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Abstract

There has been an increased interest in controlling complex systems using Model Predictive
Control (MPC). However, the use of resource-constrained computing platforms in these
systems has slowed the adoption of MPC. This thesis focuses on increasing the efficiency
of numerical methods for MPC in terms of resource usage and solution time, while also

simplifying the design process.

We first show how block Toeplitz operators can be used to link the linear MPC matrices to
the transfer function of the predicted system, resulting in horizon-independent bounds on
the condition number of the condensed Hessian and the upper iteration bound for the Fast
Gradient Method (FGM). We derive a horizon-independent preconditioner that produces up
to a 9x speedup for the FGM while reducing the preconditioner computation time by up to
50,000x compared to an existing preconditioner. We propose a new method for computing
the minimum number of fractional bits needed to ensure the FGM with fixed-point arithmetic
is stable, with an example showing decreases of up to 77% in resource usage and 50% in the

computational energy when using this method on a Field Programmable Gate Array.

Finally, we present a framework using the derivative-free Mesh Adaptive Direct Search method
to solve nonlinear MPC problems with non-differentiable features or quantized variables
without the need for complex or costly reformulations. We augment the system dynamics with
additional states to compute the Lagrange cost term and the violation of the path constraints
along the state trajectory, and then perform a structured search of the input space using
a single-shooting simulation of the system dynamics. We demonstrate this framework on a
robust Goddard rocket problem with a non-differentiable cost and a quantized thrust input,
where we achieve an altitude within 40 m of the target, while other methods are unable to

get closer than 180 m.
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Chapter 1

Introduction

1.1 Motivation

Model Predictive Control (MPC) is an optimal control method that aims to optimize
the closed-loop performance of a controlled system by solving an optimization problem
at each sampling instant to compute the next control input while explicitly handling the
system constraints (such as physical, regulatory, or safety constraints) in the controller
computation. MPC originated in the process control industry in the 1980s/90s as a method
of controlling power plants and the chemical reactions in petroleum refineries. The goal of
MPC is to maximize the production output while reducing the running costs and satisfying
the operational constraints. It is well-known that the point at which processes/plants
operate the most economically is at the intersection of the constraints placed on the
reactions/processes [146]. MPC is able to operate processes closer to their constraints than
other more conservative controllers (e.g. PID or LQR), meaning that MPC is able to operate

processes more economically than the other controllers.

During the early years of MPC, computing the solution to the optimization problem was
very slow due to the limited computational resources available and the complex optimization
algorithms used. The usage of MPC was therefore limited to the process control industries,
where there were slower systems with minutes to hours between the control inputs, giving
time for the optimization solver to run to completion before the next input was needed.
Additionally, the limitation in the available computational power and the need for faster
computation of the control input led to the use of the Constrained Linear Quadratic Regulator
(CLQR) formulation of MPC (i.e. the use of an LQR cost function with linear dynamics and

constraints) as an approximation for the full nonlinear economic MPC problem in many fields.
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Since then, there has been enormous progress in reducing the computational burden of
computing the MPC control law. A combination of increased computing power available
at a lower cost and the development of more efficient real-time optimization algorithms has
led to MPC achieving sampling times on the order of microseconds [83] and being applied to
systems such as power electronics/motors [92, 152, 171], diesel engines [64, 72], quad/multi-
rotors [129], and building environmental control [46]. This growth has sparked great interest
in using MPC in more places, with a large segment of future applications being resource-

constrained systems such as cyber-physical systems and internet of things devices [108].

1.1.1 Computation vs performance trade-off

The computer processors used in modern cyber-physical systems are routinely utilized for
more than just control, with additional tasks such as communication, coordination, user-
interface and data-collection becoming more widespread as designers adopt networked systems
and the internet of things. At the same time, computational resources are being further
constrained by the demand for low-power and low-cost designs. Guaranteeing the proper
operation of the control system on resource constrained processors in environments with
safety and operational constraints is important to guarantee the dependability of the cyber-
physical system [85]. MPC has been highlighted in [108] as a control algorithm aptly
suited to provide these operational guarantees at a functional level through the inclusion
of the operational/safety constraints directly in the controller computation. This means
that guaranteeing the dependable operation of the cyber-physical system now also requires
analyzing the MPC algorithm to determine guarantees on the controller performance given
the reduced computational resources present. To this end, the authors of [85] suggest that an
important question to answer is: what effect do the reduced computational resources have on

the system performance?

This thesis investigates the relation between the computational complexity and performance
for the CLQR MPC formulation in Part II, and examines not just the performance of the
system, but also that of the solver itself. In doing so, we seek to reverse the question and
instead urge designers to consider system performance alongside the computational resources
used by asking the question: what effect does the desired system performance have on the
computational resources required? The performance requirements are usually given as bounds
in a specification (e.g. “settling-time less than 1s” or “track this signal with less than 5%
error”) rather than an exact criterion, creating a space of possible controllers that can satisfy
the requirements. These controllers may then have different computational resource demands,
opening up the opportunity to trade off the computational performance of the controller with

the system performance.
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1.1.2 Derivative-free MPC solvers

With the rise of data-based control and the trend towards using full nonlinear economic MPC
instead of the CLQR formulation, more engineers are wanting to control systems described
by higher-fidelity models that capture nonlinearities more accurately or systems that only
have blackbox/data-based models. These systems may arise in areas such as robotics or
autonomous vehicles, or be the result of legal /regulatory restrictions that prevent the sharing
of the detailed models (e.g. only provide compiled simulation code and not the actual physics
equations to protect trade secrets). The blackbox nature of these systems may pose a challenge
for derivative-based methods (i.e. first and second-order methods), since these methods require

derivative information for the system dynamics, which may not be available or reliable.

To overcome this, Derivative-free Optimization (DFO) methods can also be used with MPC. In
DFO solvers, no knowledge of the derivatives of the cost or constraints is required, and instead
the solver searches the feasible set by computing the cost function at specific locations and uses
that information to compute new locations to search. To solve the Nonlinear MPC (NMPC)
problem using DFO methods, the solver will perform simulations of the dynamics using
candidate input trajectories and compute the cost of each trajectory to locate the trajectory
with the lowest cost. These solvers can lead to embarrassingly parallel implementations, since

all simulations in an iteration can be run in parallel.

Simulation-based solvers have been readily used in Finite Control Set (FCS) MPC algorithms
in power electronics to determine switching times for the low-level hardware [99]. The
derivative-free methods used to solve the FCS-MPC problem are inefficient for long time
horizons though, since they usually perform an exhaustive search of the possible future
input sequences, which leads to a combinatorial explosion in the search space size as the
horizon grows. Instead, there has been prior work that has suggested working around this
combinatorial explosion by randomly sampling a fixed number of points in the search space
[90], or using methods such as pattern search [53], the Nelder-Mead simplex algorithm [157],
Trust Region methods [42], or Particle Swarm Optimization [179].

In this thesis, we build on the pattern search method from [53] and use the Mesh Adaptive
Direct Search (MADS) algorithm introduced in [6] with a new NMPC formulation that is more
natural and easier to use for non-experts. The proposed NMPC formulation for derivative-free
optimization solvers provides an easy and intuitive way to handle the path constraints and
Lagrange cost term in the problem through augmenting the system dynamics to measure the
constraint violation and cost value over the horizon. The use of MADS for the DFO solver
makes the number of points evaluated around the current iterate grow linearly with the input

dimension, instead of combinatorially like other solvers.
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1.2 Contributions

In this thesis, we focus on making the numerical methods used for MPC simpler to use
and more resource efficient. This is done in two stages, with the first focusing on deriving
horizon-independent analysis and design methods for linear MPC, and the second focusing
on the derivation of a DFO method for solving NMPC problems.

For linear MPC, we present several novel results, including:

e horizon-independent bounds on the eigenvalues and condition number for condensed
linear MPC matrices that allow for the computation of a horizon-independent Upper
Iteration Bound (UIB) for the Fast Gradient Method (FGM),

e analysis of the Hessian condition number and UIB for the FGM as the system

performance is changed,

o an efficient horizon-independent preconditioner that is up to 50,000x faster to compute
than an SDP preconditioner and that can provide a speedup of up to 9x for the FGM,

and

o data-type sizing rules for the FGM in fixed-point arithmetic that reduce the hardware
usage and solution time by up to 77% and 25%, respectively, for when the FGM is
implemented on an FPGA.

Put together, these contributions allow for a control engineer to design and analyze parts
of a linear MPC controller using only the matrices in the cost function and state-space
description of the system, and without having to know the desired horizon length. Using
horizon-independent design techniques simplifies the design process for the control engineer,
allowing them to vary the horizon as a tuning parameter and not need to recompute if
the controller meets timing requirements or redo the possibly expensive computation of a

preconditioner or FPGA design.

It should be noted that the idea of the horizon-independent spectral bounds is not new, and
similar results for the primal condensed Hessian and prediction matrix were reported in [153]
and [54, Sect. 11]. The analysis in this thesis generalizes the results in those works by using
the numerically robust formulation for linear MPC and allowing an arbitrary positive-definite
state weighting matrix ) and a terminal weighting matrix P chosen as either ) or the solution
to the Discrete Algebraic Riccati Equation (DARE).

Next, we derived a new DFO formulation for the NMPC problem using the MADS algorithm

that provides several benefits, such as:

o the ability to handle nonsmooth or blackbox cost functions/dynamics/constraints,
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o easy handling of other variable types such as quantized /granular, periodic or categorical

variables,

e path constraint satisfaction across the entire horizon without a mesh refinement scheme,

and

e more accurate computation of the stage cost value across the entire horizon.

Put together, these benefits simplify the problem setup for the control designer and allow
for the implementation of controllers on more complex systems without the need for possibly
complex or lossy reformulations of the problem. This is especially important for the design
of robust controllers or controllers for systems with data-based models, where the natural

expression of the problem may be incompatible with existing solver architectures.

This formulation makes it extremely simple to handle quantized variables with no
modifications to the actual NMPC problem by simply informing MADS about the desired
quantization level. The MADS solver then handles all the quantization of the variables, and
as shown in the numerical example in Chapter 10, without a large increase in the solution

time of the problem.

1.3 Organization and detailed contributions

This thesis is separated into three parts, the first containing background material, and the

last two each focusing on numerical methods for linear and nonlinear MPC, respectively.

1.3.1 Background information

In the remainder of Part I, we present background information on both MPC and block

Toeplitz operator theory.

In Chapter 2, we present a brief background on MPC and the associated solvers. This
includes describing the various formulations of linear MPC, surveying the existing problem
formulations for solving NMPC using DFO solvers, providing a survey of existing works that
implement linear MPC on FPGAs, describing the Fast Gradient Method and Dual Gradient
Projection method for solving linear MPC problems, and finally, presenting the five example

systems we use for the numerical examples in Part II.

In Chapter 3 we provide an introduction to the theory behind block Toeplitz matrices,
operations on them, and their spectral properties. The chapter summarizes the relevant
mathematical research in the field into an accessible format that highlights the parts most

applicable to the analysis we perform in Part II.
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1.3.2 Block Toeplitz operators in linear MPC

In Part II we derive analysis techniques and design methods for the linear MPC problem
that are horizon-independent and utilize the ideas of block Toeplitz operator theory that we

presented in Chapter 3.

Chapter 4 contains the derivation of spectral properties for the prediction matrix and Hessian
in both the primal and dual condensed linear MPC problems. These properties are horizon-
independent, meaning the spectral bounds for the eigenvalues and condition number can be
found using a single computation, and be valid for the matrices across all horizon lengths.
We also present spectral properties for when the Hessian includes a state-input cross-term
weighting matrix S, which can occur when trying to make the MPC controller match an
existing controller [47, 160] or from discretizing the continuous-time LQR cost function [26].

Finally, we present some spectral properties for the dual condensed Hessian.

Chapter 5 examines how these spectral properties change when the cost function is changed
by scaling the cost matrices. We show that the extremal eigenvalues of the condensed primal
Hessian grow linearly when the cost matrices are scaled, and that if the cost matrices are all
scaled by the same factor, the condition number of the Hessian remains the same. We also
identify two regions in the bounds: one where the input weights affect the eigenvalues of the
Hessian the most, and the other where the singular values of the predicted system affect the

eigenvalues of the Hessian the most.

In Chapter 6 we derive a new preconditioner for the linear MPC problem that is able to speed
up convergence of the FGM by up to 9x. This preconditioner is horizon-independent and is
computed using only matrices with the number of states and inputs as their dimensions, but
requires the terminal state penalty matrix P to be either the solution to the discrete Lyapunov
equation for Schur-stable systems, or the DARE for unstable systems. We also show that the
proposed preconditioner provides performance equivalent to an existing SDP preconditioner
on several examples, while also providing a reduction in the computational effort required to

compute the preconditioner.

Finally, in Chapter 7 we present a framework for computing the data type required to have
stability of the FGM in fixed-point arithmetic. As part of this framework, we present a new
measure that we call the rounding stability margin, based on the pseudospectrum of the
Hessian in the Quadratic Program (QP) from linear MPC, to quantify how much round-off
error can be experienced by the Hessian of the QP before the FGM becomes unstable. We
then present two models for the round-off error introduced by moving the Hessian into a fixed-
point representation. The first is a generic model that can be applied to any MPC problem
formulated as a QP, but depends on the length of the prediction horizon. The second is a
structure-exploiting parametric model that requires the predicted system to be Schur-stable,

but provides a horizon-independent approximation of the round-off error. These round-off
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error models are then combined with the rounding stability margin to compute the number
of fractional bits required for algorithmic stability. We demonstrate that using the structure-
exploiting parametric model reduces the number of fractional bits needed by 30-45%, and
reduces the hardware usage and solution time by up to 77% and 25%, respectively, for an
FPGA implementation of the FGM.

1.3.3 Derivative-free optimization for NMPC

In Part IIT we present a framework for solving the NMPC problem using DFO methods,
specifically the MADS algorithm.

We begin by presenting an overview of the MADS algorithm in Chapter 8. This overview
combines the ideas from several works into a single statement of the algorithm, and provides
a discussion on the two techniques for implementing constraints in MADS and how MADS

can natively handle granular (e.g. quantized) variables.

We next present the proposed framework for solving the NMPC problem using MADS in
Chapter 9. Using MADS, the number of points evaluated around the current iterate grows
linearly with the input dimension, instead of combinatorially like other derivative-free solvers.
The NMPC formulation consists of a single-shooting simulation of the dynamics across the
time horizon. The path constraints and Lagrange cost term are handled by augmenting the
system dynamics with new states, so that the constraint violation and cost value are computed
at the same time as the dynamics simulation. We then conclude this chapter by discussing

the advantages and opportunities for future improvement of the proposed framework.

Finally, we apply the proposed DFO-NMPC framework to an example problem in Chapter 10.
The example presented is a robust Goddard rocket problem, where the objective is to reach
a target altitude while the system model has bounded uncertainty in some parameters. We
show that the DFO-NMPC framework using MADS provides advantages over other DFO
techniques, such as particle swarm optimization, which can become confused on problems

that have discretized/granular variables.

1.4 Mathematical notation

In this thesis, we use the following mathematical notation.

A’ and A* denote the transpose and conjugate-transpose of the matrix A, respectively. A® B
represents the Kronecker product of the matrix A with the matrix B. A\ < --- < A, are

the real eigenvalues of a Hermitian matrix A in sorted order, with the set of all eigenvalues
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denoted by A(A) and the set of all singular values of A denoted by o(A). The p-norm is
denoted by |||, with ||Al|2 the matrix spectral norm, and ||A||r the Frobenius norm. The

condition number of a matrix is k(A) = ||A||2]| A7z

We use the notation from [185] to represent the transfer function matrix of the discrete-time

linear system G with state space matrices A, B,C, D and z € C as
A| B
C

L is the space of matrix-valued essentially bounded functions (i.e. matrix-valued functions

G(2) =

that are measurable and have a finite Frobenius norm almost everywhere on their domain
[125, §2]). Ca is the space of continuous 27-periodic functions inside £°. The set T = {z €
C : |z| = 1} is the complex unit circle. For an infinite-dimensional block Toeplitz matrix T
with blocks of size m x n, Pp(-) : T — C™*" represents the matrix symbol of T and Ty
represents the truncated version of T after N block diagonals (where N is a positive integer).
We provide more definitions relating to the spectrum of block Toeplitz matrices (e.g. Amin,

Amazs Omin, a0d Opqq) in Definitions 3.4.1 and 3.4.2 in Section 3.4
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Chapter 2

Introduction to Model Predictive
Controlf

2.1 The Model Predictive Control problem

Nonlinear Model Predictive Control (NMPC) is formulated using the Optimal Control
Problem (OCP)

;r}tlg P(x(ty),ulty),ty) + /t:f L(z(t),u(t),t)dt (2.1a)
s.t. f(&(t), z(t), u(t),t) =0, ¥t e [to,ty] (2.1b)
g(z(t),u(t),t) <0, Vte [to,ty] (2.1c)
h(x(to)’u(to)athx(tf)’U(tf)vtf) =0, (2.1d)

where z(-) € R™ and u(-) € R™ are the continuous-time state and input trajectories,
respectively. The cost function (2.1a) is composed of two terms: the Mayer cost ®(-): R™ x
R™ xR — R that captures the cost at the final time point ¢;, and the integral of the Lagrange
cost L(+): R"xR™ xR — R that captures the cost along the horizon. The equality constraints
(2.1b) are the nonlinear continuous-time system dynamics f(-): R” x R” x R™ x R — R",
while the constraints (2.1c) and (2.1d) are the path constraints g(-): R® x R™ x R — R! and
the boundary conditions hA(-): R® x R™ x R x R" x R™ x R — R, respectively.

fSome of the material presented in this chapter has been published in the following work:
I. McInerney, G. A. Constantinides, and E. C. Kerrigan. A survey of the implementation of linear model
predictive control on FPGAs. In 6th IFAC Conference on Nonlinear Model Predictive Control, pages 381387,
Madison, Wisconsin, US, 2018. IFAC. doi: 10.1016/j.ifacol.2018.11.063. ©2018 IFAC.
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In the OCP (2.1), the possible state trajectories z(-) and input trajectories u(-) are given
as functions of time, and so the optimization is done in what is known as an infinite-
dimensional function space, where any mathematical function can be used to represent x and
u. There are several ways to solve the infinite-dimensional OCP, with the most popular being
to find an approximate numerical solution by using a transcription method to convert the
infinite-dimensional OCP into a finite-dimensional optimization problem. There are several
transcription methods that can be used, including shooting methods [22], collocation methods
[93], and the integrated residual method [94].

NMPC can be implemented as either an open-loop or closed-loop controller. When used as
an open-loop controller, the OCP (2.1) is solved a single time offline before the system runs,
and then the control inputs of the system are generated online using the pre-computed input
trajectory u sampled whenever a new input is needed. The open-loop controller will move the
system to the objective assuming that the system always follows the exact state trajectory
predicted by the dynamics model. If there are any unmodeled disturbances on the system
that make the actual state trajectory different from the predicted trajectory, the open-loop
controller may no longer be able to control the system to the objective or ensure constraint

satisfaction.

Alternately, a closed-loop implementation of NMPC solves the OCP (2.1) every A; seconds
(for a controller running at a constant sampling rate). The current state Zy of the system is
measured or estimated before computing the new controller, and that measurement is then
used in the OCP by introducing a boundary condition z(tp) = &g. This boundary condition
ensures that the computed control trajectory is able to move the system to the objective even
in the presence of disturbances and perturbations. The control applied to the system at every

sample is then the value of the control trajectory u(t) at t = t.

An important aspect of a closed-loop implementation is how the prediction and control
horizons change between the sampling instants. In the simplest case, called receding-horizon,
the horizon lengths remain constant between samples (so the next final time becomes t ¢+ A;)
and the state and input trajectories are shifted to make ¢ty + A; the new initial time before
being used as the initial condition for the next OCP. The receding-horizon method can be
used with regulation-type problems, where the controller does not have a specific end-time

and is instead running continuously.

Another method is decreasing-horizon control, where the final time ¢; remains constant across
all problems and t is increased by A; each sample, causing the overall horizon length to shrink.
This method is used mainly when the system is being moved between two setpoints in a fixed
amount of time, since it can guarantee that the system reaches the target point by the original
ts specified in the problem. An important consideration when implementing a decreasing-

horizon controller is what control to use once ¢y is reached and the horizon disappears —
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since the OCP will no longer provide any control inputs. This could be as simple as providing
u = 0 after ¢y if the system is guaranteed to be stable, but a more common approach would
be to use a simple regulating controller to regulate the system about the desired state (since

this controller would then reject any disturbances that may appear).

2.1.1 The Linear Quadratic Regulator problem

The most common type of MPC problem solved using embedded systems has been the
Constrained Linear Quadratic Regulator (CLQR) with a receding-horizon, since it is easily
formulated as a convex Quadratic Program (QP). For the CLQR, the input sequence is usually
assumed to be a piecewise-constant function, and the dynamics (2.1b) and constraints (2.1c)
are linearized and discretized accordingly. The cost function (2.1a) is chosen to be a quadratic

penalty on the deviation of the state and input trajectories from the origin.

For the discrete-time Linear Time-varying (LTV) CQLR, the OCP (2.1) is then transcribed
and simplified into the QP

/
min leVpr_‘_ lNz_:l [mk] le Sk] [xkl (2.2a)
Tu 2 2 i luk| |S, Rkl |uk
st. x4 = Az + Brug, k=0,...,N —1 (2.2b)
zo = Zo
Efxi+ Ejup <cp, k=0,...,N—1 (2.2¢)
Efxzn <cn (2.2d)

where N is the horizon length. This QP optimizes over the state and input trajectories z € R”
and u € R™, respectively, by discretizing the trajectories such that x; and wu; are the value

of the state and input trajectories, respectively, at each sampling instant k.

The LTV CLQR problem (2.2) regulates a discrete-time LTV system to the origin by imposing
a quadratic penalty on any deviation of the states or inputs away from the origin, while
allowing the cost function and constraints to vary across the horizon. The cost function is
defined using the weight matrices Q; = Q) € R™", R, = Rj, € R™*™ for the system states
and inputs, respectively, the positive semi-definite matrix P = P’ € R™"*" for the system
states at the final time point, and S € R™™™ for the state-input cross-term. By choosing
Qr Sk
S;. Ry
Qr — SkRng,g) is positive semi-definite, the resulting QP (2.2) is strictly convex.

the weighting matrices such that the Ry are positive-definite and [ ] (or equivalently

The discrete-time system dynamics are incorporated by applying them as the linear equality
constraints (2.2b) at every sampling instant, where Ay € R™*™ and By € R™*" are the state-

space matrices describing the linear discrete-time system at sampling instant k and ¢ € R”
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is the current measured system state. The trajectory constraints are imposed as the linear
inequality constraints (2.2c) at every sampling instant, where E}' € R>X™ and E} € Rixn
are the constraint coefficient matrices, and the vector ¢; € R! is the vector of bounds for the
inequality constraints. The terminal state constraints are given by (2.2d), where E% € R/*"

and cy € R7 are the constraint’s coefficient matrix and vector of bounds, respectively.

Problem (2.2) can be further simplified for Linear Time-invariant (LTI) problems, forming
the LTI CLQR. In these problems, the linear system is LTI and the constraints and weight
matrices remain the same across the entire horizon. This means the matrices Ay, B, Qk,
Ry, Sk, B} and EY are no longer dependent on k and become A, B, @, R, S, E* and E*,

respectively. We then represent the transfer function matrix for the discrete-time LTI system

Choosing the terminal weight matrix P in problem (2.2) can be crucial to the stability and

in this problem as

performance of the closed-loop controller. The simplest choice is to set P = @, so that final
states are weighted the same as other states. This allows for the simple formation of the

problem matrices, but does not provide stability guarantees for the closed-loop problem.

Instead, a possible choice for P is to either choose it to be the solution to the Discrete
Algebraic Riccati Equation (DARE)

P=APA+Q— APB(B'PB+ R)"'B'PA, (2.3)
or choose P to be the solution to the discrete Lyapunov equation
P=APA+Q, (2.4)

where @@ and R are the cost matrices from Problem (2.2), and A and B are the system
matrices. Choosing P in these ways approximates the cost function value for the time after
the horizon ends, and allows for the derivation of closed-loop stability guarantees for the
controller [114].

Discretized continuous-time formulation

The CLQR formulation presented in (2.2) is built using a discrete-time system and a discrete-
time cost function, however many systems and objectives are specified in continuous-time. The

equivalent continuous-time formulation of the finite-horizon LTI problem is

)

T
min %m’(T)PC:c(T) + % /0 2 (1)Q%(7) + v/ (1) Ru(r) dr (2.5a)



2.1 The Model Predictive Control problem 39

s.t. @(t) = A% (t) + B u(t) (2.5b)
z(0) = Zo
E®z(t) + E"u(t) <e¢, Vte[0,T) (2.5¢)
E{x(T) < cn, (2.5d)

where T is the horizon length, A¢ and B¢ are the continuous-time state space matrices for

the LTI dynamical system, and Q¢, R® and P¢ are the weight matrices.

To solve (2.5), the problem is discretized to convert it into the discrete-time LTI

formulation (2.2). There are several ways to do this, with the simplest being to

1. represent the input as a zero-order hold between sampling instants,

2. discretize the system using an exponential integrator with sampling time Ay,

3. use the continuous-time cost matrices in the discrete-time problem (i.e. Q@ = A;Q°,
R = AyR° and P = A4P°), and

4. apply the constraints only at the sampling instants.

While this may be the simplest way of discretizing the problem, it will not ensure the resulting

discrete-time controller will be the same as the continuous-time controller.

In order to have the discrete-time controller achieve the same cost as the continuous-time
controller, the weighting matrices must be generated from the continuous-time problem
through the discretization procedure given in [26]. In this procedure, the discrete-time

matrices are given by

D(A) = e B, (2.6a)
Ay
D(A,) == / (A1) 4r B, (2.6b)
0
Q= o " (7)Q°®(7) dT, (2.6¢)
0
s [T et (moT(r) dr (2.6d)
0
R = AR® + / T*(7)Q°T(7) dr. (2.6¢)
0

with the sampling time A;.

Note that with this discretization of the cost function, while the continuous-time formulation
only has the state and input weight matrices Q¢ and R® the resulting discrete-time
formulation will also include a state-input cross term S matrix and may destroy the sparsity

of the weight matrices.
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2.2 Nonlinear MPC algorithms

There are many different algorithms for solving the nonlinear MPC optimization
problem (2.1), with those that have been implemented on FPGAs shown in the algorithm
taxonomy chart presented in Figure 2.1. Overall, these algorithms can be divided into four

distinct groups:

interior-point methods,

Sequential Quadratic Programming (SQP) methods,

learning/approximation methods, and

derivative-free methods.

Interior-point and SQP methods generally solve a discrete-time finite-dimensional
optimization problem transcribed from the continuous-time infinite-dimensional
optimization problem (2.1) using a method such as direct collocation [93] or multiple
shooting [22]. These methods require that the derivatives of the cost, dynamics and the
constraints either be known beforehand (i.e. analytically computable by hand or by using
automatic differentiation tools), or be found using online methods such as finite-difference
approximation. This means that implementing problems containing nonsmooth components
in the cost/dynamics/constraints or problems where the dynamics are a blackbox simulator

requires a relaxation technique to be used to find the derivatives.

In the learning/approximation methods, the objective is to learn the NMPC control law
using a neural network or other function approximator. This generally consists of an
offline phase where many closed-loop simulations are performed using a different NMPC
controller (e.g. an interior-point or SQP-based solver) to create a set of mappings from
the current state to the next control input that are then used to train/fit a neural
network /function approximation. At run-time, the controller is implemented using the trained
neural network/function approximator, allowing for faster computation of the control input.
This has some disadvantages though, namely that the learned/approximated controller no
longer has the constraint satisfaction guarantees of the original NMPC controller, and the
approximation could create non-optimal trajectories for parts of the state space that were not
simulated in the offline training phase (e.g. if the learned controller experiences non-nominal

trajectories or disturbances).

An alternative method is the use of Derivative-free Optimization (DFO) solvers to solve
the NMPC problem (2.1). DFO solvers operate by selecting points in the search space
of the optimization problem and then computing the cost at each point by evaluating the

cost function. The main differences between the various DFO solvers are how the points
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in the search space are selected and how the information about the cost function value and
constraints are integrated into the solver. The use of these solvers for the NMPC problem (2.1)

has several advantages, including

o solving the original continuous-time NMPC problem (2.1),
 handling nonsmooth cost functions/constraints/dynamics,
 handling blackbox/simulation-only dynamic models and objective functions, and

o embarrassingly-parallel algorithm architectures.

2.2.1 DFO formulations

In DFO, there are many different types of solvers that each have their own unique features
and abilities. Many of these solvers have been used to solve the NMPC problem in the past,

and here we present a brief summary of some notable implementations.

Nelder-Mead method

An early experiment done by [157] used the Nelder-Mead method to solve the NMPC
problem (2.1). In their formulation, the search space that the optimizer uses is a vector
of piecewise-constant control inputs to a discrete-time dynamical system. At each sampling
point, a single-shooting simulation of the discrete-time dynamics is performed (i.e. the
dynamics are simulated using a time-marching dynamics solver starting at ¢y and going to
tr). The constraints (2.1c) are enforced as penalty functions in the cost, with the constraint
violation only computed at the time points where the control inputs can change. They found
that the algorithm allowed for many different types of parallelizations, including during the

evaluation of the dynamics and by evaluating multiple sampling points at the same time.

Time-domain simulation method

Another method proposed by [89, 90] consists of performing a fixed number of time-domain
simulations on a discrete set of candidate input trajectories, and then choosing the input
trajectory that has the lowest cost. In this method, the candidate piecewise-constant input
trajectories are formed sample-by-sample by starting with a nominal input value for the first
sampling instant and perturbing it by some small amounts. Then for each of those trajectories,
the next input is generated by perturbing another nominal value by a small amount. In this
way, the final simulations result in an exponentially growing tree, where starting with just
2 inputs and 3 possible perturbations for each of those inputs with a control horizon length
of 2 leads to 81 total simulations. In this formulation, constraints are handled through

barrier terms in the cost function and are enforced only at the time points where the control
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inputs can change. After all the simulations are completed, the input trajectory with the
lowest computed cost value is chosen as the input sequence to be applied to the system.
While simple to implement and easy to parallelize, this formulation has the disadvantage
that as the desired horizon length and number of inputs/perturbations increase, the number
of trajectories simulated grows exponentially — making this method infeasible for long time

scales.

Trust-region methods

A slightly different method that combines ideas from derivative-free optimization and
sequential quadratic programming is the trust-region formulation proposed by [42]. In this
method, the algorithm begins by sampling the cost function at a set of points in the search
space of piecewise-constant input trajectories for the system. Then those samples are used
to fit a quadratic function to approximate the mapping between the trajectories and the
cost function, creating a quadratic surrogate model of the cost function. The quadratic
surrogate model is then used as the objective for an SQP solver to find the next likely
optimum point. Then, the optimum point from the SQP replaces one of the existing
points used to fit the quadratic surrogate function, and the process repeats with the new
set of points. This formulation passes the path constraints (2.1c) directly into the SQP
subproblems as constraints on the SQP problem, discretizing them to be only enforced at
the time points where the control inputs can change. While this formulation overcomes the
exponential-growth of other methods and allows for nonsmooth cost and dynamics, it comes
at a disadvantage because the path constraints are used directly in the SQP solver, and
therefore both derivatives of the path constraints and an SQP solver that can handle the

nonlinearities in the path constraints are needed.

Particle swarm methods

Another popular DFO method used for NMPC is Particle Swarm Optimization (PSO), which
is an optimization method inspired by how swarms of animals behave. In PSO, the candidate
trajectories are thought of as particles in a swarm, and they will move around the search
space based on their previous position and the positions of other particles with a lower cost

value. In each iteration, the particles compute a velocity using an update rule similar to

VEL — VP 4 e (Pk — Xk) + caro (ng — Xk) ,
Xk = xk kL
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where X* and V* are the position and velocity, respectively, for the particle at iteration k, P*
is the position with the lowest cost value the particle has ever found, and P;” is the position
with the lowest cost value found by the entire swarm so far. The trajectories of the particles
can then be modified using the cognitive and social parameters ¢; and co, respectively, with

r1 and rg random numbers uniformly distributed in the range [0, 1].

The NMPC formulation for PSO proposed by [179] has the particles searching over piecewise-
constant input trajectories, and then computing the NMPC cost (2.1a) using a single-shooting
simulation of the dynamics. The path constraints (2.1c) are implemented using a penalty
term in the cost function that sums the constraint violations, enforcing them only at the time
points where the control inputs can change. While conceptually simple, the behavior of PSO
relies heavily on the constants ¢; and co in the update rule, meaning they will need to be

optimized /chosen for each problem.

Evolutionary methods

A relatively recent method explored for NMPC using DFO in [74] is to use an evolutionary
optimization algorithm. Evolutionary optimization is modelled after the process of biological
evolution, with the algorithm seeking to mimic the natural evolutionary behaviors genes go
through when passed from parents to children. Evolutionary methods begin by selecting a
set of parent points in the search space, and then evaluating the cost function at those points.

Then one of two actions occurs to produce a new set of child points:

o mating/crossover - the parents with the lowest cost values are combined together,
randomly taking each individual variable from each one to form the new children
(i.e. mating 2 parents will form a new child with each parent contributing 50% of the
elements); or

e mutation - Gaussian noise is added to the children to encourage more exploration.

Once the new set of children is formed, the cost function is evaluated at each of them, and

then the children with the lowest cost values are used as the parents in the next iteration.

In the nonlinear evolutionary MPC proposed by [74], the evolutionary optimization algorithm
is used to solve the NMPC problem. The cost (2.1a) is computed using a single-shooting
simulation of the dynamics, and the path constraints are implemented by introducing penalty
parameters to the cost function or by saturating the inputs/states in the simulation model
for input-only or state-only constraints. In [74], the input space was parameterized as a
piecewise-linear function with fixed knot points at the start, middle, and end of the horizon.

The optimization solver then searched for the value of the input at those knot points.
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Pattern search methods

The final method we highlight is the set of pattern search methods for DFO. These methods
choose a set of poll points on a mesh surrounding the current iterate (usually in fixed
directions, such as along the axes), and then evaluate the cost function at each of them to
identify the ones with a lower cost value. The poll point with the lowest cost value becomes the
new iterate for the next iteration, and the algorithm repeats. In the NMPC framework using
pattern search proposed by [53], the input trajectory is assumed to be piecewise-constant and
the cost function performs a single-shooting simulation of the dynamics for the entire horizon.

Adding constraints to the problem is then done one of two ways:

e input constraints - implemented by limiting poll points to be only in the feasible set;
and
e state comstraints - implemented as saturations in the dynamics simulation done in the

cost function.

2.3 Linear MPC formulations

There are two main MPC schemes used to solve the CLQR problem: implicit and explicit.
In implicit linear MPC, the CLQR QP (2.2) is solved using a QP solver at every sampling
instant — requiring a full QP solver to be implemented on the embedded device. This can be
expensive in terms of both resource usage and time required, making it impractical for some

systems that require very fast sampling times or that need to use very small processors.

