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Abstract

A hybrid numerical algorithm combining the Gauss Pseudospectral Method (GPM)
with a Generalized Polynomial Chaos (gPC) method to solve nonlinear stochastic op-
timal control problems with constraint uncertainties is presented. The GPM and gPC
have been shown to be spectrally accurate numerical methods for solving deterministic
optimal control problems and stochastic differential equations, respectively. The gPC
uses collocation nodes to sample the random space, which are then inserted into the
differential equations and solved by applying standard differential equation methods.
The resulting set of deterministic solutions is used to characterize the distribution of
the solution by constructing a polynomial representation of the output as a function of
uncertain parameters. Optimal control problems are especially challenging to solve
since they often include path constraints, bounded controls, boundary conditions,
and require solutions that minimize a cost functional. Adding random parameters
can make these problems even more challenging. The hybrid algorithm presented in
this dissertation is the first time the GPM and gPC algorithms have been combined
to solve optimal control problems with random parameters. Using the GPM in the
gPC construct provides minimum cost deterministic solutions used in stochastic com-
putations that meet path, control, and boundary constraints, thus extending current
gPC methods to be applicable to stochastic optimal control problems. The hybrid
GPM-gPC algorithm was applied to two concept demonstration problems: a nonlin-
ear optimal control problem with multiplicative uncertain elements and a trajectory
optimization problem simulating an aircraft flying through a threat field where exact
locations of the threats are unknown. The results show that the expected value, vari-

ance, and covariance statistics of the polynomial output function approximations of
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the state, control, cost, and terminal time variables agree with Monte-Carlo simula-
tion results while requiring on the order of ( ﬁ)th to (ﬁ)th the number of collocation
points and computation time. It was shown that the hybrid algorithm demonstrated
an ability to effectively characterize how the solutions to optimization problems vary
with uncertainty, and has the potential with continued development and availability

of more powerful computer workstations, to be a powerful tool applicable to more

complex control problems of interest to the Department of Defense.
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HYBRID SOLUTION OF STOCHASTIC OPTIMAL CONTROL PROBLEMS
USING GAUSS PSEUDOSPECTRAL METHOD AND GENERALIZED
POLYNOMIAL CHAOS ALGORITHMS

I. Introduction

1.1 Introduction

inding solutions to optimization problems is essential to planning and conduct-
Fing military operations. Virtually every application of United States Air Force
(USAF) air- and space-based weapons systems, ranging from Remotely Piloted Air-
craft (RPA), manned fighter, bomber, and transport aircraft, to satellite systems is
planned to maximize desired effects while minimizing costs and risks. Some real-world

examples of Trajectory Optimization (TO) and Optimal Control (OC) problems are:

e Find the optimal orbit and body orientation that allows an RPA to maximize
the time its camera has eyes on target.

e Find the flight path through a threat-rich environment that minimizes a bomber’s
exposure to threats while conducting a bombing run.

e Find the orbit and thrust (throttle) inputs that maximize loiter time of an air
refueling or Intelligence, Surveillance, and Reconnaissance (ISR) platform.

e Find the optimal thrust profile that minimizes fuel expenditure during satellite
orbital transfer.

e Find the best path through and urban environment that takes a vehicle from
one point to another in minimum time while avoiding obstacles.

e Find the route that allows an attack aircraft to strike the maximum number of



targets in minimum distance traveled (military version of the travelling salesman

problem).

Real-world TO and OC problems like these are typically solved using deterministic
models, which are often simplified representations of a system’s true physics that
neglect several potential sources of uncertainty. Higher-fidelity models may be cost-
prohibitive to develop, not feasible due to unknown physics, or difficult to use in
engineering work. Additionally, virtually all sensors used to measure system states,
for example speed, altitude, latitude, longitude, etc., are corrupted by noise thus
inducing measurement errors that can degrade the validity of TO or OC solutions.
The environment can also introduce randomness through phenomena such as wind
gusts and turbulence. Therefore, all real-world problems have uncertainties that can
make it difficult to find effective solutions and cause deterministic methods to fail to
meet objectives.

Nonlinear optimization problems are typically too complex to use analytical solu-
tion techniques necessitating use of numerical methods. When stochastic elements are
included, numerical methods become essentially the only way to solve these problems.
Recently, stochastic nonlinear problems have become an area of research emphasis in
the Air Force Research Laboratory (AFRL) both in terms of basic research and ap-
plied research to address Micro Air Vehicle (MAV) control challenges. In a briefing
given at the 2008 International Symposium on Unmanned Aerial Vehicles, AFRL
described its MAV research program [2] highlighting several “fundamental scientific
challenges,” including “unsteady aerodynamics at low Reynolds number|s]” and listed

several engineering and design challenges including:

e Determine what aerodynamic models should be developed/used for inner-loop
flight control

e Gust tolerance for MAV operations near walls and other obstacles



e Stabilization of low inertial flight vehicles [small, lightweight] in high distur-
bance, gusty environments

e Nonlinear responses

AFRL’s briefing indicates that MAVs are nonlinear systems subject to random (stochas-
tic) elements such as gusts and model uncertainties that are excellent candidates for
future application of the stochastic optimal control method described in this disser-
tation. A 2009 Air Force Office of Scientific Research (AFOSR) briefing describes
its dynamics and control research portfolio where the recurring theme is to investi-
gate numerical methods to solve nonlinear stochastic optimal control problems [64].
Combined, these presentations emphasize that numerical tools are necessary to solve
stochastic nonlinear optimization problems to support MAV control development and
solve other real-world problems.

Two pseudospectral numerical methods, the Gauss Pseudospectral Method (GPM)
and Generalized Polynomial Chaos (gPC), may both be useful in addressing stochas-
tic optimization problems like those of interest to AFOSR and AFRL. The GPM is
a powerful deterministic numerical method for solving both linear and nonlinear TO
and OC problems. It is a direct solution method that uses pseudospectral discretiza-
tion and Gaussian quadrature to recast the continuous-time problem into a nonlinear
programming (NLP) problem that can be solved using existing NLP solvers. The
gPC, sometimes referred to as a deterministic sampling method, is an equally power-
ful method for solving stochastic differential equations (SDE) where collocation points
in the random domain are used as inputs to stochastic differential equations result-
ing in a set of deterministic problems that can be solved using existing differential
equation solvers. The set of sampled deterministic solutions are then used in the gPC

expansion to quantify the effects of the uncertain parameters on the solution.



1.2 Research Objective and Technical Contribution

The objective of this research is to develop a new method of analyzing the effects
of uncertain parameters on optimal control and trajectory optimization problem so-
lutions and apply it to two representative optimization problems to demonstrate its
ability to quantify the effects of uncertainty on the solution. The approach used in
this research is the first time the GPM and the collocation form of the gPC have
been combined to form a hybrid algorithm. Using the GPM in the hybrid scheme
provides spectrally accurate minimum cost solutions to the sampled deterministic
problems that meet specified constraints. This combination of deterministic and
stochastic pseudospectral methods provides a new numerical algorithm for address-
ing nonlinear optimization problems where model, measurement, and environmental
disturbance uncertainties may be included in the formulation, and their effects as-
sessed by constructing distribution functions showing dependence of the solutions
on uncertain parameters. Thus, the main technical contribution of this research is
to extend current gPC methods to be applicable to stochastic optimal control and

trajectory optimization problems.

1.3 Concept Demonstration Problem Descriptions

The hybrid numerical algorithm combining the GPM and gPC methods presented
in this document is applied to two types of optimization problems to demonstrate its
potential to quantify the effects of uncertainty on TO and OC problem solutions.

The first is a general OC problem taken from a textbook and modified by adding
Gaussian random parameters effecting the state variables. The problem has nonlinear
dynamics, quadratic Lagrange performance index, fixed final state and time, and
no path or control constraints. The objective of this problem is to investigate the

feasibility of using the hybrid algorithm to solve optimization problems by applying



it to a very challenging nonlinear problem where uncertainties have significant effects
on the solution.

The second problem, and really the main focus of this research, is based on a
more operationally representative mission planning scenario that is of interest to
United States Strategic Command (USSTRATCOM). The problem was formulated
in response to USSTRATCOM’s interest in using solutions calculated by the method
presented in this work to initialize their mission planning software, with hopes of
generating mission plans more efficiently. The sample problem is a trajectory opti-
mization problem where the objectives are to find the path through a two-dimensional
space that minimizes the probability a vehicle will be killed by lethal threats whose
locations are uncertain, and then to quantify the effects those uncertainties have on
the solution by estimating the statistical properties. A generic two-dimensional Du-
bins model consisting of three states and one bounded control is used in formulating
the sample problem. The Dubins model was chosen in lieu of a specific aircraft model
to focus on algorithm development while avoiding additional complexities of develop-
ing and implementing a dynamics model for a particular vehicle. Bi-variate Gaussian
probability density functions are used to model lethality distributions of the threats
in the space, i.e. threat rings, and construct the nonlinear cost functional to be mini-
mized in seeking solutions to the trajectory optimization problem. Random variables
(RV) are incorporated into the cost functional to represent uncertainties in the exact
center locations of the threat rings, making the cost functional and associated state
and control solutions themselves RVs whose distribution properties are estimated by
the gPC expansion coefficients.

In both concept demonstration problems, applying the hybrid algorithm results in
quantification of the effects of the random parameters on the solution by generating a

polynomial distribution function of the random inputs whose coefficients are used to



calculate expected value, variance, and covariance properties. An additional benefit is
that if uncertain variables become certain, the distribution function can be evaluated

at those points to provide specific optimal solutions.

1.4 Document Organization

This document is organized to present work related to solving optimal control
problems; discuss application of the algorithm to two concept demonstration prob-
lems, and to recommend future research activities. Chapter II presents work found in
the literature related to solving optimal control problems and stochastic differential
equations. It begins with a brief history of the development of optimal control the-
ory, defines an optimal control problem and describes the analytical solution approach
based on calculus of variations theory, and discusses numerical methods available to
solve optimal control problems, including a detailed description of the Gauss Pseu-
dospectral Method. Readers who are familiar with optimal control theory may wish
to skip directly to the Gauss Pseudospectral Method discussion in section 2.3.3.2.
The chapter ends with a summary of methods used to solve stochastic differential
equations and a detailed description of the Generalized Polynomial Chaos method.
Chapter III gives a brief presentation of the hybrid algorithm combining the GPM
and gPC method as it is applied to the demonstration problems in later chapters.
The algorithm is presented as a step-by-step process and a code map of the MAT-
LAB®implementation is included. Formulations and results of applying the hybrid
algorithm to the concept demonstration problems are presented in Chapters IV and
V, respectively. The document concludes with recommendations for further research

in Chapter VI.



II. Related Concepts

he objective of OC theory is “to determine the control signals that will cause
Ta process to satisfy the physical constraints and at the same time minimize
(or maximize) some performance criterion” [54]. The performance criterion is defined
by an integral performance index, also referred to as a cost functional, that is to be
minimized and the physical constraints are the system or process dynamics to be
controlled. The idea is to cause the system to follow some ideal, or optimal, state
trajectory by solving for the input, or control, that causes the system to follow the
trajectory that minimizes the performance index. The performance index can be cho-
sen to solve a variety of problems such as minimum time, minimum fuel consumption,
minimum energy expended or control effort used, minimum error between desired and
achieved end state (terminal control), minimum error between desired and achieved
path (trajectory following), and so on. This chapter focuses on the body of work
related to solving OC problems. The chapter begins with a brief historical summary
of the development of OC theory. It continues by defining an OC problem and the
classical analytical method of solving the problem stemming from the historical devel-
opment. The chapter continues with a summary of numerical techniques used to solve
OC problems, culminating with a description of a powerful numerical technique, the
Pseudospectral Method (PSM) for approximating the solution. Next, related work
is presented on solving SDEs along with current research applications. The chapter
concludes by linking the theory of OC and the methods of solving SDEs that appear
applicable to solving stochastic optimal control problems, which will set the stage for

the work to follow in subsequent chapters.



2.1 A Brief History of Optimal Control Theory

Queen Dido of Carthage is generally thought of as to have solved one of the first
optimization problems. Legend has it that she was promised the amount of land
that could be enclosed using a bull’s hide. Her solution was to cut the hide into
thin strings and tie them together to form a circle [54]. To the ancient Greeks, the
circle had to be the best solution because in Aristotle’s thinking it represented the
“perfect figure” [85]. She solved this problem before the mathematical development
of the Calculus of Variations (CV), which proves that the optimal closed curve that
maximizes the area is in fact a circle, and forms the mathematical basis for solving
OC problems.

The first OC problem was posed by Johann Bernoulli (1667-1748) in 1696 when he
issued a challenge to his contemporaries to solve the brachystochrone (from two Greek
words meaning “shortest” and “time”) problem [85]. Bernoulli’s brachystochrone
problem was really a re-statement of the problem posed by Galileo Galilei (1564-
1642) in 1638 whose thoughts on the solution later proved to be incorrect [16, 85].
The goal of the brachystochrone problem was to “find the shape of a wire such that a
bead sliding along it traverses the distance between the two end points in minimum
time” [16]. Bernoulli noted in his challenge that the shortest distance between the
end points would be a straight line, but the minimum time to travel from one end
of the wire to the other would not be achieved by following the straight line path.
The five mathematicians who solved the problem were Johann Bernoulli himself,
his brother Jakob (1654-1705), Wilhelm Gottfried Leibniz (1646-1716), Marquis de
I'Hopital (1661-1704) and Isaac Newton (1642-1727). It’s noteworthy to point out
that Jakob Bernoulli’s solution resembled future concepts of CV, Hamilton-Jacobi
theory, and Dynamic Programming (DP) [21,85]. This was among the earliest of OC

problems since it dealt with finding the control input, in this case the shape of the



curved wire, that controlled the behavior of a dynamical system [85].

Willems notes that things were relatively quiet after the solution of Bernoulli’s
brachystochrone problem until about the 1960’s [85]. The quiet period was probably
due to the fact that a rigorous mathematical structure, known today as CV, needed
to evolve in order to solve OC problems, which was developed in the 18" and 19"
centuries [32].

Leibniz and Newton are said to have co-invented CV. Leibniz was interested in
finding extrema of functions and published a paper titled A new method for the
determination of maxima and minima... in 1684 [55]. Newton solved one of the first
problems using CV when he correctly posed and solved a problem to find the shape of
a projectile moving through air that resulted in minimum drag in 1685, and published
in 1694 [16,32,55]. At the time, there was a need for the theory of Calculus to be
extended to address more general problems involving finding paths, curves, or surfaces
that result in stationary values (maxima or minima) of functionals [32,55]. The work
of Leibniz, Newton, and the solutions to Bernoulli’s brachystochrone problem in 1696
can be thought of as the beginnings of CV.

