THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfilment of the requirements for a

postgraduate degree (e. g. PhD, MPhil, DClinPsychol) at the University of

Edinburgh. Please note the following terms and conditions of use:

This work is protected by copyright and other intellectual property rights,
which are retained by the thesis author, unless otherwise stated.

A copy can be downloaded for personal non-commercial research or
study, without prior permission or charge.

This thesis cannot be reproduced or quoted extensively from without
first obtaining permission in writing from the author.

The content must not be changed in any way or sold commercially in
any format or medium without the formal permission of the author.
When referring to this work, full bibliographic details including the

author, title, awarding institution and date of the thesis must be given.



Efficient and Parallelizable
Numerics for Optimal Control
and Nonlinear Partial

Differential Equations

Bernhard Heinzelreiter

Doctor of Philosophy

THE UNIVERSITY OF EDINBURGH

2025



To my fiancée,

Jennifer



Abstract

The analysis and optimal control of differential equations are of central interest in various fields of
research as well as industrial applications. Given the limitations of analytical methods for solving
related problems, one must often devise potent numerical approximations. In practice, attaining
accurate solutions will necessitate large-scale approximations that require tailored methods to
facilitate efficient computation. This thesis focuses on three topics related to the overarching
theme of numerical methods for large-scale optimal control problems and the numerical analysis

of complex nonlinear dynamical systems.

In the first part, we derive a new parallel-in-time approach for solving large-scale optimiza-
tion problems constrained by time-dependent partial differential equations arising from fluid
dynamics. The solver consists of a preconditioner used within a flexible GMRES iteration. The
preconditioner involves the use of a block circulant approximation of the original matrices,
enabling parallelization-in-time via the use of fast Fourier transforms. We devise bespoke matrix
approximations which may be applied within this framework. These make use of block row
and column operations, saddle-point approximations, commutator arguments for divergence and
gradient terms, as well as inner solvers such as the Uzawa method, Chebyshev semi-iteration,
and multigrid. Theoretical results underpin our strategy of applying a block circulant strategy,
and numerical experiments demonstrate the effectiveness and robustness of our approach on
Stokes and Oseen problems. Notably, satisfying results for the strong and weak scaling of our
methods are provided within a fully parallel architecture. To our knowledge, this is the first

parallelizable preconditioner for fluid flow problems with such a strong theoretical foundation.

While the first part of this thesis addresses optimal control for linear systems, which are well
understood, the analysis and computation of nonlinear problems pose significantly greater chal-
lenges. Linearization methods for nonlinear systems can provide a partial solution by converting
the problem into a linear system. This allows for the application of techniques designed for
linear systems to be utilized for nonlinear systems as well. However, linearization methods
currently lack a solid mathematical framework when applied to partial differential equations
and in the context of their optimal control. In the second part of this thesis, we explore how
the Carleman linearization—one particular class of linearization methods—can be extended
to dynamical systems on infinite-dimensional Hilbert spaces with quadratic nonlinearities. We
demonstrate the well-posedness and convergence of the truncated Carleman linearization under
suitable assumptions on the dynamical system, which encompass many common parabolic semi-
linear partial differential equations. Upon discretization, we show that the total approximation

error of the linearization decomposes into two independent components: the discretization error

iii



and the linearization error. This decomposition yields convergence bounds of the linearization
independent of the discretization. Furthermore, it motivates the use of non-standard structure-
exploiting numerical methods. Finally, we verify the theoretical convergence results with numer-

ical experiments.

Lastly, we consider the solution of saddle-point systems with a tree-based block structure. Such
problems stem from optimal control problems that consist of small, distributed control problems
linked by coupling on a limited number of degrees of freedom with a specific graph structure. As
our key contribution, we propose several structure-exploiting preconditioners to be used during
applications of the GMRES algorithm and analyze their properties. We adapt several concepts
originating in the field of multigrid methods, obtaining a variety of adapted multi-level methods.
We analyze the complexity of all algorithms, and derive a number of results on eigenvalues of
the preconditioned system and convergence of iterative methods. We validate our theoretical
findings through a range of numerical experiments, demonstrating the convergence and efficacy

of the developed preconditioners.
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Lay Summary

This thesis investigates innovative mathematical and computational techniques for addressing
complex problems involving differential equations, which are fundamental tools for modeling
a wide array of phenomena in real-world applications, such as oceanic flows, weather systems,
and industrial processes. Obtaining solutions to these problems can be challenging and resource-
intensive. Consequently, there is a need for bespoke methods that enable scientists and engineers

to achieve fast and accurate solutions.

The first part of the thesis presents a new approach to make calculations faster and more robust,
especially for problems that change over time, like those found in fluid dynamics. Specifically,
we aim to find optimal actions to steer a system of fluids into a certain desired state. Instead
of trying to solve a huge problem all at once, this method splits it into many smaller, simpler
parts that can be worked on at the same time. As a result, supercomputers can be employed to
significantly accelerate the solution process. Tests show that this approach works well even for

very large and complicated problems, making it a promising idea for future research.

The second part tackles even more challenging situations where the equations are nonlinear,
meaning they can behave unpredictably or chaotically. The thesis investigates a method called
Carleman linearization, which transforms these complex problems into forms compatible with
established computational methods originally intended for simpler cases. It provides new math-
ematical guarantees for when and how this method works, and demonstrates its effectiveness

through practical examples.

Finally, the thesis addresses a special type of problem that arises when many smaller problems
are linked together, such as in networked systems. Each subproblem is framed as an optimiza-
tion problem, aiming to find the most effective and cost-efficient solutions. We introduce new
techniques to solve these interconnected problems more efficiently, drawing on ideas from other
areas of mathematics. The results show that these methods are both efficient and robust in

theory and practice.

Overall, this work contributes new tools that enhance fast solution methods for central sci-
entific and engineering problems, paving the way for advances in fields that rely on complex

mathematical models.
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Chapter 1

Introduction

This thesis examines differential equations and their optimal control, with an emphasis on
numerical analysis and numerical linear algebra. Differential equations form the backbone of
models in numerous research fields and industrial applications. For example, they play pivotal
roles in physics (e.g., fluid flow problems [1, 2, 3]), biology (see, e.g., [4, 5, 6]; with specific
applications in physiology [7, 8], epidemiology [9], and cancer cell evolution [10]), as well as in
machine learning (e.g., neural networks inspired by differential equations [11]). Beyond being
invaluable tools for understanding and simulating real-world phenomena, these models can also
be used to optimize the systems they replicate through optimal control, where the objective is to
determine control actions that maximize or minimize a given performance measure. Examples
can be found in physics (e.g., fluid flow control [12]) and engineering (e.g., topology optimization
[12]), among many others. In practice, efficiently solving differential equations and their associ-
ated optimal control problems is crucial for fully realizing their potential as a modeling tool. For
instance, differential equations must be solved efficiently to enable reliable predictions. Likewise,
the optimization problems arising in optimal control have to be addressed in order to design
and realize control strategies. This necessitates the development of computational methods for

differential equations and related problems.

Given the limitations of analytical methods, one must often devise potent numerical approx-
imations to address problems associated with differential equations and optimal control. In
practice, attaining accurate solutions will necessitate large-scale approximations, such as those
encountered when finite element methods are applied or when tackling large network problems.
The approximations can often be described as the solution to systems of equations with large
numbers of degrees of freedom. The difficulties in solving such systems stem not only from
their sheer size but also from challenges such as ill-posedness, complex nonlinearities, and the
curse of dimensionality, together with the practical requirement for computational efficiency.
Recent developments, such as the rise of highly parallel infrastructures on high-performance
computing (HPC) clusters and GPUs, along with advances in cutting-edge technologies like
quantum computing, have transformed the landscape of computational science and significantly
expanded the range of tractable problems, providing the means to address aforementioned large-
scale problems. Nevertheless, these innovations require novel approaches to fully harness their

capabilities.



1. Introduction 2

In this work, we introduce advances in numerical methods for differential equations and their
optimal control, leveraging the increased availability of computational resources through tailored
efficient numerical methods. At the core of these methods lies the identification and exploitation
of the underlying structural features of the problems. In this thesis, we specifically utilize block,
recursive, tree-coupled, and factorizable forms, as well as certain structured nonlinearities. These
approaches not only make it possible to solve previously intractable problems but are also highly

efficient and inherently parallelizable, making them well-suited for modern HPC architectures.

1.1 Organization of the Thesis

The research conducted during the author’s studies can be organized into three projects with
the overarching theme of numerical methods for large-scale optimal control problems and the
numerical analysis of complex nonlinear dynamical systems. This resulted in the following

papers, of which two have been accepted for publication in relevant journals:

[13] Bernhard Heinzelreiter and John W. Pearson. “Diagonalization-based parallel-in-time pre-
conditioners for instationary fluid flow control problems”. In: IMA Journal of Numerical
Analysis (2025). DOI: 10.1093/imanum/draf088,

[14] Bernhard Heinzelreiter and John W. Pearson. “Carleman linearization of parabolic PDEs:
Well-posedness, convergence, and efficient numerical methods”. arXiv:2510.00722 [math.NA].
2025, and

[15] Christoph Hansknecht, Bernhard Heinzelreiter, John W. Pearson, and Andreas Potschka.
“A framework for the solution of tree-coupled saddle-point systems”. In: Numerical Linear
Algebra with Applications (2025). DOI: 10.1002/nla.70038.

The thesis presents these branches of research and is structured as follows:

In Chapter 2, we address key concepts of differential equations, optimal control, and numerical

linear algebra that form the foundation of the subsequent chapters.

Chapter 3 presents the work in [13], wherein we derive a novel parallel-in-time approach for
solving large-scale optimization problems constrained by time-dependent partial differential
equations (PDEs) arising from fluid dynamics. The solver consists of a preconditioner that
enables parallelization-in-time through matrix approximation techniques. We establish theoret-
ical results that support the proposed method and demonstrate its effectiveness and robustness
through numerical experiments on Stokes and Oseen problems. The runtime scaling properties
of our approach are demonstrated within a fully parallel architecture, verifying the method’s
efficacy. To our knowledge, this is the first parallelizable preconditioner for fluid flow control

problems with such a strong theoretical foundation.

While the first part of this thesis addresses optimal control for linear systems, which are well
understood, the analysis and computation of nonlinear problems pose significantly greater chal-
lenges. Linearization methods for nonlinear systems can provide a partial solution by converting

the problem into a linear system. This allows for the application of techniques designed for
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linear systems to be utilized for nonlinear systems as well. However, linearization methods
currently lack a solid mathematical framework when applied to PDEs and in the context of their
optimal control. In Chapter 4 we present the results from [14], and explore how the Carleman
linearization—one particular class of linearization methods—can be extended to dynamical
systems on infinite-dimensional Hilbert spaces with quadratic nonlinearities. We demonstrate
the well-posedness and convergence of the truncated Carleman linearization for dynamical
systems, which encompass many common parabolic semi-linear PDEs. Furthermore, we discuss
how the theory facilitates non-standard structure-exploiting numerical methods, extending the
applicability of the linearization technique to large-scale problems. This framework is the first to
rigorously address the convergence of the linearization for a general class of nonlinear problems,
including fluid flow, and represents, to our knowledge, the first application of theoretically

justified low-rank methods to Carleman linearization.

Lastly, Chapter 5 considers the solution of saddle-point systems with a tree-based block structure
and presents the findings of [15]. Such problems stem from optimal control problems that consist
of small, distributed control problems linked by coupling on a limited number of degrees of
freedom with a specific graph structure. We propose several structure-exploiting preconditioners
to be used in iterative linear solvers and analyze their properties. We adapt concepts originating
from the field of multigrid methods, obtaining a variety of adapted multi-level methods. This
framework offers a unified perspective on existing direct solvers and newly developed iterative
solvers for tree-coupled systems, facilitating direct comparison between methods and promoting

advances in both algorithm design and theoretical understanding.

1.2 Contributions by the Author of the Thesis

Since the research presented in this thesis originated from collaborations with other researchers,

this section highlights the contributions of the author of this thesis.

Chapters 3 and 4 are the result of collaborations between the author and John Pearson, with

the author of this thesis serving as the lead scientist.

Chapter 5 presents joint work with Christoph Hansknecht, John Pearson, and Andreas Potschka.
The primary contributions of this thesis’ author lie in the algorithmic design, development,
and testing of solver ideas, as well as designing and implementing numerical experiments. This
includes contributing to the implementation of the numerical methods, as well as conducting
comprehensive numerical experiments to demonstrate the efficiency of these methods and vali-
date the theoretical findings. The author acknowledges that many of the theoretical results were

primarily driven by Christoph Hansknecht.



Chapter 2

Background Material

In this chapter, we introduce a series of problems and methods that are crucial for the un-
derstanding of the topics covered in this thesis. Section 2.1 focuses on optimal control of both
ordinary and partial differential equations, covering their theory and computational aspects.
Optimal control problems form the central objectives of Chapters 3 and 5. The discussion
extends to the role of nonlinearity and associated difficulties, which lays the basis and motivation
for Chapter 4 in the scope of optimal control. Section 2.2 introduces fundamental concepts of
numerical linear algebra, including linear solvers such as MINRES, GMRES, and FGMRES, as
well as basic preconditioning techniques within the context of finite element methods. These

tools are utilized in Chapters 3, 4, and 5.

2.1 Differential Equations and Optimal Control

In this thesis, we predominantly consider time-dependent (instationary) differential equations
that take the form
y'(t) + L(t,y(t) = f(t) forte[0,T),

(2.1)

y(0) = wo,
where y(t) € H denotes the state of the differential equation at time ¢ and H is a Hilbert space,
which may be either finite- or infinite-dimensional. It is noted that we occasionally use the term

state to denote the entire trajectory y over the time interval. The operator
L:[0,TY<xH—H

is, in general, nonlinear and may depend explicitly on time. The final time T" may be finite
or infinite, i.e., T' € (0, 0c]. Such equations naturally arise in physical, biological, and chemical
applications, among others. While the form (2.1) is suitable for a broad range of problems—
particularly finite-dimensional ones—a significant class of problems requires unbounded opera-
tors L, such as those encountered in time-dependent PDEs. In these cases, the concept of a weak
formulation provides a rigorous framework for defining the differential equation. Specifically, this
involves formulating the equation on a rigged Hilbert space (Gelfand triple) V — H — V', with
L:]0,T7)xV — V'. The vector space V' denotes the topological dual of V. The objective in the

weak formulation is then to seek a function y € L?(0,T;V) that satisfies an abstract equation
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e(y, f) =0, where e : L?(0,T;V)xL*(0,T; V') — L?(0,T;V'). Thus, the problem is reformulated
as an equation on Banach spaces. A more detailed discussion of the weak formulation is provided
in later sections of this thesis where its rigorous analysis becomes relevant. It should be noted
that, in the finite-dimensional case and under suitable assumptions on f, the weak formulation

is equivalent to the form (2.1); thus, the weak form serves as a generalization.

Another class of differential equations considered here are stationary, meaning they do not

involve time-dependence. We specifically consider elliptic problems of the form

where £ is an elliptic operator defined on a bounded domain  C R? of spatial dimension d € N.
The functions y and f are defined on €2, and the problem is equipped with appropriate boundary
conditions. As with the time-dependent equation, the stationary problem typically requires a
weak formulation, which leads to an abstract problem: find y € V such that e(y, f) = 0 for
e : V x V' — V' Therefore, both the stationary and instationary cases can be formulated as
equations on Banach spaces, a perspective that allows the upcoming discussion to remain general

with respect to the types of equations considered.

The study of both stationary and instationary equations in this thesis is motivated by their
central role in optimal control, where the goal is to influence the evolution of the state y(t) (or
the configuration y(z) in the stationary case) through controls in order to optimize a given cost
functional, subject to the constraint of the differential equation. For a detailed discussion, we
refer to [16, 17] for the topic of PDEs, and to [18, 19, 20, 21] for optimal control theory.

2.1.1 Optimal Control Problems

We will broadly follow the introduction to optimal control provided in [21], where such problems
are approached as optimization problems in Banach spaces. A wide range of optimal control

problems can be formulated as the optimization problem

Join, I (y,u) 22)

s.t. e(y,u) =0.