Alternately, there is the explicit linear MPC scheme that was proposed in [20]. The basic
premise of this scheme is that the state space for the initial condition Zy can be broken into
polyhedral regions, and the solution of the QP (2.2) in each of those regions is then described
by an affine function of Zy. This allows for the computation to be split into two parts: the
offline computation of all the polyhedral regions and the associated affine function parameters,
and the online computation of locating the appropriate affine function parameters in memory
and evaluating the affine function with Zy. The major downside to this method though is that
the amount of memory needed to store the static gain matrices for all the polyhedral regions
grows rapidly with the size of the problem (both number of states and the horizon length),
making it impractical to use on embedded devices for problems with a large state-space or

long horizons.

2.3.1 Implicit MPC formulations

There are several different formulations of optimization problems proposed to solve the

implicit linear MPC problem.
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Sparse (uncondensed) form

The simplest formulation is known as the sparse (or uncondensed) formulation, and solves the
full QP (2.2). This formulation results in sparse and banded matrices where the number of
non-zero elements in them grows linearly with the horizon length. This can be advantageous
in several situations, including (i) the QP solver used can exploit matrix sparsity, (ii) there
are inequality constraints (2.2¢) involving the state variables, or (iii) a long prediction horizon

is needed.

Condensed form

Another popular formulation is the condensed formulation, which removes the state
variables xj from the QP by rewriting them as a function of only the inputs ug. When the

terminal state constraint has Ef; = E* and cy = ¢, this results in the inequality constrained

QP

1
min 5u’Hu+§76J’u (2.7a)
s.t. Gu < Fio+ g, (2.7b)
with u == {ué uy o uly ,, the condensed Hessian H = I'QT' + ST +I'S + R, and the
matrices J = I"Q®,
[ A [T [ B 0 |
A? A AB 0 0
(I) = A3 , (i = A2 s F — A2B AB ,
| AN ] | AN |AN=IB AN=2p AN=3B ... B
_ _ Inoi®S 0 _ In_ 0 . OnxNm
R=1Iy®R, S::[N 1® ]7 Q::[N 19Q ]’ B XN ’
0 Onxm 0 P [In(N—l) 0} I

The condensed QP (2.7) has no equality constraints, and has a smaller number of variables
than the sparse form. However, the Hessian H is full in general, and the number of entries
in it grows quadratically with the horizon length and the number of inputs — making this

formulation more suited for problems with fewer inputs or shorter horizons.
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An important note about condensing the problem is that the structure of the constraint
matrix GG will depend on the types of linear inequality constraints present. If there are only
inequality constraints on the inputs, then G will be block diagonal. Otherwise, if there are

inequality constraints on both the states and inputs, G will be full and lower triangular.

The condensed form can be further modified into the dual-condensed formulation by using
the following dual QP of (2.7)

. n o1 .
y*(Zo) := argmin §yTde + (Jazo + 9)Ty (2.8a)
Yy

st.y>0 (2.8b)

where Hy := GH G’ is the dual-condensed Hessian, and J := GH '® + F. Since there is
strong duality between (2.7) and (2.8), the control sequence can be recovered from a dual-
optimal solution y* through u* = —H 1 (G'y*(&o) + J'20).

In the dual-condensed form, the optimization variables, y, are the Lagrange multipliers for the
inequality constraints, leading to only non-negativity constraints on every variable. However,
the Hessian Hy is still a full matrix whose number of non-zero entries grows quadratically

with the horizon length, in general.

Variable condensing forms

The uncondensed and condensed formulations given above can be seen as two ends of a
condensing spectrum. Several methods for variable condensing have been proposed between
the two extremes to give the designer control over the amount of sparsity in the resulting

optimization problem.

One possible approach was proposed in [16], where instead of condensing the entire horizon
into a single full matrix, the horizon is broken into smaller segments that are then condensed
individually. An alternate approach was proposed in [80], where the open-loop dynamical
system (2.2b) is replaced with a closed-loop system with a deadbeat linear state-feedback

controller, creating a block banded structure in the resulting condensed Hessian.

2.3.2 Numerically robust MPC

When implementing a CLQR controller for unstable systems, the condensed formulation (2.7)
becomes numerically unstable as the horizon length increases. This is due to the fact that
unstable systems have |Anqz(A)| > 1, and so taking repeated powers of A to form I" will then

cause the condition number of H to grow monotonically with N.
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To overcome this, a modification to (2.7) was proposed in [154] where instead of using the
actual system A for computing the prediction matrix and optimal control, a prestabilized
system A— BK is used instead. This prestabilized system would guarantee that the prediction
matrix entries do not cause the condition number of H to be unbounded with the horizon

length, leading to better conditioning of the Hessian and the resulting optimization problem.

To formulate the prestabilized problem, a new system G. is formed by introducing a state
feedback controller K and a new input v € R™, to make the original input up = —Kx + vg
and giving the system

A-BK | B

Gelz) = I 0

, (2.9)

where the controller K € R™*" is chosen so that the closed-loop system G. is Schur-stable
(i.e. [AMmaz(A — BK)| < 1). Note that because all eigenvalues of the system G. need to be
inside the unit circle, this transformation requires the pair (A, B) of the original system G to
be stabilizable. There are several ways to compute a K for G., however we focus on when K
is chosen as the unconstrained infinite-horizon LQR controller computed using @), R and S
from (2.2a).

/
The computations are then done using the input space v:= |v{ v} --- vail} , turning the
condensed QP (2.7) into
1
v* (%) = argmin §U/Hc’0 + &' T (2.10a)
v
st. Gov < F.i+g (2.10b)

with A, :==A - BK, Q. =Q+ K'RK, K =Iy ® —K,

A, I B 0 0
A2 A, A.B B 0 0
D, = Ag s (i)c = AE , o= AEB A.B B 0 > (2'11)
AN AN AN-1B AN-2B AN-3p ... B
. In_ e 0 . Onx N _ P _
Q, = l N-1®Q . T.= <N . H.=T.Qr.+T.K'R+ RKT. + R,
0 P [Luv—1y O] T

Jo = ((I4+T.KYRK4T'.Q,)®., G.:= (E"+E"K)[+E", F.=—(E"+E"K)®,.. (2.12)

The input applied to the original system is then ug = —KZo + vj(Zo).
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2.4 Implementation of linear MPC

One of the key attributes that has led to the adoption of MPC as a viable control strategy in
many applications has been the ability to implement the controller in real time on systems
that require very fast sampling times. One key method of satisfying these real-time constraints
is to use an FPGA with custom digital logic to solve the QP efficiently as the computational
platform. In this thesis, we examine and analyze FPGA implementations of linear MPC in
Part II, so in this section we will present several key ideas and considerations utilized when

implementing QP solvers on an FPGA system.

2.4.1 Quadratic programming algorithms

There have been many types of optimization algorithms used to implement linear MPC on
FPGAs, as shown in the taxonomy chart in Figure 2.1. This taxonomy chart shows there is
a diverse ecosystem of solvers for nonlinear MPC, with each algorithm chosen for the specific
application being targetted. However, when solving linear MPC there are three main classes
of implicit QP algorithms: Interior-point Methods (IPMs), Active-set Methods (ASMs), and
First-order Methods. In this overview, we focus on the properties of these implicit QP solvers
for linear MPC.

Interior-point methods were some of the original methods applied to solve (2.2) in [103] and
subsequent works. In IPM, the optimal solution of (2.2) is found by solving the nonlinear
Karush-Kuhn-Tucker (KKT) system of equations using an iterative Newton’s method, with

each iteration in IPM consisting of three main steps:

1. update/linearize the KKT system,
2. solve the linear KKT system for a step direction, and then

3. update the current guess with the step direction.

The main computational burden is solving the linear system in Step 2. Experiments in [149]
showed that exploiting the structure of the matrices arising in the LTI problem leads to faster

and more scalable solvers.

The second type of algorithm that has been implemented on FPGA systems is the active-set
method. In ASM, the algorithm finds the optimal point by solving a sequence of equality-
constrained subproblems to locate the set of inequality constraints that are active at the
optimal point. In each iteration, the algorithm chooses one or more inequality constraints
to add/remove from the current active set being used based on whether the constraints were
violated in previous iterations. In ASM solvers, the main computational burden is then

solving a linear system representing the equality-constrained problem.
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Table 2.1: FPGA implementation details for selected linear MPC solvers (adapted from [116]).

Implementation QP Algorithm? igﬁ:tr;; %Eftlf; (Cl\}loljljz{) Matrix*| QP Size®  Solver Time
Ling et al. [103] C IP/CHOL float32 Handel-C 20 BRAM 3/0/60 23.7 ms®
Ling et al. [104] C IP/CHOL float32 Handel-C 25 - 3/0/52 9.1 ms
Vouzis et al. [175] C Newton LNS Verilog 50 BRAM 2/0/4 688 us
Basterretxea et al. [18] | C IP/CHOL fixed AccelDSP 20 BRAM 3/0/6 120 ps
Wills et al. [177] C IP/CG float16.6 VHDL 70 - 12/0/24 <200 ps
Yang et al. [181] C ASM float32/fixed Verilog 100 BRAM 5/0/- 500 ps®
Chen et al. [37] C DASM float32 Verilog 150 - 3/0/12 468 s
Wills et al. [178] C ASM float7 VHDL 70 BRAM 12/0/24 <30 ps
Peyrl et al. [142] C FGM fixed27.25 VHDL 120 - 15/0/30 0.49 ps
Jerez et al. [83] C FGM fixed VHDL 400/230 BRAM | 40/0/807  0.53/0.91 pus
Rubagotti et al. [155] C DGP fixed32.16  Simulink 100  DiRAM| 20/0/208 239 us
Xu et al. [180] C ASM float32/fixed Verilog ~ 100 BRAM |  5/0/- 370 s
Zhang et al. [183] C RNN - - - - 8/-/8 6.02 ps
Wang et al. [176] C ASM float32 cto 10 BRAM | 40/-/807 1.85 ms
Wang et al. [176] C ASM binary16 cto 10 BRAM | 40/-/807 1.28 ms
Wang et al. [176] C ASM fixed cto 10 BRAM | 40/-/80" 860 us
Liu et al. [105] S IP/CHOL float32 VHDL 200 BRAM | 300/-/600 4 ms
Hartley et al. [67] S IP/MINRES| float32 VHDL 250 BRAM | 377/-/408 <12 ms
Jerez et al. [83] S ADMM fixed VHDL 400/230 BRAM | 216/-/1727 4.9/8.52 us
Dang et al. [43] S ADMM fixed32.17 - - - 120/80/250 215 ms®
Shukla et al. [161] S AMA float32 c® 100 BRAM | 384/-/- 900 us®
Zhang et al. [184] S  ADMM float32 VHDL 340  BRAM | 204/-/3007  30.1 us

- Indicates data that was not reported

! C - Condensed formulation, S - Uncondensed (Sparse) formulation

2 ADMM - Alternating Direction Method of Multipliers, AMA - Alternating Minimization Algorithm, (D)ASM -
(Dual) Active Set Method, CG - Conjugate Gradient solver, CHOL - Cholesky solver, DGP - Dual Gradient projection,
(D)FGM - (Dual) Fast Gradient Method, IP - Interior-Point, MINRES - Minimum Residual solver, RNN - Recurrent
Neural Network

3 float32 - IEEE-754 single precision floating point, binary16 - IEEE-754 half precision floating point, LNS - Logarithmic
Number System [166]

4 BRAM - Block RAM, DiRAM - Distributed RAM

® Decision Variables /Equality Constraints/Inequality Constraints

5 Fully sequential implementation

" Estimated from available data

8 Using the Protoip tool by Suardi et al. [165]

9 This value was actually reported in [180], but was run using the architecture from [181]

10 Using Vivado HLS



2.4 Implementation of linear MPC 51

A comparison between IPM and ASM on FPGAs was carried out in [101], with the results
showing that for small problem sizes, ASM will take fewer iterations compared to the fixed
computational cost of IPM. However, it appears that experimentally the number of interior-
point iterations stays constant as the problem size grows, while the number of iterations
required for ASM tends to grow approximately linearly with the number of optimization
variables and constraints. This leads to the conclusion that for larger problems, IPM is
better to use than ASM.

More recently, many FPGA implementations have started to use first-order methods, such as
Nesterov’s Fast Gradient Method (FGM) or the Alternating Direction Method of Multipliers
(ADMM), instead of the second-order interior-point or active-set methods. These methods
utilize only first-order information (i.e. the gradient) in their computations, and generally

have three main steps

1. compute a search direction,
2. compute the step size and apply the search direction, and then

3. project onto the feasible set.

The main linear algebra operation in first-order methods is a matrix-vector multiplication
in Step 1 (as opposed to the linear system solve in IPM or ASM). However, the projection
operation in Step 3 can become computationally complex depending on the feasible set. For
both primal gradient methods with a constraint set (2.2c¢) of purely upper and lower bounds
and dual gradient methods, the projection operation is a simple variable saturation. However,
if £ and Ej! represent a more complex constraint set, the projection operation for a primal
gradient method may require the solution of its own QP through techniques such as a multi-
parametric QP as proposed in [121] (which will essentially perform the projection operation

using the same digital hardware as an explicit MPC solver).

2.4.2 Number representation

An important feature of FPGAs compared to CPUs is their support for non-standard data
types in the calculations. This allows the designer to create hardware using custom data types,
which can then reduce the amount of device area consumed by the individual computational

resources and allow for more parallelism [40].

In this subsection we will introduce fixed-point and floating-point number formats, and
then describe two types of numerical errors that are encountered: computational errors and

representation errors.
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Storage format

There are two main storage formats for decimal numbers in digital systems: fixed-point and

floating-point.

Fixed-point numbers utilize the standard 2’s complement number representation (used for
normal integers) to represent both positive and negative numbers, but introduce an implied
binary point into the numbers. The format of the number is characterized by two values: the
number of integer bits and the number of fractional bits, with the sum of these two lengths
called the word length. For example, the number 14.375 would be 00001110.01100 in the
8.5 format (where there are 8 integer bits and 5 fractional bits). The binary point is an
abstraction created by the designer, with the hardware having no knowledge of where it is
actually located. This means 14.375 is actually stored in the fixed-point 8.5 format as if it
were the integer 460:
00001110 M

integer fraction

To actually perform the operations (e.g. addition, multiplication, etc.) on fixed-point numbers,
the standard integer arithmetic units are used. This allows for the computations to be mapped
to the Digital Signal Processing (DSP) units of the FPGA to accelerate them.

The number of bits in each section of a fixed-point number is fixed at design-time, forcing a
fixed range and precision on the numbers represented. Any values larger than the number
of integer bits will overflow, and have the information to the left of the integer portion lost.
Any values with fractional components smaller than the precision of the number will have
those parts rounded to the precision of the fixed-point number, with the difference between
the represented number and the actual number termed the round-off error. There are several
rounding modes possible, with the common rounding modes shown in Table 2.2 along with

the largest possible round-off error they could introduce.

An alternative representation for numbers is called floating-point, and is the commonly used
format when performing computations on desktop and server computers. This format is
characterized by three main parts: the sign bit, the mantissa, and the exponent. The number
is effectively stored in scientific notation, where the mantissa provides the fractional part
of the coefficient (there is normally an implied 1 before it) and the exponent provides the

location of the binary point. The original number can then be retrieved as follows
y = (—1)%8" x 1.(mantissa) x 2¢xponent—bias

The most common field sizes for the numbers correspond to the IEEE-754 standard, and are
given in Table 2.3, but designers can also create custom formats by choosing other mantissa

and exponent sizes.
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Table 2.2: Rounding modes in fixed-point arithmetic data types and their maximum round-off
error. ©2019 IEEE

Maximum Round-off Error with f

Rounding mode fractional bits

Round to +o0 e =271
=2 i
Round to 0 (truncation to 0) € =2 _ﬁor negat.l Ve numbers
e = —277 for positive numbers
Round to —oo (truncation) e =—277
€ = —2-7 for negative numbers

Round to oo €f = 2=/ for positive numbers

Round towards the nearest e; = +2~(/+1
value (convergent rounding)

Table 2.3: Size of the fields (in bits) and the exponent bias in IEEE-754 standard floating-point
formats.

Precision Total Mantissa Exponent Bias

Half 16 10 5 15
Single 32 23 8 127
Double 64 52 11 1023
Quad 128 112 15 16383

There are several important considerations when choosing between fixed-point and floating-

point representation for implementations, including

e the range of possible values that must be represented,
e the amount of precision needed, and

o the available hardware components.

In general, floating-point numbers have a larger dynamic range than a fixed-point number
using the same number of total bits (since floating-point numbers have an exponent term).
On the other hand, fixed-point numbers have a precision that is constant for all representable
numbers, while the precision available for floating-point numbers will vary depending on
the magnitude of the number being represented. Fixed-point is also favored on low-power
embedded systems, since many embedded microcontrollers or small FPGAs have no built-
in hardware for efficiently performing floating-point operations. However, most higher-end
CPUs include native hardware support for either the single or double precision format, and

some newer FPGAs now include specialized blocks for floating-point operations as well.

Computational errors

Computational errors can manifest themselves in three ways:
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Table 2.4: Works containing results on the stability under roundoff errors, variable bounds, and
computational complexity certification of selected algorithms.

Algorithm Stability under Bounds on Variables/ Finite Termination/
Roundoff Errors Data-Type Size Rules  Upper Iteration Bound

Fast Gradient Jerez et al. [82] Jerez et al. [82] Richter et al. [151]
Method (FGM)

] . Jerez et al. [83] B

Alternating Direction Method Jerez et al. [83] Dang et al. [43] -
of Multipliers (ADMM) ’

Dual Gradient Patrinos et al. [140] Patrinos et al. [140] Patrinos et al. [140]

Projection (DGP)

Accelerated Dual ) ) Patrinos and Bemporad

Gradient-Projection (GPAD) [138]
Proximal Newton Method Guiggiani et al. [56] Guiggiani et al. [56] Guiggiani et al. [56]
MINRES/Lanczos Greenbaum [55, §4] Jerez et al. [84] Greenbaum [55, §4]

- No results could be located

! While much work has been done to prove convergence rates of splitting methods and ADMM, these results require
a number of assumptions that are not satisfied for MPC problems in general. Individual MPC problems may be able
to meet the assumptions though, in which case iteration bounds do exist.

o overflow, where the magnitude of the requested number is larger than the maximum
representable number;

o underflow, where the magnitude of the requested number is smaller than the smallest
representable number; and

o round-off, which are errors that occur because the number requires more fractional

places than available.

The generic optimization algorithms discussed in Section 2.4.1 were developed using either
infinite precision or the standard data types (e.g. IEEE-754 floating-point) for execution on
normal computers. When they are then implemented on embedded/FPGA systems, different
data types are chosen, which then introduce new errors in the computation that could degrade
the algorithm’s stability or convergence. For instance, changing from floating-point to fixed-
point introduces different round-off errors in the computations due to the differing dynamic-
range and precisions. To guarantee the algorithms work with the new data types, new proofs
of convergence and stability are needed. An overview of some of the relevant literature
containing these proofs for the common algorithms used with linear MPC can be found in
Table 2.4.

An additional concern, particularly for fixed-point implementations, is overflow errors. In
general, finding the largest possible value each vector in an algorithm could contain is difficult

due to the iterative nature of the computations. However, bounds do exist for some methods,
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such as the fast gradient method [82] and dual gradient projection [139]. These bounds can
then be used to size the integer and fractional components of fixed-point numbers in order to

guarantee no overflow errors occur inside the algorithms.

Other algorithms, such as IPM, do not have bounds for every variable in the computation.
Instead, bounds on variables in specific parts of the algorithm have been created. For instance,
when the Minimum Residual (MINRES) solver is used for Step 2 of the IPM, [79] presented
a scaling method that guarantees all vector elements in the MINRES solver will stay below

precomputed bounds, allowing for a fixed-point implementation of MINRES inside an ITPM.

Representation errors

In addition to examining the effect of the data type on the convergence of the algorithm,
designers must be conscious of the effect the data type has on the optimization problem
itself. For instance, the choice of the representation could cause the optimization problem
to lose convexity or feasibility with respect to the original problem, or simply degrade the

resulting optimal solution to an unsatisfactory level.

For example, experiments in [106] show that the discretization is affected by the data type, and
that choosing the wrong combination of discretization method and data type can lead to severe
performance problems. Their experiments show that the usual discretization method (known
as the shift-form) performs very poorly when used inside an interior-point method with small
data types (e.g. 5-bit mantissa floating-point). They traced the source of this problem to the
merging of the state transition dynamics and the discrete integrator into a single value in
the resulting matrices. In this case, the integrator forces a 1 on the matrix diagonal, and if
the system has additional small-scale transition dynamics on the diagonal, they could become
truncated by the number representation due to the fewer decimal places available near 1 of the
low-precision floating-point numbers. To overcome this, they propose using the delta-domain
discretization method to represent the discrete-time system to effectively separate the state
integrator from the state transition computation. This then provides closed-loop control using
5-bit mantissa floating-point that is equivalent to the control using double precision (52-bit

mantissa) floating-point.

2.4.3 Parallelization opportunities

Opportunities for parallelization of computations can occur at two distinct levels: algorithmic
and computational. Algorithmic parallelizations are those inherent in the structure of the
algorithm, while computational level parallelizations exist at the level of the arithmetic

computations.
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Algorithmic level

We use the term algorithmic level parallelization to refer to the ability to parallelize the
overall algorithm steps inside a single iteration. The existence of these parallelizations is

highly dependent upon the structure of the problem, and of the algorithm itself.

In IPM implementations on FPGAs (such as [67, 81, 105]), the main computational
bottleneck is located inside Step 2 (the linear system solver), so attempting to parallelize
the computations in Steps 1 and 3 provided no noticeable performance increase. Therefore,
these implementations left Steps 1 and 3 with minimal parallelization and focused the research

and development effort on the computational level parallelization available inside Step 2.

More recent FPGA implementations have examined the parallelizations possible in first-order
methods, such as FGM or ADMM. Work in [83] demonstrates that, given an appropriate
projection operation, there is no data dependence between the optimization variables in
an iteration of these methods. This allows for the processing of each variable in parallel
by duplicating the computational component containing a Matrix-vector Multiplier (MVM),

projection block, and associated glue logic.

This parallelization is highly dependent upon the projection operator though, and the reported
architectures utilize box constraints on the variables to allow for this exploitation. The
introduction of more general affine constraints will introduce data dependencies in the
projection operation, and make the parallelization structure highly dependent upon the
structure of the constraint set. Additional work examined how to add soft constraints to
the MPC problem, with [83] finding that in order to maximize the parallelization in the
ADMM implementation there had to be one slack variable per soft constraint (e.g. a 1-norm

soft constraint formulation).

Computational level

Many of the parallelizations that have been exploited in the FPGA implementations have
been at the computational level rather than the algorithmic level. This level consists of the
low-level linear algebra routines that compose the algorithm, such as the linear system solvers,

matrix factorizations and matrix-vector multiplies.

An initial survey of parallelizing the linear system solvers was done in [107], where they
explored the implementation of the conjugate gradient method using deeply pipelined inner-
product units. Subsequent implementations in [67, 81] explored the implementation of the
MINRES solver to speed-up Step 2 inside the interior-point method by parallelizing and

pipelining the operations.
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Parallelization of the MVM was used in nearly every implementation, but there were two main
methods used: column-sweep and row-sweep. Column-sweep parallelism was implemented in
[155], and consisted of a multiply-accumulate (MAC) module for each row of the matrix. This
processes a column at a time, and will not produce a complete result until n clock cycles for

an m X n matrix.

Row-sweep parallelism was implemented in [81, 83, 177], and consists of multiple units that
compute the dot products between rows of the matrix and the vector. There is one multiplier
per vector element, followed by an adder tree to combine all the results. This adder tree can
have registers inserted between levels to reduce the critical path and allow for pipelining of
different operations. A fully pipelined implementation (registers between every level) of a

single MVM unit can produce the complete result in m + [logy 1| clock cycles.

2.4.4 Memory organization

The architecture of the memory system consists of two main components: locality and the
data storage pattern. Locality refers to how close the memory cells are to the computational
elements, while the data storage pattern is how the data/matrices are arranged inside the

memory cells.

Locality

There are three major memory regions that are available for FPGA implementations:
Distributed RAM (DiRAM), Block RAM (BRAM), and off-chip memory. In the linear MPC
implementations shown in Figure 2.1, none of them utilized off-chip memory, and all but one
utilized the BRAM to store the main coefficient matrix (the Hessian), and the DiRAM for

various computational products.

The remaining implementation, [155], stores the Hessian in DIRAM to have high locality with
the MVM elements. For the active-set implementation done in [178], they experimented with
placing the Hessian in the DIRAM and the BRAM. They reported results that show switching
from BRAM to DiRAM will almost double the resource usage of the FPGA.

Storage pattern

The storage pattern for the matrices and vectors that an implementation utilizes is driven by
both the choice of the linear MPC problem formulation and the computational architecture
used. When designing the storage pattern in relation to the computational architecture, the
primary objective is to present the data to the computational units with the smallest latency.

For instance, for the column-sweep MVM implementation in [155], the Hessian is broken into
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rows for storage at each MAC (each row in separate memory areas), allowing for each MAC
to be fed with a new coefficient simultaneously. Alternately, the work [81] places each column
of the Hessian in different BRAM units to efficiently feed the coefficients to the row-sweep
MVM unit.

The chosen linear MPC problem formulation plays a key role in the scaling of the storage
pattern as the problem size changes. For instance, in the FPGA implementations using
the condensed formulation with a full Hessian, the memory usage of the Hessian scales

quadratically with the horizon length.

Alternately, choosing the sparse formulation allows for the usage of the Compressed Diagonal
Storage (CDS) method to represent the Hessian. As detailed in [28], CDS exploits the banded
structure of an m x n matrix to only store the diagonals that contain values (those inside the
bandwidth r). This is accomplished by turning each diagonal of the original matrix into a
column of the CDS matrix, which then has dimensions m x r. The CDS matrix then grows
linearly with the horizon length. The CDS storage method was utilized in [81], where it

decreased memory usage by at least an order of magnitude.

Further structure in the sparse LTT MPC problem can be exploited to realize gains of over 75%
compared to the normal CDS implementation. Specifically, [81] shows that the CDS matrix
for the LTT case contains many identical rows (with mostly zeros and ones). By storing only
one copy of that row and then mapping the appropriate memory addresses to it when needed,
memory usage can be reduced. Additional savings can also be found by exploiting the block
structure of the matrix, so only one copy of a block is stored and then accessed through an

appropriately designed memory system.

2.4.5 Overall trends

The implementation of linear MPC on FPGAs has seen substantial improvement over the
past 15 years, with a diverse set of implementations that have pushed the computational
time to sub-microsecond ranges. By examining the implementation details of many different

solvers (provided in Table 2.1), several patterns emerge.

The first is that the recent speed-up in solver times has been accompanied by a switch to first-
order methods, such as FGM for the condensed problem and ADMM for the sparse problem.
This switch shows an order of magnitude reduction in the number of clock cycles required for

the computation, as can be seen in the comparison presented in Figure 2.2.

Another pattern that emerges is that, unlike many initial implementations that were based on
a high-level language, such as Simulink or Handel-C, the more performant implementations
have been coded directly in a low-level Register-Transfer Level (RTL) language, such as VHDL

or Verilog.
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Rubagotti et al. [155
Jerez et al. [83] - ADMM
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Yang et al. |
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Hartley et al. [67] - IP/MINRES
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Vouzis et al. [175] - Newton

Basterretxea and Benkrid [18] - IP/CHOL
Shukla et al. [161] - AMA
Zhang et al. [184] - ADMM

Figure 2.2: Clock cycles required for the computations in FPGA implementations of linear MPC.
Per variable (inequality) values are the total clock cycles divided by the number of variables
(inequality constraints). ©2018 IFAC.

2.5 First-order optimization solvers for linear MPC

As mentioned in Section 2.4.5, the current trend in embedded implementations of linear MPC
seems to be heading towards first-order methods as the solvers of choice to meet strict timing
demands. Therefore, we focus on the analysis and implementation of first-order methods for
the CLQR problem in Part II, and briefly introduce in this section the two first-order methods
we will use in Part II.
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Algorithm 2.1 The Fast Gradient Method [83]

Input: 2g > Current state measurement
Output: ymez) > Optimal control sequence

Let: L, p be the maximum and minimum eigenvalue of H, respectively.
Let: 8= YL -VE

- Vit+ye
Let: y(o) =0
for i =0 to I, — 1 do
1) — (I — %H)y(i) 4 %J@O > Gradient update
w0 — WK(t(i)) > Projection
YD) = (1 4 B)tD) — g > Acceleration
end for

2.5.1 Fast Gradient Method

The main first-order method we examine in this work is the Fast Gradient Method (FGM),
which was originally proposed by Nesterov to solve constrained convex programs, and was
adapted in [151] to solve the condensed primal QP (2.7) with only input constraints. The
FGM uses an accelerated gradient descent method to find the minimum of the cost (2.7a)
while using a projection operator to satisfy the inequality constraints (2.7b). This algorithm
has proven popular in embedded implementations, with some of the fastest reported FPGA

implementations of linear MPC solvers utilizing it to solve the condensed problem.

The computational steps for the FGM can be seen in Algorithm 2.1, and consist of three main
parts: gradient computation and update, projection into the feasible set, and acceleration.
The two steps that can theoretically be the most computationally intensive are the gradient
computation and the projection operation. In all implementations, the gradient step consists
of a single matrix-vector multiplication of the previous accelerated iterate with the Hessian
(which is usually full), followed by a vector addition operation. The projection step on the
other hand can vary between implementations depending on the structure of the feasible set.
In the majority of embedded implementations, the FGM is used with problems that have
only upper and lower bounds, which then turns the projection step into a simple saturation

operation and makes the main computational bottleneck become the gradient computation.

The FGM also has two other properties that make it amenable to implementation on

embedded platforms

« a computable Upper Iteration Bound (UIB), and

« rules for sizing the fixed-point representation of all vectors while guaranteeing stability.
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Upper iteration bound

Having a UIB means that the algorithm is guaranteed to converge in a fixed number of

iterations, which provides two key benefits

 simple termination criteria (no residual computation), and

o constant algorithmic solve time no matter the initial state.

These benefits work together to allow for better implementations on FPGAs because it leads
to fewer computations and a fixed solver latency. The UIB for the FGM was derived in [151],
and is defined as

UIB = max {0, min {a, b}}, (2.13)

Ine—InA A
a = 1nn<€1_n\/z)7 b= 2\/:—2, ,

where ¢ is the desired tolerance for the primal solution, x is the condition number of the
Hessian H, and A is a constant determined by the constraint set. Note that this bound is not

known to be tight, and it is unknown if there exists a problem instance for which it is tight.

The value of A can be found by either solving one of the optimization problems given in
[151] or utilizing an upper-bound, while the value for e should be chosen to ensure stability
properties of the system. A horizon-independent bound on € and A for warm-started FGM
was calculated in [151] as

1 6n

< K Omaz A< i 2.14
“=2B|? = N5e (2.14)

where p is the smallest eigenvalue of the Hessian H, and §,,4; is the largest acceptable error
in the system state due to the suboptimal input (i.e. ||z4 — 2% || < 0pmax, Where z is the next

state under the suboptimal input and % is the next state under the optimal input).

Data-type sizing rules

The implementation of the FGM in fixed-point arithmetic was analyzed in [83], which
proposed several requirements and design guidelines to allow for a stable implementation.
The first important part was deriving [83, Prop. 1], which contains the maximum values
the vectors/values in the FGM can attain during all computations, allowing proper sizing of
the integer portion of the fixed-point data types. The second part was stating a necessary
condition to have stability of the FGM iteration using fixed-point arithmetic in the presence

of round-off errors, which is given in Requirement 2.5.1.

Requirement 2.5.1 ([83, §IV-DJ). For the Fast Gradient Method to be stable in fized-point
arithmetic, it is necessary (but not sufficient) for the fixed-point version of the Hessian H to

have all its eigenvalues in the open interval (0,1).
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Algorithm 2.2 The Dual Gradient Projection Method [140]

Input: 2g > Current state measurement
Output: y(/maz) > Optimal Lagrange multipliers

Let: Ly = Anaz(Hy)
Let: F:=—-H 1@’
Let: ¢ := —H '®i
Let: b=Fip+g

Let: y© =0
for i =0 to I — 1 do
20 = Ey(i) +e > Compute current primal solution
g =Gz —p > Compute the dual gradient
yth) = [y(i) + Lidg(i)Lr > Multiplier update and projection
end for

This requirement essentially means that the fixed-point Hessian must be Schur-stable, which
is a necessary step in ensuring the gradient vanishes over time and the FGM converges to a

solution.

2.5.2 Dual Gradient Projection

Another first-order algorithm to solve the condensed linear MPC problem (2.7) is the Dual
Gradient Projection (DGP) algorithm described in [140]. DGP is a non-accelerated gradient
method that operates in the dual space by computing the Lagrange multipliers for the
condensed dual problem (2.8). There are two main steps in the algorithm, which can be
seen in Algorithm 2.2. The first step is to compute the dual gradient using the current
primal solution and the associated constraint violations. The next step is to update the
Lagrange multipliers using that gradient, and then project the Lagrange multipliers onto the
non-negative orthant (which is a simple saturation operation). Since the projection can be
done using a saturation operation regardless of the constraint set (2.7b), the DGP is more

suitable for embedded applications with complex constraint sets than the FGM is.

Work has also been done to create fixed-point arithmetic design rules for the DGP, with [140]
presenting results on the required number of fractional and integer bits. Additional results in
[140] presented the following UIB for the DGP algorithm

LyD?*a?
UIB = — 2.15
2(eg — 2Deg)ov — 2(€g + Ly€2) (2.15)
where Lq = Apae(Hq) and Ly = Apee(H). €4 is the largest permissible constraint

satisfaction error, €. is the desired tolerance of the dual solution, and e is the error in
the dual gradient computation. D is the Upper Dual Bound (UDB), which is defined as
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D = ||d||2 where d; :== max{y], 1} and y* is the optimal dual vector. D can be estimated by
solving one of several optimization problems given in [138] or [131], and « is a user-defined

parameter to tune the convergence rate that can be calculated using the formula in [140].

2.6 Example systems

To numerically examine the theoretical results in Part II of this thesis, we will use the following

five example linear systems.

Schur-stable system

The first two example systems have the dynamics given by the Schur-stable discrete-time

system with four states and two inputs given in [88] with the state update equation

0.7 —0.1 0.0 0.0 0.0 0.1
0.2 —05 0.1 0.0 01 1.0

T 00 01 01 00l ™ o1 00| ™
05 00 05 05 0.0 0.0

The input of the systems is constrained to be |u| < 0.5, with a prediction horizon of N = 10.