Many early problems were shown to be of similar form, generally defined by the

functional I and boundary conditions given as [79]:

I = [ L(q(t),§(t), t)dt
q(a) = qa ,q(b) = gy (2.1)

a<t<b

Addressing the problem in (2.1) meant finding a function ¢(¢) that resulted in a
stationary I, indicating either a maximum or minimum, while satisfying the bound-

ary conditions [55]. Leonard Euler (1707-1783) was the first to formally study this



problem in the late 1720’s and 1730’s and published a book in 1744, referred to as
the “birth year of the theory” of CV, entitled A method for discovering curved lines
that enjoy a mazximum or a minimum property, or the solution of the isoperimetric
problem taken in the widest sense [32,55]. An excellent detailed discussion of Euler’s
method can be found in [47]. Euler’s main contribution to the development of CV
theory was derivation of what is known as the Fuler equation. Euler found that a
necessary condition for ¢(¢) satisfying (2.1) to be a minimum curve had to also satisfy:

oL d [aL}

dq dt |04

5 —0 (2.2)

Joseph Louis Lagrange (1736-1813) extended Euler’s work by inventing his “method
of variations” and his multiplier rule, published in 1760 in a paper entitled Fssay on a
new method for determining maxima and minima for formulas of indefinite integrals.
Using these methods, he studied the first variation, denoted as 61, of the functional
in (2.1). He concluded that the extremal solution ¢(¢) was obtained when the first
variation vanished, analogous to solving for f'(z) = 0 in the case of finding maxima
or minima of a function using traditional calculus. He showed that when the first
variation vanished, Euler’s equation was left, more convincingly showing that Euler’s
equation was a necessary condition for finding the function ¢(¢) that leads to an ex-
tremal value of I. Subsequently, Euler gave the field the name Calculus of Variations
in honor of Lagrange’s variational method and equation (2.2) became known as the
Euler-Lagrange equation. The significance of Lagrange’s work was to generalize Eu-
ler’s geometric approach to applied problems by focusing on “algorithmic aspects of
analysis” based on differential equations [32,55].

In calculus, the second derivative test provides a necessary condition for deter-
mining if extremal points are maxima or minima. Likewise, Fuler’s equation and

examining the first variation of the functional only provides the necessary condition
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for a maximum or minimum curve. The second variation, 21, provides the analogous
test for determining maximum and minimum curves in CV. Adrien-Marie Legendre
(1752-1833) was the first to look at the second variation of the functional and deter-
mined, without complete proof, that Lz; > 0 along a minimizing curve and Lg; < 0
(subscripts denote partial derivatives) along a maximizing one, as published in 1786.
Karl Gustav Jacob Jacobi (1804-1851) later provided rigorous proof that L;; > 0
along with the Jacobi condition provide sufficiency for showing ¢(t) is a minimum
curve [16,32,55].

Sir William Rowan Hamilton (1805-1865) was the next to add to the theory of
CV. In papers he wrote in 1834 and 1835 he “showed that under certain conditions,
problems in mechanics involving many variables and constraints can be reduced to
an examination of the partial derivatives of a single function” [16,32]. Hamilton’s
function was:

Where p = L;(q,¢,t) and the < p,¢ > term denotes an inner product. Hamilton
found that looking at H, = ¢ and —H, = p was equivalent to (2.2) under the
assumptions that ¢ is treated not as an independent variable but as a function of ¢, p,
and ¢t and that the p equation can be solved for ¢ [79]. Sussmann and Willems noted
that Hamilton should have written his function in another way. Letting u(t) = ¢(t),

defining the Hamiltonian, H, as:

H(qv u, p, t) =<p,u> _L(Q>u>t) (24)

and p(t) as:

p(t) = Lu(q(t),4(t),1) (2.5)

11



leads to:

H, =¢q
_Hq = p (2 6)
H, =0

This is a more general result and is directly equivalent to (2.2). This result is referred
to as the “control Hamiltonian” and Sussmann and Willems state, “the control ver-
sion of the Hamiltonian equations is equivalent to the Euler-Lagrange system under
completely general conditions...”. Equation (2.4) will be the basis for finding the
analytical OC solution presented in the next section.

Hamilton’s proof was lacking details that Jacobi added in 1838. Jacobi was doing
similar work at about the same time as Hamilton that showed that “the partial
derivatives of the performance index with respect to each parameter of a family of
extremals (which today we call ‘states’) obeyed a certain differential equation” [16].
Jacobi cleaned up Hamilton’s results and simplified them [16,32]. We now know
this theory as Hamilton-Jacobi theory, which became the basis of DP developed by
Bellman in the 1950’s.

In the late 19"* and the first half of the 20" centuries, mathematicians like Karl
Theodor Wilhelm Weierstrass (1815-1897), Oskar Bolza (1857-1942), and Gilbert
Bliss (1876-1951) added mathematical rigor to the theory of CV. Weierstrass discov-
ered a condition which became the predecessor to maximum principles later stated
by Bellman and Pontryagin and was the first to develop a complete sufficiency theo-
rem for a minimum. Bolza and Bliss built upon Weierstrass’ work at the University
of Chicago giving CV its current rigorous mathematical structure, culminating in

publication of the book Lectures on the Calculus of Variations in 1946 [16, 32].
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The evolved CV theory was the enabling structure for OC theory to progress
beginning in the 1950’s. OC theory is a generalization of CV and allows nonlinear and
non-smooth functionals to be optimized [32]. Bryson gives an outstanding summary
of the roots of OC theory from 1950 to 1985 in [16]. His paper discusses the roots
of OC theory in contexts of classical control, random processes, linear and nonlinear
programming, and DP. The rest of the historical discussion of OC theory in this
section is a summary of Bryson’s main points.

Until the years surrounding World War II (WWII), classical linear control meth-
ods, such as Proportional (P), Proportional + Integral (PI), Proportional + Integral
+ Derivative (PID), Lead, Lag, and Lead-Lag involved a degree of ad-hoc design of
control gains. Control gains were selected and adjusted based on observed perfor-
mance until some acceptable result was achieved, leaving a considerable degree of
subjectiveness to control design. During the WWII period, several methods were
developed to systematically choose control gains including Evans’ Root Locus (RL)
method, the Bode plot method, and the Nyquist plot method. These methods, and
others, allowed designers to select gains based on some desired stability and perfor-
mance criteria. In the 1960’s, Kalman introduced the Linear Quadratic Regulator
(LQR) method using an integral performance index that placed quadratic penalties
on output errors and amount of control used [51,52]. He used CV to show that the
OC inputs can be found using linear feedback of the state variables and was able to
apply this method to time-varying and Multi-Input Multi-Output (MIMO) systems.
Kalman further showed that the optimal state feedback gain matrix could be found
by solving a backward Riccati equation [16]. His contribution was to replace ad-hoc
gain selection with a method to solve for optimal feedback control gains.

Some would say that OC theory was truly born in the 1950’s and 1960’s with

the publication of The Mathematical Theory of Optimal Processes [69] in 1961 by
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Soviet mathematician Lev Semenovich Pontryagin (1908-1988) and a group of his
students [79]. Pontryagin’s well developed theory forms the basis for modern optimal
control, is applicable to linear and nonlinear problems, and is usually the benchmark
for comparing results produced by numerical methods developed later. His theory
extended CV and Weierstrass’ necessary condition to address inequality constraints
and stated that a minimizing path must satisfy the Euler-Lagrange equations (2.2)
and that the OC solution maximizes the Hamiltonian (2.3) in their bounded region
at each point along the curve [16]. Pontryagin used a different sign convention on
the Hamiltonian, thus the term mazimum principle, but the principle is applied to
find minimizing solutions of the Hamiltonian and is thus referred to as Pontryagin’s
Minimum Principle (PMP).

The field of OC is closely tied to the study of optimal signal filtering. Models
representing a system’s dynamics are typically assumed to be noise-free. That is to
say that an assumption is made that the state of the system represented by a set of
differential equations is perfectly known. In practice, models are a simplification of
the true physical nature of the system and measurements of system states are noise-
corrupted. Therefore, some method must be implemented to extract the best possible
estimate of the state with the presence of model and measurement uncertainties.
Pioneers in the study of optimal filtering were Norbert Wiener (1894-1964) in the
1940’s [84] and Ruldolf Kalman and Richard Bucy in the 1950’s and 1960’s [51,
52]. These researchers essentially developed optimal techniques to minimize errors
between the actual measurements and the estimated system states obtained from the
dynamical models. Kalman showed that optimal filter gains are obtained by solving
a forward Riccati equation and became known as the Linear Quadratic Estimator
(LQE) [16]. The LQE combined with the LQR method became known as the Linear

Quadratic Gaussian (LQG) compensator. The LQG compensator, an OC scheme
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that is applicable to linear time-varying systems with uncorrelated Gaussian random
inputs, feeds back optimal state estimates that are then used to solve the OC problem
which minimizes the quadratic performance index [16].

Development of LQR, LQE, LQG, and Wiener filtering methods resulted in sig-
nificant advancements in the OC field. However, these methods are primarily focused
on linear systems. The power of the CV applied to OC problems is that it can be used
to solve nonlinear problems. The difficulty, however, is that applying Euler-Lagrange,
Hamilton-Jacobi, and PMP theories may result in differential equations where an an-
alytical solution may not be discernible. The advent of the digital computer in the
mid-1950’s enabled development of numerical methods to solve these problems.

At this point the historical summary of OC theory will be left, not because there
are not significant contributions, but rather because surveying significant accomplish-
ments is not the main focus of this chapter, and in fact could be the topic of study
in itself taking significant time to study, analyze, and summarize. Suffice it to say
that efforts from the 1950’s to present focus on numerical techniques to solve prob-
lems that were previously intractable, analytically or numerically, with pencil and
paper analysis, and on showing that the numerical techniques produce results that
are complimentary, if not equivalent, to CV-based solutions. Bellman’s principle of
optimality and a sequential decision making method, known as Dynamic Program-
ming, was developed in the 1950’s and is still widely used [16]. Following dynamic
programming, nonlinear programming, based on gradient search methods, was devel-
oped in the 1960’s [16], and spectral methods were developed in the 1970’s and more
prolifically applied to OC problems in the 1980’s and 1990’s [7].

This has been a brief survey of the history of theory related to solving OC prob-
lems. It is by no means exhaustive, and was never intended to be. The intent of this

brief survey was to give a historical context for methods that will be discussed in this

15



document for solving OC problems. In the next section, the general OC problem will

be stated and the CV-based formulation of the solution will be presented.

2.2 Optimal Control Problem Defined

In this section the general continuous-time OC problem is stated and the general
procedure for solving the problem is summarized. Many textbooks have been written
on the subject such as [54] and [17] and contain derivation of the Euler-Lagrange
(EL) equations using CV principles. The concepts in this section are summarized
from [54], [75], [7], and [50]. The notation used is a combination of that used in
[54], [72], [7], and [50], attempting to match the most commonly used notation in
current literature. References [54] and [48] also present equivalent development of

discrete-time Euler-Lagrange equations, which will not be summarized here.

2.2.1 Formulation.

The objective of an OC problem is to find an admissible control function u*(t) that
transfers a system from some initial state xq at the initial time ¢, to some final state
xy at the final time ¢; following an admissible state trajectory x*(¢) that minimizes

a performance index, J, of the form:

J(x(t),u(t),t) = ®(x(ty), ty) +/fg(X(t)>U(t),t)dt (2.7)

to

The term admissible is used to indicate that the optimal solutions u*(¢) and x*(t) lie

k)

within acceptable upper and lower limits. The superscript notation is commonly
used in many texts to distinguish the solution that minimizes the functional J. The
first term in (2.7), ®(-), is known as the Mayer term and the integral term, ftzf g(+)dt,

is known as the Lagrange term. The cost functional is said to be in Bolza form when

both terms are present. The state vector, x(-), is in R™, the control vector, u(-), is in
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R™. In vector form, x(¢) and u(t) can be written as:

A (t) Ul(t)

T (1) Uy ()

The performance index (2.7) minimization is subject to the dynamical constraints of

the system to be controlled, generally represented as:

The boundary conditions, ¢(-), in general form can be stated as:

o (x(to), to, x(tr), ;) =0 (2.9)

Some of the boundary conditions that may be specified are summarized below.

e Fixed Final Time - The terminal time may be specified with x(ty) fixed, x(ts)
free, or x(ts) on a surface m(x(t)) = 0.

e Free Final Time - The terminal time may not be specified with x(;) fixed,
x(ty) free, x(t;) on a moving point 6(t), x(t;) on a surface m(x(t)) = 0, or

x(ty) on a moving surface m(x(t),t) = 0.

Constraints may also be placed on the path the admissible solution can take, C(-),
including boundaries on admissible x(t) trajectories, generally represented by the
inequality constraints:

C(x(t),u(t),t) <0 (2.10)
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If the set of admissible controls is limited to some bounded region U, written as,

u(t) € U, then the inequality constraints placed on the control can be written as:

ui,min S uz(t) S ui,mam (211)

where ¢ = 1,...,m. The functional mappings of ®(-), g(-), f(-), ¢(-), and C(-) in

equations (2.7) - (2.10) are given by:

(x(ty), ty) : R"xR—R
g(x(t),u(t),t) c R"xR™"xR—-R
f(x(t),u(t),t) : R"xR”™ xR — R" (2.12)

o(x(to), to, x(tr),tf) : R"xRxR"xR— R?
C(x(t),u(t),t) : R"XR™ xR — R

A brief development of the solution method based on CV techniques is presented
next. Equations to apply boundary conditions will be presented for three of the cases
listed above; ty specified (fixed) with x(¢;) unspecified (free), ¢, free with x() fixed,
and both ¢; and x(t;) fixed. Equations needed to apply other types of boundary

conditions can be found in [54].

