ is the unique solution of the Poisson equation (3.5) (Theorem 4.1 in
Chapter 4 and Theorem 2.2 in [100]). Then u = —BV¢ is a particular solution of the pde (3.13). The
general solution is then given by u = v— BV ¢ where v is a null solution, i.e., V- (pv) = 0. The L? optimality

of the gradient solution follows from the simple calculation:

[uPpax= [ BIvoPpdr+ [Ppar—28 [v-Vopar

= B*IVol3+IIvII3,

because [V@-vpdx=—[¢V-(pv)dx=0. O

B.3 Hamiltonian Formulation

The Hamiltonian H is defined in (3.11). Suppose u, is the optimal control and p; is the corresponding optimal

trajectory. Denote the trajectory for the momentum (co-state) as q;. Using the Pontryagin’s minimum
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principle, (p;,q;) satisfy the following Hamilton’s equations:

dp, JH .
87; = Tq(ptaqta”t)v Po = Py,

2 M. ar= 1 (B [Hop),

0 =H(p;,ds,u;) = minH(py, gy, v).
veL?

The calculus of variation argument in the proof of Theorem 3.2 shows that the minimizing control u;

solves the first order optimality equation

*V'(Ptut) =q— G, (B.7)

Pr

where §; := [ q;(x)p; (x) dx.

The explicit form of the Hamilton’s equations are obtained by explicitly evaluating the derivatives along

the optimal trajectory:

JH

%(sz(h,uz) =-V. (ptut);

oH 2 . 1
%(ptaqhut) = %(h_ht)z - E(Qt —(Ai]t)z'

It is easy to verify that q, = Bh(x) satisfies both the boundary condition and the evolution equation for
the momentum. This results in a simpler form of the Hamilton’s equations:
ap;
— =-V-(psu
o1 (prur),

0= H(pt,ﬁh,lxl[) = minH(p“Bh,V).
veL?

In a particle filter implementation, the minimizing control #; = —V¢ is obtained by solving the first

order optimality equation (B.7) with q, = Bh.

B.4 Exactness and Convergence
Before proving the Theorem 3.4, we state and prove the following technical Lemma:
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Lemma B.1 Suppose the prior density pj(x) satisfies Assumption 3.1 and the objective function h(x) satis-

fies Assumption 3.2. Then for each fixed time t > 0:

(i) The posterior density p*(x,t), defined according to (3.1), admits a spectral bound;

(ii) The objective function h € L*>(RY; p*(-,1)).

Proof B.1 Define V;(x) := —log p*(x,t) = Vo(x) +tBh(x) + ¥ where y; := log([ e "W =" dy). It is di-

rectly verified that V, € C*> with D*V; € L and lim infly e VVi(x)- ‘i = oo, Therefore, the density p*(x,t)

X

admits a spectral bound [Thm 4.6.3 in [6]]. The function h is square-integrable because

/ Ih(x) P (x,1) dx < &P / Ih(x)2e 0 dx < oo.

Proof of Theorem 3.4: Given any C' smooth and compactly supported (test) function f, using the elemen-

tary chain rule,

df(Xti) - —ﬂV(l) (Xti> ~Vf(X,i).

On integrating and taking expectations,

EL/ 0] = L0 — B [ EIV (X)) - V(X))
~ ELO))— B | EllhOc) — )y (xi]as, ®9)

which is the weak form of the replicator pde (3.8). Note that the weak form of the Poisson equation (4.11)
is used to obtain the second equality. Since the test function f is arbitrary, we conclude that the evolution of
p and p* are identical by comparing the equations (B.4) and (B.8). That the control function is well-defined
for each time follows from Theorem 4.1 based on apriori estimate of /4 and the spectral bound in Lemma B.1
for p = p*.

The convergence proof is presented next. The proof here is somewhat more general than needed to prove

the Theorem. For a function £, we define the minimizing set:

Ao = {x € RY | n(x) = h},
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where it is recalled that & = inf,_ga 4(x). In the following it is shown that for any open neighborhood U of
Ao,

t—oo

liminf | p(x,r)dx=1. (B.9)
U

It then follows that X/ converges in distribution where the limiting distribution is supported on Ay [Thm.
3.2.5 in [52]]. If the minimizer is unique (i.e., Ag = {X}), X,i converges to X in probability.