The first system has cost matrices
Q = diag(10,20,30,40), R = diag(10,20), (2.16)
and the second system has cost matrices

Q = diag(100,200,300,400), R = diag(0.001,0.002). (2.17)

Inverted pendulum

The next example system is a linearized inverted pendulum described by the continuous-time

dynamics

T+

8

Il
o O O O
S = O O
— O Nw O
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Figure 2.3: Configuration of the mass-spring-damper example system.

with ¢ = 9.8067, b = 1, and [ = 0.21. The system was discretized using a zero-order hold with
a sampling time of 0.02 s, resulting in an unstable discrete-time system. The CLQR problem
used the cost matrices @ = diag(1000,1,100,1), R = 10, a prediction horizon of N = 10, and

input constraints |u| < 10.

Distillation column

The next example system is a binary distillation column with 11 states and 3 inputs from the
IFAC control benchmarks [44, Problem 90-01]. The system was discretized into a Schur-stable
discrete-time system using a zero-order hold with a sampling time of 1.0s (as done by the
authors of the benchmark in [123]). The CLQR problem used a prediction horizon of N = 100

and the cost matrices

Q = diag(10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110),
R = diag(10, 20, 30),

and the inputs were constrained to be

]u1| S 2.5, |U/2‘ S 2.5, \u;),] S 0.30.

Mass-spring-damper

The final example system is a mass-spring-damper system from [97] where 10 masses are
coupled together by a spring and a damper in parallel, with a force input on each mass. A
schematic of the system can be seen in Figure 2.3, where for each mass i, m; is the mass, b;
and k; are the damping constant and spring constant, respectively, and F; is the force input.
The state vector x contains the displacement of each mass from its nominal position, and the
input vector u contains the force inputs. The continuous-time system is discretized using a

zero-order hold with a sampling time of Ty = 0.1s. The continuous-time cost matrices are

10 0O

. ® I, R. = diag(100,200, ..., 900,1000),

o.-|
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which are then discretized as discussed in Section 2.1.1 in order to make the cost of the
discrete-time problem equivalent to the cost of the continuous-time problem. This leads to
dense Q and R matrices along with a cross-term matrix S in the discrete-time problem. The

inputs and states of the system are constrained to be |u;| < 1 and |z;| < 0.2 respectively.

2.7 Conclusions

In this chapter, we provided an overview of the linear and nonlinear MPC problems that
we will use in Parts IT and III of this thesis, respectively. We also surveyed the existing
implementations of linear MPC on FPGAs, and provided an overview of the key areas that
designers focused on and the design choices they made. From this, we can see that the
current trend in embedded implementations is towards the use of first-order methods such as
the FGM, DGP or ADMM instead of second-order methods due to the smaller computational
footprint of each algorithm iteration and reliance on only simple operations like matrix-vector

multiplication.

A key advantage to using first-order methods like the FGM and DGP is that there exist
upper iteration bounds, although not necessarily tight, for the solver that can guarantee
the problem is solved to within a specified tolerance by that iteration. We will examine
these iteration bounds more in Part II, where we will derive the pieces needed to create a
horizon-independent bound in Chapter 4 and then examine how the bound changes when a

preconditioner is applied in Chapter 6.
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Chapter 3

An introduction to block Toeplitz

matrices

Block Toeplitz matrices are block matrices that repeat the blocks from either the first block

row or first block column down their respective diagonal, forming the matrix

Ty =

To T4 T
T T, T,
n T T
5 T T

TN Tn-3 Tn-4

Tn-1 Tn—2 Tn-_3

T 3

T o

T 4
To

TnN-5

TN_4

T N2
T N+3
T_Nia
T N+s

To
Ty

T Ni1
T_Nyo2
T_N+3
T_N+ta

T 4
To

where Tj is the block with n rows and m columns on the jth block diagonal of Ty. Block

Toeplitz matrices can be viewed as truncations of an infinite block matrix (denoted by bold

face T) by continuing the pattern down the diagonals and introducing new blocks as needed

in the first block row/column. If the infinite block Toeplitz matrix stops after N blocks on

the block rows/columns, the resulting finite-dimensional matrix is called a truncated block
Toeplitz matriz with N blocks (denoted by Ty ).
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The blocks T in (3.1) can be arbitrary matrices with no structure, or they can also possess
a Toeplitz/block Toeplitz structure. If the blocks are also Toeplitz/block Toeplitz matrices,
then the entire matrix T is known as a block Toeplitz-Toeplitz block (BTTB) matrix, and
many of the properties/operations discussed in this chapter can be applied at the block level

as well as to the full matrix.

Since a block Toeplitz matrix is fully defined by just the blocks in its first block row and block

column, it can alternately be expressed as the block vector
Ty = [T7N+1 T Nyg -+ Ty To Ty -+ Tn-2 TNA} .

This vector representation can be used to efficiently store the matrix, making the storage

used grow linearly with the number of block diagonals instead of quadratically.

Another type of matrix closely related to the block Toeplitz matrix is the block circulant
matrix, where the blocks in the first column are repeated down their respective diagonal, and

then looped to the upper diagonal when the lower diagonal ends. This gives the matrix

Co C1 Co C_3 -+ Cony Ci—n
Ci—n (o C1 Co -+ C3_n Co_n
Co_ny Ci_y Cp C_1 -+ Cy_ny C3_n
Cy= |03~ Coon Cin Co -+ Csn Can| (3.2)
C_Q C_g 0_4 C_5 CQ C_l
¢ Co C3 Cy - Cin Co |

where C_; is the n x m block in the first row of the jth column. Similar to the block Toeplitz
matrix, a block circulant matrix can be expressed in block vector form using only its first row

as
éN:[Co c_1 --- CQ,N leN}'

Block Toeplitz and block circulant matrices appear in many applications in science and

engineering, as we will show in Section 3.1. This chapter summarizes the relevant properties

of block Toeplitz matrices we will use in the analysis of the LTI MPC problem in Part II.

3.1 Examples of block Toeplitz matrices

Before diving into the properties of block Toeplitz matrices, we will introduce five applications

where block Toeplitz matrices can be found.
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3.1.1 Queueing theory

The first application we show for a block Toeplitz matrix is in queueing theory and Markov
chains. This example is based on [25], where there is a set of k > 2 servers, each with an
infinite-length first-in, first-out queue, and each performing the same operation requiring the
same amount of time (so all servers will start and end their operations at the same time
points). The arrival of customers to the servers is modelled using a Poisson process with the

rate A, and when a new customer arrives they join the shortest queue.

The queue is modeled as a Markov chain with the relation @ = Px, where 7 is the invariant
probability vector, and P is the transition probability matrix with elements p; ; representing
the probability that the overall number of customers in the queue changes from ¢ to j. The

P matrix then takes the form

k
—_—~
a ... ag 0 0 O
ay ... a1 Qg
P = |ag as a1 ag ,
az ... a3 a2 al ag

where a; is the probability that i customers arrive at a single time (defined as a; = )Z‘.—!ie_’\).

By splitting the matrix into blocks of size k—1 by k—1, P can be viewed as the block matrix

By 4 0 0 O
By A1 A 0 O

P=1p, 4 A A 0 : (33)

The matrices with the structure of (3.3) are called M/G/1-type matrices, and have block

Toeplitz structure everywhere except the first block column.

A common problem is to find the probability 7; of having j customers waiting to be served
as the time goes to infinity. This can be done in various ways, but we briefly present the

method from [25]. Finding the probability = can be done by solving the nonlinear equation

G=) G'A, (3.4)
=0
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Figure 3.1: Block diagram of a 2nd order MIMO causal FIR filter. z~! is a unit delay, which
delays the signal for 1 time step.

for G and then using Ramaswami’s formula as described in [25]. One possible way to solve

(3.4) is to reformulate it into the system

which then contains a block Toeplitz matrix. The system (3.5) can then be solved using
methods that exploit the block Toeplitz structure of the coefficient matrix, such as cyclic
reduction [24, 25].

3.1.2 Signal processing

A large application of block Toeplitz matrices is causal Multiple-Input Multiple-Output
(MIMO) Finite Impulse Response (FIR) filters. An order & MIMO causal FIR filter takes a
vector signal z and computes the filter response y[n] at time n using the x vectors from times
n through n—k. The structure of a 2nd order filter can be seen in Figure 3.1. The equation

for a generalized order k filter is
k
yln] = > Wjzn - jl, (3.6)
=0

where W; are n X m matrices containing the coefficients for filter tap j.

The FIR filter equation (3.6) can be converted into a lower-triangular banded block Toeplitz

matrix that represents the filter’s response to the sequence of inputs

(z[0], z[1], =[2], ...).
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A filter of order k£ will have k bands below the diagonal. For example, the response of an

order 2 filter can be computed using the matrix-vector product

y[0] Wo 0 0 z[0]
yl1] Wy Wo 0 z[1]
y[2] Wy W1 Wy 0 0 z[2]
yBll T 10 Wy, Wi Wy 0 (3] (3.7)
y[4] 0 Wy Wi Wy x[4]

The block Toeplitz structure of the filter response matrix can then be exploited to perform

analysis and design of the FIR filters, such as computing the mean square error [60].

3.1.3 Information theory

We next show an example from information theory — the vector Wide Sense Stationary
(WSS) process. A vector random process X (t) is a vector WSS process with n elements
if its mean and autocorrelation functions are time-invariant — i.e. the mean of X () is the
constant vector ji and the autocorrelation function, representing the correlation of the signal

to a delayed copy of itself, is only a function of the difference in time between the signals.

The auto-correlation matrix Rxx and the auto-covariance matrix Kxx for a sequence of

samples from X (t) both are block Toeplitz structured with

Rxx =E(XX") Kxx =E(X — [i)(X —i)")
Ry Ry Ry R.3 - Ky K.y Ko K.z -]
Ri Ry R_1 R_, K Ky K., K_
—|Ry Ri Ry R_ 7 _|Ky K, K, K. :
Rs Ry R, Ro Ks K, K, K

where R; and K j are the n x n matrices given by

R; =E(XiX}.,), K;=E(XX};) —Af".

The WSS process can be combined with the model of the FIR filter from Section 3.1.2 to
analyze properties of Gaussian communications channels such as their capacity [41, 62] or
differential entropy and Minimum Mean Square Error [58], and can be used to design codes

for communication over Gaussian channels [63, 182].
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3.1.4 Control theory

The uses of block Toeplitz matrices in control theory are closely related to the MIMO filter
from Section 3.1.2. A MIMO Linear Time-Invariant (LTI) system can be written as an infinite
impulse response (IIR) filter (where the sum in (3.6) goes to infinity instead of k), which can
be represented by a non-banded block Toeplitz matrix similar to (3.7). In the control case,

we begin with a discrete-time LTI dynamical system
xt = Az + Bu, (3.8)

where x and wu are the states and control inputs for the system, respectively. The state for
system (3.8) at time n can be expressed as the sum of all the previous inputs experienced by

the system, forming the summation
n .
x[n] = Z A’ Bulj].
§=0

This summation can then be transformed into the following block Toeplitz matrix representing

the state evolution of the system over time

[1] B 0 0 0 0 ul0]
z[2] AB B 0 0 0 ull]
z(3] A2B AB B 0 0 ul2]
z[4]| T |A*B A2B AB B 0 u[3] (3.9)
z[5] A'B A®B A’B AB B ul4]

The matrix in (3.9) has found many uses in control analysis and design for linear systems,
since it can be used as a prediction matriz to predict the system states given a specific input
trajectory. For example, it can be used to perform stability analysis [169], identify transfer
function zeros [158], and design optimal controllers [73]. Block Toeplitz matrices can also be

found in the models used to learn the dynamics of a system from just the response information,
such as the Autoregressive Moving-Average (ARMA) [58] and ARMA-Markov models [174].

3.1.5 2D boundary value problems

Another common application area for block Toeplitz matrices to appear in is 2D boundary

value problems. As an example, we examine the 2D Poisson equation

d? d?
_@u(a}?y)_diyzu(x’y):f(may)’ (l’,y) SRUES [07 1] X [07 1]7 (310)
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Yk+1

Figure 3.2: 5-point stencil for point (z;,y) overlaid on the mesh for a 2D boundary value
problem.

with Dirichlet boundary conditions from [35]. To solve (3.10), we overlay an n x n rectangular
mesh with equispaced points h = % apart onto €. Using this mesh, we compute the second
centered difference at (x;,yy) in each direction to give the derivative estimates

d? Ujrk — 2ujp +ujo1p  d? Uj k1 — 2Uj g + Uj g1
@u(xjvyk) ~ 2 hjg 4 ; dinU(l‘]’yk) ~ 2 h]27 = ) (311)

with u;; = u(xj,yx). Plugging the derivative estimates (3.11) into (3.10) and simplifying

then gives

Uik + U g1 — A g+ U1 g+ U1
h2

= f(zj,yx), forjk=1,....n—1. (3.12)

This formulation is known as the 5-point stencil, and can be seen overlaid on top of the mesh

in Figure 3.2.

To solve the discretized boundary value problem, we form a linear system using the 5-point

stencil (3.12) and the boundary conditions
Uk = Upk = Uj0 = Uno =0 for j,k=0,.

By defining the vector of unknowns as

/
U= UL, UL p, U215+ -+ s Up—2,n—1, Un—1,15 - - - 7un—1,n—l} s
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the linear system for the 5-point stencil can be written as Au = h?f with

(B —-I 0 0

-I B -1 0
A=|0 —-I B -I (3.13)

0 0 -I B

f the vector of right-hand sides from (3.12), I the identity matrix, and

4 -1 0

an (n —1) x (n — 1) matrix. Note that A is a symmetric block tridiagonal and block Toeplitz
matrix, composed of the blocks B and I, which are Toeplitz as well — so A is a BTTB matrix.

3.2 Block Toeplitz matrices and their matrix symbols

Now that we have shown how block Toeplitz matrices appear in various applications, we move

on to discussing their properties.

We will be working in the sequence space [2, which is the Hilbert space of square summable
sequences — i.e. for a sequence of values {Zp }nen, >.,|7n|? < 0o holds. We define the set of

complex numbers on the unit circle as
T={2€C:|z| =1}.

The functions we use are in the Banach space £5° — which is the space of matrix-valued
essentially bounded functions that are 27-periodic (i.e. the domain of the functions is T), and

that have a finite Frobenius norm almost everywhere on that domain, i.e.
T() e LSy < infly e R: || T(2)||r <y for almost every z € T} < +oc.

We also define a restricted space of functions called Ca,, which is the space of continuous
functions inside £5;. Note that while we restrict our discussion to functions in £3;, many of
the properties presented in this chapter also hold for 2r-periodic matrix symbols in £2 or £!

with some technical changes.
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The representation of the 2mw-continuous functions we use in this thesis will take a complex
number on the unit circle as their argument (their domain is T), represented by z. An alternate
representation used in many works is to instead have the function take a real parameter 6
and operate over the interval § € (—, m) (or alternately @ € (0,2x)), and have the term e*

instead of z.

One of the key ideas for block Toeplitz matrices is that matrices like (3.1) are finite dimensional
truncations of the infinite dimensional matrix T. This allows us to think of block Toeplitz

matrices as if they were a bounded linear operator on the sequence space (2.

3.2.1 The matrix symbol

To define the matrix symbol of a block Toeplitz matrix T, we first form the sequence {71}, } ez
using the blocks of T. The matrix symbol 7(-) (which we denote using calligraphic script)
for the block Toeplitz matrix T is then the function 7 € £S5 that has the sequence {1}, }nez
as its Fourier coefficients. This means that the blocks T;, can be computed from the matrix
symbol 7(-) using

T, = % 027r T (e)e™m? g, Vn € Z. (3.14)

The block Toeplitz matrix T then has a bounded operator on (? if and only if 7 and {1}, }cz
are related by the Fourier transform (3.14).

The matrix symbol for the block Toeplitz matrix is also known as the generating symbol of
the matrix, since relation (3.14) can be used to construct the block Toeplitz matrix from
just the matrix symbol. To represent this relation, we introduce the Toeplitz matrix operator
T(7) := T (which we denote using typewriter script) to provide a mapping from the matrix

symbol to its associated infinite-dimensional block Toeplitz matrix.

The matrix symbol can have a special meaning in some applications, and even represent
another physical property. For example, the matrix symbol of the autocorrelation matrix
Rx x in Section 3.1.3 is the power spectral density function for the WSS process X(-), so it

will describe how the power in the random process is distributed over the frequency spectrum.

3.2.2 Forming the matrix symbol

Now that we have defined what the matrix symbol is, we show two ways to form the matrix
symbol given an existing block Toeplitz matrix. Other types of functions in £5 can be matrix
symbols as well, but the two cases in this section usually are the easiest to identify the symbol

for, since it is in general hard to identify functions from their Fourier coefficients.
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Banded block Toeplitz matrices

In the case when the matrix T is banded (i.e. there is an N such that T; = Oy, xpm, for all

|7] > N), the matrix symbol can be formed as the trigonometric polynomial
T(z)= > T;#, Vz €T, (3.15)

where the blocks of T are used as the coefficients.

Wiener class symbols

A function is in the Wiener class if and only if it is in Co. and its Fourier coefficients are
absolutely summable. Since the blocks of T are the Fourier coefficients of the matrix symbol,
for the symbol to be in the Wiener class, the sequence of blocks {7}, },,cz must be absolutely

summable. This condition can be expressed as

which means the summation over every element of the blocks T, is finite for each element.

If the sequence of blocks {7}, }nez is absolutely summable, then the matrix symbol for T can

be formed from the trigonometric polynomial using the blocks as the coefficients, i.e.

T(z)= Y Tz, VzeT.

j=—o00

3.2.3 Circulant matrices

Like block Toeplitz matrices, we can also associate a continuous and 27-periodic function with
a block circulant matrix as its matrix symbol. The relation between the truncated circulant

matrix Cy with N blocks that are of size n X m and its matrix symbol C : T — C™*™ ig
Cy =N L)C(Vy®1,)", (3.16)

with

¢ i= diag (C0).¢ (- ¥7) ... ¢ (57)))
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a block diagonal matrix containing N equispaced samples of C(-) around the unit circle and

Vi the unitary Fourier matrix with elements

1 _eG-nG-y,
N

[VN:I]Jf = ﬁe 5 1S],k§N

Essentially, (3.16) uses the Fourier matrix to diagonalize the block circulant matrix. The
resulting diagonal matrix is then composed of the matrices created by sampling the matrix

symbol at N equally-spaced points on the unit circle.

3.3 Structure preserving operations

An important consideration when using structured matrices is how the structure changes as
operations are performed on the matrix. For a block Toeplitz matrix there is an additional
question: how does performing an operation on or between two block Toeplitz matrices affect

the matrix symbol?

For simple operations, the block Toeplitz structure is preserved, and the matrix symbol is

modified by performing the same operation on it. This can be seen in Lemma 3.3.1.

Lemma 3.3.1. Let F and G be block Toeplitz matrices with the matrix symbols F,G € Cor :
T — C™*™ respectively. Then

1. T(F*) = (T(F))* (i.e. F* is block Toeplitz with the matrixz symbol F*),

2. T(aF + G) = oT(F) + BT(G).
Proof. See [59, Lemma 4.2]. O

Another common operation that is performed between two or more matrices is matrix-matrix
multiplication. Unfortunately, the multiplication of two block Toeplitz matrices is not in

general block Toeplitz, as can be seen in Example 3.3.1.

Example 3.3.1. We can construct an example showing when the multiplication of two block

Toeplitz matrices does not result in a block Toeplitz matrix by using a block size of m =n =1

A IR )

as follows
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There are some special cases when the product of block Toeplitz matrices will be block
Toeplitz as well. One such case is that of lower and upper triangular block Toeplitz matrices,
which each form a matrix subalgebra that is closed over matrix multiplication. This means
that multiplying two lower triangular block Toeplitz matrices together will result in a lower

triangular block Toeplitz matrix (and similarly for upper triangular block Toeplitz matrices).

Example 3.3.2. We start with two lower triangular block Toeplitz matrices with compatible

block sizes

FFb 0 0 O Go O 0 0

F, Fb 0 O Gy Go O
F=|F Fn F O , G:=|G2 G1 Gy

F; Fy, Fy Iy Gs Gy Gi1 Gy

We then form the product

[Fy, 0 0 0 1/Go 0 0 o0 |
Fr Fh, 0 O Gi Gy O
FG= |l Fi Fy O G2 Gi1 Go
B Fh B Fy Gs Gy G1 Gy
[ FoGo 0 0 0 |
FiGy+ FpGq FyGy 0 0
— Gy + F1Gq + FyGo F1Go + FoGq FyGy 0
F3Go + FoGy + F1Ga + FoGs  FoGo + F1G1 + FoGy FiGo + FoGr FoGo

We can see from this that the structure of zeros in each row make the entries constant down
each diagonal, and hence a block Toeplitz matrix. In fact, the entries in diagonal k of the

product F'G can be expressed as a finite summation of k£ 4+ 1 terms of the form

[FG)), = iFk_jGj. (3.17)
j=0

O
Example 3.3.2 shows that the truncated lower triangular block Toeplitz matrix keeps the

block Toeplitz structure during multiplication, but that does not answer the question of what

happens to the matrix symbol during that operation. To answer that we need Lemma 3.3.2.
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Lemma 3.3.2. Let F and G be lower triangular block Toeplitz matrices with matrixz symbols
FeCor: T — CH™ and G € Cop : T — C™*" in the Wiener class, respectively, that are
given by

f::ZFlzl, g::ZGhzh, Vz e T.
=0 h=0

Then
T(FG) = T(F)T(G).

Proof. We begin by examining the Fourier transform of the product FgG,

1

27 . . .
on | FEG( e o,
21 Jo

Plugging in the infinite series definition of F and G, we transform the integral into

1

2m [ . 0 . .
= Z Eel@z) <Z Gh6h92> e—k@l de
2m Jo (l:o h=0

We then extract the summations from the integral and combine the complex exponentials,
giving

[%S) %) 1 o ) )

SR> G </ ()0 o=k d0> . (3.18)

27 Jo

1=0 h=0
The integral term now can be viewed as generating the Fourier coefficients for the function
H(z) = 2! which has the Fourier coefficients defined by the indicator function & for when
k=1+h,
1 Ifk=q,

0 Otherwise,

Hi(a) = 6k (a) = {

which then makes (3.18) become

) 00
Y R (Z Grok(l + h)) : (3.19)
1=0 h=0

We can now use the nature of the indicator function to transform the summation bounds.
First, we examine the outer summation over F; and note that it is impossible for [ to be
greater than k since the internal summation always uses positive h and [ + h must sum to k
— making the upper bound for the outer summation become k. Next we look at the inner

summation over G and see that it will always generate a single term for every value of the
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outer summation (since only one value of h will make k = [ + h true under these conditions),

and that term will be at k — [, transforming (3.19) into

k
> FGr. (3.20)
=0

Finally, we note that the summation (3.20) generates the same terms as summation (3.17)
from Example 3.3.2, which describes the value of the blocks in the lower triangular block
Toeplitz matrix-matrix multiplication. Therefore, we have shown that the matrix symbol
formed by the product FG will generate the lower triangular block Toeplitz matrix given by
the product FG. ]

Example 3.3.2 and Lemma 3.3.2 showed that the product of the multiplication of two lower
triangular block Toeplitz matrices with blocks that are absolutely summable and matrix
symbols in the Wiener class will be block Toeplitz with its matrix symbol simply the product
of the two original symbols. Similar results to Example 3.3.2 and Lemma 3.3.2 can be derived

for upper triangular block Toeplitz matrices as well.

We now look more generally at what happens to the matrix symbol during matrix-matrix
multiplication of two block Toeplitz matrices. It turns out that the infinite-dimensional
matrix generated by the product of two matrix symbols of compatible dimensions is known

to be composed of two distinct terms:

1. the product of the infinite-dimensional block Toeplitz matrices generated by each

individual symbol, and

2. the product of the infinite-dimensional block Hankel matrices generated by each symbol,

which we describe formally in Lemma 3.3.3.

Lemma 3.3.3. Let F € L : T — Ck*™ and G € L : T — C™*™ be the matrixz symbols
for the infinite block Toeplitz matrices F and G, respectively. Then

T(FG) = T(F)T(G) + R(F)H(G),

where H( ) and H(-) are operators that generate block Hankel matrices as follows

P F, F3 Fy --- Gy G_o G_3 G_4
F, By Fy - - G.o G35 G_4

HF) = [Fs Fi - - |, HG)=|Gs G
Fy cor oo e e Gy -
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Proof. Equation (6.2) in Section 6.1 of [29]. O

We can now apply Lemma 3.3.3 to different cases and make some observations about the
multiplication of infinite-dimensional block Toeplitz matrices. First, note that it presents an
alternative proof for Lemma 3.3.2, since if both F and G are lower triangular block Toeplitz
matrices, then the Hankel matrix H(G) will be 0, giving T(FG) = T(F)T(G). Second, we can
derive the following result for multiplication involving both an upper and lower triangular

matrix.

Corollary 3.3.1. Let F € £32: T — CH>*™ G e £ : T — C™" and H € L : T — C™>™
be the matrixz symbols for the infinite block Toeplitz matrices ¥, G, and H, respectively. If F
s an upper triangular block Toeplitz matriz and G is a lower triangular block Toeplitz matriz,
then

T(FHG) = T(F)T(H)T(G).

The final operation we examine is the inverse of a block Toeplitz matrix. In this case, it
is known that for a Hermitian matrix the inverse will also be block Toeplitz, with the new

matrix symbol the inverse of the original matrix symbol (as described in Lemma 3.3.4).

Lemma 3.3.4. Let F be a Hermitian block Toeplitz matriz with the Hermitian matriz symbol
F €Cor : T — C™ ™. If0 ¢ [inf F,sup F], then F~1 is block Toeplitz with the matriz symbol

(FC)~

Proof. See [59, Theorem 6.4] O

3.4 Spectral properties

One of the most used concepts in Toeplitz and block Toeplitz matrix theory is the relationship
of the eigenvalue/singular value spectrum between the truncated block Toeplitz matrix and
the matrix symbol. In this section, we will review some of the ideas and results in that

relationship.

To do this, we first need to define notation that describes the minimum and maximum of the
spectrum for both the matrix symbol 7 and the truncated/infinite matrix Txn/T. We let
A1 < oo < A be the eigenvalues of a matrix in sorted order, with the set of all eigenvalues
denoted by A, and 0 < o} < --- < o1 be the singular values of a matrix in sorted order, with
the set of all singular values denoted by o. We are then able to define the extremal values of

the spectrum of the matrix symbol as follows.
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Definition 3.4.1. Let T () € L3 be a function that maps T — C™*™. With k = min{m,n},

the extreme singular values of T(-) are

Omin(T) == esssup{y € R: o(T (2)) > y for almost every z € T},
Omaz(T) =essinf{y € R: 01(T (2)) < y for almost every z € T}.

If T(-) is a Hermitian matriz with k = m = n, then the extreme eigenvalues of T () are

Amin(T) = esssup{y € R: A\ (T (z)) >y for almost every z € T},
Amaz(T) = essinf{y € R: A\p(T(2)) <y for almost every z € T},

and the condition number of T (-) is

Definition 3.4.1 roughly means that the extremes of the spectrum for the matrix symbol
are just the most extreme values found when computing the singular value/eigenvalue
decomposition of the matrix symbol at all points on the unit circle excluding sets of measure

Zero.

For the infinite matrix T, we will define its extremal eigenvalues in terms of its truncation as

the size of the matrix grows towards infinity.

Definition 3.4.2. Let T be Hermitian and let Ty € R¥** be its truncation after N blocks

with k eigenvalues. If the limits exist, we then define the extremal eigenvalues of T as
)\mm(T) = lim )\1(TN), )\max(T) = lim )\k(TN)
N—oo N—o0

A direct consequence of Definition 3.4.2 is that the truncated matrices will have their spectrum
bounded by the spectrum of both the larger truncations and of the infinite matrix, as given

in Lemma 3.4.1.

Lemma 3.4.1. Let T be a Hermitian block Toeplitz matriz and let {Tn}nyen+ be the set of

its truncated matrices. Then
)\mzn(T) S A’rm‘n(r:[‘N—i—1> S )\min(TN)a )\max(TN) S )\max(TN—l—l) S )\max(T) VN € N+~

Proof. This follows from applying the Cauchy interlacing theorem for eigenvalues to the limit

sequence in Definition 3.4.2. O

An additional consequence of Lemma 3.4.1 is that every truncation of a positive definite block

Toeplitz matrix will also be positive definite.
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3.4.1 Spectrum of a block circulant matrix

We now examine the relationship between the singular value and eigenvalue spectra of a block
circulant matrix and its matrix symbol. In the matrix symbol (3.16), we can see the start
of a Singular Value Decomposition (SVD). As a refresher, the SVD for the n x m matrix
A with rank r is A = U;XU, where U; € C"*" and U, € C™*" are unitary matrices (i.e.
U,U¥ = U}U, = I) containing the left and right singular vectors, respectively, and ¥ € R**™
is a rectangular matrix containing the r singular values of A on its main diagonal and zeros

in the other entries.

For a scalar circulant matrix (n = m = 1), the relation (3.16) is the SVD of the truncated
circulant matrix, with the singular vectors given by the Fourier matrix and the singular
values given by C. This means that the singular values for the scalar case can be computed

by sampling the matrix symbol at N equispaced points on the unit circle.

In the rectangular block case, the matrix symbol gives matrices in C"*™, so (3.16) no longer
forms the SVD directly. Instead, we can replace C' with its SVD to create an SVD for
the original block circulant matrix using the singular values of the matrix symbol. This
means that we can exactly compute the spectrum of a truncated block circulant matrix
Cy using the matrix symbol by computing the singular values of the matrix symbol at N
equispaced locations on the unit circle. Put formally, for the matrix symbol C that gives
matrices with rank r, the singular values for the truncated block circulant matrix Cpy are

given in Theorem 3.4.1.

Theorem 3.4.1. Let Cy be a truncated block circulant matriz with N blocks of size n x m.
If C : T — C™ "™ is the matrix symbol for Cn and r is the mazimal rank of the matrices in
the range of C(-), then the singular values of Cn are

27rj7:

N-1 r
o(Cn) = U U 0, (C(wj)), wj=e N (3.21)
j=0 k=0

Proof. Recall from Section 3.2.3 that a block circulant matrix can be partially-diagonalized
using the Fourier matrix and samples from its matrix symbol into the form given in (3.16).

We then introduce the Singular Value Decomposition (SVD) of the matrix symbol

C(w) = U(w)E(w)U; (w), (3.22)
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where Uj(w) € C"*" and U,(w) € C™*™ are unitary matrices containing the left and right
singular vectors, respectively, and X (w) € R™ ™ is the rectangular matrix containing the r
singular values of C(w). Substituting the SVD (3.22) into the matrix symbol (3.16) in place
of C, we get

Cn = (Vv ® 1) diag; < j< n (Ui(wj)) diag; < j< v (B(wy)) diag; < j< n (Uy (w;)) (Vv @ 1) ", (3.23)

where w; are the N equally-spaced samples on the unit circle

wj=e N 0<j<N-1.
Note that the products
(Vv ® I,) diagy <<y (Ui (wy)) (3.24)
and
diag) << n (U (w))) (VN @ In)* (3.25)

produce unitary matrices, since the product of two unitary matrices is unitary. This means
that we can interpret (3.23) as an SVD with the left singular vectors given by (3.24), the

right singular vectors given by (3.25), and the singular values given by

diag; <<y (E(w;))-

We can then see that the singular values of the circulant matrix Cy are the singular values

of the N samples of the matrix symbol that are used to form it, giving (3.21). O

3.4.2 Spectrum of a block Toeplitz matrix

Unlike a block circulant matrix, the eigenvalues and singular values of a block Toeplitz matrix
cannot in general be known exactly outside of some special cases, such as block-tridiagonal
matrices. Instead, most of the information available about the spectrum is in the form of

asymptotic bounds on the eigenvalues and singular values.

Singular values

We begin by examining the singular values of a rectangular block Toeplitz matrix. After
seeing that the eigenvalues of a circulant matrix can be related to the eigenvalues of its
matrix symbol, it is natural to ask how we can relate the spectrum of the block Toeplitz

matrices to the spectrum of their matrix symbols.



3.4 Spectral properties 85

In the case of singular values, we cannot use the matrix symbol to fully bound the spectrum of
the matrix in general because we cannot use the smallest singular value of the matrix symbol

as the lower bound, as we show in Example 3.4.1.

Example 3.4.1. We can construct an example where 0p,in(Tn) < omin(T) as follows. We

let n = m = 2 and define the function

z 0

Tz = [0 z

], z €T,

as the matrix symbol for the block Toeplitz matrix of size 2N x 2N with N blocks

O2x2  I2x2 O2x2

O2x2  Tax2
Ty = O2x2 "+ Oa2x2
Toxo
O2x2 |

When we analyze the singular values of 7, we can see that its singular values are a constant
value of /2 for all z € T (50 0yae(T) = Omin(T) = V/2). Inspection of Ty shows that T has
rank 2N — 2, so it will have 2 singular values at 0. Therefore, opin(TN) < Tmin(T) for this

matrix, and we cannot use the matrix symbol as a lower bound for the singular values. [

We can however use the matrix symbol to bound the largest singular value of the block

Toeplitz matrix, as shown in Lemma 3.4.2.

Lemma 3.4.2. If {T,},cn+ is the set of truncated block Toeplitz matrices with the symbol
T € L3, then
Umax(Tn) < Umam(T) Vn e NT.

Proof. See [168, Theorem 4.1]. O

Note that this bound also holds for the truncated matrices, so all sizes of the truncated matrix
will have their largest singular value bounded by the largest singular value of the associated

matrix symbol.



86 An introduction to block Toeplitz matrices

Eigenvalues

For analyzing the eigenvalues of a block Toeplitz matrix, we focus on Hermitian matrices and
show that the eigenvalue spectrum of the block Toeplitz matrix (and its truncations) can be
bounded using the largest and smallest eigenvalues of the associated matrix symbol, as in
Lemma 3.4.3.

Lemma 3.4.3. Let T € L : T — C™™" be Hermitian and the matriz symbol for the
Hermitian block Toeplitz matriz T with truncations {Tn}yen+. Then,

)\mzn(T) S )\mm(T) § )\mln(TN) § Amax(TN) S )\mam(T) § Amaz(T)

Proof. See [124, Section 2] and Lemma 3.4.1. O

Corollary 3.4.1. Let T € £ : T — C™™ be Hermitian and the matriz symbol for the
Hermitian block Toeplitz matriz T. If 0 & [Amin(T), Amaz(T)], then T and its truncations

{TnN}nen+ are positive definite matrices.

3.4.3 Szegod’s limit theorem

Perhaps the most well known theoretical result in the study of the spectrum of Toeplitz/block
Toeplitz matrices is the Szegd limit theorem. This theorem was first developed in 1915
by Szegé in his work [167] for the non-block case, and then subsequently extended to the
block Toeplitz case by many authors, including [59, 125] for Hermitian matrices and [168] for
rectangular matrices. The Szeg6 limit theorem for Hermitian block Toeplitz matrices is given
in Theorem 3.4.2.