In this setting, the sets Y and U are function spaces and—in accordance with the introduction to
differential equations—are assumed to be Banach and Hilbert spaces, respectively. An element
y €Y is called the state of the system and u € U is the control. The objective J : Y xU — R is a
functional which assigns a penalization to each state and control. Lastly, the equation e(y,u) = 0
describes a differential equation with the operator e : Y x U — Z, where Z is a Banach space as
well. Specifically, if this equation refers to a PDE, the optimal control problem is referred to as a
PDE-constrained optimization problem. The precise choices of the spaces Y and U depends on
the underlying differential equation, since they are naturally chosen in such a way that existence

and uniqueness of solutions are guaranteed. We additionally require that the assumptions given
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in [21, p. 55] are fulfilled. Those assumptions include that e(y,u) = 0 has a bounded solution
operator, i.e., there is a mapping y : U — Y such that e(y(u),u) = 0 for all v € U. This
assumption refers to the well-posedness of the differential equation constraint. Furthermore, it
is assumed that e is continuous under weak convergence, and that J is sequentially weakly lower
semicontinuous. These assumption are fulfilled for the optimal control problems considered in
this thesis and guarantee existence of a minimizer to problem (2.2), c¢f. Theorem 1.45 in [21,
p. 55].

A concrete example for the problem (2.2) is the distributed heat control problem with homo-
geneous Dirichlet boundary conditions. Let € be a bounded Lipschitz domain and T' € (0, o).
The evolution of heat can be modelled by the PDE

0y

5 (t,z) — Ay(t,x) = u(t,z) in (0,T) x £,

y(0,z) =yo(z) on €, (2.3)

y(t,z) =0 on (0,7T) x 09,

where y denotes the temperature field and v a heat source. In order to obtain existence and
uniqueness of the solution to the PDE, we consider a weak formulation of this problem (cf. [21,
p. 41]) with the function spaces Y = L%(0, T; H}(Q?)), U = L*(0,T; L*(2)), where H'(Q) denotes
the Sobolev space with bounded first derivatives and homogeneous boundary conditions. The

PDE can then be written as an equation
e(y,u) =Ey+ Bu—g =0, (2.4)

where Z = L2(0,T; (H}(Q))") and £ : Y — Z and B : U — Z are bounded operators. The
right-hand side g € Z incorporates the initial condition and boundary conditions. A typical
objective is to obtain a temperature field y close to a given target temperature g4. This can be

described by the objective function

I 2 BT 2
Ty =5 [ [ ltt.2) = att. o)) dwdt +5 [ [ futt.))? dzdt,
2 Jo Q 2 Jo Q
which can be written in the (more general) form

1
T = 519 — vl + 2 fully (2.5

with @ : Y — H. The space H denotes a reflexive Banach space, which in our example of heat
control is H = L?(0,T; L?(f2)). This concludes the definition of all necessary parts of (2.2). The
parameter 5 > 0 is a modelling parameter and is referred to as the regularization parameter.

It determines how strongly a control is penalized. Large values of 8 correspond to a high cost
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of applying control, such as incurring significant expense for heat sources in the heat control
example. Although this makes the control strategy more economical, it also means the state y
deviates further from the desired state y4. On the other hand, small values of g allow for stronger

control actions, which may increase costs but result in a state y that more closely matches y .

Having outlined the general form (2.2) of the optimal control problems of interest, we now

address the question of how minimizers y and v can be determined.

2.1.2 First-Order Optimality Conditions

The first-order optimality conditions are necessary conditions and therefore conditions for iden-
tifying candidates for minimizers. Moreover, they form the basis of various optimization algo-
rithms, so-called first-order methods, underscoring their importance. We introduce the additional
assumptions that J and e are continuously Fréchet differentiable and that e,(y(u),u) : Y — Z
has a bounded inverse for all w € U. In order to derive the first-order optimality conditions of

system (2.2), we introduce the Lagrangian of the minimization problem, which we define as

L(y,u,p) = J(y,u) + (p,e(y,u)) z , (2.6)

where £ :Y x U x Z' — R and (-, )z is the duality pairing of Z’. Now, assume that y and u

are minimizers. It holds that all derivatives of L are zero, i.e.,

e(y,u) =0 (state equation), (2.7a)
Jy(y,u) +ey(y,u)*p =0 (adjoint equation), (2.7b)
Ju(y,u) + ey (y,u)*p =0 (gradient equation), (2.7¢)

where D* : Y/ — X’ denotes the adjoint operator of an operator D : X — Y between Banach
spaces X and Y. As denoted in the equations, (2.7a) is called the state equation, (2.7b) the
adjoint equation, and lastly (2.7c) the gradient equation. Solving these coupled equations gives
candidates for minimizers of the optimization problem. In the case where e is linear (i.e., of the
form (2.4)) and J is quadratic (i.e., of the form (2.5)), or after linearizing the system (e.g., via

Newton’s method), the system of equations (2.7) can be expressed as the block-operator system

Q'Q 0 &

y Q" Qyq
0 pTiB el = 0 | (2.8)
E B.O P g

where 7 denotes the canonical embedding Z : B — B*. The partitioning indicated by the
dashed lines reveals the saddle-point problem structure of the optimality system. Saddle-point
problems form a fundamental component of optimal control problems and their solution poses

pivotal challenges.
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Since equations (2.7) are rather abstract, we show what these conditions can mean in the scope
of the example of distributed heat control. For these equations the state equation remains
unchanged and is the weak formulation of (2.3). The adjoint equation results in the weak form
of the PDE

0

8—?(1%,3:) + Ap(t,x) = y(t,x) —yq(t,z) in (0,T) x Q,
p(T,r) =0 on €, (2.9)
p(t,z) =0 on (0,7) x 99Q.

It is noted that this equation is the backward-in-time heat equation, which means that instead
of an initial condition a terminal condition at ¢ = T has to be fulfilled. Finally, the gradient

equation translates to
Bu(t,x) = p(t,z) in (0,T) x Q. (2.10)

Hence, candidates for minimizers are determined by solving the coupled PDEs (2.3), (2.9), and
(2.10). As this system involves both initial and terminal conditions, standard time integration
methods used for evolution equations are not applicable. Instead, the system must be solved
simultaneously in space and time (or all-at-once), which can greatly increase the problem size
of the systems that have to be solved at each step of the algorithmic process. This inherent
complexity poses a central challenge in time-dependent PDE-constrained optimization problems,

as it leads to large-scale saddle-point systems upon discretization.

Instead of considering an all-at-once system, one can also use a gradient descent method for
solving a reduced optimization problem. Since the constraint e(y,u) = 0 has a solution operator,
the constraint can be substituted into the cost functional, which rephrases the problem as an
unconstrained optimization problem of the form
min J(y(u),u).

This allows one to compute the gradient of J(y(@), 4) for a guess @, and then use it to improve
the current guess by the gradient descent method. The resulting equations are closely linked to
the first-order optimality conditions and require solving (3.3) and (3.4) separately, rather than
all-at-once systems. Specifically, the gradient direction can be achieved by first solving the state
equation using the current control estimate 4, which yields a state . This state is then used to
solve the adjoint equation, resulting in the adjoint variable p. With p, a search direction can be
computed. For example, in the heat control scenario, the approximation of the control can be
updated using 4 « @+ s(8a — p), where s is an appropriately chosen step size. The optimization
problem is, therefore, reduced to solving evolution equations. This approach is often referred
to as the reduced gradient method. While this approach circumvents the challenges of dealing
with an all-at-once system, it requires repeatedly solving potentially large systems of differential

equations and may introduce numerical issues such as slow or even lack of convergence.
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Previously, we derived optimality conditions and solution techniques in Banach spaces. The re-
sulting equations are therefore continuous in time and—when dealing with PDEs—undiscretized
in space. To obtain an optimal solution, it is often necessary to use numerical methods and dis-
cretize the equations, as analytical solutions are typically unattainable. This approach is known
as optimize-then-discretize (OTD), reflecting the sequence of deriving optimality conditions
before discretizing. Conversely, the discretize-then-optimize (DTO) approach first discretizes the
problem and then applies optimization techniques to the discrete system. These two strategies
can produce different results unless the discretization is chosen carefully, and each has its
advantages and disadvantages. In the OTD approach, the solution corresponds to the original
optimal control problem, and the discretization of the state and adjoint equations can be selected
independently of each other. Furthermore, OTD allows one to apply standard convergence
and stability results for time integration and finite element methods to achieve guaranteed
error bounds, which might not be given in the DTO case. For example, [22] showcases that
the OTD approach can offer improved convergence for certain PDE-constrained optimization
problems. However, OTD can introduce disadvantages; for instance, the optimality system may
become asymmetric, even if it is symmetric in the infinite-dimensional setting, which affects the
choice of numerical solvers. In contrast, the DTO approach tends to preserve symmetry in the
resulting systems and can be easier to implement in optimization algorithms such as interior
point methods. One way to circumvent the need to choose between OTD and DTO is to use
commutative discretizations, which yield the same discretized system regardless of the approach.
Both methods have their strengths and weaknesses, and the choice between them depends on
the specific application. Accordingly, both are utilized in this thesis. For a brief discussion and

comparison of these methods, see [21, pp. 160-164].

Let us showcase a discretization of an optimality system by the example of heat control. If the
problem is discretized by a finite element method in space and by the backward Euler method
in time, the OTD approach applied to the abstract optimality conditions (2.8) results in a linear

system of the form

I, ®M 0 1IET @M+ 1, ®La\ (y Yy
0 Bl © M I, ® M ul=10 (2.11)
lIE@M+1,,®L I,oM 0 p 0

In this system, n; is the number of time steps and 7 is the time step size. The matrix I,,, denotes
the identity matrix of size n;, while £ has ones on the diagonal and negative ones on the lower
off-diagonal. The matrix M refers to the mass matrix, L to the discretization of the spatial
differential operator (specifically, the negative diffusion term in our case), and L, denotes the
discretization of the adjoint operator. For our particular problem, L, = L, but this equality
may not hold for other cases, as previously discussed. The underlined variables represent the

discretized functions and right-hand side compoments.
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2.1.3 Nonlinear Equations

The preceding theory in the abstract setting encompasses both linear and nonlinear equations.
However, the analysis and solution process for optimal control problems become significantly
more challenging when transitioning from linear to general nonlinear equations. In the following,
we highlight key aspects that must be considered when addressing nonlinearities, emphasizing

the increased complexity inherent in such problems.

Linear constraints e and quadratic cost functionals J guarantee the uniqueness of a minimizer,
and the first-order optimality conditions become both necessary and sufficient, forming a system
of linear equations. Furthermore, the reduced gradient method converges if the step size is
chosen sufficiently small. However, when dealing with nonlinear operators, these properties may
no longer hold. The first-order optimality system then becomes a system of coupled nonlinear
equations, making their solution more difficult, as iterative methods such as Newton’s method
or SQP (see, e.g., [21, pp. 140 ff.]) must be employed. Additionally, candidates for minimizers
may not actually be minimizers. When solving the nonlinear system of first-order conditions
or applying a reduced gradient method, convergence cannot be guaranteed without sufficiently

good initial guesses. Computing such guesses can itself be a challenging task.

Another aspect, which signifies the complexity associated with the shift from linear to nonlinear
problems, is optimal feedback control design for time-dependent control problems, see, e.g.,
[20, p. xviii], [19, pp. 132-174], and [23]. For feedback control problems, the primary objective
remains to find minimizers of (2.2). However, instead of solving the problem for a specific set
of data, the goal is to identify a mapping 7 such that the optimal control can be expressed
as a function of the state, i.e., u(t) = m(y(t)), or even as a function of just an observation of
the state, u(t) = w(C(y(t))). Feedback controls have practical advantages, including increased
robustness to observation errors and model inaccuracies. This problem is closely related to
solving the Hamilton—Jacobi-Bellman (HJB) equation, see, e.g., [20, pp. 137 ff.] and [19, p. 150
f.]. For linear time-dependent differential equations, such problems are well-studied in the liter-
ature, often reducing to solving the operator equation known as the Riccati equation. However,
when nonlinearities are introduced, the problem becomes significantly more challenging, with a

substantial increase in dimensionality.

Furthermore, nonlinearities can have adversarial consequences for the discretization. When
iterative nonlinear solvers are employed to address the nonlinearity, the matrices involved in
the discretized optimality conditions—such as those in (2.11)—may vary with each iteration, re-
sulting in additional computational overhead. Moreover, linear problems may exhibit exploitable
structures that facilitate the design of efficient numerical methods. However, these structures
can be foiled when nonlinearities are present in the equations. For example, system (2.11)
possesses a Kronecker product structure. This allows the matrices for spatial discretizations
to be constructed once, rather than at every time step, and enables the development of fast

parallelizable numerical methods, as will be discussed in Chapter 3.
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In summary, transitioning from linear to nonlinear optimization entails more analytical and
computational difficulties. The lack of global guarantees and the need for sophisticated solution
strategies underscore the importance of careful analysis, good initialization, tailored linearization

techniques, and numerical methods for nonlinear problems.

2.2 Iterative Methods for Linear Equations

The numerical solution of differential equations and optimal control problems—especially those
that involve PDEs—often narrows down to the solution of sparse large-scale linear systems.
These linear systems arise from the discretization of all-at-once systems of evolutionary equations
or first-order optimality conditions. The sparsity usually allows for the explicit construction of
the required matrices and vectors. However, black-box solvers such as direct solvers, available in
libraries like SuperLU [24], UMFPACK [25], and MUMPS [26], frequently fail on these systems
due to their excessive problem size and the resulting substantial memory requirements. Designing
an effective solver requires careful consideration of the characteristics of the underlying structure
of the problem and the differential equations. Iterative solvers, especially Krylov subspace
methods, provide a framework for integrating information about the system into the solver
through preconditioning. When coupled with efficient preconditioning techniques, they have
overcome the shortcomings of direct solvers and have been applied successfully to an array of
large-scale problems over the past decades. In the following sections, we present iterative solvers
and preconditioning techniques that are crucial for the upcoming chapters and form the basis
for a large set of methods used for partial differential equations and optimal control. This is

broadly based on [27] and citations therein.

Let the linear system we consider be given by
Az = f,

where A € R™ "™ is a sparse invertible square matrix, and z, f € R™ are vectors. Note that the
assumption of A being invertible is not essential, as some iterative methods can solve singular
linear systems. Moreover, these linear problems can be further generalized to complex systems in
C. The following ideas often extend naturally to such cases by replacing the transpose with the
conjugate transpose and using the appropriate scalar products. The general form of an iterative

solver considered in this work can be formulated as
e * D = &k, f,2®), 2O = . (2.12)

The vector xy denotes the initial guess. The function @ : N x R" x R” — R™ maps each iterate
to the next; ® may be linear, but it is not required to be. Furthermore, we define the residual

at iterate k as

r) = f— Ag®),
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An iterative method is said to converge if ||7*)|| — 0 as k — co. In practice, an iterative solver
is terminated once a specified convergence criterion is met, typically when the residual satisfies
|r®)|| < e for some suitably small £ > 0. The appropriate choice of norm for measuring the

residual can depend on both the specific problem and the linear solver used.

If A is ill-conditioned, iterative solvers may converge slowly and encounter numerical difficulties.
In this situation, it is beneficial to precondition A and solve an equivalent linear system. An
invertible matrix P € R™"*™ that approximates A and whose inverse can be applied efficiently is

called a preconditioner. The goal is to solve the modified linear system
P Az =P Ly,

which is referred to as left-preconditioning, or

referred to as right-preconditioning. Either case can be handled as an alternative linear system
with matrices P14 and AP~!; however, for most methods, it is beneficial to explicitly take
the preconditioner into account. Most methods are discussed for the preconditioned case, which

covers the unpreconditioned case by setting P = I, where I € R™*" is the identity matrix.

2.2.1 MINRES

The first presented solver is called minimal residual method (MINRES), which was originally
introduced in [28]. This discussion is based on insights from [27]. MINRES is designed to solve
systems with symmetric .4 and symmetric positive-definite (SPD) P, and belongs to the class of
Krylov subspace methods. A Krylov subspace method is an iterative technique that incrementally
constructs a basis for the Krylov subspace and seeks an approximate solution within this space,
shifted by the initial guess. The kth-order Krylov supspace of a matrix—vector tuple M and g¢

is defined as the vector space
Kk(M, g) = span {g, Mg, M?g,..., MF g}

It is noted that solely the matrix—vector product of M is necessary for the construction of
Kr(M, g). This enables one to design a non-intrusive solver, i.e., a method that does not require
an explicit construction of A or P~! but only their actions. This becomes useful if A, for example,
has a block-matrix structure with repetitive subblocks, and in the case of preconditioning,

prevents an explicit construction of the inverse of P.