2.2.2 Classical Analytical Solution.

With the general OC problem defined in the previous section, a general solu-
tion procedure based on CV can be obtained. The development that follows is a
combination of information found in [7, 50,54, 72]. The necessary conditions for a
minimizing solution are obtained by looking at the first variation of the functional in
(2.7) augmented by the differential equality constraints (system dynamics), inequal-
ity path constraints (C(-)), and boundary conditions (¢(-)), denoted as .J,. Lagrange

multipliers v € R?, A(t) € R", referred to as the costate vector, and u(t) € R are
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introduced to augment the cost functional with the boundary conditions, dynamics,

and path constraints respectively. The augmented cost functional is given as:

Jo = ®(x(ty),tr) — v d(x(to), to, x(ts), tr)
- f{g(X(t)a u(t), t) — AT (t) [x(t) — £(x(t), u(t), t)] (2.13)

—p ' C(x(t),u(t),t)}dt

Taking the first variation of J,, represented as d0.J,, following procedures similar to

those found in [7, 50, 54] gives:

0Ja = [Dx(ty) — v Py (ty)l0xs — [V P, (t0)]0x0 — o1T ) + [Py (t )
—vTGu(tg) + glty) — N () (k(ty) — £(t7)) — u"(t7)C(t)]0t
=", (to) — g(to) + AT (to) (X(to) — £(to) + p” (t0)C(to)]oty  (2.14)
+ [ (g0 + ATh — pTCR)0x + (g, + ATE, — pTCy)ou

—X(x = f) —opTC — ATox}at

Notice that the arguments of the functions in (2.14) were left out for readability. It’s
clear from (2.13) what the functional dependencies are. Next, define the Hamiltonian

functional:

H(x(t), u(t), A1), u(t),t) = g(x(t),u(t),t) + X (OF(x(t),u(t),t) (2.15)
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Substituting (2.15) along with the partial derivatives Hy, Hax, and H, into (2.14),

using the following integration by parts formula on the dx term:

t

ty o7
/ A% dt = =T (tp)ox(ts) + N (to)ox(to) + / A Ox dt (2.16)

to to

incorporating the following identities for dx; and dxy:

5Xf = 5X(tf)+X(tf)5tf (217)

5X0 = 5X(t0) + X(t0)5t0
and simplifying yields:

0Jo = [Px(ty) — v, (tr) — X (t5)]0xs + [0 @, (t0) + AT (t0)]0x0
—ovT g+ {H(ty) — Pulty) — v dy(ty) oty + {=H(to) — v @,(to)} (2.18)

Sto+ [ {[Mx + AJ6x + Hydu + (f — )6AT — Cop” }dt

The EL equations needed to solve for the OC and the associated optimal state
trajectory come from the integrand of (2.18). The variational terms inside the inte-
grand are arbitrary, thus the necessary conditions for a minimum are found by finding
the coefficients that cause the variations dx, du, and A to vanish. Therefore, the
necessary conditions that must be satisfied for a minimizing solution, regardless of

the boundary conditions, are:

e State equations: The A term becomes zero if (f — x) = 0. Therefore, the
state equations are found by taking the partial derivative H, of the Hamilto-
nian. This may seem a little redundant since the state equations are given as
differential equality constraints in (2.8), but confirms that the Hamiltonian has

been constructed correctly and that the minimization depends on the system
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dynamics.

e Costate equations: The dx term becomes zero if (Hx + }\T) = 0. This
condition defines a set of differential equations for the costates by taking the
negative of the partial derivative H, of the Hamiltonian.

e Control equations: The du term becomes zero if the partial derivative H, is
zero. This generally produces an OC solution that is a function of the costates
and possibly the states. This condition is true for an unbounded control. Pon-
tryagin’s Minimum Principle (PMP) will be discussed below to account for

bounded controls.

The variational terms in (2.18) that are not inside the integral operator define
how boundary conditions are applied. Generally speaking, if a boundary condition is
specified, either initial, final, or both, then the variation related to that quantity is
zero and the term drops out of equation (2.18). For example, if the initial time and
initial state are given, then oty and 0x( are 0. If a quantity is unspecified, or free,
then the variation on that quantity is arbitrary and the minimizing solution must
drive the coefficient on that term to zero. For example, if the final state is free, then
ox; is arbitrary, thus [®,(tf) — v, (t;) — AT (tf)] must be 0. This reasoning allows
for the definition of three common boundary conditions: fized final time and free final
state, fized final state and free final time, and fized final state and fized final time as

follows.

e Fixed final time with free final state: In this case, the coefficient on the

0xy term must be zero. Therefore:

N (ty) = @ulty) — v, (ty) (2.19)

e Fixed final state with free final time: In this case, the coefficient on the
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0ty term must be zero, leading to:

Ou(ty) — v Py(ty) + glty) — u"(tg)Cltr) + X (t)E(ty) =0 (2.20)

Dy(ty) — v, (ty) + H(ty) =0

e Fixed final state with fixed final time: This is the simplest case where
x(tg) = xo and x(ty) = xy provides the necessary information to determine

the solution by treating the system of equations as a Boundary Value Problem

(BVP).

Other boundary conditions may be specified as previously mentioned. A table of the
relevant boundary condition equations is found in [54].

Looking at the first variation of J, has revealed a procedure for finding necessary
conditions for a minimum solution. The variational method effectively translates to
finding the u*(¢) and the associated x*(¢) that minimizes the cost functional of (2.7)
to finding the u*(¢) and the associated x*(¢) that minimizes the Hamiltonian in (2.15).

The process can be stated as:
1. Build the Hamiltonian using (2.15)

2. Write the state equations as:

. OH

X = SO (), W (1), (1), (1)) (2.21)

3. Define the costate equations as:

A= _%(X*(t)’ w’ (1), A(1), p (1), 1) (2.22)
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4. Express the control equations as:

oH

0=

(x"(£), u™ (), A (t), " (1), ) (2.23)
5. Simultaneously solve the system of Euler-Lagrange equations (2.21), (2.22), and
(2.23) and apply the appropriate boundary condition equations from [54]. The
boundary condition equations determine the terminal time and state, resulting
in what is commonly referred to as the Hamiltonian Boundary Value Problem
(HBVP). Note that (2.23) defines u*(¢) as a function A*(t), pu*(t), and x*(t)
which may be substituted into (2.21) and (2.22) to remove explicit functionality

of u*(t) if u*(t) can be isolated.

The u*(t) determined by (2.23) is a necessary condition for an optimum solution
in the case where there are no bounds on the control or where the resultant u*(¢)
never breaks the upper or lower limits on u(¢). The necessary and sufficient conditions
for H(x*(t), u*(t), X*(t), u*(t), t) to be a global minimum are that equations (2.21),
(2.22), and (2.23) be satisfied (necessary) and that the m x m matrix H, be positive
definite (sufficient) [75]. In order to pick an admissible u*(¢), it’s necessary to consider
how to account for the bounded control in (2.11) using PMP. The necessary condition

provided by PMP states that for all admissible controls u(t) € U:

H(X* (1), u"(£), A(2), p*(1), 1) < H(X(2),u(t), X" (1), w" (1), 1) (2.24)

This equation says that if there is an admissible OC signal u*(¢) then there exists an
optimal costate vector A*(t) and vector of Lagrange multipliers p*(¢) multiplying the

path constraints that satisfies (2.22) and (2.10) at every point in the time interval
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t € [to,ts] such that (2.24) is true [75]. That is to say that:

min H(x (£), w(t), N (1), (1), £) = H(x*(£), u*(£), N (£), (), 1) (2.25)

uelU

The OC is the one out of the entire set of admissible controls that causes H to be
its global minimum. In practice, applying the PMP involves solving for x*(t), A*(¢),
and u*(t) using equations (2.21) - (2.23), initially assuming unbounded controls, and
then comparing the resultant u* with the admissible region to see if there are areas
where u* is out of bounds. If so, then the control signal is re-evaluated using (2.25)
until the minimum # is found that satisfies the given boundary conditions [54].

An alternate method of taking into account boundaries on the state trajectory is
presented in [54], which may eliminate (2.10) from the problem (if C(-) only consists
of bounds on the states) without adding significant complexity. Kirk presents a pro-
cedure for transforming the ¢ inequality constraints into a single equality constraint.
The net effect is that there are two additional equations, one for #,,; and one for
Ani1. Therefore, there are n 4 1 equations in (2.21) and in (2.22) to solve. The
procedure stays virtually the same as indicated above, but eliminates the Lagrange
multipliers @, and does not affect applying the PMP for determining the admissible
control vector.

In general, analytically solving the system of differential equations (2.21) and
(2.22) with substitutions made using (2.23) is only possible for very simple problems.
These equations are typically coupled nonlinear systems where standard integral ta-
bles may not offer closed-form solutions and linear methods such as Laplace trans-
forms are not helpful. Therefore, numerical methods are necessary to find the solution

to most meaningful OC problems.

24



2.2.3 Formulation and Classical Solution Summary.

In this section, the OC problem was defined and the Calculus of Variations and
Pontryagin’s Minimum Principle were used to derive the Hamiltonian Boundary Value
Problem, which defines the first-order necessary conditions for optimality. Solving
the resulting set of differential equations indirectly solves the original OC problem by
finding the solution that minimizes the Hamiltonian, which turns out to also be the
minimizing solution to the original cost functional. Solving the differential equations
of the HBVP analytically can be difficult, if not impossible, requiring numerical tech-
niques to solve the problem. A survey of numerical techniques for solving the OC

problem are described in the next section.

2.3 Numerical Methods for Optimal Control

There are two main categories of numerical approaches for solving the OC prob-
lem defined by (2.7) - (2.11): indirect methods and direct methods. Indirect meth-
ods are based on numerically solving the system of Ordinary Differential Equations
(ODEs), known as the Hamiltonian Boundary Value Problem, derived by the CV
approach described in section 2.2.2 by equations (2.21) - (2.25). Direct methods, on
the other hand, translate the continuous-time OC problem into a nonlinear optimiza-
tion problem, also called a Nonlinear Programming (NLP) problem, where gradient
search methods are applied to determine the optimal state trajectories and control
sequences by satisfying Karush-Kuhn-Tucker (KKT) optimality conditions [71]. This
section will briefly describe typical methods used in both categories and then discuss

PSMs used for solving OC problems.
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2.3.1 Indirect Methods.

Indirect methods are based on solving the HBVP given in equations (2.21) -
(2.23) subject to the given boundary conditions. The benefit of using the CV-based
indirect approach is that it yields highly accurate results while providing assurances
that the first-order optimality conditions are satisfied [50]. However, difficulties arise
in that explicit derivations of the costate (2.22) and control (2.23) equations are
required, which can be very difficult depending on the OC problem being considered,
and prior knowledge of the activeness of inequality constraints (2.10) is necessary
[78]. Numerical techniques applied to the indirect equations generally require good
initial guesses of the costates, which is often difficult since the costates generally
do not have direct physical interpretations [7,50]. There are two main approaches
to solving the problem: shooting and collocation methods. Shooting methods are
iterative techniques that enable solution of the BVP using Initial Value Problem
(IVP) techniques while collocation methods allow simultaneous solution of unknown
parameters [71]. Consider the general problem of finding the solution x(t), where

t € [to,ty], to an IVP of the form:

—a(t) = flz(t),1) (2.26)

Equation (2.26) is presented here as a single ODE, but can in general represent a
system of ODEs, which will be the case when discussing shooting methods. The solu-
tion to the IVP involves breaking [to, ;] into n subintervals, where the i subinterval
is [t;, t;11] with length h; = t;»1 — t;. In many applications, the lengths of the n
subintervals are equal and the size is denoted as h, but it is not necessary that the

subinterval lengths be equal. The objective is to find the solution at each i** node as
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given in [71], which can be written as:

v =it [ ), )t (2.27)

t

The techniques in this section are designed to estimate the integral in (2.27). The
subsections below outline time-marching algorithms to solve the IVP with extension

to shooting methods to solve a BVP and collocation techniques to solve the BVP.

2.3.1.1 Time-Marching and Shooting Methods.

A time-marching technique solves the IVP by using the solution of x; (z(¢)) and
possibly more previous points to determine the subsequent x;y; (z(t + h)) solution.
There are many ODE IVP solution techniques, but again, OC problems are BVPs
or Multi-Point Boundary Value Problems (MPBVP). These ODE solution techniques
still apply when implemented in a shooting algorithm that enables terminal boundary
conditions to be satisfied. Some of the most common solution methods for IVPs are
summarized here followed by a brief description of shooting methods.

There are several first-order approximations available to solve the IVP. The For-
ward Euler (FE), Backward Euler (BE), Leap Frog (LF), and Trapezoidal Method
(TM) given in [12,67] are examples where difference formulas are used to discretize
the time derivative on the left-hand-side of (2.26) resulting in time-marching rules
given in Table 2.1. The Order of Error column indicates the magnitude of error in

Table 2.1. Simple numerical schemes for time-marching [12,67]

Method Equation Order of Error
FE Tivr1 = X4 + hf(l’z, tl) O(h2)
BE Tit1 = X5 + hf(l’i+1, ti+1) O(h2)
LF Tir1 = Lij—1 + 2hf(l’l, tl) O(hs)
™™ @ =2+ 5(f(wan, tin) + fai, ) O(?)

27



the estimate of ;.1 based on the truncated Taylor-series. For example, if A is 0.1,
then for the FE and BE the estimate errors will be on the order of 10~2 while the
LF and TM will have errors on the order of 1073, Also note that the BE and TM
methods are implicit methods because the functions on the right-hand-sides of the
respective schemes are evaluated at the point being solved for on the left-hand-side.
An explicit scheme is necessary to estimate the solution z;,1 which is then used in the
right-hand-side of an implicit scheme. The implicit calculation of x;; then refines
the solution generated by the explicit equation [9,67]. These methods are reasonably
simple to implement, but can be computationally expensive since the step size must
be very small to accurately approximate derivatives using piecewise linear functions.
These methods also have stability limitations that can affect the solution if the step
size is not properly chosen [67,71]. An improved second-order Euler method (error

O(h?)) is presented in [12] as:
h h

While this implicit scheme may provide more accurate estimates, there are generally
more effective time-marching algorithms that are preferred. The Taylor-series method
can be used to generate a scheme of potentially high accuracy [53]. A fourth-order
approximation (error O(h®)), assuming uniform time step, is achieved by writing out
the Taylor-series for x;, as:

h? h3 ht )

Tiv1 = X4 + hl’l(tz) + —l'/,(ti) + —l’m(ti) + El’

2l 3l (t:) + O(h?) (2.29)

To use this equation it is necessary that the partial derivatives with respect to time
of f(z,t) exist up to the highest order derivative in the Taylor-series expansion cho-

sen, fourth derivative in this case. The difficulty with this method is that analyt-
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ical determination of the derivatives may become very difficult depending on the
composition of f(x(t),t). Fortunately, symbolic software manipulation packages like
Mathematica™and MATLAB®can help with the differentiation.