Theorem 3.4.2 (Szegd’s limit theorem for Hermitian block Toeplitz matrices [125]). Let
T € L3 be an nxn Hermitian function and the matriz symbol for the block Toeplitz matrix
Ty with N blocks. Then

im LS g = 2 LS gon (T d 3.26
NgnoonN];)g k(N)_27T/o nkzzg)g(k w))) dw (3.26)

for all test functions g(-) continuous on the interval [Amin(T), Amaz(T)]-

Proof. [125, Theorem 3.3] O

Overall, the Szeg6 limit theorem as given in Theorem 3.4.2 is a beautiful piece of machinery
for analyzing block Toeplitz matrices. Essentially, the Szegé limit theorem says that as

the truncated block Toeplitz matrix approaches infinite size, the arithmetic mean of its
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eigenvalues (or the function g(-) of them) will approach the arithmetic mean of the eigenvalues
of the matrix symbol (or the function g(-) of them). Note that for the Hermitian case in
Theorem 3.4.2, when g(\) := A this is equivalent to saying that the scaled traces of the
truncated block Toeplitz matrix converge to the scaled integral over the trace of the matrix

symbol (since the trace is the sum of the eigenvalues) as the matrix size grows to infinity.

There are a few technicalities in Theorem 3.4.2 though, namely it only applies to Hermitian
block Toeplitz matrices and the function g(-) used on the eigenvalues must be continuous on
the interval [Apmin(7T), Amaz(T)]. This interval can be roughly thought of as spanning between
the smallest eigenvalue of 7(+) and the largest eigenvalue of 7(-) that exist anywhere on the

unit circle while ignoring outliers on a set of zero measure.

The Szeg6 limit theorem forms the basis for many other relations between the truncated
matrices and the matrix symbol through various choices of the function g(-), such as relating
the matrix determinant. These relations can then be exploited in various fields to determine
quantities in terms of the matrix symbol instead of the truncated matrix — such as computing
the Minimum Mean Square Error (MMSE) or geometric MMSE of a linear predictor in
information theory [57, 61].

3.5 Conclusions

In this chapter, we presented an overview of block Toeplitz matrices and some of their
associated properties in preparation for their extensive use in Part II. We examined when
operations involving block Toeplitz matrices will result in block Toeplitz matrices, showing
that the basic operations of addition/transpose will always produce one while matrix
multiplication only produces one in special cases. We then introduced the idea of the matrix
symbol of a block Toeplitz matrix, and showed how the extrema of the symbol’s spectrum can

be used as bounds on the extrema of the spectrum of the truncated block Toeplitz matrices.
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Chapter 4

Spectral properties for the condensed
prQbIemJr

The spectrum and condition number of the condensed Hessian from (2.7) is an important
factor in the convergence and implementation of many first-order methods for solving the
CLQR problem. In this chapter, we derive some spectral properties (i.e. bounds on the
largest /smallest eigenvalue and the condition number) of the matrices used in the CLQR
problem, with a focus on the primal and dual condensed Hessians. These spectral properties
are horizon-independent and easily computable using the system transfer function and cost
matrices. The results in this chapter will provide a grounding for the analysis and design

methods we will present in Chapters 5, 6, and 7.

This chapter begins with the analysis of the prediction matrix I'. in Section 4.1. Those
results are then used in Section 4.2 to analyze the condensed Hessian and derive its spectral
properties. Next we examine the condensed constraint matrix in Section 4.3, and then examine

the dual condensed Hessian in Section 4.4.

fSome of the material presented in this chapter is contained in the following work:
I. Mclnerney, E. C. Kerrigan, and G. A. Constantinides. Horizon-independent preconditioner design for linear
predictive control. IEEE Transactions on Automatic Control, 2022. doi: 10.1109/TAC.2022.3145657. (in
press). ©2022 IEEE.
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4.1 System prediction matrix

We start by analyzing the prediction matrix I'. from the numerically robust CLQR
formulation (2.10) and note that its diagonals are constant blocks, which means that I'.
is a block Toeplitz matrix (and is actually the same one that is given in the control theory
example in Section 3.1.4). As we discussed in Chapter 3, finite-dimensional block Toeplitz
matrices with blocks of size m x n can be viewed as the truncation of an infinite-dimensional
block Toeplitz matrix by extending the block pattern, and these can then be related to a

matrix-valued function in £59, called the matrix symbol, that maps T — C"*™.

As discussed in Section 3.2.1, the blocks on the diagonals of the matrix give the spectral
coefficients of the matrix symbol. This means that one possible representation of the symbol
is as a Fourier series with the coefficients given by the matrix blocks. For the prediction
matrix I' in the condensed CLQR formulation (2.7), the Fourier series that only uses the

blocks in the horizon is given by
> A'Bz', VzeT.
i=0

As the horizon length increases, this series is only guaranteed to converge to a finite matrix

symbol when the system G with state-space matrices A and B is Schur-stable.

To form a convergent Fourier series no matter the system, we use the numerically robust
CLQR formulation from Section 2.3.2 to introduce a stabilizing linear state-feedback controller
up = —Kx + vg, to the prediction. For systems where the pair (A, B) is stabilizable, the
prestabilizing controller leads to the prediction matrix I'. having a convergent Fourier series

and the finite matrix symbol given in Lemma 4.1.1.

Lemma 4.1.1. Let the pair (A, B) be stabilizable and K € R"™ ™ be a linear state-feedback
control matriz used to form the prestabilized system (2.9). The prediction matriz T'. then has

the matriz symbol Pr, € ngw with
Pr,(2) == 2(2I — (A — BK))™'B = 2G.(2), VzeT,

where G.( ) is the transfer function matriz for the discrete-time system G.

Proof. The matrix symbol for the block Toeplitz matrix I'. is derived using the infinite-
dimensional extension of I'., called I'.. The blocks that make up I'. can be extrapolated from
(2.11) to
0 if i <0,
[Te]; = o (4.1)
(A—-BK)'B iti>0,
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where ¢ is the number of the block diagonal of the matrix, with ¢ = 0 being the main diagonal
and positive ¢ below the main diagonal. A possible way to form the matrix symbol of a block
Toeplitz matrix is to define it as the trigonometric polynomial with the blocks of the matrix
as coefficients [59, §4.3]. Doing that for I'. uses the blocks (4.1) as the coefficients to form
the trigonometric polynomial .
> z7(A-BK)'B. (4.2)
i=0

The constant B matrix can be factored from the summation, giving

> . .
(Z(A — BK)%") B.
i=0

Since K was designed to make (A — BK) Schur-stable, the summation becomes a convergent
Neumann series that converges to z(z — (A — BK))~! [141, §3.4]. With the B matrix right-
multiplying the summation, the result is the transfer function matrix for the time-shifted
discrete-time system zG.(z), giving the matrix symbol in the lemma. Finally, note that the
coefficients in the sum (4.2) are absolutely summable, so Pr, is in the Wiener class, meaning

that Pr, € £> and is continuous and 2m-periodic, leading to Pr, € Car. O

It is tempting to only apply the stabilizing controller K after the horizon, like the CLQR
stability theory in [114] does, but this will cause T'. to have A’B in the upper-left N x N
block submatrix and (A — BK)'B in in the remaining part, breaking the block Toeplitz

structure.

At this point, there is no restriction on the type of linear state-feedback controller used to
prestabilize the system — any controller that results in a Schur-stable closed-loop system can
be used. A convenient choice for K is the infinite-horizon LQR controller designed using the
cost matrices in (2.2a) with P chosen to be the solution to the DARE (2.3) as described in
Section 2.1.1.

If the system G is Schur-stable to begin with, then there is no need for a pre-stabilizing
controller K and the matrices I and I'. can be the same. The matrix symbol for I'. can then

be simplified as shown in Corollary 4.1.1.

Corollary 4.1.1. If the system G is Schur-stable, then with K = 0 the prediction matrix T’

has a convergent Fourier series, producing the matriz symbol Pr € Coyr with
Pr(z) = 2z(zI — A)7'B = 2G(2), Vz e T,

where G( ) is the transfer function matriz for the system G.
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One of the useful properties of block Toeplitz matrices is the relation between the spectrum
of the matrix (and its finite-dimensional truncations) and the spectrum of its matrix symbol
that we discussed in Section 3.4. While we showed in Example 3.4.1 that it is hard to bound
the lower singular value of an arbitrary block Toeplitz matrix, we can actually find such a
bound for the prediction matrix. That means we can find a bound for all the singular values of
the prediction matrix, and also estimate their locations using the matrix symbol. Specifically,
we can say that the distribution of the spectrum of the matrix symbol evaluated on T is the
same as the distribution of the spectrum for T,, as n — oo, and the spectrum of T,, will
always be contained in the spectrum of its symbol. This means that we can utilize Pr, to

find the distribution of the singular values of I'. and bound them.

Proposition 4.1.1. Let G. be the prestabilized Schur-stable system predicted over a horizon
of length N, then the following are true:

(a) omin(Ge) < o(Te) < |[|Gelln,
() Jm w(Tey) = 5(G)

(¢c) o(Tey) = Uueq o(Ge(e?))
withQ::{w:w:—%—f-%ﬂi, iE[O,l,...,N—l]}

Proof. T is lower-triangular, so the matrix I'’T'. is also block Toeplitz with the matrix symbol
G¥G. € Cor [59, Lemma 4.5] since z*z = 1 for z € T.

(a) We can directly upper bound the singular values of I'. and its truncations using its
matrix symbol as described in Lemma 3.4.2. Then note that the Hy, norm of a system

is its largest singular value, giving the upper bound.

To lower bound the singular values, we use the fact that the product I';I'; is block
Toeplitz with its symbol in Cox (as mentioned at the start of the proof). This means

that we can bound the eigenvalues of I':I'. using Lemma 3.4.3 and say
)\mzn(gzgc) S )\mzn(rzrc) S )\max<rzrc) S Amax(gjgc) (43)

Since we only require the lower bound, we focus on that portion of (4.3) and apply the
knowledge that A(TT'.) = o(T.)? to find

Omin (gc)2 < Omin (FC)Q‘

Since singular values are always positive, we can then take the square root of both sides

and get the final inequality
Umin(gc) < Umin(rc)-
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(b) Taking the limit of the condition number as N — oo gives:

. T O'max(]-_‘cN) o Umax(gc) o
pm r(Tey) = lim e ) = omn(Ge) )

(c) It is known that the singular values of the matrix I'. are related to the eigenvalues of
T:T. through o(T.)? = A(T:T.). From [125], the eigenvalues of I':T'. can be estimated
as N — oo by approximating the block Toeplitz matrix as a block circulant matrix with
the same matrix symbol, and then finding the eigenvalues of the block circulant matrix.
In this case, that means evaluating the eigenvalues of the matrix symbol GG, around

the unit circle, i.e.
ATIL) = | AMGe(e7)*Ge(e7Y)). (4.4)
we

Since the right-hand side of (4.4) evaluates to a matrix at every point w, we can rewrite

(4.4) as
(0(Te)? ~ | o(Ge(e™))”.

we

Taking the square root of both sides gives the final result.

To understand Proposition 4.1.1, we can examine Figure 4.1 — which is a plot showing
the singular values of the prediction matrix for the first Schur-stable system in Section 2.6.
In this plot, we can see the upper and lower bounds of the singular values computed using
Proposition 4.1.1(a) shown as red lines. The actual singular values are shown as blue asterisks,
and it can be seen that they are contained between the two red lines, showing the upper and
lower bounds can contain the singular values. For the estimation of the singular values using
Proposition 4.1.1(c), we can see that the actual singular values (the blue asterisks) and the
estimated ones using Proposition 4.1.1(c) (the red squares) are distinctly separated for short

horizon lengths, but they slowly move towards each other as the horizon length is increased.

4.2 Primal Hessian

4.2.1 Matrix symbol

The Hessian of the MPC problem formulation in (2.10) can be split into four distinct parts

H.=Hg+ Hp+ Hg + Hp (4.5)
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Singular values of the Prediction matrix for the Schur-stable system
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Figure 4.1: Singular values of the prediction matrix for the first Schur-stable system compared
to the approximation from Proposition 4.1.1.
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where Hg, Hgr, Hp and Hy are the parts that contain the matrices (), R, P, and the K
cross-terms, respectively. Slightly different analysis must be done depending on the choice
of P, and in this work we focus on the two cases when P = @Q and P is the solution to the
DARE (2.3) for the infinite-dimensional unconstrained LQR.

P is the same as ()
Choosing P = ( for (2.2) allows the term Hp to be consolidated into Hg, giving

H,=T.QJT.+T.K'R+ RKT.+ R,
Q.= Iy ®(Q+ K'RK).

Analysis of the resulting infinite-dimensional Hessian H,, reveals that H.. is also block Toeplitz

with the matrix symbol given in Lemma 4.2.1.

Lemma 4.2.1. Let P = @) and Pr, be the matriz symbol for T'. from Lemma 4.1.1. The

matriz He is then a block Toeplitz matriz with the matrixz symbol P, € ~Cz7r, where
Pu.(z) = Pp.(2)(Q + K'RK)Pr.(z) — Pf (2) K'R — RKPr,(z) + R, VzeT.

Proof. Note that Hy is the sum of four matrices: T.Q T, I"K'R, RKTI, and R. Using
the assumption that P = @, we can see that the new state weighting matrix QC is block
diagonal with the same entry in each block, making Q, a block Toeplitz matrix with the
symbol PQC(Z) =@+ K'RK. Since I, is a lower-triangular block matrix and I", is an upper-
triangular block matrix, the product I',QI. is block Toeplitz with matrix symbol PFCPQCPFC
according to Corollary 3.3.1.

R and K are both block diagonal with the same entry in every block, making R and K
both block Toeplitz matrices with symbols Pg(2) := R and P (z) := —K, respectively. The
multiplications I"CI_{/I:_{ and RKT, are then block Toeplitz, since the product RK produces
a block diagonal block Toeplitz matrix, which preserves the block Toeplitz structure of I',
during the multiplication. The matrix symbols for I‘/CI_(/R and RKT. are then —Pr (2)K'R
and —RKPr,_(z), respectively. Block Toeplitz structure is preserved over the addition of two
or more block Toeplitz matrices, and the matrix symbol for the resulting sum is the sum of
the original matrix symbols (Lemma 3.3.1). This means that the matrix H, is block Toeplitz

with the matrix symbol given in the lemma. O

Note that the structure of the matrix Hg can be seen in (4.6), and that the truncation for
finite horizons is not perfectly block Toeplitz. The reasoning behind for equating the actual

Hg and the infinite-horizon Hg is that as the horizon grows, the discrepancy between Hg
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Hp = |B(AY2YPAYB B(AY?)PAY'B B'(AY?)PAYB ... B'(AV7?)PA.B
B'ALPAY B B'ALPAN-IB B'ALPAN—2B B'ALPA.B
(4.7)

and the finite-dimensional truncation of Hg will shrink since the new components in the
summation will be very small. This means any discrepancy will be mostly limited to the final
rows/columns — making the upper left submatrices of the two nearly identical. How quickly

this happens in practice will depend on how quickly A* decays to 0 as i — 0o.

It is important to note that as shown in Section 3.3, the product of block Toeplitz matrices
is not guaranteed to be block Toeplitz except in certain special cases, while the addition of
multiple block Toeplitz matrices with compatible block sizes is always guaranteed to produce
a block Toeplitz result. In this case, the lower-triangular structure of I'. and the block
Toeplitz structure of Q. implies that the product I"CQI‘c is one of the special cases where the
multiplication of the three block Toeplitz matrices of compatible block sizes is block Toeplitz.
Choosing an arbitrary P with P # @ will cause Q, to no longer be block Toeplitz, so the
multiplication will not necessarily produce a block Toeplitz matrix and the Hessian may not
be block Toeplitz.

P is the solution to the DARE

Choosing P as the solution to the DARE (2.3) causes the original ), from Section 2.3.2 to
not be block Toeplitz, since QC will then have a different matrix in the lower-right corner than
the rest of the main diagonal. This means that the analysis for the product I'.Q.I'. based on
the multiplication of structured block Toeplitz matrices used in the proof of Lemma 4.2.1 no
longer can be applied. However, the resulting H, matrix is still block Toeplitz due to the fact
that P will represent the cost of the controller applied after the horizon ends. We can then
derive the matrix symbol for this case, which we show in Proposition 4.2.1 is the same as the

case when P = Q).
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Proposition 4.2.1. If P is the solution to the DARE (2.3) and K is the infinite-horizon
LQR controller for G, then H. is block Toeplitz and has the same matriz symbol as the case

when P = Q given in Lemma 4.2.1.

Proof. Using the matrix splitting (4.5), the Hessian can be decomposed into three terms, with
Hg and Hp given by (4.6) and (4.7), respectively, and the remaining term given by Hg + Hp.
We start by examining the first diagonal term of Hg + Hp,

N-1 ‘ ‘

> B'(AL)Q.ALB+ B'(AY)YPAYB. (4.8)

i=0

Since P is the solution to the DARE (2.3), P is also the solution to the Lyapunov equation
(A—-BK)P(A-BK)+Q+ K'RK =P (4.9)

when K is the infinite-horizon LQR controller. This means that P can also be expressed as

P=3"(A~ BK))(Q + K'RK)(A - BK).
=0

transforming (4.8) into

N—-1 [e%9)
Y B'(A)'Q.ALB+ B' (ALY (Z(%)’Qﬂé) AYB.
i=0 i=0

The (AY)" and A terms around the right summation can be consolidated into the summation,
offsetting its starting point to be ¢ = N instead of 0. This means the right summation is
simply the continuation of the left summation to infinity, allowing the two to be consolidated
into

i B'(AL)Q.A'B. (4.10)
=0

The same analysis can be performed on the other terms on the main diagonal, which only
differ by where the left summation ends and the right summation is offset to. Therefore, the
main diagonal of the matrix sum Hg + Hp is composed of blocks with all the same terms.
A similar analysis can be done on all diagonals above and below the main diagonal, showing

that they are also composed of blocks with all the same terms down the diagonal.

Since all the diagonals are composed of the same blocks down their length, the matrix sum
Hg + Hp is block Toeplitz, and the resulting finite-dimensional Hessian H. is block Toeplitz

as well, since Hx + Hp is already known to be block Toeplitz from Lemma 4.2.1.
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Now that we showed the actual Hessian is block Toeplitz, we can find the infinite-dimensional
matrix H. it is a truncation of and the associated matrix symbol. To construct the matrix
symbol, we examine the elements in the matrix Hg+ Hp and how they relate to the case when
P = @ that we have already worked with. Note that when P = @, the individual elements
of the matrix Hg have a summation that terminates at the horizon length. Since the matrix
symbol is based on the infinite-dimensional matrix, if the matrix Hg is extrapolated to a
horizon of infinity to form Hg, the summations in Hg will all terminate at infinity. Therefore,
the finite-dimensional sum Hg + Hp will have the same blocks as the infinite-dimensional H
when P = (), so the Hessians for the cases when P = Q and P is the solution to the DARE

will both have the same matrix symbol. O

An interesting thing to note in this case is that the actual finite-dimensional truncation of
the Hessian is block Toeplitz — which is different from the case when P = ). This is a
direct result of the fact that choosing P as the solution of the DARE is meant to capture the
remaining cost from the end of the horizon to infinity, which we can see represented in the

sums that comprise the components of the Hp matrix (4.7).

Simplification when G is Schur-stable

When G is Schur-stable and the results in Corollary 4.1.1 are used to simplify the matrix
symbol of the prediction matrix, the results given in Lemma 4.2.1 and Proposition 4.2.1 can

be simplified as well.

Corollary 4.2.1. If the system G is Schur-stable, then with K = 0 and P = @ or P the
solution to the discrete Lyapunov equation (2.4), the Hessian H has the matriz symbol Py €
ézﬂ with

Pu(z) = Pr(2)QPr(z) + R, VzeT.

where G( ) is the transfer function matriz for the system G.

Note that the matrix symbol in Corollary 4.2.1 has the same form as the matrix symbol in
Lemma 4.2.1, however the choice of the matrix P in the CLQR problem differs.

In order for Proposition 4.2.1 to reduce to Corollary 4.2.1 in the Schur-stable case with K = 0,
the terminal cost must be based on the solution to the discrete Lyapunov equation instead
of the DARE, since using the DARE solution with no pre-stabilizing controller will cause the
Lyapunov equation (4.9) used in the proof of Proposition 4.2.1 to be invalid.
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4.2.2 Spectral bounds

One useful property of block Toeplitz matrices is that the eigenvalue spectrum for any finite-
dimensional truncation of the infinite-dimensional block Toeplitz matrix is contained within
the extremal eigenvalues of its matrix symbol. This means that the minimum and maximum
eigenvalues of the matrix H. can be bounded by analyzing the matrix symbol Py, since H,

is a finite-dimensional truncation of the infinite-dimensional matrix H¢ to N blocks.

Theorem 4.2.1. Let H, be the condensed Hessian with P the solution to the DARE (2.3)
for a prediction horizon of length N that is block Toeplitz with matriz symbol Py, given in
Lemma 4.2.1, then the following hold:

(a) A’rmn(,PHC) S )\(Hc) S )\maa:(PHc)

(b) Jim w(H,) = r(Py,)
Proof.

(a) The spectrum of a finite-dimensional truncation of a block Toeplitz matrix with a symbol

in Cor is bounded by the extremes of the spectrum of its symbol (Lemma 3.4.3).

(b) H. is a Hermitian matrix, which means that it is also normal [71, §4.1]. Since it is both

normal and positive semidefinite, the singular values are the same as the eigenvalues
;\\Tégz)) Taking the limit
of both sides in conjunction with the spectral bounds from part (a) gives

[70, §3.1], resulting in the condition number becoming x(H.) =

lim k(H.) = k(Pp,)-

N—oo
L]

Corollary 4.2.2. If the system G is Schur-stable, then with K = 0 and P the solution to the
discrete Lyapunov equation (2.4), the results in Theorem 4.2.1 can be applied to H using the
matriz symbol Py instead of Pr,.

Essentially, Theorem 4.2.1 say that the spectrum for the condensed Hessian in these cases will
always be contained inside the interval defined by the maximum and minimum eigenvalues
of the matrix symbol in Lemma 4.2.1/Corollary 4.2.1. Additionally, as N — oo the extremal
eigenvalues of the Hessian will converge asymptotically to the maximum and minimum
eigenvalues of its symbol. This can be seen in Figure 4.2, where we have plotted the extremal
eigenvalues of the Hessian matrix for the first Schur-stable system from Section 2.6 as the

horizon length increases.
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Hessian Condition Number
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Figure 4.2: Spectral bounds for the condensed Hessian of the first Schur-stable example problem
with either P = @ or P the solution to the discrete Lyapunov equation.

We compare the eigenvalue spectrum of the Hessian with P = @) and with P the solution
to the discrete Lyapunov equation (since the system is Schur-stable) in Figure 4.3. In this
figure, we can see that both cases behave similarly, with the major difference being the exact
locations of the eigenvalues for shorter horizon lengths, suggesting that Theorem 4.2.1 may
still apply to the case when P = () even though the truncated matrix is not block Toeplitz. As
the horizon length increases, the eigenvalues appear to become dense on the ranges, showing

that for long/infinite horizons the two matrices become the same.
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Figure 4.3: Eigenvalue spectrum for the condensed Hessian of the first Schur-stable example
problem with either P = @ or P the solution to the discrete Lyapunov equation.



104 Spectral properties for the condensed problem

4.2.3 Inclusion of a state-input cross term

We now examine what happens when the state-input cross-term weighting matrix S is
included in problem (2.2), which can happen when the cost is discretized using the method
in Section 2.1.1. To do this, we introduce a new term, Hg, to the splitting of the Hessian

from (4.5) to create the new splitting
H.s Z:HQ+HP+HK+H5+HR.

While the components Hg, Hr, Hx and Hp are the same as in Section 4.2.1 and are block
Toeplitz, the additional Hg term is not block Toeplitz, so the overall Hessian H.g will not be
block Toeplitz. This is due to the S matrix in Section 2.3.1 containing a 0 matrix instead of
S in the lower-right corner, which when multiplied with I' produces a row/column of zeros
on the bottom/right of the matrix Hg.

To overcome the fact that H.g is not block Toeplitz, we will instead split H.g into two

components, a nominal matrix H, and a correction matrix H,, such that
H.s .= H, — H..
We let the nominal matrix be
H, = Hg + Hp + Hi + Hg + Hs,
where Hg is Hg with an additional S weighting term on the final state, giving
Hg = (In®S)T+T'(Iy ® S).
Now Hg is block Toeplitz with the matrix symbol
P (2) = 8Pr (2) +Pr (2)S  VzeT.
This leads to H,, being block Toeplitz as well, with the matrix symbol Pg, € Cax given by
Pr,(2) = Pu,(2) + P, (2) Vz eT, (4.11)
with Pr,(+) and Pp,(-) given by Lemmas 4.1.1 and 4.2.1, respectively.

We then correct for the additional weighting term introduced in H, by subtracting a

Hermitian correction matrix H., where

H.:= ST +T'S.
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with

In_
S, = N-1©0 0 .
0 S

To now understand how the correction term H, affects the nominal matrix H,,, we first must

analyze the spectrum of H..

Lemma 4.2.2. Let A. € R™™™, B € R"*™ and W, be the state transition matriz, input matriz
and the controllability Gramian, respectively, for the discrete-time system G.. If S # 0, then

rank(H.) < 2m, and for N — oo the 2m non-zero eigenvalues of H, are the 2m eigenvalues

of

_— B'S I
o |lSw.s S'B|

Proof. H, can be decomposed as the outer product vu/ with the matrices v,u € RN™x2m
defined as

S'ANB §'AN-1B ... §'A.B S'B]

V= ,
0 0o 0 I
0 0 0 I

u = .
S'ANB S'AN-'B ... S'A.B S'B

The rank of an outer product matrix can be no larger than the smallest rank of the component
matrices, and we know that rank(u) < 2m and rank(v) < 2m — making rank(H.) < 2m.
The non-zero eigenvalues of vu' (and consequently H,) are the same as the eigenvalues of u'v
[71, Example 1.3.23], with

B'S 1
oo S'A*BB(AF)S  S'B|’

As N — oo, the summation in the lower-left element of /v converges to the controllability
Gramian of the system G, [36, §6.6], which makes the lower-left corner of the matrix U become
S'W.S. O

The results presented in Lemma 4.2.2 show that the correction matrix H, has a finite and low
rank independent of prediction horizon. Additionally, the limit points for the eigenvalues of
H. as N — oo can be computed by finding the eigenvalues of the 2m x 2m matrix U, which
is independent of the horizon length. Knowledge of the eigenvalues of H, then allows for the

eigenvalues of the Hessian matrix H.g to be bounded.
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Theorem 4.2.2. Let the system G, be Schur-stable with the nominal part H,, of the Hessian
H_.s having the matriz symbol from (4.11) and U from Lemma 4.2.2. Let v = MAmnaz(PH,, ),
B = Mnin(Pr,), 1 = Amax(U), v = Apin(U). If S # 0, then the spectrum of the

condensed Hessian H.g has the following properties:

(a) max{0, 8 — 1} < A(Hes) <7 —v

@)hmHGﬂ)S{E# if B>

N—roo 00 otherwise

Proof. Note that H.g = H,, — H. can be viewed as the addition of the negation of H..
Negating a matrix will negate all the eigenvalues, and consequently reverse their order. Since
both H, and H,. are Hermitian, the eigenvalues of H.g can be bounded by [21, Fact 5.12.2]

Amzn(Hn) - )\max(He) < Amin(HcS)7
)\max(HcS) < Amaw(Hn) - )\min(He)a

which gives the inequalities in part (a). No a priori bounds are provided for the value of 7,
so it is possible that 5 — n < 0. However, it is given that the Hessian is positive definite, so
when 8 —n < 0 the lower bound is set to 0. The condition number in part (b) follows from

applying the bounds in part (a) to the definition of the condition number. O

The results presented in Theorem 4.2.2 provide horizon-independent bounds for the extremal
eigenvalues of the primal Hessian with .S present. The results in Theorem 4.2.1 can provide the
values for v and 8 when P = @ and for when P is the solution to the discrete-time Lyapunov

equation. Horizon-independent values for 17 and v can be computed using Lemma 4.2.2.

The results in Theorem 4.2.2 are conservative bounds on the spectrum. This can be seen in
Figure 4.4, where the bound on A, is much lower than the actual computed eigenvalues. It
is possible for the bound on the condition number to go to infinity if A\paz(He) > Apin(Hy),
since then the lower bound on the eigenvalue will be 0 even though the actual Hessian H.g

remains positive definite.

An alternative method presented in [3] to handle a non-zero S matrix is to transform the

problem into one with the system given by (A, B) and weight matrices (Q, R, S) with

A=A—-BR'Y, B,
Q=Q—-SR 'Y, R =R, S =0.

Note that the Schur-stability assumption must now hold for the transformed system A, which

is not true in general.
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Figure 4.4: Spectral properties of the condensed primal Hessian for the mass-spring-damper
system. The lines represent the bounds, and the markers represent the values of the condensed
Hessian at that horizon.

4.3 Inequality constraint matrix

We now turn our focus to the constraints in (2.7) and show that the condensed constraint
matrix is block Toeplitz. To begin, we must examine the shifted prediction matrix I, that is
used in the numerically robust CLQR problem (2.10) to form the constraint matrix G.. This
shifted prediction matrix is formed by performing a shift on the original prediction matrix to
move the contents of each diagonal onto a lower diagonal, which will keep the block Toeplitz
structure of the prediction matrix but change the matrix symbol. The new symbol associated

with T is shown in Lemma 4.3.1.

Lemma 4.3.1. Let the pair (A, B) be stabilizable and K € R™*™ be a linear state-feedback
control matriz used to form the prestabilized system (2.9). The shifted prediction matriz .

then has the matriz symbol 731:0 € Cor with
P (2) = (2 — (A= BK))"'B=G.(2), Vze€T,

where G.( ) is the transfer function matriz for the discrete-time system G.
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Proof. We begin by expanding the multiplication

0 0 0 0 0 0

B 0 0 0 0 0

A.B B 0 0 0 0

I, = [[I O”XNWO}F] — | A2B A.B B 0 00
n(N-1) c .

AN=3B AN-AB ANB ANSB ... 0 0

(AY 2B AV*B AY'B AYPB .- B (]

From this, we can observe that the infinite-dimensional extension of I'. (called T'.) will have
the blocks

_ 0 if i <1,
L] = . (4.12)
: (A— BK)~'B ifi>1,

where ¢ is the number of the block diagonal of the matrix, with ¢ = 0 being the main diagonal
and positive i below the main diagonal. Next, we use the trigonometric polynomial associated
with T, to form the matrix symbol Py, Using the blocks of the matrix given in (4.12) as the

coefficients, the trigonometric polynomial is

0 . .

> 2z (A-BK)"'B.

i=1
By introducing the auxiliary variable kK = ¢ — 1, the starting point of the summation is shifted
to 0, giving

o

> 2" Y(A- BK)"B.

k=0

By factoring the constants z~! and B from the summation, the summation becomes

o)
z 1 (Z 27RA - BK)k> B, (4.13)
k=0
which is a Neumann series that converges to
27! (2(: - (A= BK))™") B

when A— BK is Schur-stable. Canceling the leading z~'2 term and noting that the remaining
(2I — (A — BK))™'B is the transfer function matrix of the discrete-time system G.(z) then
shows the matrix symbol for T, is Pr_(2) = Ge(z). Finally, note that the coefficients in the
sum (4.13) are absolutely summable, so Py is in the Wiener class, meaning that Pp_ € L™

and is continuous and 27-periodic, leading to Pr_ € Cor. ]
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We can now analyze the constraint matrix G, for the numerically robust CLQR problem and

show that G, is a block Toeplitz matrix, with the matrix symbol given in Lemma 4.3.2.

Lemma 4.3.2. Let G, be a Schur-stable system with controller K € R™*™ and the shifted
prediction matriz T.. The condensed constraint matriz G, is block Toeplitz with the matriz
symbol Pq, € Cor with

Pe,.(z) = (B — E"K)Pr _(2) + E* Vz e T,

where Py, (2) is the matriz symbol of . given in Lemma 4.3.1.

Proof. We start with the fact that G. = (E* + E“K)T. + E". Using the definitions of E”,
E" and K in Section 2.3.1, it is obvious they are block Toeplitz with symbols

Pie(2) = E*, Pju(z) =E", Pr(z)=-K VzeT,

respectively. The product E"“K is then block Toeplitz since both E" and K are block diagonal,
with the matrix symbol of the product being £F“K. Since block Toeplitz structure is preserved
over addition (Lemma 3.3.1), the sum (E* + E“K) will be block Toeplitz and block diagonal
(since both terms in the addition are both block Toeplitz and block diagonal). Then, since
the product (Ez + E'K )fc is the multiplication of a block diagonal block Toeplitz matrix
with a block Toeplitz matrix, the resulting matrix will be block Toeplitz with the matrix
symbol (E* — E*K )Pfc' Finally, since E" is block Toeplitz, the final addition will result in

a block Toeplitz matrix with the matrix symbol Pg, given in the lemma. O

4.4 Dual Hessian

In this section, we derive some spectral properties of the dual condensed Hessian
Hy; = GH'G' from (2.8) for two distinct cases:

1. H. is arbitrary, and
2. H, is block Toeplitz.

H_ is arbitrary

For problems where H,. is not block Toeplitz, the resulting dual condensed Hessian H; will
also not be block Toeplitz. This means that H; will not have a matrix symbol or spectral
bounds similar to those we found for H. in Section 4.2.2. However, we can still place an upper

bound on the spectrum of Hy using matrix norm inequalities.
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Proposition 4.4.1. Let G. and H. be the condensed constraint matriz and primal Hessian
for the CLQR problem (2.10), respectively. Then we can upper bound the largest eigenvalue

of the dual condensed Hessian from (2.8) as

(Umax(GC))2 .

Hyllo <
H d||2 - )\mzn(Hc)

Proof. Combining the triangle inequality
1 Hall2 < [|Gelll|H l2[|Gell2

with the fact that ||[H |2 = 7 gives the result in the lemma. O

N
>\min (Hc

The result in Proposition 4.4.1 creates a loose upper bound for the spectrum of Hy using
the maximum singular value of the constraint matrix G, and the minimum eigenvalue of the
primal condensed Hessian H.. However, a non-zero lower bound for the spectrum of H,; does

not in general exist, since H; can be rank-deficient depending on the constraint set G..

Proposition 4.4.2. Let G, € RN>XN™ be the condensed constraint matriz for a horizon of
length N, then rank(H,) = rank(G.).