The key to prove the convergence is the following property of the function A:

(P1): For each 6 > 0, 3 € > 0 such that:
|h(x)—h|<e = dist(x,A)) <8 VxeRY

where dist(x,Ap) denotes the Euclidean distance of point x from set Ap. If the minimizer ¥ is unique, it

equals |x — x].

Any lower semi-continuous function satisfying Assumption 3.3 also satisfies the property (P1): Suppose
{x,} is a sequence such that h(x,) — h. Then {x,} is compact because A(x) > &+ r outside some compact
set. Therefore, the limit set is non-empty and because 4 is lower semi-continuous, for any limit point z,
h < h(z) < liminf, . h(x,) = h. That is, z € Ao.

The proof for (B.9) is based on construction of a Lyapunov function: Denote A¢ := {x € R? | h(x) <
h+ €} where € > 0. By property (P1), given any open neighborhood U containing Ay, 3 € > 0 such
that A, C U. A candidate Lyapunov function V4, (1) := —B'log(u(A¢)) is defined for measure u with
everywhere positive density. By construction Vy, (tt) > 0 with equality iff u(Ag) = 1.

Let 1, be the probability measure associated with p(x,?), i.e, i (B) := [ p(x,) dx for all Borel measur-

able set B C RY. Since p(x,t) is a solution of the replicator pde,

V) = 5 [~ g loe(a(4e))]
_ Mi‘s) /A (h(x) — hy) dp (x)

Ja hdie Jye tht)

:(l—ﬂz(AS))< ‘LL;(A&‘) B ,ut(Ag)

<0
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with equality iff u, (A¢) = 1.

For the objective function 4, a direct calculation also shows:

5 [H@pte as= = [ 1000~ h)plar)dx
=B [ (1) = iPpn)de <o,

with equality iff 4 = & almost everywhere (with respect to the measure ;). 0

B.5 Quadratic Gaussian Case

Proof of Lemma 3.2: We are interested in obtaining an explicit solution of the Poisson equation,

Y (p(IVO()) = (h(x) — P (). (B.10)
Consider the solution ansatz:
Vo(x) =K(x—m)+b, (B.11)
where the matrix K = KT € R9*4 and the vector b € R are determined as follows:

(i) Multiply both sides of (B.10) by vector x and integrate (element-by-element) by parts to obtain
b= /x(h(x)—iz)p(x) dx. (B.12)
(ii) Multiply both sides of (B.10) by matrix (x —m)(x —m)” and integrate by parts to obtain

zK+Kz=/(x—m)(x—m)T(h(x)—il)p(x)dx. (B.13)

We have thusfar not used the fact that the density p is Gaussian and the function % is quadratic. In the
following, it is shown that the solution thus defined in fact solves the pde (B.10) under these conditions.

A radially unbounded quadratic function is of the general form:

h(x) = %(X—X)TH(X—)Z)—FC
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where the matrix H = H” = 0 and c is some constant. For a Gaussian density p with mean m and variance

¥ > 0, the integrals are explicitly evaluated to obtain

b— / x(h(x) = R)p (x) dx = TH(m — 3, (B.14a)

YK+ KE = /(x —m)(x—m)T (h(x) — h)p(x)dx = ZHZ. (B.14b)

A unique positive-definite symmetric solution K exists for the Lyapunov equation (B.14b) because X > 0
and XHY > 0 [50].
On substituting the solution (B.11) into the Poisson equation (B.10) and dividing through by p, the two

sides are:

— SV (pV0) = (=) "X (K —m) ) — (K],

| _ L1 _ o1
h—h= E(x—x)TH(x—x) —E(m—x)TH(m—x) —Etr(HZ).

where tr(-) denotes the matrix trace. Using formulae (B.14a)-(B.14b) for b and K, the two sides are seen to

be equal. O

Proof of Proposition 3.1: Using the affine control law (3.16), the particle filter is a linear system with a
Gaussian prior:

dx/ i i
Therefore, the density of X/ is Gaussian for all # > 0. The evolution of the mean is obtained by taking an

expectation of both sides of the ode (B.15):

d . . A
4 EXi] = —Bbr = —BEIX/(h(X;) — hu)],
where (3.17) is used to obtain the second equality. The equation for the variance ¥, of X! is similarly
obtained:
dx,

& —B (KX + %K)

= —[3E [(Xti —m;)(X,i —mt)T(h(Xti) - hf)] ’
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where (3.18) has been used. O