A more efficient method is the commonly used Runge-Kutta (R-K) scheme. The
classical fourth-order (error O(h%)) R-K scheme is discussed in [9,12,19,53,65] and

written as:

K, = f(x,t)
h h
K2 = f(l'z+§K1,tz+§)
h h
Ky = f (932 + §K2, i + 5) (2.30)

Ky = f(z;+hKs, i)

h
Tir1 = Xy + E(Kl + 2K2 + 2K3 + K4)

Several modifications have been made to the classical R-K scheme to introduce an
adaptive step size. Two notable schemes, Runge-Kutta-Fehlberg [53] and Runge-
Kutta-Dormand-Prince algorithms, evaluate fourth- and fifth-order R-K estimates
and use the difference to determine the estimate error, which is then used to determine
the step size for the next iteration [19,24]. The Dormand-Prince method is used in
the MATLAB®ode45 ODE solver.

The methods used to solve the IVP thus far, Euler methods, LF, TM, Taylor-
series, and R-K, are single-step methods, meaning that only data from the previous
mesh point is needed to approximate z;4; [12]. The R-K methods are known as
multiple-stage methods since they evaluate f(z,t) at multiple places in [t;, ;1] to
calculate ;41 as a weighted sum [71]. Multiple-step algorithms are designed to be
more efficient by using function evaluations from more than one previous time point.

Two of the most common methods are the explicit Adams-Bashforth (A-B) and im-
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plicit Adams-Moulton (A-M) schemes [9,71]. Fifth-order A-B and A-M schemes are

given respectively as:

h

2616 f (w;—9, ti—2) — 1274 f (x;—3, ti—s) + 251 f(wi_4, ti—a)]

h
Tivr1 = X5 + m[251f(l’2+1, ti+1) -+ 646f($2, tz) -+ (232)

—264f(xi—1,tim1) + 106 f(xi-2,t;i—2) — 19f (23, ti—3)]

The A-B and A-M schemes are often used together as a predictor-corrector scheme
where the A-B (2.31) is used to predict the value of z;4; which is then corrected by
the A-M (2.32), improving the quality of the solution approximation [12,53]. Since
the A-B and A-M schemes require either three or four previous function evaluations,
any of the single-step methods, R-K for example, can be used to start the process
until sufficient data is available for the A-B/A-M predictor-corrector to take over [12].

Now that a sampling of the most common time-marching methods for solving
IVPs has been presented, shooting methods can be described that allow the IVP
solution schemes to be used to solve the BVP [49,71]. Consider the following ODE

to be solved on the interval ¢ € [to, tf] with given boundary conditions =y and x:

d2
ﬁx(t) = f(t,x(t),%x(t))

) - (2.33)
w(ty) = g

This ODE can be written as a first-order system of ODEs by changing variables.
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Letting x1 = x and %a:l = x5 leads to the following system of first-order ODEs that

can be solved by any of the previously described time-marching techniques.

d
() = () (2.34)
d

%@(t) = f(t,z1(t), 22())

The simple shooting method converts the BVP in (2.33) to an IVP in (2.34) by setting

the initial conditions as:

z1(to) = x(to) = o (2.35)
l’g(to) = %x(to):u

An error function is necessary to refine guesses of u. The error function, E(u), can
be defined as:
E(u) = x(ty;u) — xy (2.36)

Equation (2.36) basically describes the shooting method as a root-finding problem
where the objective is to find u such that E(u) is driven to zero [71]. Thus, the

procedure is as follows:
1. Set initial guess of u in (2.35)
2. Apply time-marching scheme of choice to integrate (2.34) from ¢, to t¢

3. Calculate E'(u) using (2.36): The solution has been found if the error is within

a desired tolerance (€), |F(u)| < e, else

4. Update guess of u using root-finding scheme. Newton’s method, modified New-
ton’s method, and secant method are some of the most common root-finding

algorithms.
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5. Repeat process until |E(u)| < e condition is achieved.

The simple shooting method is attractive to use because of its simplicity. However,
there are numerical shortcomings of this method, such as slow convergence [49] when
the guess of u is far from the root of (2.36), assuming that a globally convergent New-
ton method is being used that is guaranteed to find the root [53], or non-convergence
when applied to the OC problem due to “ill conditioning of the Hamiltonian dy-
namics” [71]. A multiple-shooting method can be used to alleviate these numerical
issues.

The multiple shooting method is based on the problem formulation given in (2.34) -
(2.36). The difference is that the time interval [to, t¢] is broken into M +1 subintervals,
where M is the number of interior mesh points, and shooting is applied over each
[tistiva];, j = 1,..., M +1, subinterval. The values of x; and x5 are unknowns in each
subinterval to be determined through time-marching and root-finding. Continuity

constraints are placed on adjoining j and j + 1 subinterval boundaries by:

J J+

Tripn =1, = 0 (2.37)
J J+

Ty —%p; = 0

Therefore, the root-finding problem is to find the u;,; slopes that satisfy the continuity
conditions and the given boundary conditions [49, 53, 71].

The advantage of the multiple shooting method is that it is very flexible in the
types of constraints considered in OC problems, such as bounded states, controls,
and path constraints [78]. Very accurate results can be achieved while alleviating the
aforementioned numerical issues, but it is cumbersome to implement, considerable
analytical work may be required in deriving the costate equations, a good initial

guess of the solution is necessary, and may introduce discontinuities in a continuous
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problem that can not be resolved [49,78]. Holsapple, Venkataraman, and Doman
developed a modified simple shooting method in [49] that combines the “favorable
aspects” of both the simple and multiple shooting methods resulting in a “superior,
faster method for solving TPBVPs.” This research shows that improving shooting
methods is still an active research topic in the OC community.

The shooting methods described in this section can be applied to the indirect
CV-based OC problem formulated by (2.21) - (2.23), according to [71]. Guesses are
made for the unknown initial conditions, time marching applied to solve the system
of ODEs, and error evaluation performed to check satisfaction of boundary conditions
at the end of the time interval. Refinements to guesses of the unknown conditions
are made through application of root-finding techniques and iterations made until the
solution is found that satisfies terminal constraints. The procedure is essentially the
same for both simple and multiple shooting methods with the exception that multiple-
shooting applies the algorithm over a specified number of subintervals introducing

more variables to be solved.

2.3.1.2 Indirect Collocation.

Collocation methods have become quite popular in the OC community over the
past couple of decades. They are very powerful techniques for solving the HBVP given
in (2.21) - (2.23). These methods are also very powerful in solving the OC problem
using direct methods, discussed in section 2.3.2. Collocation techniques form the
basis for the PSM, discussed in section 2.3.3, that will be used in this research. Rao
presents a brief description of collocation methods in [71] with the general idea being
that the unknown solution is approximated using a polynomial, or set of polynomials.
Unknown coefficients in the polynomials are simultaneously solved for using root-

finding techniques such that estimates of the states and derivatives of the states
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match the analytic function at a set of discrete points.

Again, consider the general BVP of the form:

d

Loty = fatt). 0

z(ty) = o (2.38)
z(ty) = wy

This ODE can be a single function or a system of functions, which is generally con-
sistent with the EL state and costate equations. Also suppose that N discrete time
points are chosen in [¢y, s, called collocation points and denoted as 7; for i = 1, ...V,
resulting in N + 1 subintervals. The points can be chosen in various ways, and again,
the distance between two mesh points 7; and 7,47 for + = 0,..., N — 1 need not be
uniform. In fact, the mesh points used in the PSM are not uniformly spaced. Ad-
ditionally, depending on the method used to choose the collocation points, ¢y and ¢
may or may not be collocation points. For now, assume collocation points have been
specified. Options for choosing points will be discussed later in this section.

One collocation method is to use a piecewise polynomial, ), of degree K, to
approximate the solution z(t) in each subinterval [¢;,¢;11] as described in [71], which

is essentially a Finite Element Method (FEM) [14]. The form of the solution is:

2(t) = Qx(t) =Y ap(t—t)F, t€[titim] =1 (2.39)

k=0

The coefficients (ay, ..., ax ) are unknowns to be solved for such that the approximation
Q(t) matches z(t) at the collocation points, i.e. Q(7;) = z(7;), in the interval I;.
Furthermore, the derivative, Q(t), found by differentiating (2.39), is set to match
f(z(t),t) at the collocation points, known as the collocation condition. In order to

find the unknown coefficients, a defect function, R, also referred to in the literature
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as the remainder, residual, or error function, is defined as:
Rj = Q(Tj) — f(l’(Tj),’Tj), for ] = 1, ,N (240)

The defects, which are functions of the unknown coefficients, can be put into a matrix,
Z,
Ry
Z=|": (2.41)
Ry
and the coefficients can be found simultaneously by applying a root-finding scheme
to solve Z = 0.
Another, more effective, collocation technique involves using global orthogonal
polynomial basis functions over the entire time interval. Instead of Qk(¢) defined by
(2.39), a polynomial approximation to the unknown solution z(t), as given in [33],

can be written as:

w(t) = Qi (t) = > ardy(t) (2.42)

where ¢, is an orthogonal polynomial basis function. In the context of the OC solution
using the indirect CV-based formulation, the state (2.21), costate (2.22), and control
(2.23) (if not able to be isolated and substituted into the state and costate equations)
equations can be represented in this manner. The collocation points are chosen to be
the roots of an orthogonal polynomial of a given order [71]. There are a variety of
orthogonal polynomial basis functions that can be used such as Legendre, Chebyshev,
and Hermite polynomials [29,68,71]. Lagrange interpolating polynomials can also
be used instead of the orthogonal polynomials [14]. The most common collocation

methods used to solve OC problems are based on Lagrange interpolating polynomial
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bases, L;. Letting ¢ in (2.42) be a Lagrange interpolating polynomial gives:

’7'—7']'

on(r) = Li(r) =[]

(k=0,..,N) (2.43)

TZ’—’Tj

o

.
=

The advantage of using Lagrange polynomials in (2.42) is that they have the isolation
property, meaning:
1 ifk=j
Li(7j) = (2.44)
0 ifk+#y
which leads to coefficients, ay, in (2.42) being the values of the state at the collocation
points, i.e. a = x(7) [71].

The most common collocation point sets are Legendre-Gauss (LG), Legendre-
Gauss-Radau (LGR), and Legendre-Gauss-Lobatto (LGL) points [28,33,37,71]. Chebyshev-
Gauss (CG), Chebyshev-Gauss-Radau (CGR), and Chebyshev-Gauss-Lobatto (CGL)
points can also be used [33]. These point sets are based on Gaussian quadrature rules,
are the roots of a particular polynomial, and are defined on the open, semi-open, or
closed interval of -1 to 1. Therefore, the time domain [ty, ;] given in the problem
must be linearly transformed into the -1 to 1 domain, and transformed back once a
solution has been found. Fornberg gives a table in [33] with the details of these node
sets, which is summarized in Table 2.2.

The table shows that the LG, LGR, and LGL nodal sets are the roots of Leg-
endre polynomials (P) of the degree specified by the subscript and the CG, CGR,
and CGL are the roots of Chebyshev polynomials (T) defined by the recursion re-
lationships given. The last column of the table gives formulas for calculating the
weights associated with each point set to be used in Gaussian quadrature (numerical
integration). These weights, wy, will be used in the direct collocation method in the

PSM. Numerous MATLAB®routines have been written and are available for download
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Table 2.2. Collocation points and Gaussian quadrature weights [33]

Point Set Domain Nodes (z) Weights (wy)
(bt ) (k=0,... )
B 2
LG (—1,1) Roots of Pve1 W = romypr o
LGR [—1,1) or (—1,1] Roots of Py + Pn1 Wo = (N—i2-1)2
o 1 11—z
Wk = (N11)2 [sz(~’r:zi-€)]2
LOL 11 L Rootsof Py, 1w = sy iy
k+1)m s
ca (~1,1) cos | Gy | Wk = W
CGR  [~1,1) or (—1,1] cos [ 337 ] Wo = N1
2
Wk = 5N 13
CGL [—1,1] cos [ wo = W =y
Wi = %

from the MathWorks' " website to automatically calculate the collocation points and
quadrature weights given the number of desired points.

Solving the BVP in (2.38) using orthogonal collocation is the same as previously
stated. The coefficients (aq, ..., ax) are unknowns, the polynomial approximation Q(t)
and its derivative are set to match x(t) and f(xz(t),t) respectively at the collocation
points. The defect matrix defined by (2.40) and (2.41) is constructed to simultane-
ously solve for the unknown coefficients using root-finding to solve Z = 0.

Solving the HBVP given in (2.21) - (2.23) is a natural extension of the process
described here. Each of the states, costates, and controls making up the state vector
x(t), costate vector A(t), and control vector u(t) are approximated using a series of

Lagrange polynomials as given in (2.42) and (2.43), the coefficients of which are the
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unknowns to be found. A set of collocation nodes is chosen from Table 2.2, the defect
matrix is constructed, and nonlinear root-finding method is applied as stated above.
Fahroo and Ross demonstrated this method by using Legendre polynomial approxi-
mations for x, u, and A, collocated at LGL points to solve a sample problem in [27],
concluding that the global orthogonal collocation method is an effective alternative

to multiple-shooting techniques to solve the HBVP.

2.3.2 Direct Methods.

Indirect methods transform the continuous-time OC problem, stated by equations
(2.7) - (2.11) introduced in section 2.2.1, into the Hamiltonian system characterized
by (2.15). Solving the ODEs, analytically if possible, but most often numerically,
associated with minimizing H in (2.21) - (2.23), applying the appropriate boundary
conditions, and applying the PMP (2.25) indirectly minimizes the original cost func-
tional (2.7). Direct methods, on the other hand, apply an appropriate discretization
to the OC problem directly transforming it from an infinite-dimensional continuous-
time problem to a finite-dimensional discrete-time problem which then can be solved
using nonlinear programming by iteratively searching for the state and control solu-
tions that meet optimality conditions while satisfying constraints and evaluating the
cost function to verify that it is a minimum [71]. Direct methods are attractive since
it is not necessary to explicitly derive the first-order optimality conditions or to de-
termine if the inequality constraints are active. The convergence of direct methods is
less sensitive to the initial guess and do not require a guess for the costates [7]. How-
ever, direct methods are less accurate than indirect methods and there may actually
be several minimizing solutions making it possible for the result to be incorrect [78].
Since direct methods do not provide costate information, there can be some uncer-

tainty as to whether the NLP optimal solution is truly the optimal solution [50]. This
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subsection briefly summarizes direct methods commonly used to solve OC problems.