Proof. Let H. be the positive definite primal condensed Hessian from the CLQR
problem (2.10). Recall that Hy = G.H_'G". Tt is known from [21, Corollary 2.5.10] that for
matrix multiplication of two matrices A € R**Y and B € RY** with ranks a and b,

respectively, the rank of the product AB is

a+b—y <rank(AB) < min{a, b}. (4.14)

We begin by examining the product M := G.H_ !, with M € RNGH)XNm Since H,. is positive
definite, its inverse exists and is also full rank, meaning rank(H;!) = Nm. Additionally,
rank(G.) < Nm since one dimension of G. is fixed at Nm. This means that both sides
of (4.14) become rank(G.), making rank(M) = rank(G.). A similar process can be followed
for the product MG., to get the final result. O

Proposition 4.4.2 shows that the rank of H; is determined by the constraint set. If there are
more constraints than inputs (i.e. [ > m), then the dual Hessian will be rank deficient, and

therefore be positive semidefinite.
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H,. is Toeplitz

If the MPC problem (2.10) has a block Toeplitz Hessian (e.g. when P is chosen to be the
solution to the DARE), then the eigenvalue distribution of H; can be estimated from the
eigenvalues of its matrix symbol. To do this, we first note that the dual condensed Hessian

has the same non-zero eigenvalues as the matrix Hy = H_ ld'G.

Lemma 4.4.1. Let H. and G. be the condensed Hessian and constraint matrices from the
CLQR problem (2.10). The non-zero eigenvalues of the dual condensed Hessian Hg in (2.8)
are the same as the eigenvalues of Hgp = Hc_lG’CGc.

Proof. This result follows directly from the fact that H; can be viewed as the outer product
uv’ of the matrices v == G and v := H_'G. The non-zero eigenvalues of the outer product

matrix uv’ are the same as the eigenvalues of v'u [71, Example 1.3.23] O

If H. is limited to being a block Toeplitz matrix, then the spectrum of Hy can be bounded
using a matrix symbol similar to the previous results for the primal condensed Hessian in
Section 4.2.2.

Theorem 4.4.1. Let the condensed primal Hessian H. in (2.10) be block Toeplitz with the

matriz symbol Pg, € Cax, positive definite almost everywhere, then
)\maar<Hd) < /\max(PHd1) < HPHGUHHOO

where P, (z) = (Pu,(2)) " 'Pq.(2)*Pa,.(2) with z € T.

Proof. The product of the infinite block Toeplitz matrices G, G, is block Toeplitz based on
Lemma 3.3.3 and the fact that G. is lower triangular. Results in [125, Theorem 4.3] state
that if p, f € L35 are the matrix symbols for the Toeplitz matrices P, F, respectively, then
the eigenvalues of P7'F lie inside [Apmin(P™1f), Amaz(p~1f)]. This result, combined with
Lemma 4.4.1 and M0 < Opmaz, gives the upper bound. ]
Using the results in Theorem 4.4.1, the spectrum of Hy can be bounded using the matrix
symbol of H. provided that H, is block Toeplitz. Unfortunately, the computation of A4z
for the symbol Pg,, requires an exhaustive search over the unit circle to find the largest
eigenvalue since Hyp is not symmetric. Instead, an upper bound on A;,4; can be found using
the Hy norm of Pp, , which is a faster operation. Figure 4.5 shows ||Pm,,||m. and the
asymptotic properties of A4, for the first Schur-stable system in Section 2.6 with either only
input constraints, only state constraints, or both input and state constraints. Note that the
bound Apaz(Hg) < Anaz(Pr,, ) in Theorem 4.4.1 is tight, so there is a horizon above which
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Figure 4.5: Maximum eigenvalue for the condensed dual Hessian of the first Schur-stable system.
The lines represent the bounds computed using the results in Section 4.4, and the markers
represent the values of the dual Hessian at that horizon.

equality occurs. Theorem 4.4.1 also provides better bounds than the 2-norm estimate from
[139], which estimates that Ayqz(Pr,) is less than 0.41, 1.65, and 2.06 for input, state and

both input and state constraints, respectively.

4.5 Conclusions

In this chapter, we presented horizon-independent spectral bounds for many of the matrices
contained in the CLQR problem, including the primal and dual condensed Hessians, the
condensed prediction matrix and the condensed constraint matrix. These bounds provide

several advantages in the implementation of first-order methods, including

e guaranteeing fixed-point hardware designs are compatible with any horizon length
desired (removing the need to re-synthesize the designs if the prediction horizon were
to be changed and allowing run-time variation of the horizon length e.g. for variable-
horizon controllers), and

e providing horizon-independent upper iteration bounds for numerical algorithms.

We note that similar results to the ones in Sections 4.1 and 4.2 were also reported in [153] and
[54, Sect. 11], but the analysis in this chapter differs in several ways. Specifically, the prior
work requires that the discrete-time LTI system G has no eigenvalues on the unit circle, and

that the system be transformed into a system with separable stable and unstable modes so



4.5 Conclusions 113

that they may be handled separately. Instead, the analysis presented in this chapter examined
both the stable and unstable modes of G at the same time, and supports eigenvalues on the unit
circle by using the numerically robust formulation described in Section 2.3.2. Additionally,
the prior work assumes that Q = C'C (where C' is the output state-mapping matrix of the
system), whereas the analysis in this chapter allows for an arbitrary positive-definite @ and
a P matrix chosen as either @ or the solution to the DARE (2.3).

This chapter also highlighted the relationship between the transfer function and the spectrum
of the condensed Hessian by showing that the extrema of the condensed Hessian’s spectrum is
bounded by the extrema of the spectrum for a complex-valued matrix symbol formed using the
weighting matrices and the transfer function matrix of the predicted system. This relation
will be further extended in Chapter 6 to show that the preconditioned primal condensed

Hessian can also have its spectrum bounded in a similar manner.



114 Spectral properties for the condensed problem




Chapter 5

Computational complexity and system

performance

In this chapter, we examine how changing the parameters in the CLQR cost function
(specifically scaling the weighting matrices) affects the extremal eigenvalues and condition
number of the condensed Hessian that we derived in Chapter 4 and the computational
complexity of the FGM and DGP algorithms. The trade-off between the performance of the
controller (which is dictated by the matrices in the cost function) and the computational
complexity required is an important item for designers to consider, since performance
requirements are usually given as bounds (e.g. “settling-time less than 1s” or “track this signal
with less than 5% error”) rather than an exact criterion, creating a space of possible controllers
that can satisfy the requirements. These controllers may have different computational
resource demands, opening up the opportunity to trade off the computation with the system

performance.

Note that in this chapter we present the results assuming the Hessian for the condensed
CLQR problem (2.7) with a Schur-stable system and P chosen as either @ or the solution of

the discrete Lyapunov equation (2.4) is used.

5.1 Preliminaries

The bounds on the eigenvalues and condition number we will develop in this section utilize the
matrix trace normalized against the matrix size. To allow for horizon-independent bounds,
we show that these trace normalizations can be computed in a horizon-independent manner

through Lemma 5.1.1.
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Lemma 5.1.1. Let H be the primal Hessian of size mN X mN from Section 2.5.1 with P
the solution to the discrete Lyapunov equation (2.4) and S an arbitrary n x m matriz. Let

the system G be Schur-stable with m inputs. Define the following two dynamical systems

[ a B
o) = T |
A | BR”
Gqr(z) = W 0 ;
and let Ij, == 5- O Fr(e7®) dw where
Fi(z) =Tr (S"Pr(z)), Fa(z) = Tr (RS"Pr(2)),
Fs(z) = Tr (S"Pr(2)S"Pr(2)), Fu(z) = Tr (S"Pr(2)Pi(2)S),
F5(z) = Tr (Pp(2)QPr(2)S"Pr(z)), Fo(z) = Tr (Pr(2)QPr(2)Pr(2)QPr(z)) -
Then the quantities
Tr (H) Tr (H?)
INZ TN by = mN '
have limits as N — oo of
. 1 ;
ar= lim ay = —(|Goli, +20 + |R¥[}) .

1
by == lim by = E(Iﬁ +Al5 + 45 + 213 + 21y + || R||F + 2(|Gqr )

N—o0

Proof. Since S is arbitrary, we use the matrix splitting (4.2.3) and substitute in the nominal

and correction matrices to form
H=Hg+Hp+ Hr+ H, — He.
We begin by computing the limit

a; = lim L Tr(H). (5.1)

N—oom

Note that according to Lemma 4.2.2, H, has a finite rank independent of its size, so the
contribution of H. to the trace of H will go to zero as the matrix size approaches infinity.

This removes the H, term from the expansion of (5.1), giving

1
a; = lim 7NTI"(HQ+HP+HR+HR), (5.2)

N—ocom
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which contains only the block Toeplitz components of H. Using Szegd’s limit theorem for
block Toeplitz matrices of size n x n (Theorem 3.4.2), the limit as n — oo of a function f
of the eigenvalues of a block Toeplitz matrix can be transformed into a definite integral of f
applied to the eigenvalues of the matrix symbol. Since the trace is the sum of the eigenvalues,
(5.2) becomes

a; = 1 /027r Tr (PHn (ej“)) dw,

 2mm

where Py, is given by (4.11). Expanding this and using the additive property of the matrix

trace, we get

o= g ([ (Pr(e) QL) + T (R) + 2T (8P () d).

- 2mm

Using the definition of the H norm and the Frobenius norm, a; then becomes

ar=— (19}, +20 + IR 7).

_ L

S m

Computing b; can be done in a similar manner to a;. Note that
rank(AB) < min{rank(A),rank(B)},

meaning anything multiplied by H. will have finite rank as the matrix size goes to infinity.
This means those terms will go to zero in the limit, leaving only the block Topelitz component
Hy,

b= lim % Tr ((Hn)Q) . (5.3)

Applying the Szegd limit theorem to (5.3) then gives

b= /O%ﬁ ((Pa, (7))?) dw

- 2mr

Expanding the integrand, and simplifying using properties of the trace and the definition of

the Hy and Frobenius norms produces the final result. ]

Unlike the results in Section 4.2 where we had to separate the discussion of the condensed
primal Hessian into two parts, with and without a state-input cross-term matrix .S, the result
given in Lemma 5.1.1 holds for both cases. This occurs because the normalized trace of a
finite rank matrix (such as H.) goes to zero as its size goes to infinity, which leaves only the
Toeplitz component of the Hessian. Results similar to Lemma 5.1.1 could also be derived
for other values of P, provided that H can be decomposed into a Toeplitz component plus a

finite-rank correction term.
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To analyze the effect of scaling the weight matrices, we can utilize the linearity of the trace

to scale the various terms in Lemma 5.1.1, giving the following result.

Lemma 5.1.2. Let Q = a1Q, R == auR and § = a3S be scaled versions of the weight
matrices. Then if the scaled matrices are substituted into the terms used in Lemma 5.1.1, the

terms scale as

jl = aglq, j2 = aoagls, jg = Oé%]g,
j4 = a§I4, j5 = ajasls, jG = 05%167
196|172, = c1llGollH, IR|[% = o3| %,
~1/2
G ll7r, = are2lGarlF,, IR = as| R}

Proof. These results follow from the linearity of the trace and the integral operator. O

5.2 Extremal eigenvalues

In the complexity analysis of some algorithms such as the FGM and DGP, the extremal
eigenvalues of the Hessian (both dual and primal) appear as a factor. This means that in
order to understand how the computational complexity changes with the weight matrices, it

is important to understand how the weighting matrices affect the extremal eigenvalues.

5.2.1 Primal Hessian

We begin by deriving bounds on the extremal eigenvalues for the primal Hessian.

Lemma 5.2.1. Let H be the primal Hessian from (2.7). Then
0< )\m'm(H) <aq < )\max(H)
where a; is defined in Lemma 5.1.1.

Proof. Bounds on the extremal eigenvalues were given in [164, Theorem 2.1] as

an — SNPN < Amin < AN — sn/pn

anN — SN/pN < Anaz < an + SNPN

where sy = /by —a%\, and py = vmN — 1 with ay and by given in Lemma 5.1.1. The
limit of these bounds as N — oo gives a finite upper bound for A,,;, and a finite lower bound
for Ajnaz, both equal to a;. The upper bound on A4 is in general not finite, and the lower

bound for A, is in general strictly greater-than 0 since H is positive definite. O
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Equality can occur when a3, = by (i.e. Tr (H) = ||H||%), since that makes s = 0. Since H is

positive definite though, this can only occur when all eigenvalues of H are 1.

The bound in Lemma 5.2.1 essentially creates a dividing line between the extremal eigenvalues.
The effect of the weight matrix scaling on this dividing line can then be estimated, as done
in Theorem 5.2.1.

Theorem 5.2.1. Let H be the primal Hessian with the scaled weight matrices @ = o1Q,

R:=asR and S == a3S. Then, the bound on the extremal etgenvalues given in Lemma 5.2.1

grows linearly with a1, ag and as.

Proof. Combine the bounds in Lemma 5.2.1 with the scalings in Lemma 5.1.2. O

From Theorem 5.2.1 it can be seen that the bounds on the extremal eigenvalues grow linearly
with the scaling of the weight matrices. This is demonstrated in Figures 5.1a and 5.1b for
the case when S = 0, leaving only a; and as. When only one matrix is being scaled, there
are two distinct regions in the bound: @ dominating and R dominating. Since this bound is
both an upper bound for A,,;, and a lower bound for A,,.:, the transition between the two
regions when «y is being increased will occur earlier for Aj,q, than Ap;,. The region where

R dominates when only @ is scaled is shown as a shaded region in Figures 5.1a and 5.1b.

5.2.2 Dual Hessian

For the dual Hessian, the largest eigenvalue can be bounded through the spectral norm as
was done in Proposition 4.4.1. This bound is affected by both the spectrum of the constraint
matrix G and the primal condensed Hessian H. When the weight matrices are scaled, only the
primal condensed Hessian is affected, which means only the A, (H) term in the denominator
will change. Unfortunately, since the lower bound in Theorem 5.2.1 is zero, an upper bound

on ||Hy||2 cannot be computed directly.

We can instead use the upper bound for A.;, given in Lemma 5.2.1 to examine how the
bound from Proposition 4.4.1 changes with weight scaling. It is known from Theorem 5.2.1
that there is a linear relation between the magnitude of the cost matrices and the upper
bound for A,.;,. This implies that there will be an inverse relation between the cost scaling
and A\p,qq of the dual Hessian, since as either g, ag or aiz grow, the bound on Ayye. (H) grows

as well.
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Thm. 4.2.1 Bounds
Relative (o = 8, ag = 1) - o- - a-
AbSOhlte (Oél = Q9 = B) O A
o (a) é, 8’
S e el ,0"0‘
e p T -0
§ 101 == == == = = ::A::g__g_:g__g__o- O
~ AIOT
LAY
10_3 60 Lol Lol L

5 [ TTTTm T T ‘4 e
Y ®) b
= gt
= P S . _—._-g;;::??::g
g 2

1@==B=-0=-0=-0==@==F
10 g 8.2
e
10732.. ‘.A‘ L Ll LIl L Ll LIl L L L LI L L L LI L L L1l
103 F T \\HHW T \\HHW T \\\HH‘ UL T T T T \\HH” T \\HH” T T T 1T
B ap < a2 a1 > o
i (c) o-0-O-O-
2L o
510 g 5’
z § Lo

101 e g (@A (i OrrrrQrnrnsfQfrnnaQurnsQunnns (@) i (@t (@ (@

.0~ T ety ot e iy v e

..... Ao Aeennn Q__gd_ ﬁ_,&—‘ﬁ Iy Oy N Py
R R =R oW I IN - A -

100 I A
< 2] [a\] — [e=] —~ (o] ™ <t
| | | | [e] ] ] o ]
o o o o — — — — —
i i i i

Figure 5.1: Horizon-independent extremal eigenvalue and condition number bounds from
Lemma 5.2.1 and Theorem 5.3.1, respectively, for various scalings of (Q and R matrices in the
first Schur-stable system from Section 2.6.

5.3 Condition number

We now focus our analysis on the primal Hessian H, since the condition number of the dual
Hessian H, is in general unbounded due to Hg being only positive semidefinite and not positive
definite.
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5.3.1 Discrete-time weights

The results presented in Section 4.2 provide a means of calculating the condition number
estimates for a given set of weighting matrices, but provide little intuition into how scaling
the weighting matrices will affect the condition number. To examine the effect of scaling, we

utilize a lower bound for the condition number of the Hessian H.

Lemma 5.3.1. Let a; and b; be defined in Lemma 5.1.1. The primal Hessian H has a lower

bound on the condition number given by

\/bl—al2
2+—— < k(H)

ap -

1+

Proof. We begin with the lower bound for the condition number of a matrix of dimension
mN presented in [164, Corollary 2.3]:

2sn

SN

14 ————
aN — mN—1

< rkn(H) (5.4)

with sy = /by — a%v, and ay and by from Lemma 5.1.1.

To determine the asymptotic bound, we take the limit of (5.4) to find

25N —1+2”bl_al2

SN
MN—1 @

lim 1+
N—oo anN —

The lower bound presented in Lemma 5.3.1 is horizon-independent, and holds for any choice
of S and either P = @ or P the solution to the discrete Lyapunov equation (2.4). This lower
bound represents the best possible condition number that can be obtained. Unfortunately,
knowledge of the worst possible condition number (i.e. an upper bound) cannot be obtained
in a horizon-independent manner since lower-bounds on the smallest eigenvalue of H go to 0

as the matrix size increases.

To more closely examine the effect of the matrix scaling, we examine the case when S = 0
and only @ and R are scaled. We assume that P is either @) or the solution to the discrete
Lyapunov equation (2.4). For this case, the lower bound from Lemma 5.3.1 becomes the

bound given in Theorem 5.3.1.
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Theorem 5.3.1. Let H be the Hessian with the scaled weight matrices @ = o Q, R:=ayR
and S = 0. Then given the dynamical systems Gg and Gor and the integrals in Lemma 5.1.1,

a lower bound for the condition number offI is

2 2

afv1 + 2o1a072 + adys3 .
\/ 17 i g 1/2227 < w(iD),
an||Gollgy, + azl[ RV2(|%

1+2

with
n=mls = |Gallt,, v :=mlRI% — IRV,
v2 = m|Gorl, — 1Gall3,IIRV?|3.

Proof. Starting with the lower bound from Lemma 5.3.1, we define v; := b; — al2 (i.e. the term
under the square root in the numerator of the bound in Lemma 5.1.2). Substituting in the

norm scalings from Lemma 5.1.2 into a; gives
a = a1|Gallf, + a2l RV,

which is the final version of the denominator.

Substituting in the norm scalings from Lemma 5.1.2 into v; and expanding the square gives

v =m (als + 20102|9gr}, + o3| RIE)

—aflGallts, — araz)|Galld, | RYIIE — a3 RY(I%

Grouping the terms by the a; and g coefficients leads to

v =af (mls — |Gallt,) + of (mlRIF - [R(1)

+ 20102 (mll9erlF, — |93, IR(F)
which gives the final version of the numerator. O

A numerical example for the results in Theorem 5.3.1 is presented for the first Schur-stable
system from Section 2.6 in Figure 5.1c. Examining the behaviour of the bound, it can be
seen that there exist three distinct regions (shown through shading in Figure 5.1c): when
a1 < ao, when a1 > a9, and the transition region. The lower bounds for the regions when

a1 < a9 and oy > ag can be estimated through Corollary 5.3.1.
Corollary 5.3.1. The lower bound in Theorem 5.53.1 has asymptotic values

. 2\/"”[6_”9'@”%{2 )
+ Gl if a1 > an

|4 VIR TRFT, e

=g

K(H) >
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When a7 < ag, the spectrum of R dominates the condition number. The transition region
is caused by the fact that \,,4, begins growing before A,,;, when «; is scaled, causing their
ratio to change. Then when A,,;, also begins growing, the ratio becomes constant leading to
the region where a; > as. In this region, the condition number is dominated by the singular
value distribution of the dynamical system with an output mapping through the weighting

matrix Q.

The bounds in these regions are related to the spread and mean of the spectrum of the
matrices/system. The quantity in the numerators of Corollary 5.3.1 can be viewed as an
upper bound on the spread of the spectrum (the largest distance between two eigenvalues)
[126], while the denominator can be viewed as the mean of the spectrum. We can use this
relation to see that for large ratios of R to @, the condition number is dominated by the
spread of the spectrum of R over its average. Alternatively, for large @ to R ratios the bound
is dominated by the spread of the singular values of the physical system with an output

compensator of Q2 over the average of the singular values.

Another interesting phenomenon arises when both @ and R are scaled by the same amount.

Corollary 5.3.2. If the relative scaling of the two weight matrices is held constant at a; = nag

for a constant n > 0, then the lower bound is constant with the value

2 2 .
LoV 01+ 2 1+/2v3 < w(iD)
nlGall, + I1B(|%
Essentially, if both @ and R are scaled equally (i.e. a; = ), then the condition number of
the Hessian does not change. This is also true when S # 0 and is scaled equally with @ and
R (i.e. a1 = ag = a3), so it is only when the matrices are scaled separately that the condition

number changes.

5.3.2 Discretization of continuous-time weight matrices

The results in Section 5.3 examine the effect of the scaling of the weights in the discrete-time
problem (2.7). Alternatively, the weighting matrices @, R and S can be computed from the

continuous-time problem through the discretization given in (2.6).

When using this discretization method, scaling the weighting matrices in the continuous-time
problem by Q¢ := a1Q° and R° := apR® then leads to the following scalings for the resulting

discrete-time matrices ), R, and S

A

Q= oQ, S=a19, R=mR+ (g — a1)TRC

Note that scaling «y affects all three weighting matrices, but ag only affects R.
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This scaling behaves very similarly to the scaling of the discrete-time matrices in Section 5.3.
When a7 = asg, all matrices are scaled equally and the results from Corollary 5.3.2 say that

the condition number will not change.

5.4 Computational complexity

Now we examine the change in computational complexity for the DGP and FGM algorithms
when applied to the CLQR problem with scaled weight matrices. We specifically focus on the

relative scaling case, which means that R is held constant and @ is scaled by a; € [107%,10%].

5.4.1 Fast Gradient Method

When the upper bounds for A and € in (2.14) are used in the UIB for the Fast Gradient
Method, the UIB becomes dependent only on x. Further simplification shows that a > b > 0
for k > 1, which leads to

UIB = [2/k — 2]. (5.5)

The square-root dependence of (5.5) on £ means that the UIB will follow the same general
trend as the condition number. Corollary 5.3.1 can then be used to investigate when the
UIB for FGM will be small. For instance, Corollary 5.3.1 suggests that x will be smaller if
ag > aj (i.e. the inputs are more heavily weighted than the states). This will then lead to
a smaller iteration bound for the FGM when the inputs are more heavily weighted, which is

seen in Figure 5.2a on the first Schur-stable example from Section 2.6.

The performance of the CLQR controller using the FGM was examined by controlling the
Schur-stable system without the state constraints and with a chosen suboptimality level of
Omaz = 0.001 and N = 20. The CLQR regulates the system starting from the initial condition
of g = [0.1,0.1,0.1,0.1]" to the origin. The performance was measured by taking the 2-norm
of the state and input trajectories. To compare the performance at each scaling factor, the

percent difference versus o; = 10™% was computed, and is shown in Figures 5.2b and 5.2c.

For this problem, the overall change in the 2-norm of the state trajectories across the
entire scaling range was less than 5%, while the input norm varied by approximately 200%.
Additionally, the number of iterations required varied by 188% across the scaling range. An
interesting feature of this is that the change in the norm of the input occurs at a different
scaling than the change in the UIB. These results show that if the performance of the system
states was the design criteria, an aggressive weighting will only produce a 5% decrease in the
norm of the state trajectories, but will produce a 188% increase in the number of iterations

required for the solver.
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Figure 5.2: Effect of scaling the weight matrix Q by «; and holding R constant on the FGM
when solving the first Schur-stable system from Section 2.6 with no state constraints.

5.4.2 Dual Gradient Projection

The UIB for the DGP given in (2.15) depends on the largest eigenvalue of both the primal
and dual condensed Hessians, as well as the Upper Dual Bound (UDB) from Section 2.5.2.
All three of these quantities depend on the horizon length chosen; but while a horizon-
independent bound on the UDB is not known, the eigenvalues can be bounded using the
results in Section 4.4. Examining (2.15), Apnaez of the primal Hessian only affects the UIB
when a suboptimal solution to the dual problem is requested (i.e. €, # 0), while A\p,4, of the
dual Hessian has a linear effect and the UDB has a quadratic effect on the UIB.

The numerical examples presented in Figures 5.3 and 5.4 use N = 20 with e, = ¢ = 0
(i.e. solve the dual exactly and with no computation error) while ¢, = 107% and e = 1072
The UDB for the Schur-stable system is shown in Figure 5.3b and is calculated by solving the
Mixed Integer Linear Program (MILP) given in [131] using CPLEX with indicator constraints
to implement the binary variables. The UDB for the mass-spring-damper system was upper
bounded as D=20000 for all scaling factors by solving the same MILP, but terminating
computation early and using the best objective value as the upper bound. As shown in
Figure 5.3c, the tight bounds from Theorem 4.4.1 decrease the UIB by an order of magnitude

compared with the estimate of A\, given in [139].
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The UIB for the DGP is affected by both the UDB and the maximal eigenvalues as the
weight matrices are scaled. An interesting feature that appears when the exact UDB is used
with the Schur-stable system is the interplay between D and A\, (Hy); specifically the slight
peak in the UIB around «; = 100 before it drops off again. The UDB though appears to
have an asymptotic structure at the two extremes for a, while Ay, (Hyg) is decreasing as ag
increases. A tradeoff in the closed-loop performance and computational complexity is also
evident for the DGP, with the Schur-stable system showing a 200% increase in the UIB for a

200% decrease in the input norm and 5% increase in the state norm.

5.5 Conclusions

In this chapter, we explored the trade-offs between computational performance and the closed-
loop performance of a system. We approached this through the lens of how the weight matrix
selection (representing the desired system performance) affects the computational complexity
bounds for the Fast Gradient Method and Dual Gradient Projection method.

We showed that the complexity bounds for FGM and DGP demonstrate distinct regions
where the bound is influenced by the spectrum of the individual weighting matrices. With
one region being influenced primarily by the weights applied to the inputs (the R matrix), and
the other being influenced by the weights applied to the states (the @ matrix) and the singular
values of the predicted system. Additionally, we showed that the complexity bounds of FGM
and DGP behave differently when the cost function is scaled; the FGM bound increased as @
dominated while the DGP bound decreased as @ dominated. This suggests that including the
algorithm as a design parameter that is optimized alongside the system performance could

benefit the overall system design.

We demonstrated that the trade-off between computational resources and control performance
is a worthwhile area to explore; with an example system showing that a 5% reduction in
the state 2-norm requires a 188% increase in the computational complexity of the control

algorithm.
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Figure 5.3: Effect of scaling the weight matrix @ by «; and holding R constant on the Dual
Gradient Projection method when solving the first Schur-stable system with no state constraints.
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Figure 5.4: Effect of scaling the continuous-time weight matrix Q). by a7 and holding R, constant
on the Dual Gradient Projection method when solving the mass-spring-damper.



Chapter 6

Preconditioner designT

Decreasing the computational time of iterative optimization solvers is a key step in creating
real-time-capable MPC algorithms. For many first-order optimization methods, the number
of iterations required (and hence the time required to solve the problem) is directly related to
the conditioning of the problem — measured by the condition number of the Hessian. One
way to get a solution faster is then to improve the conditioning of the problem by reducing
the condition number of the Hessian using a step called preconditioning. The preconditioning
step can be thought of as transforming the variable space of the optimization problem from

the original space to a “better” space for the optimization method.

In this chapter, we examine the preconditioning step using the lens of block Toeplitz theory.
This includes extending the spectral analysis from Chapter 4 to include a symmetrically
preconditioned Hessian, and deriving a novel preconditioner using circulant matrices that is

faster and easier to compute.

6.1 Analysis of the preconditioned Hessian

For simplicity of discussion, we focus on the case when H,. is symmetrically preconditioned
to form
Hp = Ly Ho (LY, (6.1)

fSome of the material presented in this chapter is contained in the following work:
I. Mclnerney, E. C. Kerrigan, and G. A. Constantinides. Horizon-independent preconditioner design for linear
predictive control. IEEE Transactions on Automatic Control, 2022. doi: 10.1109/TAC.2022.3145657. (in
press). ©2022 IEEE.



130 Preconditioner design

where Ly = Iy ® L is a block diagonal preconditioner with blocks L € R™*™. To simplify

notation, we let L := L~! and Ly = Iy ® L, making the preconditioner become
Hp = LyH,Ly.

This case is most appropriate for first-order methods solving the CLQR problem, since
symmetric preconditioning guarantees that the structure of the feasible set is preserved over

the preconditioning operation and that the preconditioned Hessian is symmetric [151].

We can then show that the preconditioned Hessian Hj, is block Toeplitz and derive its matrix

symbol in Lemma 6.1.1.

Lemma 6.1.1. Let H. be a Hermitian block Toeplitz matrix with blocks of size m X m and
the matriz symbol P, € Con: T — C™ ™ [f Ly = Iy ® L with L € R™*™ then

H, =LyH.Ly
is block Toeplitz with the matrix symbol

Pu, (z) = LPy. ()L, Vz e T. (6.2)

Proof. The matrix Ly is a block diagonal block Toeplitz matrix, and can be viewed as the
truncation after N diagonals of the infinite block Toeplitz matrix L with the matrix symbol
P;(z) =L, V2 €T,

We know from Corollary 3.3.1 that the result of the multiplication of the three matrices EGF
will be block Toeplitz if E is an upper triangular block Toeplitz matrix, G is a block Toeplitz
matrix, and F is a lower triangular block Toeplitz matrix. The product I:HCI_J, is then a block
Toeplitz matrix due to Corollary 3.3.1 because H,. is known to be block Toeplitz and L can be
viewed as an upper triangular block Toeplitz matrix. We also know from Corollary 3.3.1 that
the matrix symbol for the multiplication of the three matrices will just be the multiplication

of the three symbols, meaning we get

Pu,(2) = LPu, (2)L', VzeT.

The final step is to verify the result of the multiplication of the truncated block Toeplitz
matrices H, and Ly is also block Toeplitz. Note that left-multiplying the block matrix H,
with the block diagonal matrix Ly to form Ly H, will just multiply each block in the ith
block column of H, by the block on the diagonal of the ith block row of Ly (similar to how
multiplication with a scalar diagonal matrix behaves). This means that since Ly and H.

are both block Toeplitz, every block in H. would be multiplied by the same value, which
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will preserve the block Toeplitz structure of H.. A similar argument can be made for the
right-multiplication of H. by a block diagonal block Toeplitz matrix like E/N This means
that the result L NHCIL;V will be block Toeplitz. ]

Since we have shown that Hy, is block Toeplitz and derived its matrix symbol, the spectral
bounds in Section 4.2.2 can then be extended to the preconditioned matrix Hj by simply
replacing Py, in Theorem 4.2.1(b) with Py, given by (6.2). A similar substitution can also
be made when G is Schur-stable by using Py in (6.2) with Corollary 4.2.2; since Lemma 6.1.1
will hold for both.

Remark 6.1.1. This analysis requires Ly to be block Toeplitz, which may not be the case for

many preconditioners unless such a constraint is added to their computation.

Remark 6.1.2. Results could also be derived for non-block diagonal preconditioners using
[125, Thm 4.3] with M~'H, where M := LnL'y, but we do not discuss this extension here.

6.2 Preconditioner design

There is a rich literature of preconditioners for Toeplitz and circulant matrices, with a focus
on designing the preconditioners independent of the size of the matrix ([34] and references
therein). These existing ideas can be applied to the block Toeplitz structure of the Hessian

in the CLQR problem to design preconditioners to use when solving the QP.

One of the first circulant preconditioners was proposed by Gilbert Strang in [163]. This
preconditioner was originally proposed for preconditioning iterative conjugate gradient
methods, and is formed by simply copying the central diagonals of the Toeplitz matrix into
the preconditioning matrix and wrapping them around to form a circulant matrix. Strang’s
preconditioner can be naturally extended to the block Toeplitz case by copying the individual
blocks into the preconditioning matrix and wrapping them around to form a block circulant

matrix.

In the case of the CLQR problem with a block diagonal preconditioning matrix, we can
explicitly compute the block on the diagonal of the preconditioning matrix without forming

the entire Hessian, as shown in Theorem 6.2.1.

Theorem 6.2.1. Let H,. be the Hessian from (2.10) formed by choosing either:

e K as the infinite-horizon LQR controller for G, with P the solution to the DARE (2.3),

or

o K = 0 with P the solution to the discrete-time Lyapunov equation (2.4) for a Schur-
stable G.
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The matriz H, can then be symmetrically preconditioned as L;,l HC(L]_Vl)’, with Ly = IN®L
and the blocks L given by the lower-triangular Cholesky decomposition of M with

M = B'PB—- RKB - B'K'R+R.

Proof. Based on the work in [163], a circulant preconditioning matrix W for the block Toeplitz
matrix V' will have entries that are obtained by copying the central diagonals of V and
wrapping them around to form a circulant matrix since the main diagonal and its neighbors

are usually strongly dominant. For example, the matrix

(Vo Vi Vo V3V
Vi Vo M Vo 3
V=V, Vi Vo W W,
Vig Vo Vo Vo W4
Vg Vg Voo Vo1 Vo

will have a block circulant preconditioning matrix

(Vo Vi Vo Vo, Vo,
Vi oo i Vo Vo
W=V, Vi Vo Vi Va

Voo Vio Vi W W
Vi Vo Ve Vo Vo |

Since we want our preconditioner to be block diagonal, we only need to focus on computing
the appropriate diagonal block V{ for the CQLR problem with Hessian H..

For the Hessian H., the Hy+Hp portion of the main diagonal block of the infinite dimensional
block Toeplitz matrix is given in (4.10), which when the Hg and Hyx components are added
becomes

0 . .

> B'(AL)Q.A.B— RKB - B'K'R+R.

i=0
Since A. is Schur-stable and K is the LQR controller, this infinite sum converges to the
solution of the DARE, making the diagonal block

Vo =B'PB—- RKB—-BK'R+R.

Since Strang’s preconditioner is designed as a left preconditioner (i.e. W~V) and we want
a symmetric preconditioner, we apply the lower-triangular Cholesky factorization to M,

resulting in L. O
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Remark 6.2.1. The preconditioning matrixz L in Theorem 6.2.1 can also be formed by using
the matriz square-root of M instead of the Cholesky factorization, which could allow for L to
have the same structure as M if the square root operation is structure preserving (e.g. if G

is a circulant system, using the matriz square root can lead to L and Hy, being circulant as
well).

Note that the matrices M and L will have dimension m X m, and that the full preconditioning
matrix Ly is formed by simply repeating L down the diagonal N times, so changing the
horizon length means simply adding or removing blocks of L from the diagonal of Ly, meaning
no new computations are required when the horizon length is changed. Also, all the matrices
involved in computing M in Theorem 6.2.1 have dimensions on the order of m and n, and
have no relation to the horizon length. This is in contrast to SDP-based preconditioner design
techniques such as [151], which require the full Hessian to be placed inside the semidefinite

optimization problem.

Since Ly is block Toeplitz, we can actually show that if G is single-input, the preconditioner

will not affect the condition number of the Hessian.

Proposition 6.2.1. If the system G is single-input (i.e. m = 1), then the block Toeplitz
preconditioner Ly will not affect the condition number of H. (i.e. k(Hp) = k(H.)).