The goal of (left-)preconditioned MINRES is now to find a solution that minimizes a norm of

the residual over the shifted space

Vi = 20 + Kp(P 1A, P,
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Algorithm 2.1: The left-preconditioned MINRES method [27, p. 192]
Function MINRES(A, f, P, z(9):
Input : Matrix A4 € R"*"
Right-hand side f € R"
Preconditioner P € R"*"
Initial guess z(®) € R
Output: Approximation = solving Ax = f to a certain tolerance
Initialize v(® « 0, W@ + 0, W™ «+ 0, Yo < 0
Compute v « f — Az(©
Solve Pz = oM set v + 1/(z(1), v(D)

Set n <=1, so <51 0,cg¢c1 <1
for k =1 to convergence do

© W N o ks W

10
11
12

13
14
15
16
17
18
19

20

REPENCY

O — (A2 Z(R))

oD Az ®) — (85 /)0 ®) — (g /g1 )oY
Solve Pzk+1) = o(k+1)

Yrpt /(2D y(r1)y

Qo < CROk — Ch—15KVk

Q1 <4/ ag + i

Qg < 50k + Cp_1CK Yk

Q3 < Sk—17k

Cke1 < o/

Skl < Vht1/ 1

w(k+1) < (z(k) — an(k_l) — a2w(k))/a1
z®) =D 4o

N —Sk+17M

return z(*)

i.e., the kth iterate translates to

2 ¥ = axgming ey, |1 — Asllp-1,

(2.13)

where ||-||p-1 == ||P~/2.||. Due to the symmetry of A and the SPD property of P, an orthonormal

basis of Vi, can be constructed through the so-called Lanczos iteration. This way, the optimization

problem (2.13) can be solved cheaply without keeping track of the basis vectors. Algorithm 2.1

shows the complete procedure of MINRES, where line 8 refers to the Lanczos iterate, line 11

and the following to the sequential QR factorization, and line 15 and 16 to the necessary Givens

rotation.

The convergence of MINRES can be estimated by the eigenvalue distribution of the precondi-

tioned matrix, i.e., the set of all eigenvalues A(P~1A). In particular, the following inequality

holds

Hr(k) ||'P_1 . ’ ( )|
T < min max  |p ,
Ir® s = preetopn©0)=1 pea(- 14y T

(2.14)
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where II; denotes the set of all polynomials of degree at most k (cf. [27, 210 f.]). Thus, the
convergence rate of MINRES is determined by how well a polynomial can be fitted to the set of
eigenvalues. The fewer degrees required for a well-fitted polynomial, the better the convergence.
In particular, clustering of eigenvalues leads to improved convergence. Therefore, an effective
preconditioner should often be designed to cluster the eigenvalues of A. Furthermore, let the
eigenvalues of P~1A be contained in the intervals [—a, —b] U [c,d], where a, b, ¢, d > 0 with

a — b= d — c. Then, the convergence bound can be refined to

Ir®p-1_y (Vad - Vbe\*
POl ="\ Vad +voe)

This estimate further emphasizes that tighter intervals [—a, —b] and [c,d], corresponding to

improved eigenvalue clustering, lead to faster convergence.

2.2.2 GMRES

A generalization of MINRES for nonsymmetric .4 and general invertible P was developed in [29],
known as the generalized minimal residual (GMRES) method. GMRES is also a Krylov subspace
method and applies the same principle to minimize the objective in problem (2.13). However,
since A is not necessarily symmetric, the Lanczos method can no longer be used. Instead,
GMRES employs Arnoldi’s method, which constructs an orthonormal basis using the Gram—
Schmidt process. This approach is more computationally expensive than the orthonormalization
in MINRES and requires storing and solving for a Hessenberg matrix H,, whose size grows
with the number of iterations. Moreover, it is necessary to store a vector of size n for each
iteration throughout the process, which can be prohibitive for excessive problem sizes and large
numbers of iterations. Consequently, a maximum number of iterations m is typically specified.
If convergence is not achieved within m iterations, GMRES can be restarted using the current
solution as the initial guess. The procedure is summarized in Algorithm 2.2. To facilitate the
transition to the subsequent solver, we only outline the right-preconditioned case of GMRES. The

left-preconditioned version of the method is structured similarly but omitted in this introduction.

The convergence behavior of GMRES is similar to that of MINRES. If the preconditioned matrix
is diagonalizable, i.e., there is an invertible V and a diagonal matrix A such that AP~1 = VAV,
then for the kth iterate, it holds that

785 :
< k(V min max .
[ESA P ( )pkenk,pk(0)=1ueA(AP*1)|pk(ﬂ)’

Even though this convergence bound is only applicable to diagonalizable linear systems and is
hard to analyze further for general matrices, convergence and, therefore, termination of GMRES
is always guaranteed at the nth iterate if m = n under the assumption of exact arithmetic. In
practice, however, the choice m = n would defy the purpose of using GMRES as a solver

for large-scale sparse systems, as this would require storing and solving for a dense Hessenberg



© 0w N O ok W N+

[ S e T S~ S S = S SO
© W0 g O Ok WY = O

2.2. Iterative Methods for Linear Equations 15

Algorithm 2.2: The right-preconditioned GMRES method [30]
Function GMRES(A, f, P, (0, m):
Input : Matrix A4 € R"*"
Right-hand side f € R"
Preconditioner P € R™*"
Initial guess z(®) € R
Number of iterations per restarted iteration m € N
Output: Approximation x solving Az = f to a certain tolerance
Initialize H,, € R(MTDX" with zeros
Compute 7 «— f — Az 3« ||rO||y, v; O /p
for k=1tomdo
Solve Pzk) = (k)
Compute w + AzK)
for i < 1 to k do
hi i < (w, v(i))
W 4— W — hiykv(i)
end
hig1 g < [Jwl|2
oD w /gy g
end
Let Vi, < (v, ... v(m)
Compute y™ < argmin,, ||Be; — Hpyll2 with e; = (1,0,...,0)7
M 20 L p=1y 4y (m)
if not converged then
Set (® « z(™) and go to line 2
end

return z(™

system of size n. This necessitates restarting with relatively small m to make GMRES a practical
solver. In many applications, convergence is still achieved under restarting, provided the system
is sufficiently well preconditioned, making GMRES a potent method for unsymmetric linear

problems.

2.2.3 FGMRES

While GMRES is applicable to all invertible linear systems, the preconditioner has to be a
constant linear operator throughout the whole iterative procedure. In certain cases, this poses
a strong restriction in the design of preconditioners. For example, some linear systems can be
reduced to more tractable subproblems that can be solved efficiently by other iterative methods.
This naturally leads to the idea of nesting an iterative solver within P, referred to as an inner
solver. Even if such inner solvers take the form of (2.12) with a mappings ® linear in z(*) and f,
the overall iteration becomes a constant linear operator only if the number of iterations is fixed.

However, if the inner solver is halted according to a convergence criterion based on a residual
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threshold, the preconditioner becomes non-constant and, thus, incompatible within GMRES.
Similarly, if the inner solver is itself a Krylov supspace method, the overall preconditioner P
becomes nonlinear due to the inherent nonlinearity of Krylov subspace methods. In this thesis,

we refer to varying preconditioners as nonlinear or non-constant.

GMRES was generalized to flexible GMRES (FGMRES) in [30] to allow for preconditioners
P, that can change in each iteration k. FGMRES relies on the same principle as MINRES
and GMRES by finding an optimal solution over a shifted Krylov subspace that is adapted
to account for varying preconditioners. As in GMRES, this is done by employing Arnoldi’s
iteration to the vectors generated by the adapted Krylov subspace, which then allows to solve
the optimization problem based on the resulting orthonormal basis. The procedure is outlined
in Algorithm 2.3, and mostly aligns with the GMRES iteration. Since this method also relies on
the storage and computation of a dense Hessenberg matrix, the number of iterations is restricted
and the algorithm is equipped with a restarting strategy. It is noted that the gained flexibility
in the choice of preconditioners comes with a caveat. Since the preconditioners can now change
in each iteration, it becomes necessary to keep track of all m vectors z(*) and v*), doubling the
memory requirements. Moreover, the convergence theory for FGMRES is less well understood
than that of MINRES and GMRES, and it is generally not possible to establish error bounds
on the residuals as the ones previously presented. Nevertheless, FGMRES often demonstrates
strong convergence, even when nonlinear preconditioners are applied—a context in which the

preceding solvers typically fail.

2.2.4 Chebyshev Semi-Iteration

We now turn to common iterative solvers that are particularly effective when embedded within
Krylov subspace methods, especially for structured problems such as those encountered in finite
element methods. This section discusses the Chebyshev semi-iteration and is based on [31]. The
Chebyshev semi-iteration is a polynomial iterative technique that utilizes Chebyshev polyno-
mials to minimize the residual z — 2(*) using information from previous iterates. Even though
Chebyshev semi-iteration is applicable to more general systems, we only apply it to problems

where A is symmetric and P is SPD, and therefore, assume these properties subsequently.

The starting point for this method is an iterative splitting method for (2.12), which can be

written in the form

Lk (I _ P‘lA) e Pl =720 L p-iy (2.15)
=T

For example, if P is the diagonal of A, (2.15) describes the Jacobi method. The iteration yields
a sequence of vectors {;U(j)};?zo, and can serve as a solver if p(7) < 1, where p(-) denotes the
spectral radius of a matrix. Chebyshev semi-iteration aims to improve this method at the kth

iterative by combining the sequence of vectors {ZE(j ) };’-‘:0 linearly into an improved approximation
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Algorithm 2.3: The right-preconditioned FGMRES method [30]
Function FGMRES(A, £, {P:}, 2, m):
Input : Matrix A4 € R"*"
Right-hand side f € R"
Preconditioners P;, € R™"*"
Initial guess z(¥) € R
Number of iterations per restarted iteration m € N
Output: Approximation x solving Az = f to a certain tolerance
Initialize H,, € R(MTDX" with zeros
Compute 70 «— f — Az 3« |||y, v; « /5
for £+ 1 tom do
Solve Pjz*) = ¢k
Compute w + AzK)
for i < 1 to k do
hi,k — <wa U(Z)>
W 4— w — hiykv(i)
end
P14 [|wll2
MY e w /b g

o

end
Let Zy, < (2, ..., 2(M)
Compute y™ < argmin,, ||Be; — Hpyll2 with e; = (1,0,...,0)7
2 20 4 7 4 (m)
if not converged then
Set (® « z(™) and go to line 2
end

return z(™

of the form i

y®) =3 g0

=0

with weights {B](k) }?zo that satisfy Z?:o ﬁ](.k) = 1. We now try to find an appropriate choice of
weights that minimizes the norm of 2 — y*), where = denotes the solution to Az = f. It holds
that

z—y® = Xk: ﬁj(.k)Tj (;v — a:(o)> = pr(T) (x — $(0)> , (2.16)

where py, is the polynomial deduced by the weights. Note that py(1) = 1 is equivalent to the

condition S°%_ (k) — 1. Since P is SPD, we can rewrite
=0/

T=1-P ' A=P 2 (1-p 1 /2Ap~1/2) P12,
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i.e., the iteration matrix 7T is similar to a symmetric matrix. Due to its symmetry, the matrix
I — P12 AP~1/2 admits an eigenvalue decomposition ZAZ” with 272 = I and A = diag()\;)
being the diagonal matrix with the eigenvalues of 7. This allows us to simplify monomials of T
to _

TI = P2 (1= P71 2ap 1) Y2 = p2Z A 2T P2,

Plugging this into (2.16), yields
z—y®) =P12zp (A ZT P2 (:L’ - IL‘(O)> .
This way, we obtain an estimate for the residual

|z =y W = P2 (@ — y™*))]I2
= [PVEP 12 2pe (M) 2PV (z — 20)|
= 1Zpe (M) ZTPY2 (2 — 292
< || Zpk (D) 27 ||a|| P (@ — 2O)] |2
= llpr(A)lf2llz = 2V

= max [py.(Ai)| [ — 2O|p.

Hence, if one has knowledge of all eigenvalues of the iteration matrix, pr can be chosen to
minimize max; [pg(\;)| with the condition pg(1) = 1. In practice, such information is rarely
available. In some cases, however, the eigenvalues are known to be contained in a certain interval,
i.e., (P71 A) € [a,b], where a, b > 0. This means that \(7) € [a,b] witha =1—band b= 1—a.
Then, it holds that

max [pg(A;)| < max |pg(t)],
4 tela,b]

and we aim to find a polynomial that minimizes the latter expression. It is known that upon

scaling, the Chebyshev polynomial of degree k is a minimizer. More specifically, it holds that

k
min  max |pe(t) <2 (V2221
pr€lly, pr(1)=1tca,b] Vb/a+1

By a detailed analysis, it can be shown that y(*) can be constructed iteratively with Bj(k) chosen
as the coefficients of the Chebyshev polynomial without keeping track of all vectors {:zr(j ) ?zo.

This resuls in the procedure outlined in Algorithm 2.4.

The convergence of the method can be derived from the min-max property of Chebyshev

polynomials stated above, and is bounded by

le=y®lp _, (VaPTA) —1\"
|z —2O)p =\ V(P TA) +1) ’

(2.17)

where (P~ A) = b/a.
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Algorithm 2.4: Chebyshev semi-iteration method, cf. [34]

Function CHEBYSHEVSEMIITERATION(A, f, P, 20 a, b):
Input : Matrix A4 € R"*"

Right-hand side f € R"

Preconditioner P € R™*"

Initial guess z(®) € R

Spectral bounds a,b € R such that A(P~1A) € [a, b]
Output: Approximation x solving Az = f to a certain tolerance
Set (-1 « 0

a+b
b—a

for k = 0 to convergence do
if £k =1 then

TN

Set wg + 0, w +

2?2
else

U}2
ka-i-l(_l/( —471;2

Solve Pz(k) = f — Az(®)

2
2D ( SR 4 k) m(k—l)) 4 kD)
a+b

return z¢+1)

Since the method depends on eigenvalue bounds of the preconditioned system, Chebyshev semi-
iteration is particularly attractive for problems where the spectral bounds are known a priori
and are tight. Specifically, a range of finite element mass matrices fulfill this requirement, which
makes this method highly efficient for solving systems involving such matrices. As demonstrated
in [32, 33], tight eigenvalue bounds can be derived analytically for a variety of finite elements
when P is chosen as the diagonal of the mass matrix. The technique of only using the diagonal is
commonly referred to as a form of mass lumping. In the specific example of P;- and P»-elements
on a two-dimensional domain, upper bounds for b/a are 4 and 5.2496, respectively (see [32]).
Substituting these bounds into (2.17) yields a guaranteed convergence rate of % for Pj-elements,
and approximately 0.3923 for P»-elements. Consequently, Chebyshev semi-iteration improves the
solution by about one digit of accuracy every third iteration. This efficiency makes the method
both practical and computationally efficient for either solving systems of mass matrices or for

its use as smoothers or preconditioners.
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Figure 2.1: Sequence of refined meshes {{2, }ngl for a two-dimensional domain (.

2.2.5 Multigrid Methods

Another prominent tool in the scope of finite element methods are multigrid methods. This
introduction is based on [27, pp. 91 ff.], and we begin with the description of so-called geometric
multigrid methods. Assume we seek the solution of a PDE on a domain Q C R? of dimension d.
To solve this problem using finite elements, we first generate a mesh {2 that approximates 2.
On this mesh, the PDE can be reformulated as a linear system Ax = f, where A and f arise
from the discrete weak form of the differential operators, the right-hand side, and the boundary
conditions. Multigrid methods exploit the fact that the problem can be represented on multiple
mesh levels, each with different resolutions. Finer meshes yield more accurate solutions but
also result in more challenging linear systems. The method constructs a hierarchy of meshes
{0, }le, ranging from coarse (j = 1) to fine (j = L) resolutions. This hierarchy can be built
either by starting with a coarse mesh and refining it incrementally or by beginning with a
fine mesh and coarsening it. An example of a sequence of refined meshes for a two-dimensional
domain is shown in Figure 2.1. This process produces a sequence of linear systems represented by
matrices {A(j ) ]L:1 and restriction operators {R(j) ]LZQ that restrict solutions to coarser meshes
and prolongate them to finer meshes via their transposes. We assume that the linear system
at the coarsest level is so small that it can be solved directly. On finer levels, we assume the
existence of smoothers—for example an inexpensive iterative solver such as Jacobi or Gauss—
Seidel iteration—, whose aim is to damp high-frequency components in the residual. The core
idea of multigrid is to compute the residual at a given level, restrict it to a coarser level, and
repeat this process until reaching the coarsest level, where the problem is solved exactly. The
solution is then prolongated back to finer grids and used to correct the approximate solutions.
Thus, on finer meshes, only the smoothers are applied, while the complete solution is obtained
only on the coarsest level, and, therefore, for significantly smaller systems. The sequence and
frequency of these steps determine whether the multigrid method acts as a preconditioner with
different cycles or as a standalone solver. While this sketches the key idea of the method, various
assumptions on its components, such as the smoothers and the underlying PDE problem, have
to be met in order to guarantee multigrid to become an efficient method, see, e.g., [27, 35].