2.3.2.1 Nonlinear Programming.

The NLP problem is generally stated, as presented in [61] and [71], as:

minimize f(z)
subject to  h(z) =10 (2.45)
g(z) <0

where z € R" is the vector of design variables, f(z) is the objective functional, and
h(z) and g(z) are the constraints. If there are m equality constraints and p inequality
constraints, then h(z) € R™ and g(z) € RP. The first-order necessary conditions for

an optimal solution, z*, are given by the following KKT conditions:

Vf(z*) 4+ X'Vh(z") + u"Vg(z*) = 0

9i(z") < 0 (i=1,..,p) (2.46)
pi > 0 (i=1,..p)
pigi(z') = 0 (i=1,..,p)

where V indicates the gradient of the argument function and A € R™ and p €
R? are Lagrange multipliers associated with the equality and inequality constraints
respectively. The second-order sufficient conditions for optimality are obtained from

the Hessian (matrix of second-order partial derivatives) of the Lagrangian functional.
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The Lagrangian, [, is given by:

I(2) = f(2) + A"h(z) + n"g(2) (2.47)

The Hessian of the Lagrangian, evaluated at the candidate optimal solution, is then:

L(z*) = F(z*) + ATH(z") + u' G(z") (2.48)

where L(+), F(-), H(:), and G(-) denote the Hessian matrices of I(-), f(-), h(:), and
g(-) respectively, following the notation in [61]. The second-order necessary condition
is that in addition to the conditions in (2.46) being satisfied, the Hessian of the
Lagrangian function (2.48) be positive-definite at the candidate z*.

An NLP method is an iterative search algorithm. It searches through the space
bounded by the constraints in (2.45) to find candidate minimum points, z*, that
satisfy the constraints with the lowest cost. The optimality conditions in equations
(2.46) and (2.48) are checked at the candidate points to determine whether each is
a minimum, maximum, or saddle point. The key elements in the search algorithm
are determining the direction in the space and the size of the step that should be
taken in that direction to find successive candidate points [71]. Care must be taken
in selecting and implementing the appropriate search algorithm in order to find a
minimum solution and to have some kind of guarantee that the algorithm is globally
convergent. That is to say that the point that is found when the algorithm terminates
is the global minimum or at least an acceptable local minimum in a small vicinity of
the global solution [61]. Rao discusses the most common gradient search algorithms
in [71] along with some heuristic ones that use some added randomness to direct the
search. Luenberger and Ye present several algorithms in [61] that are effective in

solving nonlinear constrained optimization problems. They also present proofs that
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specify conditions for guaranteeing local and global minimum solutions.

Gradient methods are effective search algorithms using the gradient vector and
Hessian matrix to select a direction of descent such that the objective function f(xy41)
sufficiently decreases [61]. One of the most common classes of descent methods uses

the following to select subsequent points in the iterative process:

Zgy1 = Zg — Oékdk (249)

The step size, ay, is calculated to minimize f and the search direction, dg, is given
by:
dy = [F(z)] ' Vf(z)" (2.50)

which is a modified Newton method [61]. The steepest descent method is obtained if
the inverse of the Hessian matrix, [F(z)] ™", is replaced with the identity matrix [61].
This process depends on the second partial-derivatives of f existing and inversion of
the resulting Hessian matrix at each iteration. Further modifications to the Newton
method exist to approximate the inverse of the Hessian to avoid costly computation
of the inverse at each iteration [61].

Shooting, multiple shooting, and collocation methods described in section 2.3.1
can be applied to solve the direct OC problem using NLP techniques. The concepts
discussed for indirect methods are similar in direct methods, with some modifications.
Rao presents algorithms for shooting and multiple shooting in [71] and Betts discusses
several shooting and time-marching methods in the context of NLP formulation in
[9]. Becerra’s paper [6] discusses translating a continuous-time OC problem into
an NLP problem and solves an example problem of controlling the movement of a
pendulum-like system described by ODEs derived using Newton’s Second Law. The

main idea of all these schemes, as stated in these references, is that they provide
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some way of choosing N discrete points the time domain, denoted as 7; (i = 1, ..., N),

approximating the cost function by replacing the integral with a finite summation,

and discretizing the dynamics equations.

leads to:

J(x(t),u(t),t) = J(x(1;),u(r),n)

x =f(x(t),u(t),t) = x(141) = f(x(n),u(r), ™)

Conceptually, the discretization process

After the discretization scheme has been applied, the NLP definition (2.45) looks like:

minimize J(x(1;),u(r), )
subject to xX(741) — f(x(7),u(r), ) =0
Wpin — W; S 07 U; — Umaz S 0

Xmin — X S 07 Xi — Xmazx S 0

X(to) = Xy
x(ty) =%
for i=1,.. M

(2.51)

Other constraints, like path constraints, can be added to (2.51) as dictated by the

problem. In contrast to the CV-based indirect methods, bounds on the states can be

directly included in the NLP formulation as inequality constraints.

2.3.2.2 Direct Shooting and Collocation.

To summarize the shooting and collocation methods using the NLP formulation,

it can be stated that these methods are simply ways of representing the integral

cost function as a discrete sum and using discrete expressions for the solution of
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the dynamic constraints. Note that the step size between two successive points is
h; = t;x1 — t;, where ¢ = 1,..., N. The index on the step size can be dropped if
the step sizes are equal. A quadrature rule for evaluating the cost functional (2.7)
is necessary and should be selected to be consistent with the method used to solve
the differential equation (2.8). For example, if an R-K scheme is used to solve the
differential dynamics equations, then an R-K scheme of the same order should be used
to evaluate the cost functional. An effective way to accomplish this is to augment the

state vector, recalling that the size of the state vector is n x 1, with:

in-i—l = g(x(t), u(t)> t) (252)

resulting in the new set of differential equations:

= (2.53)

dn1 (1) g(x(t),u(t),t)

The cost function can then be evaluated after the time-marching scheme has been
applied using:

J = h(X(tf), t) + l’n+1(tf) (254)

In both the shooting and multiple shooting methods, the control is approximated

using a parameterization of the form:

u(t) ~ Z a;i(t) (2.55)

The coefficients, a;, are determined using NLP and ;(t) are basis functions of choice.

The shooting method presented in [71] and [9] can be summarized as an NLP problem
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with the following steps:
1. Make initial guess of unknown coefficients, a;.

2. Integrate state equation (2.8) over the interval [ty,tf] using the parameterized

control by applying a time-marching method discussed in section 2.3.1.1.
3. Evaluate the error between the solution and the specified boundary conditions.
4. Evaluate the cost functional using numerical integration.

5. If the cost is not at a minimum value and/or the boundary conditions have not
been met, then update the values of a; using a gradient method and repeat

steps 2 through 5.

Multiple shooting uses the same procedure but applies the shooting method over
each of the N + 1 subintervals in [ty,tf] and ensures that continuity is enforced at
the interfaces between subintervals. In essence, the shooting method treats the OC
problem over the interval as a single problem, whereas multiple shooting treats the
OC problem as N + 1 subproblems connected together at the subinterval interfaces.

Direct collocation is again similar to collocation methods described for indirect
methods. The difference between indirect and direct collocation is that the differential
equations for the costates do not need to be derived or evaluated and a quadrature
scheme is used to approximate the integral in the cost functional (2.7), similar to
using the procedure given by equations (2.52) - (2.54). Suitable discrete approxima-
tions of the states are made using some type of polynomial basis functions, which
can be piecewise or global, similar to equations (2.39) and (2.42). Additionally, the
direct method approximates the control functions in the same way that the states
are approximated. These equations are then cast in the NLP formulation in (2.45)

and solved for the states and controls at each 7; that satisfy the KK'T conditions, are
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within the boundaries specified by inequality constraints on the states and controls,
and result in the minimum cost value.

At this point, it’s more valuable to focus on direct global orthogonal collocation
since it is a key piece of the PSM described in the next section. Only the key equa-
tions are summarized here in order to avoid excessive repetition in the next section
where further discussion will be essential to describing the PSM. These equations are
presented in a general sense noting that there will be variations depending on the
sets of collocation points and orthogonal polynomial bases chosen. The first step is
to select the set of N collocation points, 7; (i = 1, ..., N), and calculate the associated
quadrature weights, w;, using possible basis sets in Table 2.2, recalling that the time
domain ¢ € [ty,tf] needs to be linearly mapped to 7 € [—1,1]. Next, a Gaussian
quadrature rule is used to approximate the integral in the cost functional. Re-writing
(2.7) to replace the integral with Gaussian quadrature gives:

J(x(7),u(r),7) = ®(x(1), ;) + ty ; fo Z g(x(7:),u(m:), 7) (2.56)

The state and control functions can be approximated using a class of functions known

as cardinal functions!, C;, given by:

x(7) &~ ZX(’T,')O,’(’T) (2.57)

u(r) ~ Z u(r;)Ci(7)

'The term cardinal functions was first used by Sir Edmund Whittaker in work published in 1915.
It refers to orthogonal polynomial or trigonometric basis functions used to approximate functions
using polynomial interpolation. These functions have the property that the i** cardinal function is
equal to one at the i*" collocation node and zero elsewhere. Cardinal functions are also known as
the Lagrange basis and the Fundamental polynomial of Lagrangian interpolation [13,14]
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The cardinal functions can be constructed using Chebyshev, Legendre, Laguerre, or

Hermite orthogonal polynomial basis functions [14], and have the general form:

Ci(r) = — () (2.58)

B ¢N+1(Ti)(7_ —Ti)

with the property:
CZ'(’T]') = 57;7]' (259)

where ¢; ; is the Kronecker delta function. Lagrange interpolating polynomial bases
are commonly used as the cardinal functions when applying direct collocation methods

to solve OC problems, which have the form:

’T—’Tj

=P

B

Li(7) = (2.60)

’7','—’7']'

<.
el

Using (2.57) with Lagrange interpolating polynomial bases (2.60), the dynamics in

(2.8) can be approximated as:

N

X(r) = > x(m)Li(7) (2.61)

i=1

Again, the right-hand-sides of (2.8) and (2.61) are set to match at the collocation

points, resulting in the following equality constraint for the NLP:

N

> x(r)Li(r) — £(x(7),u(r),7) = 0 (2.62)

i=1

These are the key elements necessary to transcribe the OC problem into an NLP
problem using global orthogonal collocation. The NLP can be constructed to solve
for the states and controls that satisfy first- and second-order optimality conditions,

are within the boundaries specified by the inequality constraints, and result in the
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minimum cost functional value.

2.3.3 Pseudospectral Methods.

The discussion of numerical techniques for solving OC problems has been purpose-
fully presented in a way that builds up to the PSM presented in this subsection. The
PSM combines many of the previously discussed numerical tools into a very powerful
numerical method, and has been generally presented as global orthogonal collocation
in sections 2.3.1.2 and 2.3.2.2, but with details purposely left out until this section.
Indirect methods use global orthogonal collocation as a discrete approximation of
the HBVP first-order optimality conditions and numerically solve for x(t), u(t), and
A(t) that minimize #H(-), thus indirectly minimizing J(-), using root finding schemes.
Direct methods use global orthogonal collocation to approximate x(¢) and u(t), and
Gaussian quadrature to approximate the integral cost functional, J(x(t), u(t),t). The
discretized continuous-time OC problem can then be solved using NLP techniques.
This section begins with a brief description of spectral methods, discusses terminology
to distinguish between spectral and pseudospectral methods, followed by a formulation

of the direct Gauss Pseudospectral Method and software that is used in this research.

2.3.3.1 General Discussion of Spectral Methods.

References [14] and [33] provides excellent development and application of spectral
methods to solve differential equations. Spectral methods are fundamentally a family

of methods used to solve differential equations of the form:

Lu(z) = f(z) (2.63)

where L is a general linear operator that can represent either differential or integral

operators. To solve the equation, the unknown solution is represented as a series of
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N + 1 basis functions ¢, (x) as:

N
u(z) ~uy(z) = Z A Op () (2.64)
n=0
and substituted into (2.63) to give:
Luy(z) = f(z) (2.65)

The goal then is to choose the expansion coefficients, a,,, that minimizes the residual
function:

Luy(z) — f(z) = R(z; a0, ay, ..., a,) (2.66)

The beauty of spectral methods is that L can be expressed as either a differentiation
or integration matrix translating the differential equation to a matrix equation where
matrix solvers can then be used to determine the expansion coefficients. With non-
linear problems, equation (2.65) generates a system of nonlinear algebraic equations
that necessitates iterative solution techniques such as Newton’s method or a variant
thereof.

The difference between spectral methods lies in how the residual function is min-
imized. The term spectral methods is a broad term to include two main categories of
methods: interpolating and non-interpolating.

Interpolating methods are known as pseudospectral methods. These methods as-
sociate a set of grid points with a selected basis function, as described by Table 2.2,
and find the expansion coefficients such that R(z;ag,ay,...,a,) = 0. In other words,
the function and the polynomial representation of the function exactly match at the
grid points. Thus, uy(z) converges to u(z) as N increases and, because the points

are chosen according to the aforementioned table, the convergence rate is exponen-
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tial, also called spectral convergence. Furthermore, the error of the pseudospectral
approximation is &~ O[+|" [14]. Other names used for the pseudospectral method are
orthogonal collocation, which has been used in this document, and method of selected
points. Pseudospectral is also used to imply that global basis functions are being used
and that the function values are unknowns, as opposed to interpolation where the
function values are known and finding the expansion coefficients can be easily solved
for in order to approximate the function with an interpolating polynomial.

The keys to pseudospectral methods lie in selecting appropriate basis functions and
collocation points. Boyd presents theorems and proofs showing convergence of several
polynomial bases and that orthogonal polynomial basis functions with collocation
points chosen to be Gaussian quadrature points, i.e. the roots of the N (N + 1),

or combination of the two as given in Table 2.2, provides the best possible result for

both integral and derivative forms of (2.63). After presenting the proofs, Boyd states:

...since quadrature formulas are obtained by analytical integration of the
interpolating polynomial, it follows that the best choice of quadrature
points is also the best choice of interpolation points and vice-versa.

and that as a rule of thumb:

The grid points should be the abscissas of a Gaussian quadrature associ-
ated with the basis set.
This is the reason why collocation methods presented earlier are chosen to solve OC
problems.
Solving the pseudospectral problem involves either inverting the L matrix and
performing the matrix multiplication L' f or using a Newton solver in the nonlinear

case. The attractive feature of this method is that only evaluations of f at the
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collocation points are necessary to solve the problem. In contrast, as will be shown
below, the Galerkin spectral method requires integration of the function.

Non-interpolating methods are often used as reference to Galerkin methods. The
literature can, however, be confusing on terminology. Some references use the term
spectral method as a synonym for Galerkin method, while others, like [14], use the
convention adopted in this document where the term spectral methods is an umbrella
that covers both pseudospectral and Galerkin methods as well as some others not
presented here. The non-interpolating, i.e. Galerkin method, does not use a collo-
cation grid, but determines the expansion coefficients by integration resulting from
inner products with test functions. The general formulation and solution of a differ-
ential equation using the Galerkin method is briefly shown here. Only basic details
are given here for comparison with the pseudospectral method and as motivation for
using pseudospectral rather than Galerkin methods. Refer to [14] for more details on
the Galerkin method.