Proof. A system with m = 1 will have L € R, making the preconditioner matrix simply

Ly = Iy ® L = LIy. For the symmetric preconditioning case, (6.1) becomes

1 1
1

- ﬁHC

Using the fact that \;(aH.) = |a|\;(H,), we can then find that

Amaz (72He) (12| Ao (Ho)

K(HL) = =
Amin (ﬁHc) | L2| Amin(He)

= k(H,).

6.3 Numerical experiments

In this section, we present numerical examples showing the effect of the proposed
preconditioner on the spectral properties of the condensed Hessian of the CLQR problem

for three of the example systems given in Section 2.6.
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6.3.1 Matrix conditioning

The first numerical results we present examine the Hessian conditioning for the example
systems. The preconditioners were implemented using Julia 1.6.1, and the COSMO solver
(version 0.8.1) [48] was used to compute the SDP preconditioner from [151]. It can be seen
in Figures 6.1a and 6.2a that the limits presented in Theorem 4.2.1(b), are attained as the
horizon length increases. Note though that the rate at which the condition number of the
finite-dimensional Hessian approaches the bound is system-dependent, with the first Schur-
stable example system converging within 0.01% of the bound by N = 40, while the inverted

pendulum system requires N = 225 to converge to within 0.01%.

As described in Section 6.1, the condition number bound of Theorem 4.2.1(b) can be used to
analyze the preconditioned Hessian, which is shown in Figures 6.1b and 6.2b. The bound was
computed for the proposed preconditioner by finding L using Theorem 6.2.1, then substituting
(6.2) into Theorem 4.2.1(b). Note that the bound computed using L from Theorem 6.2.1
does not hold for the SDP preconditioner from [151], since L will be different between the
two preconditioners. Additionally, the SDP preconditioner does not guarantee that Ly will
be block Toeplitz, so Theorem 4.2.1 cannot be used to compute horizon-independent limits

when using the SDP preconditioner.

Comparing the proposed preconditioner against the existing SDP preconditioner shows that
they produce nearly identical condition numbers, as can be seen in Figures 6.1b and 6.2b and
Table 6.1. Proposition 6.2.1 can also be seen in Figure 6.2b, where the conditioning of the
Hessian is not affected by the preconditioners, since the inverted pendulum is a single-input

system.

As shown in Table 6.1, both the SDP preconditioner and our proposed preconditioner
decrease the condition number by 66% for the Schur-stable system (2.16) and the already
Schur-stable non-prestabilized distillation column, and decrease the condition number for
the ill-conditioned Schur-stable system (2.17) by 97%. Applying the preconditioner to the
prestabilized inverted pendulum system has no effect, leaving the condition number identical

to the original, as predicted by Proposition 6.2.1 since this system has only one input.

6.3.2 Performance of the Fast Gradient Method

To test the effect of the preconditioners on the actual performance of a first-order method
solving the CLQR problem, the Fast Gradient Method (FGM) was implemented in Julia using
the constant step-size scheme [83] and gradient map stopping criteria [150, Section 6.3.1]
with a desired error of 107°. The inequality constraints were implemented through projection
operations, with the non-prestabilized problems being simple projections onto a box and the

prestabilized problems requiring a more complex projection algorithm. In these examples,
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Table 6.1: Condition number of the preconditioned condensed Hessian.

System Original SDP [151] Proposed (Thm 6.2.1)
k(Hr) % change k(Hp) % change
Schur-stable (2.16) 8.776 2.922 -66.7% 2.933 -66.6%
Ill-conditioned
Schur-stable (2.17) 254.66 7.415 -97.1% 7.500 -97.1%
Inverted pendulum 1 1
Compresabilized) 42512 42468 01%  (NO) (NC)
Inverted pendulum
(LQR prestabilized) 1.889 1.884 -0.21% 1.889 0%
Distillation column =y ) or 7105 66.67% 7175 -66.67%
(non-prestabilized)
Distillation column =5 o ) 017 66.14%  1.025 -65.86%

(LQR prestabilized)

! Not computable (non-Schur-stable system)
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¢ 6 ’éo - - - Bound from Corollary 4.2.2
416
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Horizon Length N
(a) Original Hessian
4 T T T T T
e e e R e S | o SDP [151]
) & 4 Proposed (Theorem 6.2.1)
&3 21 @ i - - - Bound from Section 6.1
6
116 | | | | |
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Horizon Length N

(b) Preconditioned Hessian

Figure 6.1: Condition number versus the horizon length of the condensed Hessian for the first
Schur-stable system.

the projections for the prestabilized problems were computed by solving the projection QP
directly; however, in an embedded application other techniques like an explicit QP [121] can

be used instead.
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Figure 6.2: Condition number versus the horizon length of the prestabilized condensed Hessian
for the inverted pendulum system.

We present two types of iteration results in Table 6.2: the actual iterations taken by the
FGM and the cold-start Upper Iteration Bound (UIB) given by [151]. The UIB will be the
worst-case number of iterations needed to achieve convergence regardless of the number of
active constraints in the solution or the initial solution vector in the solver, while the actual

iterations is the number taken on a single example QP for the given CLQR problem.

When applying the proposed preconditioner to the Hessian, we see a 2.1x actual speedup and
2.6x UIB speedup for the Schur-stable system (2.16), a 3.6x actual speedup and 2.25x UIB
speedup for the non-prestabilized distillation column, and a 4.5x actual speedup and 9.5x UIB
speedup for the ill-conditioned Schur-stable system (2.17). When the SDP preconditioner is
applied to the non-prestabilized inverted pendulum, it has no discernable effect on the actual

iterations required for the FGM to converge, requiring 51 iterations in both cases.

A large decrease in iterations is caused by applying a prestabilizing controller to the
unstable inverted pendulum though, which results in a 12.75x speedup compared to the non-
prestabilized system. Applying a prestabilizing controller to the distillation column produces
a speedup of 9.6x compared to the non-prestabilized system, a larger speedup than just

preconditioning the non-prestabilized system.
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Table 6.2: lterations required for cold-start convergence of the preconditioned Fast Gradient Method to
e=107"°.

System Original! SDP [151] Proposed (Thm 6.2.1)

1 1

Iterations Speedup Iterations Speedup
Schur-stable (2.16) 42 / 19 16 /9 262x/21lx 16/9  262x/21lx
Scﬂlllf;?;ﬁ;o?;i7) 204 /114 32/25  9.19x /456x  31/25  9.48x / 4.56x
Inverted pendulum
(non-prestabilized)
Inverted pendulum
(LQR prestabilized)
Distillation column
(non-prestabilized)
Distillation column
(LQR prestabilized)

143 /51 129 / 51 1.10x / - (NC)? (NC)?

18 /3 17 /3 1.05x / - 18 /3 - /-

97 / 48 43 / 25 2.25x / 1.92x 43 / 25 2.25x / 1.92x

22 /5 3/3  733x/166x  3/3  7.33x/1.66x

1 Cold-start upper iteration bound from [151] / actual
2 Not computable (non-Schur-stable system)

Table 6.3: Time required for computing the preconditioners.

System SDP [151] (ms) Proposed (Thm. 6.2.1) (ms) Speedup
Schur-stable (2.16) 197.4 0.213 926.7x
Ill-conditioned

Schur-stable (2.17) 142.9 0.218 655.5x
Inverted pendulum 1 1
(non-prestabilized) 18.69 (NC) (NC)
Inverted pendulum

(LQR prestabilized) 17.45 0.218 80.0x
Distillation column 151,746 9.543 59,672x
(non-prestabilized)

Distillation column 81,929 9 545 32.102x

(LQR prestabilized)

! Not computable (non-Schur-stable system)

The proposed preconditioner is also faster to compute than the SDP preconditioner for the
example systems, with timing results for the computations on an Intel® Core™ i7-10710U at
1.10 GHz with 64 GB of RAM given in Table 6.3 showing a consistent speedup of at least an
order of magnitude or more in the computation times. For example, the non-prestabilized
distillation column example has a 59,672x speedup in the computation time between the
proposed preconditioner and the SDP preconditioner, with the SDP preconditioner requiring

151.74 seconds to compute and the proposed preconditioner requiring only 2.5 milliseconds.
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6.4 Conclusions

In this chapter, we presented a new preconditioner that is based on the block Toeplitz
structure of the Hessian for the condensed CLQR. problem when using either a prestabilizing
LQR controller or a Schur-stable system with appropriate choice of the terminal weight matrix
P. We showed that this preconditioner provides performance comparable to an existing SDP
preconditioner on several numerical examples, leading to speedups of between 2.1x and 9.6x for
the FGM. The proposed preconditioner is also faster to compute than the SDP preconditioner,
especially for problems with a long-horizon, like the distillation column example, which showed

a decrease in computation time of over 50,000x compared to the SDP preconditioner.

We also showed that the numerical prestabilization controller K has a direct effect on the
spectrum of the condensed Hessian. This means that preconditioning could also be achieved
through a careful choice of K instead of applying a separate preconditioner (at the expense of
turning the constraint sets into more complex shapes). Future work could explore developing
preconditioners using this idea, such as one based on the idea of loop-shaping the system to
control the singular values of the predicted system and reduce the condition number of the

Hessian.

The derivation and examples in this chapter focused on preconditioning the primal QP for the
CLQR problem, however it is also common to use the dual form (2.8) with first-order methods
such as Dual Gradient Projection or the Dual Fast Gradient Method. The preconditioner
defined in Theorem 6.2.1 could be extended to handle the dual problem by using the diagonal
blocks of the dual condensed Hessian in the preconditoner instead, however more work is
needed to examine this. For instance, the theoretical bounds for the preconditioned condensed
Hessian in Section 6.1 would need to be updated, since the cases in which the dual condensed
Hessian possesses a block Toeplitz structure are different from those for the primal condensed

Hessian, so there may be more technicalities in the resulting analysis.



Chapter 7

Fixed-point round-off error analysis‘L

As discussed in Chapter 2, many embedded implementations of MPC that utilize the FGM
are done using fixed-point arithmetic to save on resources and reduce the computational
complexity. A key part of designing these implementations is ensuring the data types
used are able to guarantee the algorithmic stability of the FGM in fixed-point arithmetic.
Requirement 2.5.1, which says the eigenvalues of the fixed-point Hessian (which we denote
as H ) must be inside the unit circle, is a start, but it still leaves the question: how do we
choose the fractional width to ensure this requirement is met? In this chapter, we answer that
question by deriving a rounding stability margin for the Hessian and then use that margin to

derive inequalities that can be used to compute the number of fractional bits needed.

7.1 Matrix pseudospectrum

In this analysis, we will utilize a property of a matrix called its pseudospectrum.

Definition 7.1.1 (Pseudospectrum [170, §2]). Let A € C™*", p € [1,00], and € > 0 be
arbitrary. The e-pseudospectrum A.(A) of A is the set of X € C given by:

1 |G- A)—1Hp > L (or Apin(A— A) < € if p=2), or

2. N€ M(A+ E) for some E € C™" with ||E||, < e.

TMaterial presented in this chapter has been published in the following work:
I. McInerney, E. C. Kerrigan, and G. A. Constantinides. Modeling round-off error in the fast gradient method
for predictive control. In 58th IEEE Conference on Decision and Control (CDC), pages 4331-4336, Nice,
France, 2019. IEEE. doi: 10.1109/CDC40024.2019.9029910. ©2019 IEEE.
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Figure 7.1: The inverse of the resolvent of H when X is constrained to the real line. The e-
pseudospectra of H are the level-sets taken at the value ¢, and the eigenvalues of H are located
at the red asterisks. ©2019 |IEEE

Note that statements 1 and 2 in Definition 7.1.1 are equivalent. Statement 1 presents the
pseudospectrum as being the subset of the complex plane where the norm of the resolvent
of A is greater than e~!. Alternately, statement 2 presents the pseudospectrum as the subset
of the complex plane containing the eigenvalues of A when A is perturbed by a matrix F with

a given norm less than e.

The pseudospectrum is a useful computational tool for describing the behavior of linear
operators, especially those that are nonnormal (i.e. AA’ # A’A). In this work though we
focus on normal operators (i.e. AA" = A’A) since H is normal, which means that the e
pseudospectrum can be interpreted as the set of real numbers that are within € of an eigenvalue
of A when using the 2-norm in Definition 7.1.1. An example pseudospectrum is shown in
Figure 7.1, where the inverse-resolvent of the Hessian for the example system presented later
in Section 7.3 is plotted along with the eigenvalues of the Hessian with a horizon length of 50.
The e-pseudospectra of H are then the level-sets taken at e of the resolvent function, with the

figure showing that the level sets for € < 1070 contain the eigenvalues of H in this example.

7.2 Choosing the fractional precision

When the Fast Gradient Method is implemented using a fixed-point data format, care must
be taken to ensure that Requirement 2.5.1 is satisfied. The placement of the eigenvalues of
H is determined by both the number of integer bits ¢ (through overflow), and also by the
number of fractional bits f (through loss of precision). We will focus only on the fractional

length and assume the integer length is chosen using [83, Prop. 1] to prevent overflow.
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Figure 7.2: Interval containing the spectrum of H with different rounding modes.

The effect of the fractional length on the spectrum of the fixed-point Hessian H for the
numerical example in Section 7.3 with a horizon of length 50 can be seen in Figures 7.2
and 7.3 for four of the rounding modes available in fixed-point arithmetic that are described
in Table 2.2. In this example, using round to zero/nearest gives a fixed-point Hessian that
is always Schur-stable but becomes indefinite (eigenvalues less than 0) for f < 6. If round
to +oo is used, it is both unstable and indefinite in low precision (as seen in the intervals in
Figure 7.2). This shows that the rounding choice makes a large impact on the error between

H and H, and must be factored into any analysis to determine the required bit length.

To analyze how the rounding affects the matrix, we model the round-off error as an additive

matrix disturbance to H using
H=H+E. (7.1)

The exact values contained in the elements of the round-off matrix E in (7.1) will depend on
the rounding mode chosen, but the magnitude of the values will always be less than the €

given in Table 2.2.

To quantify the effect that the round-off error has on the spectrum of H, we introduce a

metric called the rounding stability margin.

Definition 7.2.1 (Rounding stability margin). Let H = H + E with ||E|s = 8 and \(H) €
(0,1). The rounding stability margin n is the smallest value of 8 that causes the eigenvalues
of H to leave the interval (0,1).
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Figure 7.3: Extremal values of A(H) with N = 50. ©2019 IEEE

This margin represents the largest possible disturbance matrix that can be added to H before
causing Requirement 2.5.1 to be violated. The margin can be calculated for symmetric

matrices using the pseudospectrum of H as shown in Lemma 7.2.1.

Lemma 7.2.1. Let H = H' be a matriz with eigenvalues A\(H) € (0,1). The rounding
stability margin n of H is

n(H) = min {||(=H) 3", (1 - H) 5"}

Proof. We begin by noting that H is symmetric, meaning its spectrum is composed of only real
eigenvalues and that its e-pseudospectrum will be an interval on the real line. By statement
2 of Definition 7.1.1, the eigenvalues of H perturbed by F with ||Ells < € will leave the
interval (0,1) and destabilize H when either 0 or 1 is contained inside A(A). The largest
allowable value of € can then be computed using statement 1 of Definition 7.1.1 by evaluating

the resolvent of H at the points 0 and 1, and computing 1/e at each point. O
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The result in Lemma 7.2.1 holds for any symmetric matrix H, so it can be used to find the
rounding stability margin for the Hessian of the CLQR problem (2.7) with any system or

weight matrices.

7.2.1 Generic rounding model

We now present a framework for computing the necessary number of fractional bits for the
FGM under a generic round-off error model that encompasses all of the rounding methods
described in Table 2.2. The basis for this model is that every element in H will experience an

error of at most dey, so the worst-case perturbation matrix would then have entries of +ey.

Definition 7.2.2 (Generic round-off error model). Let €y be the mazimum round-off error
created when a wvalue is converted into a fized-point representation with f fractional bits.
Define E, € R¥*E to be the worst-case component-wise round-off error matriz with Ley in
every entry, i.e.
ter tey
E, = ter ey ... (7.2)

While we call E, the worst-case perturbation matrix, just choosing the extremes of each
element in a matrix is not guaranteed to produce the worst-case perturbation of the eigenvalue
spectrum. In this case though, we do not need to be worried about finding the exact worst-
case perturbation matrices since we will be working with matrix norms, and the 1-norm and
oo-norm of F, will always be greater than the norm of the actual worst-case perturbation

matrix.

Since each element of (7.2) is the same, modulo the sign, the matrix 1-norm and co-norm can

be computed exactly and then be used to upper-bound the 2-norm of E,.

Lemma 7.2.2. Let E, € R**k be the round-off error matriz from Definition 7.2.2 and let €f

be the mazximum round-off error possible with the rounding method. It follows that

1Egll2 < 1| Eglloc = les|k-

Proof. Recall that the matrix co-norm (or 1-norm) is the largest absolute row (or column)
sum of the matrix. Since the 1-norm and co-norm take the absolute value of the entries before
summing them, the sign of the rounding error is irrelevant. Since H is symmetric, this gives

|Eglli = ||Eglloo = |ef|k. Then, note that ||Eglla < /|| Egll1]|Eglleo [21, Fact 9.8.23], which
means that || Egll2 < || Egllco- O
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To find the number of fractional bits needed to satisfy Requirement 2.5.1, we must find the
number of bits needed to make the perturbation matrix less than the rounding stability margin

(i.e. ||[Egll2 < m). This can be done in closed-form, as shown in Theorem 7.2.1.

Theorem 7.2.1. Let f € NT be the number of fractional bits in the fized-point number
representation, and ey the maximum round-off error a number may experience through
rounding in that representation. If H has a rounding stability margin of n, then the number
of fractional bits sufficient to guarantee that \(H) € (0,1) is

f= [—logy (k)] — 1 if using round to nearest,

[—logy (k)] otherwise.

Proof. Using statement 2 of Definition 7.1.1 and the concept of the rounding stability margin
introduced in Definition 7.2.1, we can say that we need || E,|ls < 7 to guarantee that \(H) €
(0,1). Using Lemma 7.2.2 and the fact that H is of dimension mN x mN, we can transform
that requirement into |ef|m/N < 7. Turning the inequality into an equality and isolating e
then gives |ef| = . Using the fact that |e;| € {27/,27U/*1} depending on the rounding

mode, we can substitute for €; and simplify to find f. O

The closed-form expressions for f given in Theorem 7.2.1 hold for any rounding mode, and any
system/weight matrix combination. Note that all rounding modes have the same fractional

length with the exception of round to nearest, where 1 fewer bit is required.

The value of f from Theorem 7.2.1 is dependent upon both the horizon length and the system
input dimension, and is monotonically increasing in both, as shown for the horizon length in
Figure 7.4. This increase in the bound is caused by the monotonic increase in || Ey|/oc when
the number of fraction bits is held constant and the horizon length increases. This means
that in general the fraction length computed for a specific horizon can be used with a shorter

horizon (e.g. in a decreasing-horizon controller), but may not be sufficient for longer horizons.

The generic round-off error model in Definition 7.2.2 and the associated fractional widths from
Theorem 7.2.1 can be used irrespective of the stability of the system being controlled (e.g.
there is no assumption of Schur-stability needed). This means the results apply to both the

normal condensed formulation (2.7) and the numerically robust condensed formulation (2.10).

7.2.2 Parametric rounding model

The generic model in Section 7.2.1 is conservative for some rounding modes when applied
to the FGM with long horizons and Schur-stable systems, especially round to nearest and
round to zero (as seen in Figure 7.4 when the actual bits needed for these two modes remains

constant). To reduce the conservatism of the error estimation, we introduce a parametric
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Figure 7.4: The minimum number of fractional bits required for a given horizon length when
using the generic rounding model from Theorem 7.2.1. The background shows the log of the
bound for || Ey||2 computed using Lemma 7.2.2. ©2019 IEEE

model for the round-off error experienced by H that incorporates knowledge of both the
decay of terms in H and its block Toeplitz structure. This model requires the predicted
system to be Schur-stable, and for the FGM to use either the round to nearest or round to

zero rounding mode.

Using the block Toeplitz structure of the condensed Hessian that we derived in Chapter 4,
we can compute a horizon-independent value for the rounding stability margin 7, as shown

in Lemma 7.2.3.

Lemma 7.2.3. Let H be the block Toepltiz Hessian from (2.7) with eigenvalues \(H) € (0, 1),
G be Schur-stable, Py the matriz symbol of H, and P be the solution of the discrete Lyapunov
equation (2.4). Then the rounding stability margin 7 is

o) =i {| P

oo

(=P}

Proof. Since the resolvent in Definition 7.1.1 can be found using )\mm(jx — H), we can use the

results from Chapter 4 to replace H in Lemma 7.2.1 with its matrix symbol Pp. O
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Note that we require H to have its eigenvalues inside the interval (0,1) for Lemma 7.2.3.
This is not a restrictive assumption though, because if they are not in that interval, then the
cost function (2.7a) can be multiplied by m to get the eigenvalues inside the interval.
Doing this transformation will only change the value of the optimal cost and not change the

optimal vector u that is found.

We can further exploit the block Toeplitz structure of H by noting that the diagonal blocks,
[H]; for diagonal i € Z, are given by

B'(AY)PB ifi>0,
H]; ={B'PB+R ifi=0, (7.3)
B'PAMIB  ifi<0,

with [H|; = [H]"; and P the solution of the discrete Lyapunov equation (2.4). We define
diagonals as positive (or negative) if they are in the upper-triangular (or lower-triangular)
region. If A corresponds to the state transition matrix of a Schur-stable system, then as the

diagonal number ¢ approaches oo, the block [H]; tends to 0, as shown in Figure 7.5.

The idea behind the parametric model is to exploit this decay and switch from modeling
the worst-case round-off error to instead modeling the actual round-off error after a certain

diagonal number. We now present a formal definition for this model in Definition 7.2.3.

Definition 7.2.3 (Parametric round-off error model). Let T; € R'*! be the block on the
i diagonal of the block Toeplitz matriz T with the property that lim; oo |Ti|lmaz = 0. Let

ef be the round-off error associated with the conversion to fized-point representation using
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either round to nearest or round to zero, and k be the diagonal beyond which all blocks in the

fized-point representation Tz are 0, i.e.
k= min{i € N* | |Tl|mar < e, ¥]j] > 4.5 € 2.
Define the parametric round-off error matriz as
E, = Eqg+ Er,

where Eg is a matriz of bandwidth k — 1 with E4 as its blocks, i.e.

Bgls = E, ifli| <k,
7
0 otherwise,

and Ep is composed of the diagonal components of T that are after diagonal k, i.e.

_n {T if i| > k,

0 otherwise.

Note that in this model, the value of k is inclusive of the first diagonal block which becomes
0, and k£ = 0 is not possible, since this would imply that the entire matrix has been rounded
to 0.

The matrix E7 in Definition 7.2.3 is block Toeplitz, so its spectrum can be bounded using the
same system-theoretic techniques used in Chapter 4. This then allows for the computation
of the round-off error for the Hessian of (2.7).

Theorem 7.2.2. Let e; be the maximum round-off error when using either round to zero or
round to nearest to convert H into fized-point representation. Let n be the rounding stability
margin of H from Lemma 7.2.3, and k be from Definition 7.2.3. If the parametric rounding
model is used with a Schur-stable system G with P the solution to the discrete Lyapunov
equation (2.4), then the fraction bit lengths sufficient for H to satisfy Requirement 2.5.1 also
satisfies the inequality

e7lm(2k — 1) + 20/Pg (k, )l <,

where

Py(n,z) = 2Gp(z) — B PP,(2)B Vz€T,

A | B
Gplz) = Wﬁ

I
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n—1
Pu(z) =Y A27" VzeT.
=0

Proof. To guarantee that Requirement 2.5.1 holds, we need to find when || E,||2 < n. First
apply the sub-additive property of the matrix norm to get the inequality

1Ecl2 + 1 Erl2 < . (7.4)

The matrix E¢ is banded, with non-zero blocks on diagonals {—(k — 1),...,0,...,k — 1}.
This gives the bound
[Ecll2 < leglm(2k — 1), (7.5)

since there are 2k—1 diagonals containing blocks of E, with dimension m x m.

Since Er is a Toeplitz matrix, we can construct the matrix symbol using the Fourier series

of the components of Er as
Py = i B'PA'Bz"" + i B'(A")'PBZ". (7.6)
i=k i=k
Adding and subtracting the first £ terms of the summations then allows (7.6) to simplify to
Py=BP((I-2"4)7" = P()) B+ B ((I - zA) = Py(2)") PB, (7.7)
The first term in (7.7) then can be simplifed further to

2Gp(z) — B'PP,(2)B. (7.8)

Note that the two terms in (7.7) are the conjugate transpose of each other. This means that
when the Hy, norm of Py is taken, it will simply be twice the Hy, norm of (7.8). We can then

use the Hy, norm of Pj as a size-independent upper bound for ||Er||2, giving the inequality
1Erll2 < 2Py (K, )|l He- (7.9)

The inequalities (7.5) and (7.9) can then be substituted into the inequality (7.4) as upper
bounds for the terms ||E¢g||2 and ||Er||2, respectively, producing the inequality contained in

the lemma. O

To compute the fractional bit length from the inequality in Theorem 7.2.2; we do the following:

1. compute ||H;||2 using (7.3) for various values of 7, and then
2. iterate through each fraction length to determine if the inequality in Theorem 7.2.2
holds.



7.3 Numerical experiments 149

100
107 TR
% _”EPHQ - RN
Z 107 —||Ey||2 - RZ
2 —emen|[Ecl|> - RN
£ 10 —-=-=|[|Egl|2 - RZ
- = =||Er|]z; - RN
104 - = =||Er|l2 - RZ
1075

Fractional bits f

Figure 7.6: The matrix norms from Theorem 7.2.2, with round to nearest (RN), and round to
zero (RZ). ©2019 IEEE

7.3 Numerical experiments

In this chapter, we use a slightly modified version of the Schur-stable example problem from
Section 2.6, with the cost matrices @ = diag(0.1,0.2,0.3,0.4) and R = diag(0.01,0.02).

The result of computing the fractional bit length using Theorem 7.2.2 can be seen in Figure 7.6
for the example problem. In this example, Fg dominates Ep, so the worst-case round-off error
from the non-zero banded component dominates the error caused by truncating the tail of
H. The minimum number of fractional bits needed to satisfy Requirement 2.5.1 can be read
from the intersection of || E,||2 with  in Figure 7.6. It is also of note that the horizon length
was not used in any of the calculations in Theorem 7.2.2, meaning the computed bit length

is valid for any horizon.

From Theorems 7.2.1 and 7.2.2, we can see a correlation between the problem data and the
required data type size. To examine this, we performed experiments where () was scaled
by a and R was held constant, with the results reported in Figures 7.7 and 7.8. Note that
for @ > 10 the eigenvalues of H leave the interval (0,1), so we introduce a scaling factor
c= m to scale the matrices H and J in (2.7a) to bring the eigenvalues of H into the
interval (0, 1) before performing the analysis.

It can be seen from Figure 7.7a that for small values of a, the number of fraction bits needed
is small, with the structure-exploitation in Theorem 7.2.2 producing a savings of nearly 40%

compared to the generic model from Theorem 7.2.1. Additionally, once o becomes large and
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representation. Q was scaled by a while R was held constant with a horizon of N = 20. ©2019
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of FGM using round to zero and the fractional lengths from Theorem 7.2.2. ©2019 IEEE

the scale factor ¢ is needed, the number of integer bits decreases. This decrease in integer
bits offsets the increase in fractional bits leaving the overall number of bits nearly the same

as the number needed for small a.

Reducing the fractional length to the minimum needed can lead to a large decrease in
the required resources, power requirements, and solution times for FPGA implementations
compared with simply choosing either floating-point or a larger fixed-point data type to get
stability. This can be seen in Table 7.1, where we present results for an FPGA implementation
of the FGM using ProtoIP [95] targeting the Xilinx Zynq 7020 with a clock speed of
100MHz. An implementation with f = 12 uses 77% fewer memory blocks, 33% fewer
Digital Signal Processing (DSP) computation blocks, and 25% less time when compared
with an implementation for f = 26. The implementation with f = 12 also uses 85% fewer
memory blocks and takes 45% less time when compared to a single-precision floating-point
implementation. This lower precision can lead to convergence to a suboptimal solution though,
with experiments showing that using the minimum data type can lead to as much as a 15%

increase in the cost and degraded closed-loop performance, as shown in Figure 7.8.

7.4 Conclusions

In this chapter, we developed two methods to size the data types in the FGM to ensure the
fixed-point Hessian has its eigenvalues in the unit circle. The first method provides a generic
way that is capable of working with an arbitrary Hessian, but only provides horizon-dependent
sizing rules. The second method was a structure-exploiting parametric model that requires

a Schur-stable predicted system, but exploits that stability and the block Toeplitz structure
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Table 7.1: Resource usage for FGM implemented using ProtolP [95] on a Zynq 7020 at 100MHz
with N = 20,7 = 5. ©2019 IEEE

Fractional Logic Resources Power Solve
Length LUT FF psp  BrRam W) Time (us)
f=12 947 768 4 2 20 0932.17
f=16 1,136 912 4 2 25 612.17
f=21 887 1,033 8 8 43 701.77
f=26 993 1,237 12 9 48 701.77
float32! 2,161 1,545 5 14 51 982.17

! Single-precision floating-point representation

of the condensed Hessian to accurately estimate the round-off error caused by cutting off
the matrix at horizon N. We then proposed the use of the parametric model for computing
horizon-independent sizing rules for the round to nearest and round to zero rounding modes.
The numerical examples showed that the sizing rules based on the parametric model can
reduce the number of fractional bits needed by 30-45%, and reduce the hardware usage and
solution time by up to 77% and 25%, respectively, for an implementation of the FGM on an
FPGA.

These sizing rules also come at a cost though, with the data types created using these rules
leading to a difference in the performance of the solver of up to 20% when compared to
standard double precision arithmetic. This shows that future work is needed to explore
the relationship between the data type size and the suboptimality/performance of the

optimization solution, and the resulting closed-loop performance of the system.

An additional area that needs further work is the creation of stability guarantees in the
presence of round-off errors for the optimization solver with the projection operation. The
current stability analysis in [83] ignores the projection operation when examining the stability
of the FGM. Future work could explore the application of robust control ideas, such as
passivity analysis and Integral Quadratic Constraints, to the analysis of iterative solvers that
can be modelled as dynamical systems. These analysis techniques could then provide stability

guarantees for the algorithms under fixed-point arithmetic with the projection operation.
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Chapter 8

Mesh Adaptive Direct Search
aIgorithme

Derivative-free Optimization (DFO) methods such as the Mesh Adaptive Direct Search
(MADS) are a class of optimization solvers that only use information about the cost function
value at strategically sampled points to locate the optimal solution. This means DFO
solvers require no information about the derivatives or Hessian of the optimization problem
in the solver computations, allowing the use of DFO methods with problems that have
nonsmooth or blackbox functions. This makes DFO solvers popular in fields such as oil
and gas well planning [75, 130], optimizing production processes [11, 45, 51, 52|, and the
tuning of algorithm parameters [5, 10, 13, 100], where the cost function is computed using

long/complex/blackbox simulations.

This chapter provides an introduction to the MADS algorithm, which is an extension of
the Generalized Pattern Search (GPS) derivative-free method, and was first proposed for
continuous real variables in [6]. Over the years, MADS has been extended to work with
other types of optimization variables (such as periodic [9], categorical [1], and granular and
integer/binary [15]), model-based techniques and surrogate functions [39], and multi-objective

optimization [14, 23].

TMaterial presented in this chapter has been published in the following work:
I. McInerney, L. Nita, Y. Nie, A. Oliveri, and E. C. Kerrigan. Towards a framework for nonlinear predictive
control using derivative-free optimization. In 7th IFAC Conference on Nonlinear Model Predictive Control,
Bratislava, Slovakia, 2021. IFAC. ©2021 the authors.
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The presentation of the MADS algorithm in this chapter combines the ideas from several
works into a single statement of the algorithm, and provides a discussion on two techniques
for implementing constraints in MADS. The notation used in this chapter has been slightly
modified from the original MADS papers to make it internally consistent and to allow for a

clearer description of the NMPC formulation we will introduce in Chapter 9.

8.1 The MADS algorithm

The optimization problem that is solved using MADS is

min F(c)

s.t. (c,w) € Q= {c € R™ w € R : wi(c,w) <0,Vi € K},

where F : R™ — R is an arbitrary function that computes the cost of the optimization
problem. The vector ¢ € R™ contains the optimization variables that form the search space
for the algorithm, and w € RJ is a vector used to pass values from the blackbox computation
of F to the constraints. The constraint set € is defined by the functions w;(-) spanning the
search space, and the variables from the cost function F, with K the set of indices for the
functions w;(-) that define .

Pattern search methods sample the search space in each iteration at a set of points called poll
points. The poll points are located on a mesh of size 6% inside a frame of size A* around the
current iterate ¢, as shown in Figure 8.1. The poll point with the lowest cost value is chosen

as the next iterate and the process repeats.

The overall MADS algorithm with the constraints implemented using the progressive barrier
method that will be introduced in Section 8.2.2 is given in Algorithm 8.1, and consists of
three main parts: (i) a search phase, (ii) a poll phase, and (iii) a mesh/frame adaptation
phase. In the search phase, a set of points S¥ is generated, with no restriction on the method
used to generate the points. The cost function is evaluated at each point s € S¥, and if any
have a lower cost value than the current iterate ¢*, the mesh and frame sizes are enlarged,

and the search phase is repeated. If no better point is found, the poll phase is started.

The poll phase begins by generating a set of polling directions D* that form a positive spanning
set of the search space*. The set D¥ is then used to create the set P* of m+1 or more poll
points centered at the current iterate ¢® and contained inside the frame. The cost function

is then evaluated at each poll point p € P¥. MADS can perform these evaluations in parallel

*A positive spanning set D of the set X is a set of n vectors di,...,d, where the positive span of all the
vectors is X — j.e. X = { :L:l kid; i k; >0Vi e {L...,n}}.
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Figure 8.1: The mesh (solid black lines spaced §* apart) and frame (region of size A¥ inside the
solid blue lines) for GPS and MADS after one successful iteration. ©2021 the authors of [119].

and in an opportunistic fashion, meaning it can evaluate multiple poll points at once and
end the current iteration immediately after finding a point with a cost value lower than the

current iterate.

The final step in the MADS algorithm is to adapt the mesh and frame based on the results
of the poll phase. If a lower cost value has been found, then the mesh and frame get enlarged
by the adjustment parameter 7 to allow for a faster exploration of the search space. If no
lower cost value is found, then the mesh and frame sizes are shrunk by 7 to concentrate the
search closer to the current iterate. MADS can be terminated once the mesh size reaches a
pre-determined threshold, meaning that there is no better point within that distance of the

current iterate.

The poll and mesh adaptation phases are the only two phases required in every iteration
of the MADS algorithm to get convergence. The search phase is optional; however, its use
can help MADS escape local minimums and speed up the convergence of the algorithm by
allowing for more varied exploration of the search space and the exploration of regions in
the search space further away from the current iterate faster than the frame can enlarge to

include those regions.
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Algorithm 8.1 The Mesh Adaptive Direct Search with progressive barrier constraints [8].