However, a detailed discussion on the theory is omitted in this introduction.
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Figure 2.2: Different types of cycles for multigrid preconditioners.
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Algorithm 2.5: Multigrid preconditioner with V-cycle, cf. [27, p. 105]

Function MGPRECONDV ({AWYE | {RUZLE - f) 1)

Input : Linear operators on different levels { AU )}ngl
Restriction operators {R) }JLZQ
Right-hand side on level on current level f()
Current level [ € {1,...,L}

Output: Approximation w to AWw = fO

if | =1 (coarsest level) then

w (,w)‘l £

return w
end
w0
w + PRESMOOTH(AD, w, f1)
r+ RW (f(l) — A(l)w> > Compute and restrict residual
d <+ MGPRECONDV({A(j)}]Lzl, {R(j)}]L:Q, r,l—1) > Compute correction
w4— w+ (R(l)>T d > Adjust solution with prolongated correction

w + PosTSMooTH(AW | w, fO)
return w

When multigrid is employed as a preconditioner, the sequence of steps is typically fixed. The most
common strategies are the V-cycle, W-cycle, and F-cycle. Algorithm 2.5 describes the multigrid
method using a V-cycle. In this approach, the residual is smoothed at each level as it is transferred
down to the coarsest level, where the linear system is solved exactly. Subsequently, the correction
is propagated back up through the finer levels, with a post-smoothing step performed at each
level. Figure 2.2a illustrates the path of the residual, where the levels are arranged vertically and
the horizontal axis represents computational time. The resulting V-shaped trajectory gives this
method its name. The W-cycle (see Figure 2.2b) is similar but revisits each coarser level, while
the F-cycle (see Figure 2.2¢) first descends to the coarsest level and then gradually ascends to
the finest level. Under appropriate assumptions on the PDE problem and the used finite element
method, multigrid preconditioners are optimal. This means that their runtime scales linearly in
the number of degrees of freedom, and that they ensure a bounded number of iterations when
embedded in solvers such as MINRES and GMRES.

Multigrid methods can serve as a standalone solvers if lines 6 through 10 of Algorithm 2.5 are
iterated until the norm of f) — A® falls below a specified tolerance. As a result, the procedure
does not always follow patterns such as those illustrated in Figure 2.2. However, this setting does
not allow multigrid to be embedded within MINRES or GMRES.
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Geometric multigrid relies on explicit knowledge of the problem’s geometry and the construction
of associated meshes. In contrast, so-called algebraic multigrid (AMG) methods (cf. [35]) require
only the system matrix A as input and automatically infer and exploit the graph structure
directly from the linear system. The key advantage of AMG methods is their versatility as
they can often serve as black-box preconditioners, provided A originates from problems with an

underlying hierarchical or multigrid structure.



Chapter 3

Diagonalization-Based
Parallel-in-Time Preconditioners for
Instationary Fluid Flow Control

Problems

As we have seen previously, an important class of optimal control problems is formed by PDE-
constrained optimization problems, which have received great attention during the past few
decades. This type of optimization problem arises widely in science and engineering, and has
utility in many industrial processes. Among a wide range of applications of PDE-constrained
optimization, our focus here lies on fluid flow control problems, see e.g., [36, 37, 38]. In this chap-
ter, we will discuss the all-at-once solution of unsteady Stokes and Oseen control problems. Our
approach emphasizes the exploitation of the problems’ inherent block structure and factorized

form, which in turn enables the development of fast and parallelizable solvers.

3.1 Introduction

As with many PDE problems, analytical solutions to unsteady Stokes and Oseen control prob-
lems are not known in general, which is why one is required to solve them numerically. However,
their discretization often results in huge-scale systems of linear or linearized equations. The
number of degrees of freedom sometimes scales poorly with the accuracy of the discretization.
Off-the-shelf solvers, such as direct solvers for linear systems, often have storage requirements
that are excessive for problems that are sufficiently finely-discretized to achieve high accuracy.
In order to make a numerical solver feasible and effective, information about the linear system
itself and the structure of the PDEs must frequently be taken into account when designing
it. In recent years, preconditioned iterative methods have been successfully applied to PDE-
constrained optimization problems [39, 31, 40, 41, 42, 43, 44], and, in particular, bespoke robust
preconditioners for stationary and instationary Stokes and Oseen problems have enabled the fast
and robust solution of flow control problems [45, 46, 47, 48]. Recent research has made it possible
to tackle huge-scale nonlinear time-dependent problems and solve them to high accuracy, see
e.g., [49, 50, 51, 52].

24
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A key challenge in these fields is that there is a pressing need to model and simulate increasingly
complicated and fine-scale physical phenomena, but in previous decades CPUs have not experi-
enced a significant increase in speed and are also not expected to do so in the future [53]. However,
processing architectures with increasing numbers of concurrent processing units have become
more available. This in turn has increased the interest in parallelization of numerical methods in
order to increase the range of problems they are capable of coping with, to resolve many of these
numerical challenges. These include parallel-in-time methods, which are numerical methods for
solving time-dependent problems that are designed to be parallelizable; a good overview of such
methods can be found in [54]. A number of approaches within this family have been suggested.
Methods such as Parareal [55] and ParaDiag [56] have been shown to accelerate the solution
of evolution equations, but these must be adapted to become applicable when considering
optimality systems, as they occur in time-dependent PDE-constrained optimization problems.
Examples of parallel-in-time methods which have been successfully applied to optimization
problems involving PDEs may be found in [57, 58, 59, 60, 61, 62].

In this work, we derive a new diagonalization-based parallel-in-time approach for fluid flow
control problems, which allows their rapid solution by making use of the fast Fourier transform
(FFT). With suitable permutations, we may then reformulate the problem to one of designing
suitable inner solvers for systems of equations arising from individual time points, for which we
derive bespoke, potent approximations. We make use of theory for saddle-point preconditioners,
existing robust preconditioners for flow problems based on commutator arguments [45, 46], and
tailored routines for individual submatrices, resulting in fast and robust preconditioners for
the all-at-once solution of the Stokes and Oseen problems. To our knowledge, this is the first
parallelizable-in-time preconditioner for either of these problems, which demonstrates very good

(strong and weak) scaling properties in a practical parallel architecture.

The chapter is structured as follows. In Section 3.2, the flow control problems we consider
are introduced. Their first-order optimality conditions are stated and the resulting systems of
discretized equations are derived. Moreover, basic tools for the numerical analysis of saddle-point
systems are summarized for the general case, and in the context of flow problems. Section 3.3
discusses the diagonalization of the system of equations. It is presented how adaptations of exist-
ing preconditioners for flow control problems can be embedded into this framework. Section 3.4
generalizes these approaches to the Oseen problem. In Section 3.5, we present numerical results,
including results run in parallel on problems with more than 76 million degrees of freedom.

Finally, concluding remarks are given in Section 3.6.
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3.2 Problem Formulation

In this chapter, we develop a numerical method for solving instationary Stokes and Oseen
flow control problems. Specifically, we consider an optimization problem that aims to find a
distributed control minimizing the least-squares distance of the velocity field from a desired
velocity governed by a Stokes or an Oseen flow. Additionally, the problem is regularized by
penalizing the control in the cost functional. Since the Stokes flow is a special case of the Oseen
flow, we will first introduce the problem for the latter and then highlight the difference between

the two settings.

The Oseen flow control problem can be formulated more concretely as finding

T T
min J(v,u):;/o /QHU(;U,L‘)—vd(m,t)||2d:rdt+g/o /Q||u(m,t)||2dmdt, (3.1)

’U,p’u

subject to the equations

g::—VAv+w(x)-Vv+Vp:u+f($,t) in Q x (0,7),
_V.-v=0 in Q x (0,7), (3.2)
v(z,t) = h(x,t) on 02 x (0,7),
v(x,0) = vo(x) in Q,

where Q C R? is a bounded domain of dimension d = 2,3. The function v represents the vector
velocity field, p the scalar pressure field, and u the control variable. The desired velocity state
is denoted as vg. The function w is referred to as the wind, which is a distinctive feature to
the Oseen flow, and v is the viscosity. We will assume that the wind is divergence-free, i.e.,
V-w(z) =0in x € Q. The parameter § > 0 is the regularization parameter and determines the
weight of the control costs. The Stokes flow control problem is achieved if no wind is present,

ie., w=0.

Equation (3.2) is a set of partial differential equations in strong form. In order to construct
finite element approximations, we will consider the weak formulation of these equations. This
requires us to add the assumption that €2 is a Lipschitz domain and to consider the function
spaces v € HY(Q)?, p € L?(Q), and u € L*(Q)?. For a detailed discussion of the weak form for
the Stokes problem, the reader is referred to [27, Chapter 3]. The Oseen flow can be treated
similarly. For the reader’s convenience, the following derivations and equations are presented in
the strong form of the equations, however, these can be carried over to the weak form with only

a few adaptations.
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3.2.1 Optimality Conditions

The formulation (3.1)—(3.2) represents a convex optimization problem. This means it is sufficient
to consider the first-order optimality conditions in order to solve the problem. These are given

by the following set of equations:

(;)—VAv+w(x)~Vv+Vp: ;/\—i-f(a:,t) in Q% (0,7),

V-v=0 in Qx (0,7), (3.3)
v(z,t) = h(x,t) on 9Q x (0,T)
v(z,0) = vo(x) on €,

—(Z\—VA/\—w(x)-VAJrVu:vd—v in Q x (0,7),
—V-A=0 in Qx (0,7), (3.4)
Az, t) =0 on 09 x (0,7),
Mz, T)=0 on €.

Equations (3.3) and (3.4) are the state and adjoint equations, respectively. When deriving the

optimality conditions, one would additionally obtain the gradient equation
Bu—A=0,

which has already been substituted in to obtain the above state equations. Overall, the solution
of the optimization problem has been narrowed down to solving the coupled PDEs (3.3) and
(3.4).

3.2.2 Discretization

The optimality conditions are discretized with a finite element method in space. The function
approximation spaces have to be chosen carefully to achieve stability of the numerical method.
We will restrict ourselves to two stable choices of elements, which are P»-P;-elements, so-called
Taylor—-Hood elements, and Q2-Q1-elements. The properties of these discretizations are discussed
in [27, pp. 133 ff. and pp. 149 ff.]. In time, the equations are discretized with the implicit Euler
method. For the temporal discretization, it has to be taken into account that the state equation
is to be considered forward in time and the adjoint equation backward in time. The number of

time points is denoted as n; + 1 for some n; € N, which leads to a timestep of 7 = T'/n;. This



3.2. Problem Formulation 28

gives us the equations

MU+ — My 4 7Ly 4 7 BTG+ = % MM L pGHD for j e {0,... n — 1},

7BuUtY =0 for j€{0,...,ny — 1},
MAG=D = MAD) 4 7 LTAUD 47 BT 070 = U= 4 g (Qg—l) _ Q(j,l))

for j € {1,...,n:},
rBAUD =0 forje {1,...,m},

where superscript j indicates the values at time ¢ = j7. The variables v, p, A, u, and v, denote the
vectors corresponding to the spatially discretized functions. The matrix M is the mass matrix
in the velocity space, L is the discretization of the weak form of —vA + w(x) -V and B is
the discretized negative divergence. The vectors g(') and A" include boundary conditions and

forcing terms. For j = 0 and j = n;, we need to specify the initial and terminal conditions
ol =g, A =0

It is important to note that in the above discretization the pressure field is unique only up to a
constant, which means that the resulting linear system is singular. In order to prevent potential
difficulties caused by this singularity, we transform the system to a regular one by fixing the
pressure at one pre-defined point in space. This way the divergence matrix B becomes full rank

and the overall linear system invertible.

Assembling this into an all-at-once system leads to linear equations of the form

_ T T

A (QT ET AT HT) _ (gT hT) ’
T

where v = ( (T ... (g("t_l))T) is the concatenation of the discretized velocity at all time

points (apart from the first and last). The vectors p, A, and p are defined similarly. The matrix

is defined as

I, @ M 0 ETeoM+rI, LT rI,@ BT
A 0 0 7l ® B 0
E@M+7I,L 71, ® BT —gLhoM 0

T} ® B 0 0 0
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The matrix I; is the identity matrix of size n — 1, and E € R(—=Dx(=1) arises from the implicit

Euler discretization and has the form

T . .
The right-hand side (gT QT) assembles all g(J) and hU ), and accounts for the forcing terms,
boundary conditions, and the initial and terminal conditions. As we will only consider the
discretized system in the following, the underlined notation for the discretized variables will be

dropped for the sake of better readability.

While A results from the direct assembly of the discretized equations maintaining the original
ordering, we will consider a different permutation. The linear system can be permuted to obtain

a matrix of the form

I, ET M 0 00 L BT 0 I LT BT
A= 7 e +r ® +T " ® ., (3.5)
E -3 0 0 I 0 B 0 0 0 B 0

whose Kronecker product form makes upcoming manipulations clearer.

Remark 3.1. The choice of the parameter T is determined by the application and the time
frame in which one is interested in practice. The parameter n; is also a design parameter
and is determined by the targeted accuracy of the solution, as prescribed by the application.
More specifically, the error of the resulting approximation is partially controlled by T, with this
component scaling asymptotically as O(t) = O(T/n). Hence, the necessity of highly accurate
solutions and large T require large numbers of n, and, therefore, pose a numerically challenging
problem. We develop methods that can tackle fluid flow control problems efficiently for all settings
of T and ny.

3.2.3 Saddle-Point Systems

Given that several of the linear systems under consideration exhibit a saddle-point structure,
this section will briefly present key properties of generalized saddle-point systems. Saddle-point
systems have been extensively studied over the past decades, with some of their findings being
the basis for key ideas of this work. We are especially interested in their efficient numerical
solution and will outline relevant preconditioners in this section. A detailed discussion of the

analysis and numerical treatment of these systems can be found in [63].
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The (generalized) saddle-point systems discussed here are linear systems of the form
67] \I’T I . bl
v -0 X9 B bg .
=H

It is assumed that the matrices & € R"*™ and © € R™*™ are symmetric positive definite and

symmetric positive semi-definite, respectively. The Schur complement of H is defined by
S=0+7vp 'yl
and forms the basis for a broad range of preconditioners for H, since it enables the decomposition
y_ (1 0y(e 0 I e wh\ (e 0\ (1 & 'o’
S\we !t rJ\o s)\o -1 ) \w s)\o -1 )’

which in turn justifies the following choice of preconditioner:

® 0

P = )

v S
given invertibility of S. The resulting preconditioned system has only two distinct eigenvalues
AMP~'H) = {—1,1}, which means that preconditioned Krylov subspace solvers, such as MINRES

[28] or GMRES [29], converge within two iterations. In order to make the application of P!

practical, an efficient application of ®~!' and S~! is required, which is why instead of P, we

. [(® 0
(2 0) 59

While a good approximation of ® can often be achieved with approaches such as multigrid

consider an approximation

methods or iterative methods like Chebyshev semi-iteration [64, 33] when dealing with PDEs,
the approximation of the Schur complement is a more delicate task. Since S is dense in general
and also expensive to compute, it is infeasible to assemble S in most PDE-based applications. In
certain cases, however, efficient approximations with good spectral properties can be achieved.

Subsequently, we will introduce two of such approximations that will be leveraged later.