Assume that L in equation (2.63) and (2.65) is a linear operator, either differential
or integral. The Galerkin method solves the differential equation by introducing a test
function or weight function ¢; and using it to take the inner products of both sides
of (2.63) orthogonally projecting the approximation error onto the space spanned by
the polynomial bases resulting in minimum error. Denoting the new linear operator

H and function g after the inner product gives the following matrix equation:

Ha=g (2.67)

where the elements of H and g are given by the inner products:

Hj; = (¢i,Lo;) fori,j=1,..,N+1 (2.68)

g9 = (i, f)
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The inner products in (2.68) require integration operations to fill each element in H
and f, which makes coding the Galerkin method more complicated than the pseu-
dospectral method. Note that even though the Galerkin formulation does not directly
use collocation points, they do become necessary to apply Gaussian quadrature, as
described in section 2.3.2.1, to numerically approximate the inner product integrals.
Therefore, the Galerkin and pseudospectral methods are equivalent if the Galerkin
quadrature points are the same as the pseudospectral collocation points and the ac-
curacy of the pseudospectral is comparable to that of the Galerkin method. Boyd
states that a Galerkin method using N expansion terms is equal in accuracy to the
pseudospectral method using N + 1 or N + 2 terms.

Now all the pieces are in place to discuss the Gauss Pseudospectral Method applied

to solve OC problems.

2.3.3.2 Gauss Pseudospectral Method for Optimal Control.

When it comes to solving differential equations, either Partial Differential Equa-
tion (PDE)s or ODEs, there are many PSMs available. The differences between meth-
ods are determined by the orthogonal polynomial basis functions chosen for spectral
representation of the solution and the collocation points used. Reference [14] primar-
ily discusses Fourier and Chebychev methods, [33] presents other methods, and [60]
presents a Chebyshev method for solving BVPs. For example, Legendre polynomial
basis functions can be used with Legendre-Gauss collocation points, Chebyshev poly-
nomials with Chebyshev points, and so on. Lagrange interpolating polynomial basis
functions can always be used in place of the other basis sets [14]. The HBVP can
be solved using any of these combinations of basis functions and collocation points,
such as in [27] where Lagrange polynomial bases combined with Chebyshev colloca-

tion points were used. However, since the first-order optimality conditions of the OC

51



problem given by (2.21) - (2.23), the associated boundary conditions, and switching
conditions of the inequality constraints (2.10) may be extremely difficult to derive,
it’s attractive to use the direct PSM to solve OC problems, however the additional re-
quirement of minimizing the cost functional makes direct OC solution methods more
difficult than simply solving a set of differential equations [50].

The most common PSMs used to directly solve nonlinear OC problems have the
same general procedure that parameterizes the states, x(t) € R™ and controls,
u(t) € R™, using Lagrange interpolating polynomials, discretizes the constraints
(2.8) - (2.10) and the general Bolza cost functional (2.7) using a quadrature rule,
converting the differential dynamic constraints to algebraic constraints, and applies
an NLP solver to find the solution to the resulting parameter optimization prob-
lem [7,8,28,29,50]. Some of the most common direct PSMs are the Legendre Pseu-
dospectral Method (LPM) [26, 28], Chebyshev Pseudospectral Method (CPM) [29],
GPM, and Radau Pseudospectral Method (RPM) [7,36,50]. Several software pack-
ages, a sampling of which are listed in [50], have been developed to directly solve
the continuous-time OC problem by discretizing and transcribing it into an NLP
problem using this general procedure. Two common packages, both written for use
in MATLAB®Pand using SNOPT [42] as the NLP solver, are DIDO [1], which imple-
ments the Legendre pseudospectral method developed in [28], and GPOPS [72], which
implements the GPM developed in [8], [50], and [7].

Selecting which PSM to use to solve the direct formulation of the OC problem can
be confusing. It’s known that solving the HBVP provides guarantees on meeting the
optimality conditions [8,29]. Significant research efforts have focused on determining
which method to use for specific problem sets, for example finite horizon, infinite
horizon, etc. [30,35]. Regardless of the method chosen, it is advantageous to select a

direct PSM that has been shown to have some equivalence to the numerical solution of
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the continuous CV-based HBVP. One such method is the GPM, which Benson derived
in [7]. Benson showed how the continuous-time OC problem can be transcribed
to a NLP problem using Lagrange interpolating polynomial bases of degree N to
parameterize the states and controls at NV + 1 LG collocation points. Benson also

proposed and provided proof of the following theorem:

The Karush-Kuhn-Tucker (KKT) conditions of the NLP are exactly equiv-

alent to the discretized form of the continuous first-order necessary condi-

tions of the Bolza problem. Furthermore, a costate estimate can be found

from the KKT multipliers, Ay [costates of the pseudospectral represen-

tation of the OC problem|, and Lagrange multipliers, v, that satisfy the

pseudospectral approximation to the costate dynamics.
Benson was able to conclude that solving the OC problem using direct transcription
to an NLP problem is “exactly equivalent to solving the discretized form of the contin-
uous first-order necessary conditions” given by the HBVP. Reference [8] summarizes
the GPM development, pseudospectral representation of the CV-derived HBVP, and
proves equivalence of the KKT conditions of the NLP and the first-order continuous
necessary conditions of the HBVP.

Huntington extended Benson’s work in [50] by adding inequality path constraints
to the GPM formulation and again showed equivalence between the KK'T multipliers
and the first-order optimality conditions of the HBVP. He also investigated the same
equivalence of the LPM, based on LGL collocation points, and the RPM, based
on LGR collocation points, and showed mapping relationships between the KKT
multipliers and the costates of the HBVP, noting that the GPM had the most direct
mapping relationships, particularly at the endpoints. Fahroo and Ross have also
studied the equivalence of the LPM KKT optimality conditions and the optimality
conditions of the HBVP, noting that the KKT multipliers “...satisfy a discrete analog

of the costate dynamics” at the interior points giving a check that the solution meets
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optimality conditions. Similar to Benson, Huntington concluded that, although all
three methods provide a mapping between the NLP KKTs and the HBVP costates,
“...solving the NLP derived from Gauss pseudospectral transcription is equivalent
to applying Gauss pseudospectral discretization to the continuous-time first-order
optimality conditions.” The main take-away from Huntington’s work is that while
researchers are currently investigating convergence of the direct transcription to the
HBVP, equivalence of the KKT multipliers with first-order optimality conditions gives
confidence that an optimal solution has been found.

The key equations transforming the continuous OC problem to a parameter op-
timization problem used by GPOPS and solved with SNOPT as derived in [7,50]
and summarized in [8,72] are paraphrased below since GPOPS is a key tool used
extensively in the research presented in this dissertation. Some repetition of previous
sections will be evident, but is necessary for continuity in describing how GPOPS
discretizes the continuous OC problem and transcribes it to the NLP problem for
SNOPT to solve. In discussing the GPOPS implementation, there will be some nota-
tion deviation from the general discussion presented in previous sections. Again, this
is necessary for the sake of continuity in discussing the specific implementation.

The continuous Bolza OC problem can be stated as [8,72]: Determine the state,
x(7) € R™, and control, u(7) € R™, and the terminal time, ¢; if unknown, to minimize

the cost functional:

J = B(x(=1), to, x(1), ;) + . o /_1 G(x(7), u(r), 7 to, £)dr (2.69)

subject to the differential (dynamic), boundary, and path constraints, respectively:

dX_tf—t()

ar 5 f(x(7),u(r), 7;to, ty) (2.70)
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¢(x(—1),t0,x(1),t) =0 €R? (2.71)
C(x(7),u(r),7;to, t;) <0  €RC (2.72)

Note that equations (2.69) - (2.72) have been written in the time variable 7 to be
in the proper domain for the GPM. Linear transformations between ¢ € [to, ;] and
T € [—1, 1] are accomplished by:

tr—ty  t;+to
— 4
2 2

t

(2.73)

The GPM process is to discretize the continuous equations (2.69) - (2.72) and tran-
scribe them into an NLP problem. The process begins by choosing N LG collocation
points € (—1, 1), noting that the endpoints are not included in the set. The states,
x(7), and controls, u(7), are approximated using N or N + 1 Lagrange interpolating

polynomials of the form:

x(1) ~ X(1) = Z X (7;)L* (1) (2.74)
u(r) ~ U(r) = Z U(r;)LY(7) (2.75)

where lower case symbols, x(7) and u(7), denote the continuous state and control
vectors while the capitalized symbols, X(7) and U(7), represent the corresponding
polynomial approximations. Additionally, superscripts  and u are used to distinguish
between Lagrange polynomials representing the state and control approximations,

respectively. The Lagrange polynomials have the form:

i =[[—2 (i=0,..N) (2.76)

i T — Tj
J#
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L =[[—2 (i=1,..,N) (2.77)

i Ty — Tj
J#
and satisfy the isolation property:
4
1 ifi=y
Li(ry) = (1=0,..,N)
0 ifi#j
.
1 ifi=y
L¥(ry) = (t=1,...,N)
0 ifi#y
\

The differential dynamic constraints (2.70) are approximated by differentiating (2.74):

x(1) = X(7) = Z (1) Li(7) (2.78)

The derivatives of the Lagrange polynomials evaluated at the LG collocation points
can be written in a differentiation matrix, D, which has dimension N x N + 1, and
whose elements are expressed as:
N
N [Tj=0 (7 —75)

Dy = Li(m,) = kel (2.79)
; H%ég(ﬁ —7j)

where the counting indices are k = 1,..., N and ¢+ = 0, ..., N. The dynamic constraints
(2.70) are discretized and transformed into algebraic constraints suitable for the NLP

solver using (2.74), (2.75), (2.78), and (2.79) as follows:

N
tr—t
> DX — f2 %f(Xy, Up, i to,ts) =0 (k=1,...,N) (2.80)
=0

For clarity, shorthand notation definitions used in the GPM development are sum-
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marized in the following list:

o X, = X(7) €eR"fork=1,...,N.
)

e U,=1U eR” for k=1,...,N.

Tk

e Xy, = X(—1), where 7 = —1 is not a collocation point.

(
(
(
e X; = X(1), where 7 =1 is not a collocation point.

* gr = 9( Xy, Ug, 75 to, ty)

o f, = (X, Uy, i to, t7)

o O = Ci(Xy, Ug, s to, tr)

o i = H(Xp, Ak, Ap, iy, Uy, 74 to, ty), where the Hamiltonian, #;, and La-

grange multipliers, Ay, Ay, and [, are defined later.

Since X (7) and U(7) are not collocated at the endpoints, it’s necessary to approximate

the terminal state, Xy, using Gaussian quadrature:

N
ty —t
Xf = X() + f B 0 Zwkf(XkaUka'rk;thtf) (281)
k=1

The NLP cost function will be a discretized form of (2.69), which is again generated
using Gaussian quadrature to approximate the integral term. The discretized cost

functional is:

tr—t
J = ®(Xo, to, Xy, t;) + L2

N
Zwkg(XmUk,Tk;to,tf) (2.82)

k=1

The last necessary items for the NLP transcription are discretized forms of the bound-

ary constraints (2.71) and path constraints (2.72), stated as:

¢(Xo,t0, Xs,tp) =0 (2.83)
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and:

C(Xk,Uk,Tk;tg,tf) < 0 (]{Z = 1, ceey N) (284)

With the discretization given above, the NLP problem can be stated as: find Xj
and Uy, that minimizes (2.82) subject to (2.80), (2.81), (2.83), (2.84), and X (1) = X,.
GPOPS calls the SNOPT NLP solver to find the solution, which is an approximate
solution to the continuous Bolza OC problem.

The NLP solver searches for the solution that satisfies the KKT conditions. The
KKT conditions, similar to those introduced in section 2.3.2.1, are listed below, again
paraphrasing [8]. They are found using the augmented cost functional, also known as
the Lagrangian, which is analogous to (2.13), constructed by adjoining the discrete
constraints with the discretized cost functional though introduction of Lagrange mul-

tipliers v, @, and A. The augmented cost function is given by:

Jo= @+ 50 wg —0Te— Y0, @l C
— Y AZ [Ei\io DpiX; — tf;tO f} (2.85)

_Ai |:Xf — XO — tf;to Zévzl wkf}

The arguments of the functions have been dropped for readability. Analogous to the
development of the first-order necessary conditions of the continuous OC problem
developed in section 2.2.2, the KKT conditions are found by setting to zero the
partial derivatives of .J, with respect to Xg, Xy, Xy, Uy, Ak, Af, iy, U, to, and ty.

Defining the discretized Hamiltonian, Hy, as:

-
Y A, g7 2

= — 4+ AL | £ — —C 2.86
Hi, gk+<wk+ F) C T e wy O (2.86)

and substituting into the equations for the partial derivatives, yields the following set
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of KKT conditions that must be satisfied for an optimal solution:

al t
> XDy — Of, =0 (2.87)
i=0
al [\f ~T w; ~T al W;
- > T Ap | —Dip+Ap ) —Di (2.88)
=1\ Wi Wk im1 Uk
tf — to agk ]\Z ~T 8fk 2 [jl,g 8Ck
— — —| —+ Az + — =0
2 an Wi an tf — to Wi an
dg A, of 2 alac
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The pseudospectral discretization and NLP transcription formulation given by
equations (2.74) - (2.84) form the basis for GPOPS software. The NLP problem is
then solved by calling SNOPT to find the solution that minimizes the cost functional
(2.82) and satisfies the KKT conditions (2.87) - (2.98). Reference [8] continues by
formulating the pseudospectral numerical solution to the HBVP to show equivalence
between the KKT multipliers and costates of the numerical HBVP approximation,
showing that the GPM generates a solution that well approximates the numerical so-
lution to the HBVP. Therefore, the GPM as coded in GPOPS is a powerful numerical

tool for solving many types of OC problems.