Proof of Corollary 3.1: The closed-form odes (3.20a) and (3.20b) are obtained by using explicit formu-
lae (B.14a) and (B.14b) for b and K, respectively. The explicit formulae of m, and X, (3.21) are obtained by
inspecting the Bayes’ model (3.1) that yields a Gaussian distribution at any time ¢ when h takes the assumed

quadratic form. Direct calculation shows that the solution (3.21) solves the odes (3.20a) and (3.20b). ]

B.6 Parametric Case
Proof of Theorem 3.2: The natural gradient ode (3.26) is obtained by applying the chain rule. In its

parameterized form, the density p(x,7) =p (x; 6;) evolves according to the replicator pde:

do, . 2 .
=, (36 = =B (h(x) ) ¢ (x:6)).

Now, using the chain rule,

" a6,
dr’

aaf(x, 6,) =0 (x,6) {ai}ﬂog o (x; 9,))]

where % (log o) and % are both M x 1 column vectors. Therefore, the replicator pde is given by

T
oz oman]| S o(c0) = —Bl) ) 0 (6

Multiplying both sides by the column vector % (log p), integrating over the domain, and using the defini-

tions (3.24) of the Fisher information matrix G and (3.25) for Ve, one obtains

deé
(e,)Ttt =—PVe(6;).
The ode (3.26) is obtained because G is assumed invertible. ]
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Appendix C

Proof for Chapter 4

C.1 Proof of Theorem 4.1

Define the inner product on H} (G; ),

(@, v)n = m((grad(¢), grad(y))).

On account of the Poincaré inequality (4.3), the norm defined by the inner product (-,-)y is equivalent to
the standard norm in H'(G; ).

Consider the Poisson equation (4.1). Using (4.3) and Assumption 4.1,

7 ((h—h) )] < w(lh—h*) 7 (|lw?) < Cx(|grad(y)),

where C is a constant. That is, the integral on the right-hand-side of (2.22) is a bounded linear functional
for y € H} (G; 7).
It then follows from the Riesz representation theorem (Section 2.4 in [23]) that there exists a unique

¢ € H} (G; ) such that

(0, v)u=n((h—h)y)

for all v € H(} (G;m). In addition, this formula also holds if any constant is added to y, thus it holds for all
v € H'(G; ). That is, the Poisson equation (2.22) has a unique solution.

Let ¢ be a weak solution of the Poisson equation (2.22). On taking ¥ = ¢ and using the Poincaré
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inequality, we have,

7 (|grad(9)[&) = w((h—h) 9)

< (x(h=iP))* (2(0P))’
1

< (w(n—P))" (32 (lerad(0)2)) .

=
D=

and the estimate (4.4) follows.

By the definition of the gain function grad(¢)(x) = xK(x) (see (2.23)) and the fact that |K|¢ = |grad(¢)|c,
the bound (4.5) is simply an equivalent form of the estimate (4.4).

The bound (4.6) is obtained as follows: Using the definition (2.25) of the control function u,

Z!un\ Zlk 11+ hl)

5
( (W) (Ll r>2>)é

where the Cauchy-Schwarz inequality is used in the second and third inequality, and the definition |K\{2¢ =

Y, |kn|? is also used where (ki ..., ky) are the coordinates of K. The constant C is generic in the proof. [

C.2 Galerkin Approximation Error

Spectral representation: Under Assumption that the Lie group is compact and the density is everywhere
positive, the spectrum of —A, is known to be discrete with an ordered sequence of eigenvalues 0 = 49 <

M <A, < ... and associated eigenfunctions {e;};>; that form a complete orthonormal basis of L*(G, 1)
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[154, 29]. As aresult, for k,l € Z*:

<ek,el> = 6kla ﬂ((grad(ek),grad(el)>) = 7Lk Sk[, (Cl)

where the second equation follows from integration by parts and using the first equation. The trivial eigen-
value Ay = 0 with associated eigenfunction eg(x) = 1. On the subspace of zero-mean functions, the spectral

representation yields: For ¢ € L3(R9, p),

—Ap¢(x) Z Ai{er, 9)er(x (C2)

Proof of Proposition 4.1: The property (C.1) of the basis implies that A = diag(Ay,...,A.). Hence, the
matrix equation (4.8) has a unique solution.

To prove the error bound, by the triangle inequality,

IK=KEM g < IK= KDl 4 [[KE —KEN]g.
bi
1as

The estimates for the bias and for the error due to the empirical approximation are as below. In the remainder

of the proof, denote /1 := h — h.