One Schur complement approximation used in this work was first presented in [41, 42] for systems

that fulfill n = m and © = a®. The authors proposed to use the approximation

S~ 8= (V+ad)d ' (¥ + Vad)" . (3.7)
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It was shown that the spectral properties are robust with respect to the parameter o. More

precisely, it was shown in [42] that if ¥ 4+ U7 is positive semi-definite, then
A(S71S) € [1 1}
277

The other case in which we are particularly interested here is the saddle-point system

L BT
,H pu—
B 0
with the finite element matrices defined in the preceding section. A good approximation of the
Schur complement is based on the idea of the commutator. This idea and its application to flow

problems were proposed in, e.g., [45, 46], and an introductory overview is given in [27, Section

9.2]. The starting point of the argument is the assumption that the operator
E=V-(—vA+tw-V)—-(—vA+w V),V
is small, which allows us to reason that
S=BL'BT ~ ML, K, ~ §

forms a good approximation. The subscripts p denote the analogous differential operators and
matrices in the pressure space and the matrix K, represents the finite element stiffness matrix
arising from the negative Laplacian. In the case of the Stokes problem, it can be shown that the
eigenvalues of the preconditioned Schur complement are bounded from above by 1. Theoretical
results on the lower bound relate to (the square of) an inf-sup constant, which is generally not
known analytically. Experiments, however, have verified that in practice S indeed approximates
well (in a spectral sense) the Schur complement, cf. [27, p. 175]. Hence, real numbers 0 < a <
1 < b can be found such that

A (5*15) € [a, ],

where a and b are robust with respect to the discretization and the model parameters. Thus, the
block triangular preconditioner (3.6) with an exact (1,1)-block and the above Schur complement

approximation has the spectral property
A (P13)| € [a,b].

For the Oseen problem, such bounds cannot be established since the differential operator has
complex eigenvalues in general. The preconditioner, nonetheless, provides good clustering of the

eigenvalues of the preconditioned system.
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3.3 Preconditioners for the Stokes Control Problem

We aim to solve equation (3.5) with a Krylov subspace iterative solver. To apply such methods
effectively, one is required to provide efficient preconditioners. We are interested in how a
preconditioner can be designed to allow for parallelization among the timesteps to make solving
systems with large numbers of timesteps tractable. This would provide a so-called parallel-
in-time preconditioner. Over the last decades, various parallel-in-time approaches have been
developed for optimality systems, see e.g., [57, 58, 59]. We will now focus on diagonalization-

based approaches for the systems under consideration.

3.3.1 Block Diagonalization with FFT

First, our goal is to obtain a diagonalized representation of A that can be applied cheaply.
There is no inherent potential for diagonalizing (by blocks) the matrix A as it is, which is why
we consider a slightly perturbed matrix Pco. The preconditioner is achieved by replacing E with

a low-rank perturbation C

I, CT M 0 0 0 L BT 0 I LT BT
Pc = ® +7 ® +7 ® )
C -3l 0 0 I, 0 B 0 0 0 B 0

where C' is given by

An interpretation of this is that the original Stokes problem is replaced for the purposes of
deriving preconditioners with its periodic-in-time analogue. In [48], this problem is analyzed and
its diagonalization is discussed. In the following, we will outline the main idea and generalize
it in order to cover the case of a non-symmetric L, i.e., the Oseen flow. The advantage of the

approximation is that C' is a circulant matrix, which can be diagonalized with the Fourier matrix

C =F'DF,
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where F may be approximated using the forward Fourier transform, F~! with the inverse Fourier
transform, and D = diag(F¢;) with ¢; being the first column of C'. This approximation and the

Kronecker product form allow us to diagonalize the whole system

71 TItD*®M0+OO®LBT+OIt®LTBT}_
T T y
D —ZI 0 0 I 0 B 0 0 0 B 0

=g

where F is the block Fourier transform in time

F 0 I, 0
F = ® (™ .
0 F 0 I,

The integers n, and n, are the numbers of degrees of freedom in the velocity and pressure
approximation spaces. The operator F can be applied in O((n, + np)n;logn;) floating point
operations. We restrict ourselves to the case of implicit Euler time integration, however it is
noted that this procedure can be generalized to higher-order one-step methods by introducing

perturbations of higher rank.

Upon permutation, G takes a block diagonal form G = diag(Gy, ..., Gp,—1) with the blocks

M d;fM+TLT 0 BT

G de + 7L —% BT 0 (3 8)
/ 0 B 0 o |’ '
B 0 0 0

where d; is the jth diagonal entry of D. The permutation can be represented as the matrix

0 0 0 I,

We can now solve for each block G; separately, i.e., in parallel. Each of the blocks can be
interpreted as a version of a time-independent Stokes problem. Hence, we have arrived at a

preconditioner that can be applied in a parallel-in-time fashion.

Since P represents a low-rank perturbation of A, we can identify the majority of the eigenvalues

of the preconditioned system.

Theorem 3.1. The preconditioner Pc fulfills

#{ner(P'A) [ =1} > 20m = 1)(ny +ny) — 20,
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Thus, the preconditioner has the desirable property of eigenvalue clustering. Nevertheless, the
application of P still requires solving for a large number of stationary problems G; at each
Krylov iteration, which can be expensive for even moderately sized problems. In that case,
the overall preconditioner might become inefficient for its practical use. In the following, we
will look at possible ways of solving the subblocks G; arising from the diagonalization. First,
we will discuss possible preconditioners for the subsystem, then we will look at approaches for

embedding these within the preconditioner P¢.

Remark 3.2. While we consider linear autonomous fluid flow control problems, some fluids in
practice are governed by nonlinear evolution equations, such as the Navier—Stokes equations. The
assumption of linear dynamics is made because the block diagonalization of the linear system is
the keystone of our method and relies on the Kronecker product form of the all-at-once system.
The Kronecker product form is, however, compromised when nonlinearities are introduced. One
possible way of applying our methods to nonlinear problems is to assume weak nonlinearities and
use linear autonomous approximations of the dynamics around stationary flows for designing the
preconditioner. In the example of the Navier—Stokes equations, the weakness of the nonlinearity

relates to the Reynolds number and the deviation from the considered stationary flow.

3.3.2 Preconditioning the Subsystem

In [48], a preconditioner was developed for (3.8). First, the block is decomposed as

G; =1, 2,1}, (3.9)
with the matrices
vl 0 0 0 M cjaM+cjoL 0 BT
djec -
so_ | Zro0 0 5 | e+ ejal M BT 0
J 0 0 Tl 0 |77 0 B 0o 0|’
0 0 deeS2ir /7 B 0 0 0

\/F

with Tj(r) = (Tj(l))H the conjugate transpose of Tj(l), and the constants

d; 1
dj, = Re(dj), dj.= Im(dj), Cj1 = = 2L 5 5,2 >
? + dj,c l djéc
B T

Since Tj(l) and Tj(r) involve only block row manipulations and scalings, their inverses can be
applied efficiently. This allows us to focus on preconditioning the matrix Z;. This decomposition
is based on the symmetry of L, i.e., L = LT, which holds true as we examine the Stokes flow

control problem in the present Section 3.3.
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The first attempt involves using

W
~ W.
P, = J 3.10
! BW; ' BT (3.10)

BWJleT

as a preconditioner for Z;, where W; = M + ¢;1 M + ¢joL. In [48], it was shown that ]3] is
symmetric positive definite and that the absolute values of the eigenvalues of the preconditioned

matrix are contained in the following interval:

1 1445

53 (3.11)

NP zy)| < [

Even though ]3j leads to robust spectral properties for the preconditioned system and has a
block diagonal form, the matrices BWj_lBT are still difficult to apply the inverses of, since in
general they are dense and expensive to assemble. Thus, [48] proposed an approximation based

on the commutator argument

1
BWjilBT ~ My, (My + cj1 M)y + Cj,2Lp)_1 Ky = (Kp_l + Cj,le_l + VCJ',2MP_1)

=5;.
Note that L, = vK,,, because we consider the Stokes problem. Plugging this into (3.10) results

in a preconditioner denoted by ]Bj.

3.3.3 Constant Preconditioner

The most immediate idea for a preconditioner of the system (3.5) is to start with Pc and
replace all Z; by approximations. The structure of the resulting preconditioner, given some
approximations Zj, is outlined in Algorithm 3.1. The above analysis suggests that 13] and ]5J
are good candidates. We will identify the preconditioners obtained using these approximations
at every time point by P and Pe. As these particular preconditioners define a fixed, constant

operator (as opposed to other approaches), they are referred to as constant preconditioners.

Similar to P¢, we can derive estimates for the eigenvalues of the preconditioned systems 736 |
and 755 L A. The estimates are centered around the fact that Pc is a low-rank perturbation of

the original system A. More precisely, we have

A =Pc + Pg,
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Algorithm 3.1: Constant preconditioner Pc for all-at-once system given an approximation
Zj of Zj
Function P;'(r):
7« Fr
Permute 7 to arrive at block-diagonal system
for je{l,...,n,—1} do
-1

s (") 7y

~ >—1~

Ty < Zj S; )

< (07) &
end
Reverse permutation of §
y < F 1y
return y

where the matrix Pr has rank 2n,. Because 730 is symmetric positive definite, we have that
the eigenvalue analysis of the preconditioned system can be carried out on the following similar

madtrices:

PolA ~ P PAPS? = P PPePL P+ P P PrPe (3.12)

Now, let the sequences 1;, k;, and A; be the eigenvalues of the matrices H, K, and £ in non-
increasing order. Each eigenvalue occurs in the sequence according to its multiplicity. The matrix
K has the same eigenvalues as 735 1P, whose eigenvalues are determined by the preconditioned

subblocks, i.e.,

M (Pg'Pe) = UA (B'2)).
J
This allows us to establish bounds CAL,ZA) > 0 such that

A~

M) = A (Pa'Pe) | € [a, 6.

Due to the specific saddle-point structure of P, Sylvester’s law of inertia implies that the
eigenvalues can be divided into two equally sized chunks of negative and positive eigenvalues,
i.e., it holds that

ki € la,b] forie IT, k;e|—b,—alforiel,,

with the index sets
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where N = 2(n; — 1)(ny, + np). Due to the low-rank structure of Ppr, almost all eigenvalues
A; are zero. Specifically, there are 2n, non-zero eigenvalues. Although we do not have bounds
on the magnitude of these eigenvalues, we can use a similar procedure as before to show with

Sylvester’s law of inertia that
N>0forielf, N=0foriell, N\ <O0foriel,,
where the index sets are given by

If={1,....n,}, IL={n,+1,....N—-mn,}, I, ={N-n,+1,...,N}.

With that, we may derive estimates for 7;, which are broadly based on the following result from
[65]:

Lemma 3.1. Let A and B be arbitrary but fized real symmetric matrices of size n X n and set
C = A+ B. Denote the eigenvalues of A, B, and C by the sequences «;, f3;, and ~; in non-
increasing order. Each eigenvalue occurs in the sequence according to its multiplicity. Then, for
all i+ j — 1 <mn, it holds that

Vitj-1 < i + Bj.

This allows us to carry over the initial estimate for K to a subset of the eigenvalues of H.

Theorem 3.2. The preconditioner Pe fulfills

#{nex (PG A) | ul € a0} > 2(ns — 1)(ny +ny) — 4n.

Proof. Let the matrices H, K, and £ and the corresponding eigenvalue sequences be defined
as in (3.12). First, we establish an estimate from above by b for some of the eigenvalues 7 of
7351./4. The estimate of Lemma 3.1

Nitj—1 Slii+)\j fori+7—-1<N
simplifies to
Nitn, < ki for t < N —n,

by setting 5 = n, + 1, since n, +1 € I&]. The estimate x; < b holds for i € IF. Thus, we want

to restrict ourselves to the case 71 < % This allows us to infer that

N N
77i+nvSfiiébforiG{jGI:|j+nv§2}-
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By substituting the index of n, this implies

~ ; N
nkgbfork‘ef,l;:{nv—i—l,...,2}.

Next, we determine a set of eigenvalues for which the upper bound —a holds. The same theorem
can be used for that, but instead of i € I, we are interested in indices ¢ € I, since for this set

we have the estimate x; < —a. Hence,
Nign, < ki < —adforie{jel, |j+n, <N},
which leads to the estimate

5 N
nkﬁ—dforkefn_a:{z—|—nv—|—1,...,N}.

The matrix H~ := —K — L has eigenvalues 1, = —ny_g4+1. If we follow the same procedure as

above for 7, , we receive the estimates

n,;ﬁ—dforkeln_&,
which in turn leads to
. 5 N
UkZ—bfork:GInb:{Q-i—l,...,N—nv},

5 N
nkzdforkel,‘;:{l,...,—nv}.

2
Hence,
G[AZA)] for ke IT =100 10 = +1 N
77k a’? or 77_ n 77_ n'b‘ 7"'72 n'U I
n G[—B—&]fork‘ef_zl_&ﬂf_i’: g—l—n +1 N—n
k 9 n n n 2 v LA (% .
Finally, we get the result by determining the size of the set |I;," Ul | =N —4n,. O

The same idea can be applied to the matrix 755 1 A by first applying the following lemma:

Lemma 3.2. Assume that A and B are symmetric positive definite matrices and that C is a

symmetric, invertible matriz, with the following properties:

‘A(A*B)‘ € [a, b], ‘A(B”C‘)’ € [e,d.
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Then, the product A=1C' fulfills

IANA10)| € [ac, bd].

Proof. First, we consider the upper bound. It holds that

max ‘/\(21‘1(?)‘ = max \A(A—ch—l/?)\
— max ‘/\(A*1/231/2371/26‘371/231/221’1/2)’
_ "A—1/2B1/2B—1/2GB—1/231/2A—1/2H
2
<[ e |
2 2 2
= max ‘)\(A*IB)‘ max ‘)\(B*IC_')’
< bd,

where we used that max ’)\(M )‘ = ||M]||2 for any symmetric matrix M. The lower bound follows
from proceeding as above but with (A=1C)~! instead of A~1C. Since

MATIOTH =1 aexAa™ o),

we get the upper bound
min ‘/\(Zrlé)’ > ac. O

Since the commutator argument gives robust bounds S I 1BVijlBT € [a, b], it holds that
A (P&'Pe)| € laa, bb] =: [a, ],

which makes the following theorem a direct consequence using the same reasoning as in Theo-

rem 3.2:

Theorem 3.3. The preconditioner Pc fulfills

#{ne (P A) |l € [a,B]} > 20m — 1)(my +ny) — 4y,

Theorems 3.2 and 3.3 show that the vast majority of the eigenvalues of the relevant precon-
ditioned systems are tightly contained in positive or negative clusters bounded away from
the origin, with at most 4n, outlier eigenvalues due to the low-rank update used to enable

a parallelizable-in-time block circulant approximation.
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Figure 3.1: The (ordered) eigenvalues of the preconditioned matrices, with n; = 11. The vertical
axis presents the eigenvalues (or, in the top left plot, their real part) and the horizontal axis
shows the index.

Theorems 3.1, 3.2, and 3.3 can be verified in practice. Figure 3.1 shows the real parts of the
eigenvalues of some preconditioned systems. We restrict ourselves to rather small problems with
ny = 11 for this analysis due to the memory and computational requirements incurred by the
computation of the eigenvalues. The top left plot shows that the majority of the eigenvalues of
P ! Ais 1 and the ratio of the remaining eigenvalues is less than 1/(n;—1). In the top right figure,
we see that the majority of the eigenvalues of 735 ! A are within the theoretical bounds (3.11),
which are depicted as the red dashed lines in agreement with the results of Theorem 3.2. The
bottom left plot verifies Lemma 3.2 in combination with the bounds arising from the application
of the Schur complement approximation (3.10) and the commutator argument. Lastly, we can
observe the implications of Theorem 3.3, in which case we can see that some of the eigenvalues

are pushed outside of the bounds.

The potential to exploit parallelizability of 730 and 75(; is constrained by how often the precon-
ditioners have to be applied. This limitation arises from the need for communication between
each application of the preconditioners. If we assume that a more accurate approximation of the

subblocks leads to a reduction in the number of iterations, then there exists a trade-off between
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Algorithm 3.2: Non-constant version of preconditioner for all-at-once system

Function (75(CNC)) - (r):

7+ Fr
Permute 7 to arrive at block-diagonal system
for je{l,...,n,— 1} do

8j + (Tj(l))il 7

; + GMRES(Z;, P}, 3, tol = ¢)
g < (7)) E
end
Reverse permutation of ¢
y<Fg
return y

the quality of the approximation of the subblocks GG; and the number of iterations required by
the Krylov subspace solver. As we will see in the experiments, the above preconditioners do not
provide a sufficient level of accuracy. Thus, we will look at preconditioner designs which use the

approximations described above to enhance the performance of an inner solver.