2.3.4 Numerical Methods for Optimal Control Summary.

Topics related to numerically solving both indirect and direct formulations of the
OC problem have been described in this section. Numerical methods applied to the
indirect formulation solve the OC problem that has been converted to the Hamilto-
nian Boundary Value Problem while methods applied to the direct formulation solve
the OC problem directly by transcribing the original problem into a parameter opti-
mization problem and applying nonlinear programming techniques. This section has
been presented purposely to discuss basic numerical techniques that when combined
result in very powerful pseudospectral methods, particularly the Gauss Pseudospec-
tral Method. References have also been provided that show equivalence between the
direct pseudospectral and indirect pseudospectral solutions, adding confidence that
direct pseudospectral transcription methods generate solutions that meet first-order
optimality conditions derived via the Calculus of Variations. Lastly, a brief summary

of the key equations in the development of the Gauss Pseudospectral Method and the
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Karush-Kuhn-Tucker optimality conditions were presented in order to put together
the key concepts of collocation and nonlinear programming applied to solving OC
problems. This formulation is the basis for the Gauss Pseudospectral Optimization
Software which performs pseudospectral discretization of the continuous OC problem,
formulates the nonlinear programming problem, and calls the nonlinear programming
solver to find the solution that meets optimality conditions. This is a powerful soft-
ware tool that will be combined with stochastic methods, which will be discussed in

the next section, to solve OC problems for systems with uncertainties.

2.4 Numerical Methods for Stochastic Differential Equations

The goal of the research presented in this dissertation is to numerically solve
stochastic OC problems, or equivalently trajectory optimization problems, with un-
certainties on the states, constraints, or both. The material presented thus far applies
to deterministic problems. That is to say that the state of the system is perfectly mod-
eled by differential dynamic equations or measurements of the system are certain. In
reality, there are a multitude of uncertainties to cope with in trajectory optimization
problems such as noisy measurements, uncertainties in system models, uncertainties
in obstacle locations, random disturbances such as wind gusts, and so on. The pres-
ence of these uncertainties makes the problem more challenging, but does not make
the methods described for solving OC problems invalid. Indeed, the aforementioned
methods can be combined with additional methods to address randomness. In this
section, brief descriptions of concepts related to the solution of stochastic problems
are presented. The discussion will lead to Generalized Polynomial Chaos methods
that when combined with deterministic methods provides a powerful tool for solving

stochastic OC problems.
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2.4.1 Survey of Stochastic Methods.

Solving nonlinear OC problems is very difficult and the literature is especially
sparse on the topic of nonlinear stochastic OC [22]. Many nonlinear OC techniques
addressing problems where systems are subject to uncertainties (noise), i.e. stochas-
tic OC problems, attempt to linearize the systems and make simplifying assumptions
about the noise. Several well-developed tools become available by considering linear
systems with additive white (Gaussian) noise. Linear filtering techniques enable sep-
aration of noise from the signal of interest, for example measurement of system states
or rejection of noise in the plant model, by minimizing the mean-square estimation
error. Wiener filters (frequency domain) [15], and Kalman filters [51,52] (state-space
domain) provide such estimates. H, estimation provides another method for esti-
mating system states by minimizing the infinity-norm of the gain between disturbance
inputs and estimation error [20]. The resulting state estimates can then be used as
inputs to LQR controllers. Hs control is similar to the LQR, but whereas the LQR is
not a stochastic control algorithm, the H, controller rejects noise and minimizes the
closed-loop system 2-norm. Linear filtering and estimation techniques work well for a
wide range of engineering problems, but filtering applied to nonlinear systems is much
more difficult since state estimation and control can not be separated from each other,
noise rejection, state estimation, and control objectives compete with each other, and
a given input probability distribution, Gaussian for example, generally does not map
to the same distribution in the output [31,46]. That said, there are effective non-
linear filtering techniques available, such as particle filters, that work quite well but
may be difficult to implement. A survey of nonlinear filtering techniques is presented
in [18]. For these reasons, other approaches are needed to solve the general nonlinear
stochastic OC problem.

Representative nonlinear stochastic control methods based on DP, which are fun-
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damentally sequential decision-making algorithms, are presented in [56], [22] and [73].
Reference [56] discretizes the continuous state dynamics using Markov Chains, which
are random process where the state of the system at time step k£ + 1 only depends
on the state of the system at step k. The key element in the Markov structure is
definition of a transition model, which is stated as: given the system state x; = s at
time step k, the probability that the system will reach state x;,1 = s when control

uy is applied is P(s,u, s") [74]. Written in another way, the transition probability is:

Py g (ug) = Prob{zgy1 = §'|xg = s, ux} (2.99)

Kushner states that minimizing a DP cost functional using the Markov chain repre-
sentation of the stochastic processes results in optimal solutions that are good approx-
imations to the original problem. Rogers presents a slightly different DP approach,
again using Markov chains, where “pathwise” deterministic optimization is conducted
on many randomly sampled trajectories to find an approximate solution. He notes
that this is a novel approach in solving stochastic OC problems, but numerical im-
plementation needs further study [73]. The difficulties of applying these DP-based
methods are that it is not clear how to define the transition probabilities based on
the randomness in the OC problem and algorithms for actually implementing these
methods are not clearly stated.

Reference [22] uses a “backward search algorithm” that is based on Bellman’s prin-
ciple of optimality to generate global control solutions to stochastic optimal control
problems with fixed-state terminal conditions and state and/or control constraints
that “can handle strongly nonlinear and non-smooth systems, can include various
state and control constraints and leads to global solutions.” Crespo and Sun’s method

can be summarized as:

e Formulate the SDE using random inputs modeled as independent Wiener pro-
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cesses, which are also known as Brownian motion, and is a method of modeling
uncertainty as a differential equation by passing white Gaussian noise through
an integrator [15,63].

e Specify the cost as the expectation of a Bolza-type functional.

e Apply Bellman’s principle of optimality.

e Implement a backward search algorithm beginning at the terminal boundary
conditions and searching backward through the space and time domains to find

the optimal solution.

Through three examples, Crespo concluded that the “method leads to controls with
excellent performance” and indicated that improvements and further studies are
needed to solve higher-dimensional problems and “rigorous study of convergence and
stability of the method has yet to be done” [22].

Girardeau compared two sample-based stochastic OC schemes in [43]: a scenario
tree method and particle method. He considered a continuous-time finite horizon
problem of controlling a dynamical system perturbed by exogenous noise, assumed
to be uniformly distributed, using a mean squared error (MSE) cost function. Both
methods involve discretization of the state space, time domain, constraints, and cost
function and essentially become large sets of deterministic problems. In the scenario
tree method, he defined a scenario as a set of sampled noise values at each time
step in the discrete time domain. The method basically solves the discrete problem
using a DP approach that uses knowledge of all previous state, control, and noise
values to sequentially determine the state feedback control function at the current
state and sampled noise value that minimizes the expected cost at future points in
time. The control solution is then used to propagate the state to the next time point
through the discretized dynamics. A numerical example indicates that the method

is computationally expensive since numerical integration of the MSE cost function
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is required at each time step and that as the time horizon increases, the number
of scenarios needed to achieve an accurate solution exponentially increases. The
particle method proposed is a mix of stochastic and dynamic programming where
the necessary optimality conditions are formulated using variational techniques, i.e.
a costate vector is generated, and then solved using sampling. The solution is found
using gradient search methods where the sample grid adaptively discretizes portions of
the state space that are most visited by the resulting deterministic optimal solutions.
Girardeau showed that this method does not have the same exponential growth of
scenarios as in the scenario tree method, but becomes unsolvable as the dimension of
the state space increases. While these methods seem to be able to solve a nonlinear
stochastic OC problem, the formulations and examples do not include fixed final
states, thus it’s not evident how they could be applied or adapted to solve a broad
range of OC problems.

It was noted in section 2.3.3.2 that solving deterministic OC problems using the
GPM generates solutions that well approximate the numerical solution to the HBVP.
If OC problems are thought of as of a system of ODEs, as in the indirect HBVP for-
mulation, then tools for solving SDEs may be available which can be combined with
the GPM to solve stochastic OC problems. As will be shown later, solving SDEs will
ultimately depend on repeated application of deterministic ODE solvers and, to fore-
shadow, there may be spectral, or more specifically pseudospectral, representations
of stochastic solutions that are accurate, computationally efficient, and easy to use.
A survey of solution methods for SDEs, specifically Monte-Carlo Simulation, Pertur-
bation Methods, Moment Equations, Operator Methods, and Generalized Polynomial
Chaos, are summarized in [87] and [88] and presented with greater detail in [39]. The
discussion below is a paraphrased synthesis of the information in these reference with

complementary references inserted as appropriate.
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The most common technique for solving SDEs is the brute force Monte-Carlo Sim-
ulation (MCS) method. The MCS method generates random samples of a stochastic
variable taken from an assumed probability distribution function (PDF). Each ran-
dom sample is subsequently inserted into the SDE, making it a deterministic problem
that can be solved using deterministic differential equation solution methods, such
as those discussed in section 2.3, or existing ODE and PDE numerical solvers in
MATLAB®. A set, or ensemble, of solutions is collected from which the statistical
information, such as expected value (mean), variance, and covariance, is calculated.
Convergence is checked at some arbitrary interval, after every 500 or 1000 samples
for example, and is said to have been achieved when the change in expected value be-
tween successive intervals is below a desired tolerance. The solution to the problem is
the combination of expected value, the most likely solution to the stochastic problem,
and second moment variance and covariance information, which characterizes the dis-
tribution of the solution by showing how much the solution varies from the mean as a
function of uncertain parameters and correlations between solution variables, respec-
tively. The MCS method is relatively easy to implement using existing deterministic
differential equation solvers, will eventually converge to a solution regardless of the
PDF of the process, and is not limited by the amount of uncertainty in the variable.
However, it’s well known that the mean converges slowly, on the order of ﬁ, where
k is the number of realizations (samples) of the random variable, which implies high
computational burden, especially in problems with multiple random variables. Even
though the MCS is computationally burdensome, it is often capable of quantifying
effects of uncertainty in problems were other methods seem to fail and is a valuable
method in verifying results obtained using other methods [39].

Perturbation Methods, Moment FEquations, and Operator Methods offer alterna-

tives to solving SDEs, but will not be used in this research and are only mentioned
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here for the sake of completeness. Perturbation Methods expand the field of the
random variables about their mean values using truncated Taylor series expansions.
These methods are limited to SDEs where the uncertainties are generally less than
10 percent and become extremely complicated for systems where there are more than
two random variables. Moment Equation methods attempt to determine the moments
of the random solution directly from the stated SDE problem. These methods are
difficult to use since moments beyond the second moment (variance and covariance)
are required but most likely unknown. Operator Methods attempt to express the in-
verse of the stochastic operator of the SDE as a Neumann series. Unfortunately, this
method is also limited to problems with small uncertainties and are not very useful.
Babuska and Chatzipantelidis present formulation, analysis, and numerical examples
of perturbation and operator methods applied to solve elliptic PDEs in [3].

Another powerful technique is the Generalized Polynomial Chaos (gPC) method.
The gPC is a spectral approximation of a stochastic process used to solve SDEs,
analogous to the deterministic spectral methods described in section 2.3.3, where
solutions to SDEs are expressed as expansions of the random parameters using or-
thogonal polynomials. As with deterministic PSMs, there are both Galerkin and
collocation implementations of the gPC. Research, which will be specifically cited
later, has shown that the best choice of the orthogonal basis polynomials depends
on the type of PDF describing the random inputs and that spectral convergence is
achieved by selecting the appropriate basis set. While both gPC implementations
are spectrally accurate and demonstrate “quick convergence,” the added benefit of
the collocation method, similar to Monte-Carlo Simulation, is that it is also fairly
simple to implement since it only requires repeated deterministic solutions at a set of
collocation points [87]. The gPC will be a central concept in this research and will

be presented more thoroughly in the next subsection.
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2.4.2 Generalized Polynomial Chaos.

In 1938 Norbert Wiener introduced, for what may be the first time, a “Ho-
mogeneous Chaos” which used Hermite polynomials to approximate Gaussian pro-
cesses [83]. Xiu summarizes Wiener’s work in [91] and cites references to theorems
that have shown that the Hermite Chaos converges for any second-order random pro-
cess, which are processes with finite second moments, and in fact, converges spectrally
for Gaussian processes due to the fact that the Hermite weighting function is the same
as that of the Gaussian PDF. Thus, Wiener’'s Homogeneous Chaos, known also as
Wiener’s Chaos or the Hermite Chaos, enables approximation of second-order ran-
dom processes, which are representative of many physical systems, using orthogonal
polynomials.

Building on cited work of Askey, who extended Wiener’s Homogeneous chaos by
linking other orthogonal polynomial bases and statistical distributions by matching
weighting functions, Xiu presented a method for solving SDEs based on Galerkin
projections that takes advantage of these correspondences [91]. Through numerical
experimentation on an ODE where an exact solution is available, he demonstrated
spectral convergence of the errors when these correspondences were followed. Xiu
found that convergence was still obtained, but substantially slower, when the polyno-
mial bases were not chosen to match the probability distribution. This generalization
of Wiener’s Hermite Chaos is known as the gPC and a table with the polynomial
correlations to probability distributions is given in the table below.

There are two forms of gPC: Galerkin and collocation. The Galerkin form is
described in [86], [87], and [91] and the procedure summarized below is a paraphrase
from these references.

Consider the generic stochastic differential equation, assuming that boundary con-
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Table 2.3. Correlation between probability density functions and orthogonal polynomial
bases [88]

Distribution Type Random Variable Distribution Polynomial Basis Domain

Continuous Gaussian Hermite [—00, 0]
Gamma Laguerre [0, o0
Uniform Legendre a, b]
Discrete Poisson Charlier 0,1,2,...
Binomial Krawtchouk 0,1,....,. N
Negative Binomial Meixner 0,1,2,...
Hypergeometric Hahn 0,1,....,. N

ditions are specified:

L(x,t,0;u) = f(x,t;0) (2.100)

where u = u(x,t;0) is the solution and f(x,t;0) is the source term. The operator £
is a differentiation operator which can generally involve time and space derivatives
resulting in a generally nonlinear differential equation that can either be an ODE
or PDE depending on the construction of the operator. The random parameter, 6,
represents uncertainty in the system which can be present in the boundary conditions,
initial conditions, physical properties of the system, etc. The presence of uncertainty
causes the solution, u, to be a random process, which can be spectrally expanded as

a polynomial chaos as:

u(x, t;0) = Z ui(x, 1) ®7(¢(0))) (2.101)

where ¢(f) is a random variable (RV) that is a function of the random input 6.
Notice that the sum has been truncated at the P term and the “c” subscript is
used to indicate “chaos” to differentiate this symbol from a previously used one.

The set of basis functions, {®$}, are orthogonal polynomials chosen based on the
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assumed distribution of the random variable ((-) as described in Table 2.3. Again,

the superscript “c” is used to differentiate the “chaos” expansion basis functions
from a similar formerly used symbol. The number of expansion terms, (P, + 1), is

determined by the dimension, n, of the random variable ¢ and the highest order, p,

of the polynomials {®¢} as:
(n+p)!
n!p!