Let: < and <4 be as given in Definitions 8.2.1a and 8.2.1b, respectively

Require: A € (0,00) > Initial frame size
Require: 7 € (0,1) > Mesh size adjustment parameter
Require: €, € [0, 00) > Stopping tolerance
Require: c(} and\or ¢ > Initial mesh centers
k<0

1: while AF > €stop dO

2: VE 0 > Set of improving poll points

3: 8% < min {AF (AF)2} > Compute mesh size

4: 1) Search Phase:

5: Generate the search points S*

6: for all s € S¥ do

7 Compute F and H at s

8: if s<r c’} then

9: Al s > Dominating
10: goto line 35
11: else if s <3 ¢’ then
12: s, P H(s) > Dominating
13: goto line 35
14: end if

15: end for
16: 2) Poll Phase:

17: Generate a positive spanning set D*

18: Pk + {c’; +6%d : d € DF} U {cF + 6%d : d € DF} > Compute poll points
19: for all p € P* do

20: Compute F and H at p

21: if p<r c’; then

22: c’}“ —p > Dominating
23: goto line 35

24: else if p <y ¢! then

25: T p P H(p) > Dominating
26: goto line 35

27: else if #H(p) <n* then

28: VE « VF U {p} > Improving
29: end if

30: end for

31: if Improving then

32: v+ argmax{H(v) : H(v) < n¥,v € V¥}
33: AT, L H(v)
34: end if

35: 3) Mesh/Frame Update:
36: if Dominating then

37 ARFL 7= IAF > Expand frame size
38: else if Improving then

39: AFFL o AR > Frame does not change
40: else

41: AFFL o T AF > Shrink frame size
42: end if

43: k+—k+1
44: end while > Variables that are not set retain the same value in the next iteration.
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8.2 Constraint handling

Constraints inside MADS can be handled in many ways, with two possible implementations

being

o directly constrain the poll points and either reject any that violate the constraints or
modify the poll points to satisfy the constraints, or
e compute a metric indicating the amount of constraint violation and use the amount of

violation to change how the algorithm searches.

8.2.1 Extremal barrier constraints

The general idea behind the extremal barrier constraint method is to redefine the cost function
to be an extremal barrier function that returns infinity when the constraints are violated and

returns the cost function value otherwise, or put formally
S
Falc) = (8.1)
w) ¢ €.

The barrier term (8.1) ensures that MADS optimizes over only the feasible points by forcing

all infeasible points to have infinite cost, and thus to be effectively ignored by the algorithm.

If the constraint functions w only require the poll point for their computation (i.e. only
require ¢ and not w), then the extremal barrier method lets MADS to assign an infinite
cost to infeasible points without evaluating the cost function at them, reducing the number
of function evaluations performed. If instead the constraint functions require both the poll
point ¢ and variables w, the cost function must still be evaluated at the poll point and passed

through the barrier term (8.1) to determine the cost.

While easy to implement, the extremal barrier method has several drawbacks, including

e 1o information is provided to guide MADS from infeasible points to the feasible space,
and

« a feasible starting point is required.

8.2.2 Progressive barrier constraints

Alternately, a method known as the progressive barrier technique was proposed in [7] that
uses knowledge of the constraint violation to have both a feasible and infeasible iterate in the

algorithm. In each iteration, the search phase tries to find a point that is better than either
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the feasible or infeasible iterate through its exploration. In the poll phase, the n, polling
directions are used to generate a set of n, poll points around both iterates (giving up to 2n,
total poll points to evaluate in each iteration). By tracking the best infeasible iterate, MADS
can overcome the drawbacks of the extremal barrier method at the expense of doubling the

required computations in each iteration.

We define the set ¥ D () as the relaxed constraint set, where some constraints are implemented
using a progressive barrier form and others use an extremal barrier form. The function

H : RF7 — R is then used to compute the constraint violation, and is defined as

0, if (c,w) € Q,
He,w) = Yleky (max{w;(c,w),0})*, if (c,w) € U\ €,

o, otherwise,

where Ky is the set of indices for the constraints w(-) that use the progressive barrier form.

Inside MADS, the progressive barrier relies on the notion of a dominating point, which is a

point that is better than the others in a specific sense.

Definition 8.2.1a (Dominating Feasible Point). The feasible point p € Q dominates the
point y € Q, denoted p <r y, when F(p) < F(y).

Definition 8.2.1b (Dominating Infeasible Point). The infeasible point p € ¥ \ Q dominates
the point y € W\ €, denoted p <y y, when F(p) < F(y) and H(p,wy) < H(y,wy) (with at

least one strict inequality).

Definition 8.2.1a means that for feasible points, a point is dominating when its cost value
is smaller than the other point, while for infeasible points Definition 8.2.1b means that the
dominating point has a cost value and a constraint violation that are not bigger than the

other point.

An iteration of the MADS algorithm is then one of three types: dominating, improving or

unsuccessful.

Definition 8.2.2a (Dominating Iteration). A dominating iteration of MADS is when a point
y € Q that dominates the feasible iterate c’} or a point y € U\ Q that dominates the infeasible

iterate c¥ is found.

Definition 8.2.2b (Improving Iteration). An improving iteration of MADS is when a non-
dominating infeasible point y € ¥\ Q with 0 < H(y) < n is found.

Definition 8.2.2c (Unsuccessful Iteration). An unsuccessful iteration of MADS is when

neither a dominating nor an improving iteration occurs.
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Essentially, a dominating iteration for a feasible point is when MADS finds a new feasible
point that has a lower cost value than the current feasible iterate. For an infeasible point,
a dominating iteration occurs when MADS finds an infeasible point that has either a lower
constraint violation with the same cost value or a lower cost value with the same constraint
violation as the current infeasible iterate. In both cases, the iterates are updated, and the
mesh is expanded to search in a larger region around the new iterates. In an improving
iteration, no points with a lower cost were found, but an infeasible point with a constraint
violation smaller than the penalty parameter 1 was found. In this case, the new point becomes
the next infeasible iterate, the mesh size remains unchanged, and 7 is set to the constraint
violation at the new infeasible iterate. All other iterations are considered unsuccessful, and

the mesh will be shrunken to search in a region closer to the iterates in the next iteration.

The penalty parameter n is nonincreasing with the iteration number, starting at oo and
decreasing to 0 as the algorithm runs. This means that at the beginning, MADS is prioritizing
the search for the lowest cost value by allowing large constraint violations, but over time
n decreases and forces the infeasible iterates to move towards the feasible space. The
penalty barrier constraint method behaves similarly to a filter method in other optimization
algorithms, such as SQP, but requires the penalty parameter to be only nonincreasing and

not strictly decreasing.

8.3 Meshing

In MADS, the frame and mesh are controlled by different parameters (AF and 4%,
respectively), with
6% = min{A*, (AF)?} (8.2)

normally used. The main difference between MADS and GPS is that in GPS 6* = A* at all
times. By allowing the mesh to shrink faster than the frame size in MADS, more possible
polling points are created around the current iterate ¢*. For example, Figure 8.1a shows the
result of one iteration of MADS using update rule (8.2). In this case there are 24 possible
polling points for MADS to choose in Figure 8.1a, versus 8 for GPS in Figure 8.1b.

8.3.1 Granular variables

An advantage to using the MADS algorithm is the native support for discrete/granular
variables in the algorithm itself, which was first described in [15]. A granular variable (also
called controlled decimal variables) is one that has a predetermined minimum spacing between

the possible values. For instance, a variable that has granularity 0.01 will only take on values
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0.01 apart, making the legal values 1.01, 1.02, 1.03, etc. Granular variables are a more general
type, and can be used to represent integer variables (granularity of 1), and binary variables

(granularity of 1 with a lower bound of 0 and upper bound of 1).

Granular variables in MADS are represented internally using two values a € {1,2,5} and

b € Z. These two values are used to define the discrete set
G:={ax10":a€{1,2,5}, beZ}.
Two operations are then defined to map a value from G to another value in G:

2x 100 ifa=1,
Increase(a x 10°) == { 5 x 10° ifa=2,

1 x 100t if g =5,

5x 10071 if a =1,
Decrease(a x 10°) := { 1 x 10 ifa=2,

2 x 10° ifa=>5.

Granular variables have their mesh constrained to only take values from a slightly modified
version of the discrete set G. In order to handle different granularity levels for each variable,
a granularity parameter 6" for the ith variable is introduced. The poll parameter for the

variable 7 is then constrained to be in the set

AF e G(67™) = {a x 10° x 7" a € {1,2,5}, be Z}.

The update rules for the granular variables in the mesh/frame update phase are then modified

so that the unsuccessful iteration update in Line 41 of Algorithm 8.1 becomes

. Ak
AR+L _ smin oo pax 1, Decrease L , (8.3)
1 2 (5mln
1

and the dominating iteration update rule in Line 37 of Algorithm 8.1 becomes
AFT = Increase (Af) . (8.4)

The new unsuccessful update rule (8.3) will continue to shrink the mesh size for the granular
variable up until it reaches the minimum granularity — at which point it will stop and
maintain a constant mesh size. The new dominating update rule (8.4) will allow the mesh
size to continually grow to as large a size as possible, while ensuring the point lies on the

defined granular mesh.
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The mesh size parameter §; is then obtained using
oF = a7 x max {1, 10% 1P L

This mesh size parameter is then used in the creation of the polling set P¥ to project the

polling direction d; onto the granular set for variable .

8.4 Convergence

The fact that the mesh size in MADS shrinks faster than the frame size means that, as the
algorithm converges, the closure of the cone containing all the generated polling directions will
be equal to R™ in the limit (i.e. D := [J;°; D¥ = R™), and the set of all polling directions D is
then said to be asymptotically dense. It was shown in [6] that this set of asymptotically dense
polling directions allows for the algorithm to converge to a Clarke stationary point with non-
negative Clarke derivatives (e.g. a local minimum for the nonsmooth function) when linear
constraints are placed on the search space. In contrast, GPS loses the theoretical convergence
guarantees when simple bound constraints are applied. Additionally, when a progressive
barrier approach is used for handling nonlinear constraints, it was shown in [7] that MADS

is still effective at finding the stationary point.

8.5 Conclusions

In this chapter, we presented an overview of the mesh adaptive direct search algorithm for
derivative-free optimization. This algorithm is an extension of the classic pattern search
method that decouples the mesh size from the frame size and allows for the mesh size to
decrease faster than the frame size. This in turn allows for the algorithm to produce search
directions surrounding the incumbent point that are dense on the unit sphere — guaranteeing

the convergence of MADS to a stationary point.

MADS also has explicit handling of inequality constraints in the algorithm formulation using
the progressive barrier method, instead of relying on the extremal barrier method or a penalty
barrier approach in the cost function. This allows for better handling of the constraints, and
the separation of feasible and infeasible iterates. Finally, MADS also provides support in
the underlying algorithm for multiple types of variables, such as granular/binary/integer,

categorical, and periodic variables.
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Chapter 9

DFO-NMPC problem formulation’

In this chapter, we present a novel problem formulation for solving the nonlinear MPC
problem (2.1) using the MADS algorithm. This formulation is able to enforce the constraints
across the entire time horizon instead of only at certain points, and uses the progressive
barrier method described in Section 8.2.2 to implement the constraints instead of a penalty

barrier method.

9.1 Proposed formulation

The core of the proposed problem formulation is based on the pattern search method in [53],
where the search space for MADS is the set of all input trajectories and a single shooting
simulation of the continuous-time dynamics (2.1b) is done to compute the cost. Instead of
the basic pattern search method, the proposed formulation will use the MADS algorithm,
increasing the number and diversity of the directions polled and improving the convergence

of the algorithm.

Each function evaluation in the proposed framework simulates the system over the time
horizon with the chosen input trajectory, and then computes the overall cost value and
constraint violation for that trajectory. To easily handle the path constraints and the Lagrange

term of the cost, an augmentation scheme is used to introduce new states to the system

fSome material presented in this chapter has been published in the following work:
I. McInerney, L. Nita, Y. Nie, A. Oliveri, and E. C. Kerrigan. Towards a framework for nonlinear predictive
control using derivative-free optimization. In 7th IFAC Conference on Nonlinear Model Predictive Control,
Bratislava, Slovakia, 2021. IFAC. ©2021 the authors.
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dynamics to represent the Lagrange term and the violation of the path constraints. This
allows the path constraints to be enforced across the entire horizon instead of only at specific

points in the horizon.

0.1.1 Cost functional

The NMPC cost functional (2.1a) is composed of two distinct terms, the Mayer term
representing the contribution to the cost of the terminal states/inputs and the Lagrange
term representing the contribution to the cost of the full trajectory of the system. In the
proposed DFO-NMPC formulation, the cost functional (2.1a) is split into its two terms, and
the Lagrange term is handled by augmenting the system dynamics with a new state £(t)
that represents the value of the Lagrange term at time ¢. This new state is governed by the

dynamics equation

0(t) = L(x(t), u(t),t). (9.1)

This state is then computed alongside the trajectory of the system using the same dynamics

solver at the same time.

0.1.2 Path constraints

The path constraints (2.1c) are formulated as progressive barrier constraints, putting them
inside the set ¥ described in Section 8.2.2. An L; measure of constraint violation is used for

each constraint, meaning the value reported as the violation experienced by constraint ¢ is

v = /totf max{0, gi (z(t), u(t), )} dt. 9.2)

To compute the integral (9.2), new states v(¢) are added to the system dynamics to represent

the constraint violation over time. Those states are governed by the dynamics equation

o(t) = g" ((t), u(t), ) (9-3)
where g7 is the vector function representing the element-wise computation of

max{0, g;(z(t), u(t),t)}.

The value of the violation states at the final time (i.e. v(t¢)) is then used as the constraint

violation measure in a progressive barrier constraint.
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Algorithm 9.1 Function evaluation for the DFO formulation of the NMPC problem

Let: c be the point in the search space being evaluated
1: Construct the input trajectory w from c
2: Simulate the augmented dynamics (9.4) using an appropriate solver for the dynamics
equations

0 f(@(t), 2(t), u(t),t)
Of = | Lz(t),u(t),t) — ((t) (9-4)
0

g™ (2(t), ult), t) — (1)

3: Compute the violation of the boundary conditions
Zpb |hi(z(to), ulto), to, z(ts), ults), ts)| (9.5)

4: Compute the overall constraint violation

H—vp+ Y pilvilty))® (9.6)

i
5: Compute the cost function value

F — O(x(ty),ulty), ty) +L(ty) (9.7)

9.1.3 Overall problem formulation

An implementation of the formulation described in this section is given in Algorithm 9.1.
The first step is to construct the input trajectory described by the current poll point ¢. The
representation of the input trajectory will depend on the problem, but this formulation can

support many different representations, including

e piecewise-constant trajectories with the input values at each sample given by the
elements of the poll point,

e an interpolated polynomial with the interpolation points and coefficients given by the
elements of the poll point, or

o a feedback policy with the parameters of the policy given by the elements of the poll

point.

After constructing the input trajectory, the augmented dynamics (9.4) are simulated over the

horizon length using a suitable numerical solver for differential equations.

After the simulation completes, the violation of the boundary conditions is computed in (9.5)
followed by the total constraint violation in (9.6), which uses the value of the augmented states
v at the final time as the measure of the violation of the path constraints. This formulation

also includes weighting parameters p to allow the designer to set the priority/influence of each



168 DFO-NMPC problem formulation

path and boundary constraint in the overall algorithm. Finally, the value of the NMPC cost
function (2.1a) for the selected poll point is computed in (9.7), which computes the Mayer
term and then adds the final value of the Lagrange state £(ty).

Note that this formulation can be used with derivative-free solvers other than MADS, provided
F and H inside the function given in Algorithm 9.1 are mapped to the appropriate variables
in the desired algorithm. The main advantage to using MADS with the proposed formulation
is that H is mapped to the special handling of the progressive barrier constraints, allowing
for the distinct feasible and infeasible algorithm iterates. If this formulation were to be used
with other algorithms (e.g. PSO, evolutionary methods, etc.), the value returned by H must

be incorporated in another way, such as through a penalty term in the cost.

9.2 Discussion and conclusions

The DFO-NMPC formulation that is proposed in this chapter has several advantages over

existing formulations, namely:

1. the ability to handle more variable types such as granular, periodic and categorical,
2. explicit handling of the constraints to produce a known-feasible solution,
3. constraint enforcement across the entire horizon, and

4. more accurate cost computation across the entire horizon.

Of these advantages, 1 and 2 are due to the choice of the MADS algorithm as the DFO solver,

while 3 and 4 are due to the proposed problem formulation.

9.2.1 Advantages of using MADS

The choice of the MADS algorithm allows the formulation to take advantage of the existing
extensions to the algorithm in the literature that handle different kinds of variables in the
solver, so the DFO-NMPC formulation no longer has to be modified directly to support those
variable types. For instance, if the system model requires granular input variables (e.g. if
the inputs are quantized), the proposed DFO-NMPC formulation can just use the MADS
technique discussed in Section 8.3.1 that implements granularity in the actual algorithm.
This is in contrast to other DFO methods such as PSO that need the search space to be the
real numbers, forcing the discretization into the actual simulation/cost function and making

the algorithm not aware of it.

An additional advantage of MADS over the other DFO methods is the ability to separate
feasible and infeasible iterates using the progressive barrier constraints. As discussed in

Section 2.2.1, nearly all existing NMPC formulations for DFO solvers rely on penalty
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barrier methods to implement the path constraints, which can complicate the solution of
the optimization problem because now the solution will depend on the penalty parameter.
For instance, the use of a fixed penalty will lead to simply trading off the constraint violation
against the cost and won’t ensure the constraints are fully enforced. To enforce the constraints,
other NMPC formulations for DFO solvers must then also implement an update rule for the
penalty parameter to ensure that the penalty parameter goes to infinity to force the constraint
violation to zero. Instead, MADS provides inherent separation of the feasible and infeasible
solutions, and also provides a built-in update rule to improve the infeasible solution as the

algorithm progresses.

9.2.2 Augmentation scheme

The dynamics augmentation scheme contained in the proposed formulation provides the final
two advantages. Using the augmentation scheme, the proposed formulation is able to actually
account for the Lagrange cost and constraint violation between sampling intervals. This allows
for not only a more accurate approximation of the continuous-time values, but also is more

portable to other input representations.

When used with the simulation-based solvers (like single shooting), the existing method of
enforcing the constraints at specific time points and integrating the Lagrange cost using
a Riemann sum is tied closely to the idea of a piecewise representation of the input
trajectory. If instead another representation is used, like an interpolating polynomial or
function coefficients, there will no longer be discrete time points along the horizon that provide
easy places to enforce the constraints or use as the points in the Riemann sum. Any usage
of the existing formulations would then require the creation of arbitrary time points along
the horizon at which to enforce the constraints, and a quadrature scheme to compute the

Lagrange cost term.

The proposed formulation will instead handle the Lagrange term and constraint enforcement
the same way for piecewise input trajectories and other types (like interpolating polynomials).
This simplifies the transcription of the problem and implementation of the solver.
Additionally, the proposed formulation will place the Lagrange cost and constraint
enforcement onto the same mesh as the dynamics, and make the mesh point locations be

determined by the dynamics solver instead of a post-processing mesh refinement scheme.

It should be noted that the idea of this augmentation is not actually novel in the world
of optimal control. For instance, the idea of augmenting the dynamics with the Lagrange
term is included in some optimal control courses, such as [32, Section 3.2.3]. Augmenting
the dynamics with constraints was originally proposed by [76], with further work and

experimentation in [172, Chapter 4] and [173]. Since then, however, solution methods such
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as multiple shooting and direct collocation have instead chosen to enforce the constraints at
the shooting nodes and collocation points, respectively, instead of augmenting the dynamics

to incorporate them.

While the augmentation scheme seems easy to use and aptly suited for DFO-NMPC,
this scheme can also introduce inefficiencies to the solver. By introducing the dynamics
equations (9.1) and (9.3), we have made the solvability and the stiffness of the augmented
dynamics equation (9.4) be dependent on the Lagrange term and the constraints as well as
the original dynamics equations. This means that when the cost or constraints vary over time
or are defined by stiff equations, they can cause the dynamics solver to struggle and possibly
require smaller step sizes, slowing down the simulation process. Additionally, simply enforcing
the constraint satisfaction using a single number at the final time does not provide the
underlying optimization solver with any information about the locations of the infeasibility,
or which inputs are causing it. Instead, [172, Section 4.3] provides some extensions to the
augmentation scheme that introduce additional constraints across the horizon. Adapting these
extensions to work with the proposed DFO-NMPC formulation, and adapting the MADS

algorithm to better incorporate the information from them, is an open area of research.



Chapter 10

DFO-NMPC for a robust Goddard
rocket probleme

In this chapter, we demonstrate how to apply the DFO-NMPC formulation from Chapter 9 to
an optimal control problem. We present results for several different variations of the problem,

including

o with/without path constraints,
o with penalty barrier terms/with the progressive barrier method for constraint handling,
and

o with/without granular control variables.

We also present a comparison between a MADS and a PSO implementation of the resulting
DFO-NMPC problem.

10.1 Example problem

The example problem used in this chapter is a modified version of the Goddard rocket problem
in [132].

fSome material presented in this chapter has been published in the following work:
I. McInerney, L. Nita, Y. Nie, A. Oliveri, and E. C. Kerrigan. Towards a framework for nonlinear predictive
control using derivative-free optimization. In 7th IFAC Conference on Nonlinear Model Predictive Control,
Bratislava, Slovakia, 2021. IFAC. ©2021 the authors.
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Table 10.1: Physical parameters for the rocket dynamics (10.1).

(a) Fixed parameters

Parameter ‘ o I} 00 d 90 Trax
Value ‘ 2.255 x 107°  4.256 1.225%¢4s  17.5cm 9.81 ™4 1000

(b) Bounds on the uncertain parameters

Parameter ‘ Cp, Cb, I, I,
Value | 0.4 0.5 1800.0 2200.0

10.1.1 System dynamics

The rocket is governed by the dynamics equation

vy (t)

B(t) = f(a(t), () = | TO=05CopMO) @) _ ooy | (10.1)

m(t)
_T@®)
Isp

with the state vector

composed of the altitude h(-) in meters, vertical velocity v, () in meters per second and mass
m(-) of the rocket in kilograms, respectively. d is the rocket diameter, g(h) = go is the

gravitational constant at altitude h, and

p(h) = po (1 — ah)’

is the air density at altitude h, with all the parameter values given in Table 10.1a. The
parameters C'p and [, are the drag coefficient and specific impulse, respectively. The thrust
T(-) is specified as a function of time that takes values from the set T'(¢) € [0, Tynaz|.- The
rocket has bounded uncertainty on the parameters Cp and Ig,, where Cp € [Cp,,Cp,] and

I, € [Isp,, Isp,] with the bounds on the uncertainty given in Table 10.1b.

It was shown in [132, Section 3.5] that the rocket system (10.1) with uncertain parameters Cp
and I, is a monotone system with respect to the thrust input and the uncertain parameters.
This means that if the uncertain parameters of the differential equation f are thought of as
inputs to the system (with the input vector given by wu(t) := {T(t) Ch Isp}/), for two state
vectors (1) and () and two input vectors w(j) and w(y), the system dynamics satisfy the

property

fxay,uqy) — f(x@)ue) €X Vog) —2@) € X, ua) —up) €U,



10.1 Example problem 173

I I I I
3000 | (TR B TR SO OO -<sesssss RSSO
I I [ U
— I I I
€ | | | _
~ 2000 f ! ! ! !
% [ [ | [
3 I I A I
= I I I I
= 1000 ! ! ! it
< I I I — — — - Average
L | I Upper
I I [ I Target altitude
0 1 ] ] 1 i - 1 T J
0 5 10 15 20 25 30 35
Time (s)

Figure 10.1: Robust tube for the robust Goddard rocket problem when the same input is applied
to the upper and lower bound trajectories.

with X = R>p x R>g x R<g and U := R X R<g x R<g for all time. Essentially, the
monotonicity property of the rocket system means that for two rockets with the exact same
fixed parameters, if rocket 1 has the same or smaller specific impulse and drag parameter
than rocket 2 and rocket 1 always has the same or more thrust applied than rocket 2 does,
then the altitude and velocity in the state trajectory (1) of rocket 1 will always be the same
as or greater than the altitude and velocity in the state trajectory x(s) of rocket 2, and the
mass in z(;) will always be the same as or smaller than the mass in () when the trajectories
start at the same point x(1)(to) = 2(2)(to) or when z(1)(to) has a larger altitude and velocity

and smaller mass than z(9)(to).

The monotonicity of the rocket system, coupled with bounds on the uncertain parameters,
initial states and the inputs to the system, allows for the creation of a robust tube that all
system trajectories will lie inside, shown in Figure 10.1. For this rocket problem, the robust

tube is bounded by two realizations of the rocket system with the following properties

upper bound system f,(-) — system f(-) with parameters Cp,, I, and final time ¢y, ,

lower bound system fi(-) — system f(-) with parameters Cp,, I, and final time ¢y,

where ty, < ty,. The state and input trajectories for the upper bound system are z,(-) and
uy (), respectively, and the state and input trajectories for the lower bound system are z;(-)

and u;(-), respectively.

10.1.2 Optimal control problem

The objective of the optimal control problem is to determine the thrust profile of the rocket
such that the apogee of the rocket is at the target altitude of 10,000 feet (3,048 meters). The
input trajectory is defined as a piecewise constant function, with both the thrust settings T;

and the switching times o; as optimization variables. The input trajectory has 5 phases, with
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the first phase forcing the thrust to be T;,,,; and the last phase forcing the thrust to be 0,

giving the piecewise-constant thrust function

Tinae f0<t<oy,

Ts if o1 <t <oy,

T(t) =Ty ifoy<t<os, (10.2)
Ty if o3 <t < oy,

0.0 if og <.

The uncertainty in the dynamics model is handled by implementing a robust optimal control
problem that exploits the monotone nature of the dynamics to only optimize two trajectories:
the upper bound system and the lower bound system. By applying the same thrust input
and the same initial state to the upper and lower bound systems, the monotonicity of the
rocket system guarantees that any trajectory of the system with parameters that fall into the

disturbance set will lie within the upper and lower bound systems (i.e. the robust tube).

This robust optimal control problem is expressed using a min-max formulation, where the
overall objective of the OCP is to minimize the largest of the differences between the apogee
of the two bound trajectories and the target altitude. The optimization uses the two bound
trajectories instead of optimizing the average trajectory (which is formed using the average
of the bounds for the uncertain parameters) because the average trajectory is not actually
the center of the robust tube. This can be seen in Figure 10.1, where the apogee of the
average trajectory is 3022.29 m and the center of the robust tube is at 3047.99 m. This means
that optimizing to make the apogee of the average trajectory be the target altitude would
introduce a bias in the optimal solution that would lead to some disturbance realizations

overshooting the target altitude by a larger amount than if the robust tube were used.

The rocket will only be controlled until its apogee is reached, making the comparison between
the attained altitude and target altitude occur at the final time points ¢y, and ¢y, for the lower
and upper bound trajectories, respectively. The complete OCP for the robust rocket control

problem is then,

tmin max {[h(t7,) — 30481, 3045 — hu(t,)|} (10.3a)
st @i(t) = flz(t), T(@)), Tu(t) = fulzu(t),T(t)) (10.3b)
2(0) = z,(0) = [0 0 33.5]' (10.3¢)
Oy (tg) = vo, (tf,) =0 (10.3d)
vy (t) <150 Vte[0,ty)] (10.3¢)
v, (1) <150 Wt € [0,t7,] (10.3£)
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my(ty,) > 26, mu(ts,) > 26 (10.3g)
0<o01 <09 <03 <04 <min{ty, s} (10.3h)
Ty € [0, Tas] Vi € {2,3,4) (10.31)

where T'(-) is the thrust function defined in (10.2). Both the upper and lower bound
trajectories use the same thrust function, but each have their own final times given by ¢, and
ty, for the upper and lower bound trajectories, respectively. As an example path constraint,
the rocket’s velocity is constrained to be less than 150 ™/ to represent a modeling limitation

where the bounds on the uncertainty for the drag coefficient are only known below 150 ™.

Note that the objective function (10.3a) is non-differentiable, so this problem is well suited for
a DFO solver since using conventional gradient-based methods would only be possible after

a reformulation, which could increase the dimensions and complexity of the problem.

10.1.3 Transcription to DFO-NMPC

To convert the Goddard rocket problem from Section 10.1.2 into the DFO-NMPC framework
from Chapter 9, the OCP (10.3) was transcribed into a MADS optimization problem as

described in this section.

Search space

The first step in transcribing the rocket problem to a MADS optimization problem is to
define the search space for the MADS solver. Since the initial phase is forced to start at time
t = 0 and to have a thrust of T}, and the final phase is forced to have a thrust of 0%, the
thrust values for those phases will not be included in the search space, and instead will be

hard-coded in the simulation as 77 = T4, and 15 = 0.0.

Since the rocket problem is a free final time problem, an additional consideration is how
the final times ¢y, and ty, should be represented in the optimization problem. In traditional
methods, such as direct collocation or multiple shooting with a derivative-based solver, the
final time would be added as a variable in the optimization solver by forcing a collocation
point /shooting node at the final time. This collocation point/shooting node would then

provide the mesh point where the final boundary conditions are enforced.

In this transcription method, the final times will not be included as variables in the
optimization search space, and will instead be determined by the dynamical simulation. The
OCP (10.3) includes a final state equality constraint (10.3d) on the velocity, which when
coupled with the choice of a specific input trajectory, will force there to be a single unique

final time for each simulation. This means that if the final time were to be included in the
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search space, the problem would end up being over-defined. The search space of the over-
defined optimization problem would then be composed of partially-disconnected feasible sets,
where the variables representing the final times will have a single feasible value they can take

that is dependent on all the other optimization variables.

Overall, this makes the search space for the MADS problem

/ /
C=1Cc1 C2 C3 C4 C; Cp 67} :[01 T o9 T3 o3 Ty 04} .

Constraint handling

To enforce the path constraints in the OCP (10.3), the state augmentation scheme described

in Section 9.1.2 is used with the progressive barrier formulation of MADS.

The constraints enforcing the ordering of the switch times and the bounds on the thrust
are strictly input constraints and do not require any state information to be computed.
Therefore, there is no need to augment the dynamics with new states to compute their
violation, so they are included as normal progressive barrier constraints, with the w functions
shown in (10.5a)—(10.5d) and (10.5e)—(10.5j) for the switch time constraints (10.3h) and thrust

constraints (10.3i), respectively.

The boundary constraints on the final mass (10.3g) and the path constraints on the vertical
velocity (10.3e) and (10.3f) depend on state information, and therefore information from
the dynamics simulation performed in the cost function is needed to compute the constraint
satisfaction. Since the velocity path constraints must be enforced across the entire horizon,
the augmentation scheme is used to introduce two new states g; and g, to track the constraint
violation of the velocity constraints for the lower and upper bound trajectories, respectively.

Those two states have the dynamics

g;(t) = max{0, v, (t) — 150},
g, (t) = max{0, vy, (t) — 150}.

The value of these states at the final times ¢y, and t;, will be used as the constraint violation
in the progressive barrier constraints (10.5m) and (10.5n), so the values g,(tf,) and g;(ty,)

are included in the w vector of simulation variables computed by the function F.

Since the mass constraint is a terminal inequality constraint, there is no need to augment
the dynamics to track the constraint violation over the entire horizon. Instead, only the

value of the mass states at the final times need to be included in the w vector for use in the
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progressive barrier constraints (10.5k) and (10.51). Put together, the w vector computed by

the cost function F and then used when computing the progressive barrier constraints is

w = [w1 wo w3 w4},:{gl(tfl) Gulty,) mu(ty) mu(tfu)},. (10.4)

Overall, this leads to the following 14 progressive barrier constraint functions

wi(e,w) = —ecy, (10.5a)
wa(c,w) = ¢ — 3, (10.5b)
ws(c,w) = ¢3 — cs, (10.5¢)
wya(c,w) = c5 — ¢, (10.5d)
ws(c,w) = —cy, (10.5e)
we(c,w) = ca — Thnazs (10.5f)
wr (e, w) = —cy, (10.5g)
ws(c,w) = ca — Thnag, (10.5h)
wg(c, w) = —cg, (10.51)
w10(6,) = 6 — Tz, (10.5))
w11 (e, w) = max{0,26.0 — w3}, (10.5k)
wi2(c, w) = max{0,26.0 — w4}, (10.51)
wis(e, w) = wi, (10.5m)
wia(e, w) = wa, (10.5n)

with 10 requiring only information about the current poll point and the other 4 requiring

values computed during the dynamics simulation.

Cost function and dynamics simulation

The OCP cost function (10.3a) only contains a Mayer term to penalize the altitude difference
at the final time, and does not contain a Lagrange term. Since no Lagrange term is included,

there is no need to augment the dynamics with a cost integral state /.

The function F that is used as the cost function for MADS is then composed of three steps

1. simulate the augmented dynamics for the lower and upper bound systems,
2. compute the value of the Mayer term, and then

3. form the vector w (10.4) of the simulation variables for the constraints.
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The value of the Mayer term is then returned to MADS as the cost value at the current poll
point, and the vector w is returned to MADS to be used in the evaluation of the progressive

barrier constraints (10.5) at the current poll point.

In the dynamics simulation, two dynamics solvers are used to compute the state trajectory of
both the upper and lower bound trajectories of the rocket. One solver will compute the state

trajectory and constraint violation of the lower bound system using the augmented dynamics

[jz,(t)lzl fi(zi(t),T(t)) ] (10.6)

g;(t) max{0, v, (t) — 150}

while the other will compute the state trajectory and constraint violation of the upper bound

system using the augmented dynamics

] L[ emerT) | o)
Ju(t) max{0, vy, (t) — 150}

These solvers will each terminate when their respective state vectors satisfy the boundary

condition (10.3d) (i.e. the rocket has a vertical velocity of 0).

10.2 Experimental configuration

The numerical results presented in this chapter were computed using Julia 1.6.1 on a computer
with an Intel® Core™ i7-10710U CPU at 1.10 GHz with 64 GB of RAM.

The augmented dynamics systems (10.6) and (10.7) were solved using the trapezoidal method
solver from version 6.19.0 of the DifferentialEquations.jl Julia package [147] with a minimum

time step size of 10 x 10710,

The PSO solver inside version 1.4.1 of the Optim.jl Julia package [127] was used to compute
all the numerical results for the particle swarm version of the DFO-NMPC framework. The

PSO solver was run using the default settings and the default stopping criteria.

The MADS solver inside the DirectSearch.jl* Julia package was used to compute all the
MADS numerical results. The MADS solver was run using the default settings of the unit
sphere polling method with an anisotropic mesh [15] with no search phase and with sequential
evaluation of the poll points (i.e. no parallelism). The mesh size convergence criteria was left
at its default setting of a minimum mesh size of 1.11 x 10716, and the maximum number
of iterations and function evaluations were set to 10,000 and 50,000, respectively (instead of
their defaults of 1,000 and 5,000, respectively).