3.3.4 Non-Constant Preconditioner

Theorem 3.3 suggests that the performance of Pc might be improved by narrowing the bounds
a and b, which is equivalent to solving for G 7 more accurately. Since we exclude the idea of using
a direct solver due to its computational cost for very finely discretized problems, we propose
to solve the subblocks to a certain relative tolerance only. As there is a good preconditioner ]3]
available for G, the subsystems can be solved with a preconditioned Krylov subspace method
such as MINRES and GMRES, which will be called the inner solver. Accordingly, the tolerance
€ > 0 of the subsystems will be called the inner tolerance. Since the preconditioner for the
subsystems gives a good clustering of the eigenvalues, the inner solver will converge quickly and
robustly with respect to the number of spatial degrees of freedom. This preconditioner will be

denoted as ﬁéNC) .

We will call the iteration for solving the all-at-once system the outer iteration. With the constant
preconditioner, we would propose using MINRES or GMRES for the outer iteration, but this
is no longer possible in this case. Since the inner solver is a Krylov method, it is a nonlinear
operator, as opposed to a constant preconditioner which GMRES would require. A method that
can cope with varying preconditioners at each iteration, is flexible GMRES (FGMRES), cf. [30].

The pseudocode for the preconditioner is presented in Algorithm 3.2.

It is important to remark that we should ideally not require many outer iterations, since the
memory requirements of FGMRES grow linearly with the number of iterations. Let N be the
number of degrees of freedom for the all-at-once optimal control problem. Then, with ¢ denoting

the number of outer iterations, we need to allocate memory in the order of O(Ng¢). Considering



3.3. Preconditioners for the Stokes Control Problem 42

Flexible GMRES

GMRES for solving for Z;

MG with fixed number of iterations to solve for W;

Solving for §j

Chebyshev semi-iteration for M,

MG for K,

Figure 3.2: Overview of the solvers used for the application of ﬁéNC). Multigrid is denoted by

‘MG

problems with possibly billions of degrees of freedom, it becomes clear that this reaches the
limits of contemporary computing facilities rather quickly. Intuitively, we would expect that if
the solution of the subsystems is better, i.e., if € is smaller, fewer outer iterations are required.

This would give us better control of the aforementioned bottleneck.

The non-constant preconditioner requires one to approximate the inverse of several finite element
matrices. Since the exact solution of systems with these matrices can be expensive and can often
be approximated without significant loss in the preconditioner’s efficiency, we choose to use
approximate solutions. One of the key methods here is the Chebyshev semi-iteration (cf. [64]),
which shows fast convergence for mass matrices due to existing robust spectral estimates for
the mass matrix, see e.g., [33] and [32]. The other method utilized is a geometric multigrid
method (MG, see [66, 67]), of which various modes exist. In this work, we choose to apply such
a multigrid method with successive over-relaxation for the smoothing. An overview of where

these methods are applied within the preconditioner can be found in Figure 3.2.

3.4 Preconditioner for the Oseen Control Problem

Additionally to the Stokes problem, we would like to consider the more general Oseen flow control
problem, i.e., the case when w # 0. Since we allowed L to be non-symmetric in Section 3.3.1,
the idea of the circulant approximation of the system and its subsequent diagonalization can be
transferred to the Oseen problem without any adaptations. In practice, preconditioners based
on the idea of Algorithm 3.2 show promising results. We will apply the same technique to
this problem and, thus, we are interested in developing an efficient preconditioner for Gj.
Unfortunately, the transformation described by (3.9) does not apply to the Oseen problem,
since it relies on the symmetry of L. This leaves us with developing preconditioners for G;

directly rather than for the simpler matrix Z;.
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First, we will partition G into a 2-by-2 block form, look at each of the blocks separately, and
discuss their approximations. We define the (1,1)-block as

G(l’l) _ ™M de"‘TLT
J diM+7L % ’

which is a saddle-point system. The special form of Gﬁl’l) allows us to use (3.7) in order to

achieve the following robust preconditioner:

(1,1) ™M 0 T
P = , i=d;M+717L+ —=M.
7 (de—i-TL inM—ngf) @=d VB

Although the eigenvalue bounds for (3.7) were originally established for real matrices only, it
can be shown that these bounds also hold for the above complex matrices. Indeed, we can show

the sufficient condition for the off-diagonal matrix blocks is
;M +7L+d;M + rL" = 2d;, M + 7 (L+ L") > 0.

This is due to the property d;, > 0, seen by applying Gershgorin’s theorem to C, and the fact
that L + L7 is a (scaled) discretized stiffness matrix, which is symmetric positive definite. The
expected eigenvalue bounds for the preconditioned system were also verified numerically. The

Schur complement of (3.8) has the form
-1
g _ 0 7B M d; M + LT 0 BT
7\rB 0 ) \dM+TL -7 BT 0 )’
Leveraging the commutator argument, we derive the following approximation:

-1
S~ G 0 1M, TM, d; My + TLg 0 7K,
e, 0 ) \diMy + 7L, —5M, 7K, 0 )

Now, we have to put this together to efficiently precondition the overall system G;. One idea

would be to use the preconditioner (3.6) with the above approximations, which leads to

(11)
- p! 0
P, = J ~ . 3.13
J (3,(‘2,1) S) ( )

7 J

In practice, however, this preconditioner does not perform well if the approximation of the (1,1)-
(1,1)
J

the performance was acceptable in experiments. This lets us conclude that a key contributor to

block is not accurate enough. Indeed, if Pj(l’l) in (3.13) is replaced by its exact counterpart G

the failure of P; is that the approximation of the (1,1)-block does not suffice for a good overall

performance. We, therefore, try to improve the approximation of this block.
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Algorithm 3.3: Computation of the preconditioner JBj(UZ)

Function (IBJ(UZ))_I(r):
T
Decompose 1 <— (rr{ rd ol rff)

Solve for (yl

y ) according to (3.14) using initial guess 1:50) = mgo) = 0, right-hand sides
2

by =11, by =12

Y3 a—1( (s Bys
C t -5 —
T

return (v y§ uf of)

One could follow the preceding procedure and nest a nonlinear Krylov subspace solver for the
(1,1)-block in (3.13). Nevertheless, this would require us to use FGMRES instead of GMRES
in Algorithm 3.2 and, therefore, lead to a threefold nested application of Krylov subspace
solvers. The resulting additional complexity and the limited convergence theory of FGMRES
gives reason to instead develop a linear approximation of Gg»l’l). A good candidate for that
is the Uzawa iteration with a fixed number of iterations. More precisely, we use the inexact
preconditioned Uzawa method or preconditioned Arrow—Hurwicz method, which is given by the

following iterative form:

1~
nggk+1) _ xgk) I ;Mfl (b1 _ Tngk) — (d;j M + TL)Hﬂfgk)) )

k+1) _ (k) _1lg (k+1) | T o0 (k) (3:14)
Ty =z — ;S_l <b2 —(djM +T1L)xy " + EM&:Q ) ,

for the solution of a saddle-point system of the form

1) [Z1 b1
@ (2)-6)
i) b2

where M is an approximation of the mass matrix and p > 0 is a parameter of the method. For

a detailed discussion of the Uzawa method, we refer to [34]. A suitable parameter choice for p is

)\min(s’\_ls) + /\max(S\_ls)

B = 5 .
In our case, the minimum and maximum eigenvalues of S-1S are 1 /2 and 1. Thus, we choose
p = 3/4. The resulting preconditioner is denoted by IBJ(UZ) and the computation of its inverse

is summarized in Algorithm 3.3. Since the number of iterations for the Uzawa method is fixed,
IBJ(UZ) is constant over each iteration. Thus, it can be used as a preconditioner for the solver
within the non-constant preconditioner design. The overall non-constant preconditioner will be

denoted by 75(CUZ) .
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Flexible GMRES

GMRES for solving for G

(1,1)

Uzawa for G j

Chebyshev semi-iteration for M

MG for Q)

Solving for S i

Chebyshev semi-iteration for M,

MG for K,

Figure 3.3: Overview of the solvers used for the application of ﬁéUZ).

Similarly to the Stokes control problem, the final form of the preconditioner does not solve
for the finite element matrices exactly but uses approximations instead. Figure 3.3 depicts the

structure of the algorithm and where these approximations are used.

3.5 Numerical Experiments

The performance of the preconditioners motivated above will now be showcased with numerical
experiments. We will first analyze the robustness of the preconditioner with respect to some
model parameters and the number of timesteps, followed by a presentation of the potential com-
putational speedup through parallelization. The experiments are conducted for two-dimensional
Stokes and Oseen problems on the domain © = [~1,1]?, where P,-P;-elements are used for its
approximation. We restrict ourselves to two levels of spatial resolution, the coarse one having
a maximum element size of h. = 1/32 and the finer one having hy = 1/64. Unless otherwise

stated, the relative tolerance of the outer solver is set to le — 5.

Within our implementation, we utilize the high-level finite element library DOLFINx [68] for
spatial discretization. For miscellaneous numerical linear algebra, operations such as linear
solvers, the libraries SciPy [69] and petscdpy [70] are used. Additionally to the functionalities for
parallel computations shipped with petscdpy, the library mpidpy [71] is used for necessary non-
standard communication within parallel infrastructures. The source code is publicly available
under https://github.com/bheinzelreiter/pintdiag-flow. The experiments are run on
varying numbers of processors of the model Intel(R) Xeon(R) CPU E7-4820 v2 @ 2.00GHz.


https://github.com/bheinzelreiter/pintdiag-flow
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3.5.1 Stokes Problem

For the verification of the preconditioners discussed in Section 3.3, we consider the problem used
in [72]. The exact solution of the problem is known and it is defined by the following desired

velocity state, forcing term, and exact solution when v = 1:
2
va(z,t) =48 |:.’L'2 (2 (3:1:% - 1) (m% - 1) +3 (33% - 1) > ,

1 (3 (33% - 1)2 +2 (36% - 1) (33:% a 1))]T

+el [QOxlxg + 287, ((w% - 1)2 (23-7)—a(32t—1) (3 —1) + 2) ,

5 (ot — 2f) — 26m ((xg 1) (R -7) —a (et 1) (33 1) - QHT,

fz,t) =€l {—203:@% — 2o (x% - 1)2 (SL‘% - 1) .5 (x;‘ - :E%) + 221 (:L’% - 1) (:r% - 1)2}T
o (s )" (38 -1) 2 (s -1) (8- 1)]
v(z,t) =el ! [20331:6;’, 5xf — 5x§‘}T,

p(x,t) = el (603:%372 - 20:/65’) + constant,

where the initial and boundary conditions are given implicitly by v(x,t). For our subsequent
experiments, we retain the above choices of v4(x,t) and f(z,t) for the desired state and forcing

term.

We may use the known closed form of the exact solution to verify the implementation and
observe the expected asymptotic scaling of the error when the space and time discretizations
are refined. We report the errors of the solutions in Table 3.1. This shows the error measured
in the L°°(0,7T; L?(2))-norm for T' = 10, v = 1, and values for 3, h, n; used in the following
experiments. For h = h., we can observe that the error scales approximately as O(7) for the
lower values of n; and stagnates for higher values. This indicates that, eventually, the error is
dominated by the spatial discretization error as the time discretization is refined. For h = hy,
the approximate scaling O(7) can be observed throughout the whole range of n;. Furthermore,
we can observe the expected scaling of the spatial discretization O(h?) for the maximal value of
n¢. For this experiment only, the relative tolerance of the outer solver is set to le — 8 so that the

error from the Krylov solve is insignificant when calculating the errors reported in Table 3.1.
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Table 3.1: Error of the numerical solution for the Stokes problem for different values of 3, h,
and n;. The error is measured in the L>°(0,T; L(£2))-norm.

h = h, h=hy

b =1le—1 b =1le—3 b =1le—4 6 =1le—1 6 =1e-3 b =1le—4

Nt
16 8.07e—4 5.70e—4 2.29e—4 8.06e—4 5.69e—4 2.26e—4
32 4.73e—4 3.40e—4 1.44e—4 4.7le—4 3.37e—4 1.35e—4
64 2.49e—4 1.87e—4 9.41e—5 2.42e—4 1.77e—4 7.35e—5
128 1.41e—4 1.09e—4 7.42e—5 1.28e—4 9.18e—5 3.80e—5
256 9.00e—5 7.90e—5 6.90e—5 6.61le—5 4.76e—5 2.08e—5
512 7.24e—5 7.0le—5 6.82e—5 3.43e—5 2.52e—5 1.28e—5
1024 6.90e—5 6.87e—5 6.83e—5 1.86e—5 1.45e—5 9.75e—6

Constant Preconditioner

We will now examine the constant preconditioner 75(;, which is applied within a GMRES iterative
solver. The iterative solver is configured to restart every 30 iterations. For this and all subsequent
experiments, the viscosity is set to v = le—2, in each application of MG 4 V-cycles are used,
and the number of Chebyshev semi-iterations for approximately applying the inverse of the
mass matrix is set to 10. Unless otherwise stated, the final time is set to 7" = 10. Table 3.2
shows the numbers of GMRES iterations and CPU times (in seconds), for various numbers of
timesteps and different values of the regularization parameter 5. In this setting, all tests were
run sequentially without leveraging the parallelizability in time. For certain large numbers of
timesteps, the effective runtime would have exceeded the available resources. These experiments
were computed in parallel and the runtime is reported as “x”. The listed number of degrees of

freedom (DOFs) includes all variables for the all-at-once formulation in space and time.

We can observe that the number of GMRES iterations grows significantly with the problem size
for 8 = le—1, which is not the behaviour we are looking for in a preconditioner. For the other
two values of 3, the number of iterations remains in the same order independent of the problem
size, which indicates that in this scenario Pc shows some robustness concerning the number
of timesteps. Furthermore, the computations are done sequentially, which means the runtime
is expected to scale linearly with the overall problem size and the number of iterations of the
solver. This aligns with the obtained data. The large number of iterations and the long runtime

therefore incurred show the limitations in the applicability of this preconditioner.
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Table 3.2: Solving the Stokes problem with P for different parameter settings.

h=he h =hy
B=1le—1 pB=1le-3 [ =1e—4 B=1le—1 p=1le—-3 [=1le—4
®n — W — — 7 — — —_—
= LM L2Mm A, m LM L2Mm RN
o o o o] o o
> 2= 2 = = > 2z £ = =&
ny #DOFs o O O O O O #DOFs O O U O U O

16  2.86eb 59 42 50 39 42 29 1.13e6 68 208 52 162 48 186
32  5.91e5 68 112 50 95 43 62 2.33e6 72 508 52 358 48 316
64 1.20e6 84 277 50 163 42 140 4.73e6 90 1245 52 732 48 601
128 2.42e6 134 1049 50 320 44 272  9.53e6 137 3788 54 1408 48 1347
256  4.86e6 252 2601 52 570 44 525 1.91e7 258 13440 54 2608 48 2676
512  9.75e6 522 x b4 x 44 *  3.83e7 796 x 66 x 48 *
1024  1.95e7 1277 * 81 x 46 x  7.67e7 * ¥k x % *

Non-Constant Preconditioner

Next, we will consider the non-constant preconditioner ﬁ(CNC). As already mentioned, we have

to use FGMRES as an outer iterative solver instead of GMRES. Given the substantial size of
the problem and the increased memory requirements of FGMRES, we are required to use small
numbers of iterations between each restart. Experiments suggest that 10 iterations are sufficient
to ensure convergence for the considered problems. As an inner solver, we use GMRES. The
inner tolerance is set to ¢ = le—2, which was found to be sufficient in numerical experiments,
meaning that a smaller tolerance did not lead to a noticeable reduction of the outer iterations.
All other parameters are chosen identically to those used in the experiments for the constant
preconditioner. Tables 3.3 and 3.4 show convergence results for the two different levels of spatial
discretization, specifically the number of outer FGMRES iterations, the average number of inner
GMRES iterations (to the nearest integer), and the CPU time required. We are able to observe
robustness of the number of outer iterations. Additionally, the number of inner iterations stays
within the same order independent of the parameters, which ensures a linear scaling of the
runtime in n;. Additional experiments showed that the preconditioner can deal with smaller
regimes of v robustly. However, the MG iterations do not necessarily guarantee convergence for

v < le—3, which is currently the bottleneck of the solver.
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Table 3.3: Solving the Stokes problem with 75(CNC), h = he.