Bias: Using the spectral representation (C.2), because i € L2,

~ °°1
¢ = h:Z (e1,h

=i

With basis functions as eigenfunctions, ¢ = Z,L: | Kre;. Substituting this into the weak form (4.7) and

letting ¥ be the eigenfunctions {e;}-_|, we obtain

L
Z €[,
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Therefore, using the definition of inner product (2.8),

1K= K" = [|grad(9) — grad(9 ™M) || = Z )Lz | e, B | grad(e)) 15
I=L+1

oo

1
=Y e — e, )P4 < *Hh Is Alf3,
I=L+1 7"

where ITg(x) := YX | (e;, h)e;(x) denotes the projection of / onto S.

Empirical error: Suppose {X ’}i\/: | are drawn i.i.d. from the distribution 7. The empirical solution is

obtained as:

~
N

:1

=) 1 (1\,21 i)il(xi)> e(x),

and the error,

where ZI(N) := (e1,h) — & LI e)(X')h(X"). Therefore,
L
KKV = ¥ e =6, ©3)

where 7((grad(ey),grad(e;)) = Ay is used to simplify the cross-terms. Finally, by applying the Law of

Large Numbers (LLN) for the random variable zEN), ey =3 0 as N — oo. The LLN applies because

Elle; X)X < llell2 1]z =[R2 < o=,

where ||22]|, < oo due to Assumption 4.1. This completes the proof of (4.9).

Variance: Under additional restrictions on s, one can obtain sharper estimates. For example, taking the

expectation of both sides of (C.3) with respect to the joint distribution of the i.i.d. samples {X' }l 1

L E (N) 2
E[HK(L) - K(LN)HZQA _ Z HZ[ | ]
S A
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Now, E[|zl(N)\2] = w Therefore, supposing i € L™,

2L1

hDO
el - ko) < Bl 2

because Var(e;(X')) < m(e?) = 1.

In summary, for bounded functions A,

b= Tshlla \hHw 3

E[IK—KENg] < O
{ o) < Y
e —,—/
1as

variance

C.3 Basis Functions on SO(3)

The eigenfunctions of the Laplacian on SO(3) are determined by the matrix elements of the irreducible
unitary representations of SO(3) (see Sec. 9.3 in [37]). The eigenfunctions associated with the smallest
non-zero eigenvalue are tabulated in Table C.1, expressed using both the rotation matrix and the quaternion.
In order to compute the matrix A in the Galerkin gain function approximation, the formulae for E; - y;, E; -
y; and Ej3 - y; are also provided, where {E|, E,, E3} denote the basis of so(3) given by (2.13).

A detailed derivation of the basis functions in Table C.1 is provided in [37], [69], and is briefly summa-
rized as follows: The complete set of irreducible unitary representations of SO(3) is given by the matrices

{D'}1en, where each D! is a (214 1) x (2 + 1) matrix whose elements, D! . are called the Wigner D-

m?
Sfunctions of degree [ and orders k and m (—I < k,m < [). By the Peter-Weyl theorem, the entire set of
Wigner D-functions constitute the orthogonal basis of L?(SO(3)). In addition, for each [, the (21 +1)? ele-
ments of D' form the complete set of orthogonal basis for the eigenspace of the Laplacian operator on SO(3)
associated with the eigenvalue 4, = I(I+ 1), i.e., _ADi,m =I(l+1)DL

Using the ZXZ Euler angles (o, ,7) (spin, nutation, and precession angle), the Wigner D-functions of

degree [ have the explicit expression,

(06, B,Y) = P, (cos(B)) e ket (C.4)
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Table C.1: Basis functions on SO(3)

expression in R expression in ¢ E;- E,- E5-
Vi R 23+ a3)—1 || 2(—q091 — 9293) | 2(—q092+9193) 0
v Ri3 2(q0q2 +q193) 2(q0q3 —q192) | 2(q5+4q7)—1 0
Vs —R»3 2(q091 —q293) || 2(qg+a3)—1 | 2(—qoq3 —q192) 0
/1 R3; 2(—qoq2+q193) 0 —2(g5+4q3)+1 | 2(q0q1 +9293)
Vs Ry 2(qoq1 +9293) || 2(g5+493) -1 0 2(q092 — 9193
Vs || (1/2)(Ry1 —Ry2) 24043 —4092 — 4193 9091 — 4243 95— 43
vy || (1/2)(Ri1 +Rx) 45— 43 —q0q1 + 9243 —q0q2 — 4195 —29043
vs || (1/2)(Roi +R12) 2419 9092 + 4143 9091 — 9243 % —dqi
v || (1/2)(Ri1 —Rx) ai— 4 9091 — 9243 —q0q2 — 41953 2919