(P.+1) = (2.102)

Substituting (2.101) into (2.100) yields:

PC
L <x,t,9; Zu@f) = f(x,1;0) (2.103)
=0

To minimize the approximation error, a Galerkin projection is used to project
(2.103) onto each orthogonal polynomial basis element, {®¢}, using the following

inner product definition:

Pe
(c (x,t,e; Zui@;r’) L 08) = (f, @) (k=0,1,...,P,) (2.104)
i=0

References [86], [87], and [91] show that defining the inner product this way ensures
minimum approximation error. The result of the projection is a set of (P. + 1)
coupled equations for each w;(x,t), where : = 0,1, ..., P., that are deterministic since
the uncertainty has been transferred into the polynomial bases. However, the inner
products in (2.104) generate (P.+ 1) integral equations which are solved numerically
using quadrature rules. Therefore, the time domain and the space of x need to
be discretized so that deterministic methods to solve the integral equations can be
used. It should be obvious that solving SDEs using the Galerkin form of the gPC
becomes increasingly difficult as the number of states increases. Further development

of Galerkin gPC methods used to solve elliptic-type stochastic PDEs, most using
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Finite Element Methods (FEM) for discretization of the physical space, can be found
in [5,23,34,40,90]. A solution method for hyperbolic stochastic PDEs using the
Galerkin gPC method, with application to a wave equation example, is presented
in [45].

The Galerkin formulation of the gPC has been discussed and now the collocation
form will be presented. As has been stated, the gPC is a spectral approximation
of stochastic process, which is analogous to the discussion of spectral methods in
section 2.3.3. Detailed development of the collocation type gPC for solving stochastic
PDEs and ODEs can be found in [4, 25, 89] and rigorous convergence analysis is
performed in [4,66]. Pulch adapts the collocation gPC to solve BVPs in [70], noting
that other numerical methods like shooting, finite difference, and spectral expansion
methods described in section 2.3 have analogous applications to stochastic ODEs. The
focus here will be placed on the approach formulated to solve ODEs and Differential
Algebraic Equation (DAE)s, which are the most commonly seen types of equations
in OC problems and the types addressed in this research effort. More details are
presented than in the Galerkin case since the collocation formulation will be used in
this research. The development of the key equations of the collocation gPC solution
process are paraphrased from [86]. The author’s notation has been preserved as much
as possible since it appears to be fairly standard in the literature. The step-by-step
procedure combining the GPM and collocation form of the gPC used in this research
will be concisely presented in Chapter III and application of the algorithm to two
types of optimization problems, an OC problem with state uncertainties and a TO
problem with uncertainties effecting the cost functional, will be presented in Chapters
IV and V, respectively.

The collocation form gPC algorithm development will consider a general system
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of DAEs in the following form:

Ft,y,y,...y"Y,p) =0
t € (to, T] (2.105)

g(to, y(to), -,y (to),p) =0
where the key variables are:

e State variables: y = (yy,...,y;) € R’

e Stochastic input parameters (random variables): p = (p1,...,py) € RY

e Outputs or observables: z = G(y) = (z1, ..., 2x) € RE. Generally speaking,
the outputs or observables can be the states or some function of the states
that defines quantities of interest. When applied specifically to optimization
problems, the observables can be the states, costates, controls, cost, terminal

time (free-final-time problem), Hamiltonian, and so on.

Additionally, its necessary to define the probabilistic structure. The vector p is
defined as an N-variate random vector whose elements are assumed to be independent
of each other. If the random elements in p are not independent, then a transformation,
such as the Karhunen-Loéve decomposition or Rosenblatt transformation, should first
be applied resulting in a set of uncorrelated RVs that are assumed to be independent
[11,39,87,89,92]. Furthermore, assume that the probability space is defined by the
tuple (€, .A,P), where the space of all possible basic outcomes is €2, is equipped
with o-algebra A, which can be thought of as the space of possible events that can
be derived from €2, and probability measure P [40]. Now define key probabilistic

variables in the gPC collocation development:

e PDF: p; is the PDF of the random variable p;(w), for : = 1,..., N and w € Q.
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Because the elements of p are independent, the joint PDF is given by:

pp) =[] ri(p) (2.106)

e Finite domain of p;: T'; = p;(Q2) transforms the infinite domain €2 to the finite
domain I'" which are intervals in R, for ¢ = 1, ..., N. The total finite domain is
defined as:

N
r=J[ricr” (2.107)

i=1
One goal of the gPC expansion is to approximate the RVs in p using orthogonal
polynomials. The one-dimensional orthogonal polynomial space, W%  of highest

degree, d;, is defined by:
Wil = {y: Ty = R:v € span{é,(p)}4_,} (i=1,..,N) (2.108)

The one-dimensional polynomial basis set, {¢¢,(p;)}, which has d; + 1 basis elements

and chosen according to Table 2.3, satisfies the following orthogonality conditions:

/ pi(pi) 05 (Pi) 5 (Pi)dpi = [ / piqbfzdp,} e it (2.109)
ry T

where the polynomial basis elements are made orthonormal with respect to the PDF
by applying appropriate scaling factors such that h%, =1 for all m [87].

The N-variate space of orthogonal polynomials, WJIVDC, of total degree of at most
P., is constructed by taking the tensor product, i.e. all possible combinations, of the

N one-dimensional orthogonal polynomial bases, written as:

W= Q) wi (2.110)

|d|<Pe
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where the relationship between d; and P, is given by:
N
d[ =) d <P (2.111)
i=1
and satisfy the orthogonality conditions:

[ 0PI OB = 5[5, (0)% ()] = 3 (2.112)

The effect of (2.111) is to select a subset of basis elements from the tensor product
space defined by (2.110) in order to reduce computational burden, however the entire
set of basis elements resulting from the tensor product can be used [87], in which case
M is equal to the total number of basis elements resulting from the tensor product
of the one-dimensional basis sets.

Now the approximation of the output, z, as a function of the random parameters,

p, can be written as:

M
Plz =z (p) = Y 2n®:,(p) (2.113)
m=1
where:
N+ P,
M = 2.114
("% (2114)

or is the total number of tensor product elements if the entire set of basis elements are
being used. The projection operator in (2.113) , Pﬁc, projects the discrete probability

space I' onto the polynomial space W]I\?C. The coefficients, z,,, are determined by:

20 = E [a(p) 2%, (p)] = / 2(p) 2, (P)o(p)dp  (m = 1,..., M) (2.115)

The key element in the gPC collocation method is to approximate the integral

in (2.115) using a Gaussian quadrature rule. To apply quadrature, a set of colloca-
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tion points must be chosen and associated quadrature weights calculated. For each
random dimension, [';, ¢ = 1,..., N, ¢; collocation nodes and weights are chosen to
correspond with the polynomial representation described in Table 2.3 and determined
by information given in Table 2.2. The N-dimensional grid of ) collocation nodes
and weights is obtained by taking the tensor product of the one-dimensional node and
weight sets. Alternatively, a sparse grid can be generated to reduce the total number
of tensor product nodes while providing accurate integral approximation using the
Smolyak algorithm, first published in [77] and included, along with other sparse grid
schemes, in [38]. In general, a tensor product grid works well for low-dimensional
problems, but suffers the curse of dimensionality as N gets larger (N > 5) making
sparse girds a better choice [4,87]. The following figure shows representative two-
dimensional (N = 2) collocation grids generated using both schemes. The tensor
product grid was generated using 20 LG points in each dimension resulting in a total
of () = 400 collocation points and quadrature weights. The sparse grid was generated
using a MATLAB®routine [10,11] that generated nodes and weights associated with a

fiftth-order quadrature rule, resulting in @) = 290 quadrature points and weights. The
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Figure 2.1. Collocation grids used in gPC collocation expansion. Left: Two-dimensional
(N = 2) tensor product collocation grid with 20 LG points (¢; = 20) in each dimension.
Right: Sparse collocation grid in two-dimensions based on 5'"-order quadrature rule.
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collocation approximation to (2.115) based on the quadrature rule chosen is given by:
Q
Z z(p;) 0%, (p;)a;; (m=1,.., M) (2.116)

where p; denotes the 4" collocation node of the random vector p; = (p1j,--sDN,j)
and o; denotes the associated quadrature weight, thus defining the set of collocation
nodes and weights, {p;, aj}?zl. Note that z(p;) is the deterministic solution using
the j* sample of the random vector. This gPC formulation is the basis of a general
procedure which will be presented in Chapter III.

It can be seen that one advantage of the gPC collocation method, elegantly stated

in [62], which also presents the gPC collocation algorithm development, is:

...while the standard Galerkin approach to Polynomial Chaos requires
multi-dimensional summations over the stochastic basis functions, the
stochastic collocation method enables to collapse those summations to
a one-dimensional summation only.
In other words, a one-dimensional summation replaces multi-dimensional summations
used in the Galerkin method to numerically approximate the integrals resulting from
the inner products. Mathelin demonstrates this through formulation of a solution to
a one-dimensional nozzle flow (fluids) problem where the Galerkin method results in

a nine-dimensional summation, or more depending on boundary conditions. Other

advantages to the gPC collocation method, as stated in [4,87] are:

e The gPC collocation leads to solution of uncoupled deterministic problems
where the gPC expansion is a post-processing step after the deterministic solu-
tions at the collocation nodes have been found.

e The gPC can handle unbounded random variables, for example Gaussian or

exponentially distributed random variables.
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e Like the Galerkin form of the gPC, it is spectrally accurate, i.e. the algorithm

gives exponential convergence.

The gPC algorithms have been applied to solve SDEs in many engineering disci-
plines such as: analysis of nonlinear integrated circuit response [80], various types of
fluids problems [45,57,58,62,92|, heat transfer [41,82,93], and others referred to by
the authors of these references. Applications of the gPC methods applied to stochas-
tic OC problems are rare. One such application is found in [11] where a nonlinear
parabolic PDE-based OC problem is considered using “multi-grid” physical domain
discretization. The difference between the work in this reference and the research
developed in this document is that the former is not using a spectral method to solve
the deterministic problems at the discretized random sample points. No references

containing work similar to that described in this document have been found thus far.

2.4.3 Numerical Methods for Stochastic Differential Equations Sum-

mary.

This section began with a survey of commonly used techniques to solve stochastic
optimal control problems. The discussion was then expanded to consider methods
used to solve stochastic differential equations, which may be adapted to solve stochas-
tic optimal control problems. Specifically, Generalized Polynomial Chaos methods
were presented since they provide spectral representations of the random space that
are analogous to the spectral representations of deterministic problems discussed ear-
lier in the document and provide accurate approximations to the solution. Two forms
of the Generalized Polynomial Chaos were summarized: Galerkin and Collocation.
Again, parallels between the deterministic and stochastic versions of these algorithms
are obvious, where the collocation approach is easier to implement while providing

accuracy that is similar to the Galerkin method. The abbreviated version of the
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collocation method was given at the end of the section, which will be adapted and

applied to a sample stochastic optimal control problem in the next chapter.

2.5 Related Concepts Summary

This chapter began with a brief exposition on the historical evolution of OC
theory. The general formulation of a continuous OC problem was posed along with
the traditional solution technique applying CV theory and the PMP to transform
the problem into an HBVP. Recognizing that analytically solving the resulting set
of coupled nonlinear differential equations defining first-order optimality conditions
may be impossible, the formulation provided motivation for discussing indirect and
direct numerical solution methods.

Indirect methods seek to numerically solve the system of ODEs comprising the
HBVP. As such, discussion of indirect methods presented focused primarily on numer-
ical integration rules as implemented in the time-marching, shooting, and collocation
methods. Direct methods, on the other hand, avoid analytical derivation of the nec-
essary conditions for optimality like those in the HBVP by transcribing the original
problem into a parameter optimization problem and applying NLP techniques. Basic
concepts of formulating an NLP problem were presented and how direct shooting and
collocation methods are cast as NLP problems.

Collocation and NLP concepts were then put together to form the basis for PSMs,
which can be applied to both indirect HBVP and the direct NLP problem formula-
tions. After general discussion of spectral methods highlighting basic concepts and
available forms, particular attention was paid to the direct Gauss Pseudospectral
Method where equations transcribing the optimal control problem to nonlinear pro-
gramming problem, Karush-Kuhn-Tucker optimality conditions, equivalence of GPM

and HBVP solutions, and GPM implementation in GPOPS were discussed.
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Emphasis was then shifted to address stochastic solution methods. A summary
of commonly used techniques, most notably MCS, to quantify uncertainty in SDEs
ultimately led to presentation of the collocation form of the gPC, which is a spectral
method analogous to the deterministic spectral methods presented in the chapter.
The gPC uses orthogonal polynomial bases, chosen based on correlation between
weighting functions of the assumed PDF's of the uncertain parameters and the poly-
nomial bases, to approximate SDE solutions as functions of the uncertain parame-
ters. The collocation form applies deterministic solution techniques at the collocation
points to generate a set of deterministic solutions used in stochastic computations.
Therefore, it seems possible to use GPOPS as the deterministic solver implement-
ing the GPM to provide spectrally accurate approximations to OC problems, which
have been shown to be equivalent to numerical solutions of the CV-based HBVP, in
the gPC construct to extend the method to be applicable to stochastic optimization
problems. Combining the GPM and gPC spectral methods into a hybrid algorithm

will be presented in the next chapter.
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III. Hybrid GPM-gPC Algorithm

he focus of this research is to determine if a method that integrates the GPM
Tdiscussed in section 2.3.3.2 into the collocation form of the gPC discussed in
section 2.4.2 is capable of solving nonlinear optimization problems by quantifying
the effects random parameters have on the solutions. Using the GPM numerical
solution package GPOPS in place of the differential equation solvers traditionally
used in the gPC construct will provide a set of minimum cost numerical solutions
to the sampled optimization problems that satisfy boundary, path, and bounded
state and control constraints. Since these solutions are spectrally accurate and have
been shown to be equivalent to numerical solutions of the HBVP, they are the best
numerical approximations available to the true solution and are suitable for stochastic
computations.

The algorithm presented in this chapter, as shown in figure 3.1 and discussed in
the process steps, is an adaptation of the gPC collocation algorithm published in [86].
The gPC algorithm presented in the reference was originally written to solve SDEs
by applying IVP and BVP differential equation routines to generate the determin-
istic solution set that is used in stochastic computations. Xiu’s algorithm has been
adapted to form a hybrid algorithm that is applicable to OC and TO problems by
using GPOPS in place of the IVP and BVP solve