5 =1le—1 6 =1e—3 8 =1le—4
N N wn
2 £ 8 B _ B8 2 _
o = 2, = = 2, o= = 2,
= o - = © o = © o
n, #DOFs & 2 SR 2 5 g 2 &
16 2.86e5 4 32 59 3 26 49 3 33 52
32 5.91e5 5 34 226 4 26 127 3 26 96
64  1.20e6 5 29 276 4 23 173 4 25 239
128  2.42¢6 6 29 932 4 21 446 4 21 395
256  4.86e6 6 26 1654 4 18 571 4 18 727
512 9.75e6 7 27 * 4 17 * 4 15 *
1024 1.95e7 7 26 * 5 23 * 5 21 x
Table 3.4: Solving the Stokes problem with ﬁéNC), h=hg.
8 =1le—1 6 =1e-3 6 =1le—4
N n n
2 2 _ 8 B _ B8 &8 _
= = 2 = = 2, o = 2
= O D = © D = © D
n,  #DOFs & & S 2 % S 2 % 5
16 1.13¢6 4 34 360 3 35 252 3 39 301
32 2.33¢6 4 32 764 4 28 641 3 31 474
64  4.73¢6 4 30 1263 4 27 890 4 27 1140
128  9.53¢6 5 33 3762 4 23 1735 4 25 2247
256  1.91e7 6 33 8483 4 21 3631 4 22 3324
512 3.837 6 30 * 4 17 % 4 19 *
1024  7.67e7 6 27 * 4 16 % 4 16 *

3.5.2 Oseen Problem

Next, we will analyze the performance of the preconditioner for the Oseen problem introduced
in Section 3.4. The test problem is a lid-driven cavity problem inspired by the test problems for
the Navier—Stokes equations in [72]|, with 7" = 10. The wind has two vortices and the desired

state describes a velocity field with one vortex. It is given by the following data:
| [Baa — 4,017 ifzp > 2,
ot = o () (1) (o) (-] BT
[0,0] otherwise,

flx,t) = {—QOxlxg — 229 (x% - 1)2 (m% - ) ,

5 (m% —x%) + 221 (az% - 1) (a:% — 1)2 '

)
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Table 3.5: Solving the Oseen problem with ﬁéUZ), h = he.

6 =1e—1 8 =1e—3 6 =1le—4
N wn n

2 & _ B3 B _ B3 B _
o= = i o= = 2, o= = iz
= O o = O o = © o
n,  #DOFs & & S5 B % S5 B % S
16 2.86e5 5 7 114 3 3 35 3 5 51
32 5.91eb 6 6 260 4 4 116 3 4 98
64  1.20e6 8 6 1028 4 4 157 4 4 399
128  2.42¢6 9 6 1562 4 4 467 4 4 502
256 4.86€6 9 5 2539 5 4 1384 4 4 1002
512 9.75¢6 10 5 % 7 4 * 5 5 %
1024 1.95¢7 10 5 * 8 4 % 6 6 %

[1,0]7  if 21 > —29 and x1 < 29,
vo(x) =

(0,07 otherwise,

B (1,07 if xp =1,
x,t) =
(0,07 otherwise,

c1(x) [(19%))23:2, - (%)2 (:El - %)}T if c1(x) >0,
w(z) = co(x) [(—%)23:2, (%)2 (wl — ;)]T if ea(z) > 0,

[0,0] otherwise,
() =1 <100( 1))2+(100 >2
av= 19 \" 72 99 %)
() =1 <100( +1>>2+<100 >2
Co\T) = 19 Tl 9 99 ) .

Non-Constant Preconditioner

The preconditioner ﬁéUZ) introduced in Section 3.4 is applied within the same iterative solver and

associated settings as in Section 3.5.1. The number of iterations for the inner Uzawa method
is set to 6. Tables 3.5 and 3.6 show a summary of the numerical results. Also for the Oseen
problem, we observe robustness of the number of outer iterations as well as of the number of
inner iterations. Accordingly, the total runtime scales linearly in n;. Furthermore, convergence of
Igj(UZ)

the inner solver is achieved within few iterations, which suggests that is a good candidate

for preconditioning the subblocks.



3.5. Numerical Experiments 51

Table 3.6: Solving the Oseen problem with ﬁéUZ), h=hy.

8 =1le—1 8 =1e—3 B =le—4
& & &
S — @ & — | —
= = 2 = = = = = 2
= ° oz 2% o E % ¢
ny  #DOFs =S 5 O ~ 5 O ~ 2 O
16 1.13e6 4 6 306 3 4 159 3 ) 186
32 2.33e6 6 9 1263 4 ) 503 3 ) 281
64 4.73e6 6 7 2167 4 4 1097 3 5) 870
128 9.53e6 7 7 4724 4 ) 1999 4 4 1489
256 1.91e7 8 6 9507 ) 5) 4275 4 4 4158
512 3.83e7 9 ) * 6 4 * 4 5) *
1024 7.67e7 9 ) * 7 4 * ) ) *
Sso —&— Total Runtime for h = h, ‘\\ —&— Total Runtime for h = h,
10* 4 \\\\\ === Fitted Scaling O(N};D'ﬂ) \\\\ === Fitted Scaling O(N}SO'SS)
\‘\\ Total Runtime for i = hy 10* 5 \‘\\ Total Runtime for & = hy
o~ Fitted Scaling O(N;O'”) \\\\ Fitted Scaling O(N;0'75)
= 8 4 === Ideal Scaling = === Ideal Scaling
£ 107+ £
g g
102 4
10! 4

T T T T T T
10° 10! 10? 100 10 10?
Number of Cores Np Number of Cores Np

Figure 3.4: Strong runtime scaling with respect to available number of cores Np for the Stokes
(left) and Oseen problem (right) using the non-constant preconditioners.

3.5.3 Parallel Implementation

To test the preconditioners’ potential for parallelizability, we present results showing how the
runtime of a parallel implementation scales. Based on the preceding results, we will restrict our-
selves to the discussed non-constant preconditioners only. The parallel implementation leverages
petscdpy and mpidpy for communication, and the solution of each subblock is carried out in
parallel. It is noted that the computation of the FFT is not parallelized in this implementation.
Nevertheless, we are still able to observe consistent scaling in our experiments since the overall
runtime is dominated by the solution of the individual subblocks, with the FFT contributing
less than 2% of the total execution time. If larger problems are considered, this bottleneck

significantly limits the method’s scalability, making a fully parallel implementation essential.
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Figure 3.5: Strong runtime scaling with respect to available number of cores Np for the Stokes
problem using the constant preconditioner.

First, we will consider strong scaling. We set n; = 256, § = le—3, and T" = 5, and the inner
tolerance is set to ¢ = 1le—2. Figure 3.4 shows how the runtime scales with the number of cores Np
available to the solver. For the Stokes problem, we achieve scalings of O(N5%™) and O(N5* ™).
The runtime scalings for the Oseen problem are slightly better with approximately O(N;O‘SS)
and O(Np 0'75). This can be explained by the increased complexity of the subblocks, resulting in
a longer runtime for solving each of them. The loss in efficiency due to communication and the
application of the FFT becomes less significant. In comparison, Figure 3.5 presents the strong
scaling of the constant preconditioner for the Stokes problem, revealing that the performance
gains from increased computational resources plateau much earlier than with the non-constant
preconditioner, thereby demonstrating the superior scalability and parallelization potential of the
non-constant preconditioning strategy. A snapshot of the solution to the considered benchmark
problem is depicted in Figure 3.6. Therein, the timestamp is fixed to t = T'(n; — 1) /n; and the

computations are carried out for ny = 32.

Additionally, we consider weak scaling. The standard approach here would be to fix all model
parameters except for ny and Np with the relation n; — 1 = wNp for some constant w € N.
However, we note it was observed that the first subblock requires significantly longer to solve
than the others, so the workload for the first core is reduced by one subblock, i.e., the first core
is assigned w — 1 subblocks and the others w subblocks. Consequently, for our analysis we set
ny = wlNp. The remaining parameters are kept the same as in the previous experiments, with
the regularization parameter set to 8 = le—3. In the case of ideal scaling, we would expect the
runtime not to increase significantly with growing n;. Table 3.7 shows the runtime of the solver
for the Stokes and Oseen problem with coarse and fine spatial discretizations. With a factor of
2.87, the Stokes problem with h = h; shows the strongest relative increase in runtime from the
smallest setting of n; to the biggest. Hence, a 68.2 times bigger problem is solved at the cost of

a 2.87 times increase in runtime in the worst-case scenario.
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Figure 3.6: Snapshot of the solution to the problem used for benchmarking the strong scaling
at timestamp ¢ = T'(n; — 1)/ny.

In summary, we have demonstrated that the preconditioners show good strong and weak scaling
properties for the Stokes and Oseen problem. Thus, we can solve these large-scale problems

efficiently with increasing computing power.

3.6 Conclusion

In this chapter, we introduced preconditioners for the efficient iterative solution of unsteady
Stokes and Oseen control problems. The preconditioners approximated the original problem
by its time-periodic equivalent, allowing us to perform a temporal diagonalization and achieve
parallel-in-time solvers. The first preconditioner leveraged existing approximations of Stokes

problems in order to create a constant preconditioner. To increase efficiency within parallel in-
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Table 3.7: Runtime in seconds of solver for Stokes and Oseen problem. The number of processors
is implicitly given by n; = 8 Np.

ny 16 32 64 128 256 512 1024

h = he
# DOFs 2.86€e5 5.91eb 1.20e6 2.42¢6 4.86€6 9.75e6 1.95e7
Stokes 30 30 32 36 37 56 78
Oseen 46 53 58 64 48 77 72

h = hy
# DOFs 1.13e6 2.33e6 4.73e6 9.53e6 1.91e7 3.83e7 7.67e7
Stokes 135 141 162 206 295 307 388
Oseen 181 232 255 255 261 303 356

frastructures, we introduced additional preconditioners that made use of nested Krylov subspace
solvers, and we achieved rapid convergence with these solvers, including for very large problems.
Our approach also demonstrated significant robustness with respect to model parameters and

the discretization level, as well as very good strong and weak scaling properties.

While these results are promising for linear and linearized flow control problems, extending our
diagonalization-based approach to nonlinear PDEs remains an open challenge. The application
of nonlinear solvers introduces time-varying problem structures that cannot be diagonalized
using the methods presented here. A promising avenue for future research is examining how
mildly nonlinear equations might still benefit from modified versions of our framework. One
approach could employ averaging techniques as presented in [56] to handle mild nonlinearities.
Additionally, advanced linearization techniques could enable the application of these methods

to nonlinear autonomous flow control problems.



Chapter 4

Well-posedness, Convergence, and
Efficient Numerical Methods for

Carleman Linearization of Parabolic
PDEs

Linear problems, as discussed in the previous chapter, often allow for effective use of their
inherent special structure to develop potent numerical methods. However, these advantages are
generally lost once nonlinearities are introduced into the equations. Many methods designed for
linear problems become inapplicable, and new techniques specifically targeting nonlinearities
must be developed—often at the cost of efficiency compared to the linear case. One common
approach to managing the increased complexity due to nonlinearities is to linearize the system.
Linearization techniques enable the application of established methods for linear problems to
nonlinear cases. This process, however, introduces its own set of challenges and limitations. A
fundamental example of linearization is Newton’s method, which uses a first-order approximation
around a reference state. This linearization provides accurate results only in a local neighbor-
hood, and its quality can deteriorate rapidly as the system deviates from the reference state.
Nevertheless, this is just one linearization technique; more advanced methods offer improved
approximation properties, albeit at the cost of increased complexity in their analysis and com-
putational resources. Given its potential benefits, the development and analysis of linearization
methods for nonlinear dynamical systems remain significant and ongoing challenges in applied

mathematics.

4.1 Introduction

Carleman linearization, introduced by Torsten Carleman in his seminal work [73], is a foun-
dational technique for linearizing dynamical systems. A variant of this method, known as
truncated Carleman linearization or finite-section approximation of the Carleman linearization,
has garnered considerable attention. This approach effectively transforms nonlinear systems into
approximate linear systems while retaining some of the original nonlinear behavior, thus making

analysis and computation more tractable.

95
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The relevance of the Carleman linearization is underscored by its diverse applications across
multiple domains. In applied mathematics, it has been employed in optimal control to simplify
the handling of nonlinear constraints, making it easier to derive control laws [74, 75, 76, 77].
In the field of model order reduction, the linearization has been utilized to extend established
order-reducing methods to complex nonlinear systems, thus enabling more efficient simulations
and analyses [78, 79]. It has also found application in system identification problems; see, e.g.,
[80]. More recently, the linearization has proven valuable for quantum computing applications
as it facilitates the development of quantum algorithms to solve large-scale nonlinear dynamical
systems [81, 82].

Since its generalization to nonlinear partial differential equations in [83], the Carleman lineariza-
tion has been successfully applied in practice to approximate solutions to nonlinear PDEs. For
instance, the method has been employed in a range of fluid flow applications, from simplified
benchmark problems such as the Burgers’ equation (see, e.g., [79]) to more complex fluid flow
problems (see, e.g., [84, 85]), as well as reaction—diffusion problems [86]. These and related ap-
plications highlight the potential of the linearization technique as a powerful tool for addressing

the complexities inherent in nonlinear infinite-dimensional dynamical systems.

A critical question in the application of the Carleman linearization is its accuracy in approx-
imating the original nonlinear system, particularly the effect of truncation on this accuracy.
This question is of paramount importance as it determines how well the linearized system
can recover the nonlinear behavior of the original system. Error estimates of the truncated
linearization have recently been established for finite-dimensional dynamical systems, i.e., non-
linear ordinary differential equations (ODEs). For instance, [87] provides comprehensive error
estimates for quadratically nonlinear equations, while [88, 89] extend these estimates to general
nonlinear systems. Although these theoretical estimates generally align well with experimental
observations for ODEs, they fail to explain the behavior of the linearization when applied to
certain infinite-dimensional dynamical systems, including a range of PDEs. A straightforward
method to generalize the error estimates for PDEs involves first discretizing the equation to
arrive at a finite-dimensional nonlinear dynamical system, which is then linearized, followed
by applying the available error estimates from [89]. The primary issue in such case is that if
the PDE is first discretized and then linearized, the existing error estimates depend on the
properties of the discrete operators. For certain classes of nonlinearities, these bounds can be
shown to be robust with respect to the discretization; see, e.g., [86] for nonlinear reaction terms.
In the more general case, however, this dependency can lead to error estimates that are not
robust, a problem first observed by [90] in the context of fluid flow problems. Despite this, it has
been empirically observed that the linearization can approximate nonlinear behavior effectively,
even in the context of infinite-dimensional systems and independently of the discretization. An
additional challenge for infinite-dimensional systems that has not been addressed in existing

literature is proving that the resulting linearization is well-posed.
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In this chapter, we tackle the questions of well-posedness and convergence of the truncated
Carleman linearization when applied to a class of infinite-dimensional parabolic systems. We es-
tablish both well-posedness and convergence in an infinite-dimensional and undiscretized setting,
which allows for error estimates that are independent of any discretization of the system. This
approach not only provides a more robust theoretical framework and better understanding of
the linearization but also offers practical advantages in numerical applications. We demonstrate
that this approach enables the separation of the linearization error from the discretization
error through a so-called linearize-then-discretize strategy, ultimately allowing us to develop
new numerical approximations that mitigate the curse of dimensionality associated with the
linearization. This paves the way for a new class of efficient and accurate numerical methods,

essential for the practical implementation of the linearization in real-world problems.