* Available at https://github.com/ImperialCollegeLondon/DirectSearch.jl
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Note that in the following numerical experiments, the thrust levels for the phases in the input

trajectory are reported as being percentages of the maximum thrust Tj,4,-

10.3 Solution without velocity path constraints

The first set of numerical results is for the OCP (10.3) solved without the velocity path
constraints (10.3e) and (10.3f) being enforced, but with the remaining constraints enforced
using the progressive barrier method with barrier functions (10.5a)—(10.51). The results for

this example can be seen in Figure 10.2, with a summary of the results and solver status in
Table 10.2.

Overall, MADS was able to solve the DFO-NMPC problem successfully in 54 iterations and
only evaluated the cost function using Algorithm 9.1 855 times (running 1710 dynamical
simulations). MADS was able to converge to a solution that had a cost of 229.52, and
terminated automatically once the mesh precision stopping criteria was satisfied. The MADS
solver ran for 1.69s, with the majority of this time spent performing the cost function
computation and the dynamical simulations and only 0.0033 s spent in the internal MADS

computations.

As can be seen in the altitude plot in Figure 10.2a and the results in Table 10.2a, the upper
and lower bound trajectories produce a robust tube with the center exactly at the target
altitude of 3048 m. However, examining the velocity of the rocket in Figure 10.2b shows that
the thrust trajectory required to produce this robust tube will lead to the rocket attaining a
velocity of more than 150 /s during the flight, with the profile for the amount of the cumulative

constraint violation above 150 ™/ shown in Figure 10.2e.

The optimal thrust trajectory found can be seen in Figure 10.2d and Table 10.2b. In the
optimal trajectory, the first and last phases with the preset thrust values are visible, while

the middle phase has three distinct regions of differing length and thrust values.

10.4 Solution with velocity path constraints

The next set of numerical results show what happens when the path constraints (10.3e)
and (10.3f) on the velocity are included in the optimization problem one of two ways: either

through penalty barrier terms in the cost function or using the progressive barrier method.
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Figure 10.2: Open-loop solution to (10.3) with no velocity path constraints (switching times are
at the vertical dashed lines).
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Table 10.2: Results for MADS DFO-NMPC with no velocity path constraints.

(a) Results (b) Thrust trajectory

hu(ty,) 3277.52m Phase Start Thrust Finish
hl(tfl) 2818.47m (b) (%) (S)
Tube center 3048.00 m 1 0.0 100.0 7.4957
Feasible cost 229.52 2 7.4957 62.977 8.4795
Infeasible cost 1182.20 3 8.4795 55.948  12.1525
Solver iterations 54 4 12.1525 32.235 16.9956
Function evaluations 855 5 (lower) | 16.9956  0.000  29.3905
Termination method Mesh precision 5 (upper) | 16.9956  0.000  31.5019
Total solver runtime 1.69s

Function eval. time 1.58s

Internal MADS time 0.0033s

10.4.1 Penalty barrier implementation

As a baseline comparison, the path constraints (10.3e) and (10.3f) were transcribed into the
DFO-NMPC problem by adding the penalty barrier term

¢ = 100(gi(ts,))* + 100(gu(ts,))?

to the cost function (10.3a). The remaining constraints were implemented using the

progressive barrier method with the barrier functions (10.5a)—(10.51).

The results for MADS solving the resulting DFO-NMPC problem with the penalty barrier
constraints can be seen in Figure 10.3, with the input trajectory values and solver results in
Table 10.3. MADS was able to solve this problem with a cost value of 226.59 (slightly lower
than the cost with no velocity path constraints), and in 58 iterations using 925 evaluations of
Algorithm 9.1 to compute the cost function. As can be seen in the altitude plot in Figure 10.3a
and the results in Table 10.3a, the penalty method is able to get the center of the robust tube
to within 0.01m of the target altitude of 3048 m. The effectiveness of the penalty barrier
constraints can be seen in Figure 10.3b, where the velocity states for both the upper bound
and lower bound systems are always less than the 150 ™/ limit, leading to zero cumulative

constraint violation in Figure 10.3e.
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Figure 10.3: Open-loop solution to (10.3) with velocity path constraints using penalty barriers
in the cost (switching times are at the vertical dashed lines).
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Table 10.3: Results for MADS DFO-NMPC with velocity path constraints using penalty barriers

in the cost.
(a) Results (b) Thrust trajectory
hu(ts,) 3274.59m Ph Start Thrust Finish
ase

hi(t ) 9821.40 m (5) (%) (5)
Tube center 3047.99 m 1 0.0 100.0 6.9976
Feasible cost 226.59 2 6.9976 34.003  10.7953
Infeasible cost 2.172e8 3 10.7953  26.051  14.4954
Solver iterations 58 4 14.4954  43.994  20.9983
Function evaluations 925 5 (lower) | 20.9983  0.000  32.1613
Termination method Mesh precision 5 (upper) | 20.9983  0.000  34.1331
Total solver runtime 1.515s

Function eval. time 1.427s

Internal MADS time 0.0034 s

10.4.2 Progressive barrier implementation

The results of using the progressive barrier method to implement the velocity path
constraints (10.3e) and (10.3f) in the DFO-NMPC formulation of the rocket problem can
be seen in Figure 10.4 and the results and input trajectory can be seen in Table 10.4. All
other constraints were implemented using the progressive barrier method as well, meaning all

the barrier terms in (10.5) were used in the MADS optimization problem.

MADS was able to solve the DFO-NMPC problem with a cost of 223.80 (slightly lower
than the cost using the penalty barrier term), and in 72 iterations using 1149 evaluations of
Algorithm 9.1 to compute the cost function before satisfying the mesh precision termination
criteria. The altitude plot in Figure 10.4a and the results in Table 10.4a show that the
progressive barrier method was able to find a solution such that the upper and lower bound
systems form a tube with its center only 0.01 m away from the target altitude of 3048 m. The
progressive barrier term also ensured that the velocity path constraints were satisfied for the
optimal solution, as can be seen in Figure 10.4b where the velocity is always less than 150 /s

at all times and in Figure 10.4e where there is no cumulative constraint violation.

While finding the optimal solution using the progressive barrier method required more
iterations of MADS than the penalty barrier approach, the penalty barrier method required
slightly more time to find the optimal solution, needing 1.515s instead of the 1.455s
the progressive barrier required. The progressive barrier method did slightly increase the
computational time needed for the internal MADS computations, with the internal MADS
computations taking 0.004s instead of the 0.0034 s for the penalty barrier method.
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Figure 10.4: Open-loop solution to (10.3) with velocity path constraints using the progressive
barrier method (switching times are at the vertical dashed lines).
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Table 10.4: Results for MADS DFO-NMPC with velocity path constraints using the progressive
barrier method.

(a) Results (b) Thrust trajectory
hu(ts,) 3271.80m Ph Start Thrust Finish
ase

hi(t ) 2824.19 m (5) (%) (5)
Tube center 3047.99m 1 0.0 100.0 6.1901
Feasible cost 223.80 2 6.1901 31.900 8.6174
Infeasible cost 3031.49 3 8.6174 49.032  15.0201
Solver iterations 72 4 15.0201  33.213  20.9136
Function evaluations 1149 5 (lower) | 20.9136  0.000  31.8484
Termination method Mesh precision 5 (upper) | 20.9136  0.000  33.8382
Total solver runtime 1.455s

Function eval. time 1.353s

Internal MADS time 0.004 s

10.4.3 Comparison against particle swarm optimization

To compare the proposed MADS DFO-NMPC implementation against an existing DFO
method, the OCP (10.3) was solved using a Particle Swarm Optimization (PSO) solver.
The transcription used to convert the OCP (10.3) into the optimization problem for the PSO
solver was similar to the one described in Section 10.1.3, with several key differences in the

handling of the constraints.

The Optim.jl [127] PSO solver used for the comparison can only natively handle bound
constraints on the optimization variables. Therefore, the constraints in the OCP (10.3) that
were originally implemented using the progressive barrier method in MADS had to be modified
to instead be a combination of bound constraints, extremal barrier constraints and penalty

barrier terms.

The upper/lower bounds on the thrust values from (10.5e)—(10.5j) were passed to the solver
as explicit bounds on the optimization variables representing the thrust levels. Explicit bound
constraints were also added to ensure all the switching times were in the interval [0, t;q4z],

with ;4. = 40s chosen as a suitable value based on the previous simulation results.

The constraints (10.5a)—(10.5d) that enforce the ordering of the switching times were
transformed into extremal barrier constraints in the cost function of the PSO problem,
causing the cost to return infinity if any of those constraints were violated. The velocity path
constraints (10.3e) and (10.3f) were enforced using the dynamics augmentation approach to
compute the overall constraint violation across the entire prediction horizon. The overall

violation of the velocity path constraints was then used inside the penalty barrier term

¢ = 100(gi(ts,))*+100(gy(ts,))*+100(max{0, 26.0—my(t 1, ) })*+100(max{0, 26.0—my(t5,)})?,
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Table 10.5: Results for DFO-NMPC solved with PSO and with velocity path constraints.

(a) Results (b) Thrust trajectory
hu(ty,) 3270.00 m PhL Start Thrust Finish
ase
hi(ts,) 2825.99 m (s) (%) (s)
Tube center 3047.99m 1 0.0 100.0 0.0
Feasible cost 222.0 2 0.0 99.697 5.1043
Solver iterations 1000 3 5.1043 60.324 9.8586
Function evaluations 8007 4 9.8586 40.578  19.8546
Termination method Max iters 5 (lower) | 19.8546  0.000  31.5245
Total solver runtime 8.708 s 5 (upper) | 19.8546  0.000  33.5295

alongside two terms imposing the constraints (10.5k)—(10.51) on the final mass of the rocket.

The solution found by the PSO solver can be seen in Figure 10.5, with the solver results and
the input trajectory in Table 10.5. The resulting thrust trajectory causes the rocket to follow
the altitude profile plotted in Figure 10.5a, with the upper and lower bound systems forming
a robust tube centered 0.01 m below the target altitude of 3048 m. A key difference between
the PSO solution and the solution from MADS with the progressive barrier method is in the
constraint satisfaction of the velocity path constraints. As shown in Figure 10.5e, the PSO
solution introduces a small amount of constraint violation in the velocity constraint for the

upper bound system while the progressive barrier method does not.

Another difference between the PSO implementation and the MADS implementation is in
the behavior of the solver when finding the solution. To mimic the approach a design
engineer might use, both of these solvers were run using near-default settings/values, with no
tuning of constants/parameters attempted. For MADS using the progressive barrier method,
Table 10.4a shows that these settings resulted in only 1149 function evaluations and MADS
terminating when the mesh size was below the stopping threshold. In comparison, the PSO
method shown in Table 10.5a used 8007 function evaluations and only terminated due to
reaching the maximum number of permitted iterations of the solver (1000 iterations in the
default settings). This meant that the PSO solver ran for 8.708 s while the MADS solver ran
for only 1.455s.

10.5 Quantized input variables

The next example examines when the inputs to the rocket are quantized and forced to only
take certain values. As can be seen in the computed input trajectories for the previous
examples, the DFO-NMPC method will return thrust values and switching times that have

several decimal places of information. This is not always realizable in the real-world system
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though, because control inputs will only be applied at certain intervals and physical actuators
have a fixed number of possible positions. This means there will be an inherent quantization
stage between when the control is computed using all the real numbers and when it is applied

to the actual system using only the allowed timings and positions.

For the rocket problem examined here, we will introduce quantization on both the time steps
and the thrust input. The time steps are limited to only 1 second increments, representing
a real-world system that either will only apply the controller every second or a limitation of
the actuator that means the actuator position can only be changed every second. The thrust
levels are limited to be in the set T; € {0%, 25%, 50%, 75%, 100%}, representing an actuator
that only has 5 possible positions. Using the terminology for granular variables that was
introduced in Section 8.3.1, this means 67 := 0.25 (since the thrust is represented as a value
between 0 and 1) and 67" = 1.0.

10.5.1 Quantized version of continuous results

To understand the effect just the quantization of the input trajectory has on the trajectory of
the rocket, the input trajectory computed using the unquantized MADS with progressive
barrier constraints in Section 10.4.2 and given in Table 10.4b was passed through the

quantization functions

&; = 67 Round ( 5:”7,) , (10.82)
T; = 07" Round ( . ) , (10.8b)
57@171

to produce the quantized trajectory given in Table 10.6b. The quantization operation has
caused a percent decrease in the thrust applied in phases 2 and 4 by 21% and 24%, respectively,
causing the velocity profile in Figure 10.6b to be lower than the original profile in Figure 10.4b.

This reduction in velocity has then caused a reduction in the apogee altitude of each bound
system. The upper bound system now only attains 2875.28 m whereas before it attained
3271.80m, so the robust tube will no longer contain the target altitude of 3048m. A
corresponding decrease also occurred with the lower bound system, meaning the center of
the robust tube is now at 2690.10 m. This means the trajectory that would be implemented
will cause the rocket to undershoot the target altitude by over 300 m when it was originally

computed to have the center of the robust tube nearly perfectly at the target altitude.
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Figure 10.6: Open-loop solution to (10.3) using the quantized input trajectory in Table 10.6b

(switching times are at the vertical dashed lines).



190 DFO-NMPC for a robust Goddard rocket problem

Table 10.6: Results using a quantized version of the input trajectory in Table 10.4b.

(a) Results (b) Thrust trajectory
hu(ty,) 2875.28 m Phase Start Thrust Finish
hl (tfl) 2504.93 m (S) (%) (S)

Tube center 2690.10m 0.0 100.0 6.0
6.0 25.0 9.0
9.0 50.0 15.0
15.0 25.0 21.0
(lower) 21.0 0.0 30.36

(upper) | 21.0 0.0 32.11

UL O I W N =~

10.5.2 Using granular MADS

To handle the granularity of the switching times and thrust values that was introduced in
this section, the granular MADS solver described in Section 8.3.1 was used with the original
OCP (10.3) transcribed into a DFO-NMPC problem using the same transcription method as
described in Section 10.1.3. Exchanging the regular MADS solver with progressive barrier
constraints for the granular MADS solver with progressive barrier constraints was as simple
as specifying the granularities on all the input variables in the problem data and rerunning
the code — there were no modifications to the cost/constraint functions needed to make this

change.

The granular MADS solver results and the computed input trajectory can be seen in
Table 10.7, with the resulting system response shown Figure 10.7. Granular MADS was able
to find a solution using 67 iterations (5 fewer than the non-granular case) and only used 1071
evaluations of Algorithm 9.1 to compute the cost function (78 fewer than the non-granular
case) before converging to the solution. The cost of the optimal trajectory was 265.33, which

is only an 18.5% increase in the cost value.

The granular solution computed by MADS has the upper bound system reaching an altitude
of 3231.59m, a 40m decrease compared to the regular MADS solution. The lower bound
system also has a smaller apogee altitude of 2782.66 m, leading to the center of the robust
rube decreasing to 3007.13m — a 40 m decrease from the non-granular problem. Compared
to the quantized input trajectory created in Section 10.5.1, the solution using the granular
MADS solver now has the target altitude in the computed tube, while the quantization of
the trajectory from regular MADS shown in Table 10.6b did not.
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Table 10.7: Results with quantized inputs solved using granular MADS.

(a) Results (b) Thrust trajectory
hu(ty,) 3231.59m Phase Start Thrust Finish
hl(tfl) 2782.66 m (S) (%) (b)
Tube center 3007.13m 1 0.0 100.0 7.0
Feasible cost 265.33 2 7.0 25.0 9.0
Infeasible cost 1310.85 3 9.0 50.0 13.0
Solver Iterations 67 4 13.0 25.0 23.0
Function evaluations 1071 5 (lower) | 23.0 0.0 31.79
Termination method Mesh precision 5 (upper) | 23.0 0.0 33.75
Total solver runtime 1.207s
Function eval. time 1.091s
Internal MADS time 0.025s

10.5.3 Using quantized PSO

As a comparison, PSO was also used to solve the OCP with quantized inputs using a slightly
modified form of the problem formulation described in Section 10.4.3. In this case, since there
was no built-in support in the PSO solver for handling the granular variables, an additional
step is needed at the beginning of the cost function to apply the quantization scheme given
in (10.8) to the vector of variables passed to the cost function by the PSO solver. This
quantized vector was then used in the computation of the constraints, dynamics simulation,

and final cost value.

Overall, this quantization scheme appears to lead to the PSO solver becoming somewhat
confused when searching for the optimal input trajectory, resulting in a solution with a cost
of 396.02. The solver output and system response can be seen in Table 10.8 and Figure 10.8,
respectively. The PSO solver terminated after 1000 iterations, the maximum number allowed,
and in the process performed 8007 evaluations of the objective function using Algorithm 9.1.
One point to notice about the input trajectory is that the solver decided to remove the first
two thrust phases (so phase 3 starts at time ¢ = 0.0s) and only allow for 2 intermediate thrust

levels in the solution.

The end result is that the upper bound system only attains the altitude of 3069.63 m at its
apogee — barely above the target altitude of 3048 m. In the process, the solver also introduced
a minor violation of the velocity path constraint, as can be seen in Figure 10.8e. The end
result is that the center of the robust tube is now at 2867.57 m, which is now 180 m below
the target altitude.
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Table 10.8: Results with quantized inputs solved using PSO.

(a) Results (b) Thrust trajectory
hu(ty,) 3069.63 m Phase Start Thrust Finish
hi(ty,) 2665.51 m (s) (%) (s)
Tube center 2867.57m 1 0.0 100.0 0.0
Feasible cost 396.02 2 0.0 100.0 0.0
Solver iterations 1000 3 0.0 75.0 2.0
Function evaluations 8007 4 2.0 50.0 25.0
Termination method Max iters 5 (lower) | 25.0 0.0 36.87
Total solver runtime  13.195s 5 (upper) | 25.0 0.0 38.73

10.6 Overdetermined problem formulation

While describing the problem transcription in Section 10.1.3, we noted that the final times for
the upper and lower bound systems were actually dependent upon the switching times and
input trajectory, and so should not be included in the search space of the DFO solver. The
example in this section shows what happens if the final times are included in the DFO solver
search space, which could happen when simply using a transcription method based on the
ideas from direct collocation or multiple shooting, where the final times must be provided as
variables to the solver to ensure there is a collocation point/shooting node at the final times

to enforce the terminal constraints.

To include the final times in the MADS optimization problem, the problem transcription
described in Section 10.1.3 was modified to have the final times ¢ and ¢y, in the vector of

optimization variables used by MADS, giving

/ /
cC=|cL Cc2 Cc3 c4 C5 Cg C7 C§ 09} 2{01 Ty o9 Ty o3 T3 o4 typ tg,

The dynamics solver then simulates the dynamics for the lower bound and upper bound
systems until the time given by cg and cg, respectively. Since the dynamics simulation no
longer terminates when the velocity state is zero, new constraints were added to enforce the
final velocity constraint (10.3d). The new constraints on the final velocity require the value
of the velocity states at the final time point to be included in the w vector passed to the

progressive barrier constraints, giving

!/

/
w=lw wy wy wi ws we| = |ats) gultr) milts) maltn) wltn) we(ts)]
Five new progressive barrier constraints were then added to the problem formulation, with

wis(c, w) = c7 — cg,
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wie(c, w) = c7 — co,
constraining the final times to be greater than the last switching time,
wi7(c, w) = cg — co,

constraining the final time for the upper bound system to be larger than the final time for

the lower bound system, and

wig(e, w) = |ws|,

wig(e, w) = |wel,

constraining the final velocity of the rocket to be zero.

The results from the formulation that included the final times in the optimization can be seen
in Table 10.9 and Figure 10.9. The first point to notice is that the MADS solver required
24.656's to solve the problem, using 1334 iterations and 26531 evaluations of Algorithm 9.1
before terminating when the mesh size decreased to below the termination criteria. Compared
with the progressive barrier MADS in Section 10.4.2 that only required 1.455s and 72
iterations, including the final times in the optimization variables made MADS use 1200 more

iterations, 25000 more function evaluations, and take 23s of additional runtime.

The solution that MADS located has the lower bound system reaching an altitude of 1941.95 m
at apogee, and the upper bound system reaching an altitude of 2187.48 m at apogee. This
means the center of the robust tube is only at 2064.71 m, nearly 1000m below the target
altitude of 3048 m.

Overall, this solution shows that MADS was unable to locate any other point in the search
space in its polling states that were better able to satisfy the boundary constraints and make
the rocket have an apogee near the target altitude. This is in contrast to the results shown
in Section 10.4.2, where not including the final times in the optimization vector and instead
handling the terminal velocity constraints in the simulation allowed MADS to find a solution
that placed the center of the robust tube within 0.01 m of the target altitude.

10.7 Conclusions

In this chapter, we demonstrated the DFO-NMPC formulation from Chapter 9 on a robust
version of the Goddard rocket optimal control problem. We presented results for several
different variations of both the DFO-NMPC problem and the transcription method described

in Section 10.1.3, including
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Figure 10.9: Open-loop solution to (10.3) including ¢, and t;, in the MADS optimization
problem (switching times are at the vertical dashed lines).
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Table 10.9: Results for MADS DFO-NMPC with ¢4, and ty, included in the optimization problem.

(a) Results (b) Thrust trajectory

hu(ty,) 2187.48 m Start Thrust Finish
hi(ty,) 1941.95m Phase (3) (%) (s)
Tube center 2064.71m 1 0.0 100.0 4.7086
Feasible cost 1106.05 2 4.7086 56.592 9.5393
Infeasible cost 1106.09 3 9.5393  42.330 12.8963
Solver iterations 1334 4 12.8963  41.258  14.0507
Function evaluations 26531 5 (lower) | 14.0507  0.000  25.1896
Termination method Mesh precision 5 (upper) | 14.0507  0.000  26.6167
Total solver runtime 24.656 s

Function eval. time 23.952s

Internal MADS time 0.089s

e no path constraints in the OCP,

o handling the path constraints using penalty barrier terms in the cost,
¢ handling the path constraints using the progressive barrier method,

o using granular MADS to handle the quantized system inputs, and

e including the final times in the search space.

Additionally, the MADS implementation was compared against a DFO-NMPC

implementation using PSO with penalty barrier/extremal barrier constraints.

These results show that the proposed DFO-NMPC formulation using MADS is able to solve
a robust version of the Goddard rocket problem, and that the progressive barrier method for
handling constraints in MADS can be applied to DFO-NMPC. The result of the DFO-NMPC
MADS solver was the same as the one found by the PSO solver, with the resulting robust tubes
having their centers within 0.01 m of the target altitude. The key difference between the two
solvers was the iterations/function evaluations required — with the MADS solver requiring
only 72 iterations (1149 function evaluations) to reach the mesh size termination threshold
and terminate with the optimal solution compared to the 1000 iterations (8007 function
evaluations) used by the PSO solver before reaching the maximum number of iterations

allowed.

The key observation in this example is that the proposed formulation using MADS is more
generalizable to other problem types than formulations using PSO, as shown in the example
where quantization is introduced on the input and time variables for the Goddard rocket
problem. To use the PSO framework with quantized inputs, the cost function needed to
be modified to include an additional step to actually perform the quantization of the input
variables before evaluating the constraints and cost, since the underlying PSO solver has

no method of handling quantized variables natively. This led to the PSO solver using 1000
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iterations (8007 function evaluations) to find a robust tube that barely included the target
altitude and had its center 180 m below the target altitude. The proposed DFO-NMPC
framework using MADS required no modifications to the cost function or constraints to
implement the input/time quantization, and only required informing the underlying MADS
algorithm about the quantization level for each variable. The solution the granular MADS
solver found then had the tube center 40 m below the target altitude and only required 67
iterations and 1071 function evaluations (7 more iterations than the non-granular MADS

solver) before reaching the mesh size termination criteria.

The numerical examples also show that the MADS solver is computationally lightweight,
with the majority of the runtime in the DFO-NMPC examples spent inside the cost function
evaluation/dynamics simulation instead of the MADS solver itself. Introducing granular
variables in the DFO-NMPC problem did increase the time required for the internal MADS
computations, going from 0.004s for MADS using the progressive barrier method to 0.025s
for MADS using both granular variables and the progressive barrier method. This increase in
the time required for the internal MADS computations had virtually no impact on the overall
runtime though, since the 0.025s spent in the MADS solver for the quantized input example
is still orders of magnitude smaller than the total runtime of 1.207s. This shows that granular
MADS can provide a computationally lightweight solver for problems with quantized/integer
variables, eliminating the need to use more complex and computationally expensive mixed

integer solvers based on techniques such as branch and bound or cutting planes.

The final observation that we can make about the DFO-NMPC framework is that the designer
should not approach the problem transcription for DFO methods the same as they would the
transcription for derivative-based methods such as direct collocation or multiple-shooting.
Using the problem transcription methods commonly associated with derivative-based methods
with a derivative-free solver instead can lead to problems that are overdetermined and that
can confuse the DFO solver. Instead, the designer should modify the transcription to suit the
different DFO-NMPC problem formulation and the new degrees of freedom in transcription
that are provided. For instance, the example rocket problem showed that for problems with
terminal constraints and a free end time, it may be better to not include the end time in
the optimization search space and instead use the dynamics simulation with a termination

condition based on the terminal constraints.
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Chapter 11

Conclusions and future work

In this thesis, we examined two aspects of numerical methods for MPC. First, we showed in
Part II how block Toeplitz operators appear in the condensed linear MPC problem and how
they can be used to analyze/design extensions for the optimization solvers for the condensed
linear MPC problem. Next, in Part III we developed a way to transcribe the nonlinear MPC
problem (2.1) into an optimization problem suitable for the Mesh Adaptive Direct Search
derivative-free optimization solver, and then demonstrated this transcription method on a

robust rocket control problem.

11.1 Toeplitz operators in linear MPC

Examining how Toeplitz operators appear in control theory is not a new field, with prior work
already identifying the relation between Toeplitz operators and both H,, optimal control and
some parts of linear MPC. In this work, we extended the earlier results and showed that
block Toeplitz operators are related to many of the matrices in the condensed linear MPC
problem, and that many properties of these operators can be exploited to create bounds on
the condition number/eigenvalues for the matrices in linear MPC, design preconditioners, and

model the round-off error in embedded implementations.

Analysis and computational complexity

The largest amount of theoretical work in this thesis is contained in Chapter 4, which
examines how the block Toeplitz structure of the prediction matrix, primal condensed

Hessian, condensed constraint matrix, and the dual condensed Hessian in linear MPC can
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be exploited to form a relation between the spectrum of the individual matrices and the
singular value spectrum of the predicted system. This relation says that the extrema of
the eigenvalue/singular value spectrum of the matrix can be bounded by the spectrum of a
function containing the transfer function matrix of the predicted system, provided it is Schur
stable (which can be guaranteed by using the numerically robust CLQR formulation (2.10)).
These relations also hold for any size of the matrices, allowing for the computed bounds to
hold for any horizon length and for the computation of an upper bound on the condition

number of the primal condensed Hessian that will hold for any horizon length.

In Chapter 5, we then used the spectral bounds on the primal condensed Hessian to examine
how the computational complexity can change depending on the cost function of the linear
MPC problem. This examination was done in two parts: (i) deriving theory for how the
eigenvalues/condition number scales as the weight matrices are scaled, and (ii) examining how
that scaling affects the upper iteration bounds of the FGM and DGP algorithms. One of the
key observations that we made using these results is that the eigenvalue spectrum/condition
number of the condensed Hessian has two distinct components, and that when the cost
function is modified, one of these components will then dominate the other and have the
largest effect on the spectrum of the condensed Hessian. For example, when the () matrix is
scaled to be larger than the R matrix, the spectrum of the condensed Hessian is then affected
by a combination of the ) matrix and the singular values of the predicted system and not the
R matrix. Alternately, if the R matrix is larger, the singular values of the predicted system

and the @ matrix will not have a large/noticeable effect on the condensed Hessian.

This leads to interesting behavior in the UIBs for the FGM and DGP, where we showed
there are two distinct regions for the bound that follow the regions from the spectrum of
the condensed Hessian. The computational requirements of the optimization solver can vary
drastically between the two regions — with an example system showing that it is possible to
tune a controller to have the same system performance, but with a 188% lower computational

cost, by choosing the right weighting matrices.

This shows that it is not only important to consider the desired system performance during
the controller design, but also that designers should consider the computational cost of the
resulting controller. By adding the computational complexity into the controller design
phase, it opens up the opportunity to trade-off computational performance with the system
performance, ensuring that the controller can not only be implemented in real-time, but also
that it can meet the low energy and resource usage requirements that newer cyber-physical

systems are imposing.
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Design methods

In the last two chapters of Part II, we transitioned from the analysis of the matrices and
solvers for the condensed linear MPC problem to instead focus on how the block Toeplitz

operators can be used to help design the implementation of the solvers themselves.

The first part of this was the new preconditioner proposed in Chapter 6. This preconditioner
uses the block Toeplitz structure of the condensed Hessian to design a block circulant
preconditioner that has performance comparable to an existing SDP-based preconditioner.
In the numerical examples, using this preconditioner gives a speedup of between 2.1x and
9.6x for the FGM — equivalent to the speedup of the SDP preconditioner. However, the
proposed preconditioner is able to also speedup the computation of the preconditioner itself,
showing between an 80x and 59,672x speedup in the preconditioner computation compared
to the existing SDP preconditioner for the example problems. The spectral analysis that
leads to the bounds on the condition number can also be applied to the preconditioned
Hessian, allowing for horizon-independent bounds for the eigenvalues/condition number of

the preconditioned Hessian to be computed.

The numerical examples for the preconditioner in Section 6.3 also highlight that the
numerically robust CLQR formulation (2.10) provides some preconditioning effect when
used — sometimes providing a speedup of up to 9.6x when only applying the prestabilizing
controller and no preconditioner. This observation, when coupled with the relation between
the predicted system and the spectrum of the Hessian explored in Chapter 4, points to
new opportunities for preconditioner design via the prestabilization controller. Meaning that
instead of designing preconditioners based on linear algebra techniques that are applied after
the controller is designed, the preconditioner would be designed as part of the controller
design process using control techniques, such as H,, or loop shaping controllers for the

prestabilization.

The final area explored in this part was how the block Toeplitz structure of the condensed
Hessian can be used to guide the design of the implementation of the FGM on FPGAs. To
do this, two different models for the round-off error that the condensed Hessian experiences
when it is converted to fixed-point were derived, with one of those models exploiting the block
Toeplitz structure to bound the round-off error in a horizon-independent manner. These
models then allowed for the development of rules that will give the required size of the fixed-
point variables used in the FGM so that the conversion of the condensed Hessian into fixed-
point will satisfy the requirements for a stable FGM iteration. Using these sizing rules then
allows for guarantees on the stability of the algorithm using smaller data types, potentially
reducing the computing hardware needed by up to 75% and reducing the solution time by up
to 25%.



204 Conclusions and future work

Using these smaller data types in the optimization algorithms comes at a cost to the
performance of the closed loop system though, with an example system showing up to 15-20%
error in the closed-loop performance compared to the double precision implementation of the
algorithm. Future work should try to quantify the relation between this closed-loop error
and the data type of the implementation in order to better understand the effect the data
type choice has on the closed-loop performance. Additional work should also be conducted
to further prove the stability of the FGM with the projection operation, and other related
algorithms, under finite-precision arithmetic using fixed-point arithmetic. One possible avenue
to explore for this is to model the optimization solvers as dynamical systems and then use
robust control theory to analyze the stability and performance of the solvers in the presence

of round-off errors.

11.2 DFO-NMPC

The final part of this thesis presented a framework for implementing nonlinear MPC using
derivative-free optimization solvers. This framework was built on top of the Mesh Adaptive
Direct Search solver, but can also be modified to work with other DFO solvers such as PSO

and evolutionary methods. The novelty in the framework comes from four key parts:

o the ability to handle more variable types such as granular, periodic and categorical,
o explicit handling of the constraints to produce a known-feasible solution,
e constraint enforcement across the entire horizon, and

e more accurate cost computation across the entire horizon.

The first two parts come from the use of MADS as the base algorithm for the framework, since
it allows for the use of the progressive barrier constraint method and has native support for
other non-continuous variables directly in the solver. This advantage is shown in the robust
rocket control example in Chapter 10, where the proposed MADS framework with quantized
inputs was able to find an input trajectory that gave a robust tube with a center closer to

the target altitude than an equivalent PSO method.

The final two novel parts in the framework are not unique to MADS, and can even be
implemented on top of other derivative-free solvers. The introduction of the new states to
track the Lagrange cost term and the constraint violation along the horizon allows for the cost
and constraints to be more accurately computed across the entire horizon, and decouples their
computation/enforcement from the chosen input representation. This decoupling is important
for the generalizability of the framework, since other frameworks currently assume a piecewise-
constant input trajectory, and so they just enforce the constraints at the points where the

input trajectory changes and compute the cost using a Riemann sum using those same points.
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The proposed framework is able to handle other input representations, such as interpolated
polynomials or the fitting of function parameters, without the need to change/modify the

constraint enforcement or cost computation.

This framework is not fully completed though, and there are many open questions left to
answer. As a start, we have proposed a single-shooting solver for the dynamics simulation,
however this is known to be unsuitable for stiff or unstable systems, and is not routinely
used in the mainstream optimal control solvers. To extend this framework to a wider range
of systems (including ones that may be unstable), it is important to see if this framework
can be extended to use the ideas of multiple-shooting to split the simulation horizon and
handle the instability. Alternately, it could be interesting to explore integrating new machine
learning techniques to attempt to learn the stable manifold of the system and then constrain

the optimization solver to search only on that manifold.

Another key aspect that needs to be examined is the suitability of MADS and this framework
for the use as a closed-loop controller in real-time, instead of simply as an open-loop planning
controller. This opens up many new questions, including how to effectively warm start the
MADS algorithm, how to effectively perform the simulations under timing constraints, and
can MADS terminate early and provide a control scheme similar to the real-time iteration

used by many derivative-based NMPC solvers in use today.

A known limitation of the proposed framework is that the computational performance of the
MADS solver can become very poor when the optimization problem has a lot of optimization
variables. This performance degradation can limit the application of the proposed framework
to larger optimal control problems, such as those involving systems with many inputs or ones
where the input representation requires a large number of optimization variables. Several ideas
to modify MADS to perform better on larger problems have been proposed, such as using a
parallel space decomposition scheme to break the large problem into several subproblems [12]
or to mainly operate on a subset of the optimization variables that are identified as being
statistically significant [2]. Future work should try applying these existing modifications to the
proposed DFO-NMPC framework, and also examine if the MADS algorithm can be modified
to specifically handle any structure that appears in the DFO-NMPC optimization problem.

Finally, it is also important to continue applying this framework to different classes/types
of optimal control problems and systems. The example presented in Chapter 10 is a
fairly small example with only a nonsmooth cost function and without any complicated
dynamics or constraints. Applying the framework to more examples that have nonsmooth
dynamics (such as contact problems), complicated constraints (such as in path planning
problems), or problems with data-driven models should be done to explore and demonstrate
the generalizability of the framework, and potentially suggest new areas of improvement for

the framework.
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