where the polynomials P}, are given by (here 1 = cos()),
; _mk _mge dIT I—k I+k
P,(t)=C(1—1)""7 (1+1)" 2 dzl—m((l_t) (L+1)""5),

with constant
(71)l—kim—k (l*

C=Srh

Note that the pair of Wigner D-functions D,lm and D" «_m gives rise to the pair of basis functions,

P,im (cos(ﬁ)) sin(ko 4 my), P,ém (cos(ﬁ)) cos(ka +my).

The nine basis functions in Table C.1 are then obtained by letting / = 1, evaluating the polynomials Pkl,m
(k,m € {—1,0,1}), and expressing the basis functions using the rotation matrix according to the conversion
formula,

CaCy—SaCpSy —CaSy—SaCBCy SaSp
R(a,B,7) = |sq4 Cy+CaCpsy —SaSy+CaCpcy —Casp|:
Sp Sy sgCy cp

where s := sin(@), ¢y := cos(a), and the same notation is used for § and 7.
The Galerkin scheme can also be attempted using a subset of the basis functions in Table C.1 and their

combinations. For example, the basis {y1, ¥, ..., 7} produce the following four basis,
@1 =2q0q1, ®2=2q092, ¥3=2q0q3, s="2q5—1.
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Indeed, @1 = L(y5 4+ ys), ¢ = 2(v2 — vi), @3 = W, and @4 = Ly; + v — 1. Using the definition of

quaternion (2.15), these four basis functions are also written as,

Y1 = ;sin(0), v = mysin(0), y3 = wssin(6), ys = cos(0),

which form a natural extension of the basis functions on SO(2) given by (4.10). O
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Appendix D

Proof for Chapter 7

D.1 Density Projection for Gaussians

Recall that, given the samples {X,‘l}fi | at the n-th time step, the parameter update using the density projection

entails solving the following optimization problem with respect to the parameter 6,

N
0,41 1= arg max Z’wﬁ1 log ¢(X;;0), (D.1)
0e® —|

where

i PZH(X;D i
Wl o< .7, W == 1.
" q(Xis6,) ; "

When the density ¢(x; 6) is chosen as Gaussian, i.e.,

1 1 _
q(x;0) = CgED exp(—i(x—,u)TZ Yx—mw),

closed-form solution of (D.1) for the updated mean 1 and covariance ¥, can be obtained as follows:

The objective function in (D.1) is expanded as,

N
1(6) := ) w, log q(X;;6)
i=1

Igh LS i Ty—1(yi
=—3 i;wn log(|Z|) — 5 i:len(Xn —p) X7 (X, — 1)+ (const.) (D.2)

Since the objective function is quadratic, the optimal solution of u, and X, is obtained by solving the first-

order condition:

156



1) The derivative of /(6) with respect to u is given by,

Setting 3(19#‘?) =0, we obtain

N
Hnt1 = Z Wy Xy
i=1
2) We calculate the derivative of /(8) with respect to £~!. First,

dlog(|Z)) _ dlog(I=']) _ (D.3)

oxr-1 Z)da

where we used the fact that |A| = 1/|A~!| and % = A~T for an invertible matrix A. Secondly,

) [(Xrlz - .un+l)TZ_l (Xrlz - un+1)]

ox-1
_3 [Tr((X,i - /'LnJrl)T):_1 (Xrll - /'LnJrl))]
0x-1
_a [Tr(Z_] (X5 — tnr1) (X, — .unJrl)T)]
0x-1

=X} — tn1) (X5 — tnr)" (D.4)

where we used the fact that Tr(AB) = Tr(BA) and w = BT for two matrices A and B. Using the

formulas (D.2), (D.3) and (D.4), we obtain,

ale) 1 N 1y _
or-1 — iizlwizz_ Q;WZ(Xé — i) (X5 — 1) "
Setting {312(?1) = (0, we obtain,
N . . . T
Yo =, Wy (X — 1) (X — Hnt1)” -

i=1

The derivation in this section is similar to obtaining the maximum likelihood estimation for Gaussian

distributions. The formulae for the relevant matrix derivatives can be found in [142]. ]
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