The structure of the chapter is as follows: In Section 4.2, we introduce the nonlinear dynamical
system and outline the appropriate assumptions on the state space and the involved operators
to guarantee the well-posedness of the nonlinear system. The problem setup covers parabolic
second-order differential equations but is not limited to these. Section 4.3 offers a non-rigorous
introduction to the concept of the truncated Carleman linearization, providing an intuitive
understanding of the method. In Section 4.4, we equip the Carleman linearization with ap-
propriate function spaces and demonstrate the well-posedness of the problem under additional
assumptions. This section is crucial for establishing the theoretical validity of the linearization
method in an infinite-dimensional setting. Section 4.5 shows how further assumptions ensure
the convergence of the linearization and showcases certain standard systems that fulfill these
assumptions, thereby illustrating the practical applicability of the theoretical results. Section 4.6
discusses how our approach motivates the development of efficient numerical methods. It is
shown how the traditional Carleman linearization of PDESs, which is based on a discretization
of the equation, is a special case of a greater class of numerical methods. Furthermore, this
section highlights how our approach overcomes the shortcomings of the existing error bounds.
The theoretical results are verified in Section 4.7 through a series of numerical experiments,
which provide empirical evidence supporting the validity and effectiveness of the proposed
convergence results and methods. Finally, Section 4.8 concludes the work and provides an
outlook on potential future research directions, suggesting avenues for further exploration of

efficient numerical methods.

4.2 Nonlinear Cauchy Problems in Hilbert Spaces

We are interested in the analysis of nonlinear Cauchy problems defined on an infinite-dimensional
separable Hilbert space H. Specifically, we consider systems with quadratic nonlinearities, i.e.,
of the form

y'(t)+ Ay(t) + B(y(t) @ y(t)) = f(t) for ae. t € (0,T),

4.1
y(0) = o, b
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where we seek a solution y, given some initial condition yy and forcing f. The final time can be
bounded or unbounded, i.e., T' € (0, 00]. The system is considered in the space H. We refer to A
as the linear part of the dynamical system. It is assumed that A : D(A) — H is a closed invertible
operator with a dense domain D(A) continuously embedded in H. Moreover, A generates an
analytic semigroup. The operator B : D(A) x D(A) — H is assumed continuous and is referred
to as the quadratic part of the system. The forcing lives in the space L?(0,T; H). If the equalities
in system (4.1) are considered in H and yy € D(A), the dynamical system is called the strong
form of the Cauchy problem.

4.2.1 Weak Formulation

Since our ultimate goal is the analysis of PDEs and their efficient numerical approximation, it is
more suitable to consider the problem in its weak form. The following analysis presents the key
ideas of the theory of parabolic systems and refines the assumptions on the present operators.
For an in-depth discussion of the topic, the reader is referred to [91]. Let V' = [D(A), H]; /> be
the interpolation space between D(A) and H, and V' be its topological dual. Let (-,-)g be the
inner product of H and (-,-)y the duality pairing of V' x V. We assume that the embedding
V — H = H' < V' is continuous and dense, where each element h € H is identified with an
element of H' via the mapping g — (h,g)y = (h,g)y for all ¢ € H. Then, (V,H,V') forms a
Gelfand triple. Assume that A and B can be extended to A : V — V' and B: V xV — V'
Then, the weak form of the Cauchy problem reads as

y'(t) + Ay(t) + By(t) @ y(t)) = f(t) in L*(0,T; V"),

4.2
y(0) = yo, 42

where the equality is to be considered in the dual space L?(0,T; V') and yo € H, and the solution
is sought in the space y € W(0,T;V,V’) with

W(0,T;X,Y) = {y € L*0,T; X) |y € L*(0,T;Y)},
Hy”IQ/V(O,T;X,Y) = HyH%Q(O,T;X) + Hy/H%P(O,T;Y)

for any pair of Banach spaces X and Y. Due to the Lions-Magenes lemma [92], the space
of continuous functions in H is continuously embedded in W (0,7;V,V’), ie., C(0,T; H) —
W(0,T;V, V"), which makes point-wise evaluations well-posed. The weak formulation allows us

to impose weaker regularity on the forcing f € L2(0,T;V").



4.2. Nonlinear Cauchy Problems in Hilbert Spaces 59

4.2.2 Linear Equation

We assume that V and V' admit an eigenvalue representation. For that, assume there exists a
closed positive self-adjoint operator L with domain D(L) such that D(L%/?) = D(A%/?) for some
& > 1. This allows us to define the norm of V by the equivalent norm || - ||y := ||L'/? - ||;7. Since
L is self-adjoint, we can identify this norm and, hence, the space V with its eigenvectors and
eigenvalues. Let {y;}ien be eigenvectors of L forming an orthonormal basis of H and {\;};en

its corresponding eigenvalues. Then, we can rewrite the V-norm as
(0.9)
2 2
Iy =D i (v, 00) -
i=1
Assume that A is bounded, i.e.,

[(Av, w)y | < Bllvflv[[w]v. (A1)

Furthermore, let A be V-H coercive (sometimes referred to as weakly coercive), which is achieved

if there exist constants A > 0 and v > 0 with
(Av,v)y + M|} > v|lv]|}  for all v € V. (A2)

This implies that the linear equivalent of our Cauchy problem is well-posed.

Lemma 4.1. Let T < oo and A(t) be a family of V-H operators fulfilling (A1) and (A2) fort €
(0,T) with constants (3, v, and X\ independent of t. Then, for everyyo € H and f € L*(0,T;V"),

the linear Cauchy problem

y'(t) + At)y(t) = f(t) in L*(0,T; V"),
y(0) = yo

has a unique solution y € W(0,T;V,V'). This solution satisfies the estimate

o0l + [ exp(A = 7)) [ < exp@Alunlly + 2 [ expl@ — I
(4.3)

for allt € [0, T). Moreover, there exists a constant cy, > 1, independent of yo, f, and T, such
that

19l o.retm) + lWlw vy < e expO) (llvollar + 1 fllz2 o)) - (4.4)

If A =0, then one can choose T' = .
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Proof. See Theorem I1.2.1.1 in [91] for the uniqueness and existence, and [17, 93] for the estimate
(4.3). The inequality (4.4) is a consequence of (4.3) and the properties of A(t). Specifically, for
t € [0, T], we have that

1 t
ly(@)II7 < exp(2X8)|lyoll7r + 7/0 exp(2A(t — 7)) f(7)|}-d7
2 1 r 2
< exp(2AT)|lyoll7r + 5 eXp(QAT)/O 1f(DIi-dr

1
< exp(AT) max (1,2 ) (Iolfh + 110

which implies the same upper bound for ||y|| e (0,7;f)- Furthermore, we can bound the norm of

the time derivative by
T T
19 220,70 = /0 Iy (7) 137 = /0 | = A(r)y(r) + F(7)[}dr
< /T (lA@yOIR + 1)) dr < /T (Bly (I} + 1 £ (IR ) dr
= /o Yy v/ v/ =/ Yy Vv v/

= Bllyllzz0 vy + 11220107

Thus,

Y15 0.vvr) = HyH%Q(O,T;V) + Hy/H%Q(O,T;V’) < max(1,1+ f) (HZ/H%?(O,T;V) + Hf”%?(O,T;V/)) :

The first expression can then be bounded by using (4.3)

T T
Wolaorwy =7 [ lldr <o [ ep@MT = n)lly(r) [ar
1 T
< exp(2AT) Juolfy + = [ exp@AT ~ 7)) £ ()]far
< exp(@AT) max (1,2 ) (ol + 1F12 0
= > H L2(0,T;V") ) »
which yields the estimate (4.4). O

While the linear operator A in the original Cauchy problem is time-invariant and fulfills all the
assumptions of Lemma 4.1, the result covers time-dependent linear operators A(t). This will be
leveraged to prove the Carleman linearization’s well-posedness and convergence. Additionally,
the result applies not only to the spaces V and H, but also to other suitable spaces forming
Gelfand triples with the same properties. In this case, the concepts of boundedness and coercivity

should be understood in their respective spaces.

The system remains well-posed even under weak, time-dependent perturbations, as the following

lemma shows.
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Lemma 4.2. Let T < 0o and A(t) be a family of operators fulfilling the same assumptions as
in Lemma 4.1. Let K(t) be a family of operators

K(t):V—=H fora.e te(0,7)

such that for all v € V' the mapping t — K (t)v belongs to L>=(0,T; H). Then, A(t) + K(t) is

uniformly V-H coercive and the variational Cauchy problem

Y1)+ (A®) + K(t)y(t) = f(t) in L*(0,T; V"),

has a unique solution in W (0,T;V,V') for all yo € H and f € L*(0,T;V') that depends

continuously on the data.

Proof. See Theorem 11.2.1.2 in [91] with 6 = 0. O

4.2.3 Nonlinear Equation

Moving to the nonlinear equation, we have to add assumptions on B to show the well-posedness
of the Cauchy problem. While there are various suitable types of assumptions, we focus on a
particular choice that covers most common PDE problems. Assume there is a constant c¢g such
that

1 1 1 1
[(B(u®w),wyy| < epllullfllullil[oll zlvlgllwllv for all u,v,w € V. (A3)

The following lemma is a modification of Lemma 5 in [94] and proves the local existence and
uniqueness of solutions to the nonlinear Cauchy problem on finite time intervals for unstable A
and on unbounded time intervals for the stable case. This adaptation also takes into account
the explicit dependence of the constants on 7', which will play a crucial role in the convergence

behavior of the Carleman linearization.

Lemma 4.3. Let T < oo, and A and B fulfill (A1), (A2), and (A3). There exists a constant
cy independent of T and cp such that for all yo € H and f € L*(0,T; V') with

1
on < T =
yollzr + 1 fll 20,0597y < p(T) 82 exp(2AT)cp’

there exists a unique solution y € W(0,T;V, V') to the nonlinear Cauchy problem (4.2). More-

over, the estimate

lwollzr + wllw o < 2en expAT) (lwollzr + 11z

holds. If the coercivity constant \ of the linear operator is zero, then the same result holds for

T = .
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Proof. The proof is provided in Appendix A.1. O

4.3 Truncated Carleman Linearization

We start with an informal definition of the Carleman linearization, focusing on the concept and
leaving a rigorous mathematical analysis for the subsequent sections. The main idea is to lift
the dynamical system into higher-dimensional tensor products of the original solution space.
While this increases the dimensionality of the spaces, the resulting system is linear. Thus, the
linearization can be seen as a trade-off between the nonlinearity and the complexity of the

underlying spaces.

We first introduce the operators necessary for the linearization. Define the Kronecker sum of an

operator or function T' by

éT;:§<i‘lz> 0T (851),

i=1
where I denotes the identity operator. This allows us to define

k

k k
A, =@A, Bi=@B, F.lt)=P(f().

To illustrate the structure and action of these operators, consider u,v,w € V. Then, for k = 2,

we obtain

Ary(u®v) = (Au) @ v + u ® (Av),
By(u@v@w)=(Bu®v))@w+u® (Blvew)),
Bu=(=f) ®u+u® (=f(1)).

If a solution y to (4.1) is sufficiently regular, then its moments y® (t) := ®" y(t) fulfill the

equation

d
ay(l)(t) + Ay (1) + By (2) = f(2),
d

VPO + Fy® V@) + AW (1) + By (1) = 0 for k> 1,

y*)(0) = yék) for k> 1.

These equations establish a linear relationship between moments of order k — 1, k£, and k + 1.
Instead of solving for y, we can seek a solution consisting of moments y*) that fulfill the above
dynamical system. While this erases the nonlinearity from the dynamical system, the approach
has a caveat. To fully describe the equation for y*), one needs y**+1). This, in turn, requires

one to add an equation for y(k“), ultimately resulting in an infinite chain of equations, which is



4.3. Truncated Carleman Linearization 63

called the Carleman linearization. It is not obvious that the infinite system of equations is well-
posed; neither is it clear whether a solution of this chain solves the original nonlinear Cauchy
problem. For self-adjoint positive A and f = 0 some of these questions were answered in, e.g.,
[95, 96, 97] in the scope of fluid flow problems, where the chain is referred to as the Friedman—
Keller chain of equations and arises from a statistical analysis of Navier—Stokes equations. Here,
we are interested in the computation and approximation aspects of the linearization and will,
therefore, omit an analysis of the infinite system. Instead, we explore an approach to circumvent

the infinite sequence, restricting our analysis to its finite equivalent.

In order to arrive at a computable dynamical system, we have to close the infinite sequence
of equations, sometimes referred to as moment closure. For the Carleman linearization, the
most common approach is to truncate the system and set yN +1)(t) = 0 for a fixed N > 1,
decoupling the first N equations. The rationale behind this approach is that higher-order terms
are expected to become negligible for the first moment. This results in the so-called truncated
Carleman linearization, or sometimes also referred to as its finite-section approximation. Then,

the dynamical system can be written as

yn () + Ant)yn(t) = fn(t)  for t € (0,T),

(1 (2 (N)

T (TC)
yN(O):yN,OZ(yo Yoo o Y ) )

with the block operator matrix and right-hand side defined as

Ay B 0 ce 0
Fy(t) Ay B : f (()t)
Av@) =1 o . o |, INO=] .
Fn_1(t) Ay-1 Bn-1 0
0 - 0  Fy() Ax

We denote the number N as the truncation level.
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4.4 Well-Posedness of the Truncated Carleman Linearization

To rigorously define the system (TC), we introduce suitable function spaces and impose specific
assumptions on B and f, which build upon and extend the approaches of [95, 96, 97]. These
criteria will ultimately enable us to show existence and uniqueness of the dynamical system, i.e.,

its well-posedness. This is done by establishing a weak formulation of the truncated linearization.

4.4.1 Function Spaces

Let us define the family of interpolation spaces with the corresponding norms
o0
V= [D(L), Hli—ap2,  II0l§e = 1 2%70]| = ZA?‘(U,%)%

_ (v, w)
Vo= (VY |v||%— := sup A, i)
o g S =
for o > 0. This means that V° = H and V! = V. For example, in the case of the Sobolev
spaces H = L?(Q) and V = H}(2) for a bounded Lipschitz domain Q2 C R™, these spaces can
be identified with (cf. [23, pp. 283 ff.])

H*(Q) for 0 < a < 3,
Ve =
HY(Q)NH{Q) for i <a<2

Furthermore, define the tensor product spaces for k € N and ¢q € [—1, 1]

k k ko k
= ®H7 Va<k) = ®Va7 an(k) = ﬂ ® Va+5¢,jq’
j=1 j=1 i=1j=1
where V*(k) can be interpreted as the tensor product space V(k) with increased (¢ > 0) or
decreased (¢ < 0) regularity in single directions. The space H (k) is a Hilbert space endowed
with the standard tensor product scalar product. Note that V(k) = V(k) and H (k) = VO(k).

The corresponding norms are defined as

[ol3eqe == D 7)) (v, )Y

ieNk

The function ¢ is defined as 7 = @7 ®---® ©r. for any multi-index 7 € N*¥ and the associated
tuple of eigenvalues as A; = (A7, , A7, ). Furthermore, we set m();) := e, Ay, and o(N;) =
Sk A7, In the special case of k = 1, we have that V(1) = Vatd, The dual space (V(k))' can
be identified with V% (k) and their norms coincide.
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Finally, we provide a function space for a complete solution yy to (TC), which assembles

moments in V,*(k) into a vector of moments yy. For that, define the direct sums of vector

spaces
N
Ug(N) =D Vg (k), (v, om) o levkllva
k=1
N
Y(N):=@HE), (1, om)F Z\IkaH
k=1

The space Y (IN) forms a Hilbert space with the scalar product ((u1,...,un), (v1,...,9N8))y(n) =
Zévzl(uk,vk)H(k). It is noted that (UY(N),Y(N),U% (N)) forms a Gelfand triple as the dual
space (U (N))' can be identified with U°,(N).

4.4.2 Properties of A;, B, and F}

The operators Ay, By, and F}, are essential components of the truncated Carleman linearization.
The construction of the operators through the Kronecker sum suggests that the operators’ norms
grow at least linearly in k. However, the dependence of the boundedness and the coercivity on
k can be refined and, in certain cases, eliminated, which will play a crucial role in proving the

convergence of the linearization.

The operator Ay, is a closed operator with domain D(A;) = Vi) (k). From the definition of the
space V(k), we know that Ay can be extended to Ay : V2(k) — VY (k). Similarly to above, the
function space of choice for a weak formulation is D(Allc/ 2). Theorem 13.1 in [92] combined with
the properties of L implies that we can identify the interpolation space as D(A,lc/ 2) = V2(k),
and, therefore, D(AIIC/Q)’ = V9 (k). Thus, the operator Ay, : D(AIIC/Q) — D(Allc/z)’ is well defined.
The following lemma demonstrates that not only can the Kronecker sum of A be extended to

the interpolation space, but it also maintains coercivity and boundedness.

Lemma 4.4. Assume the operator A fulfills (A1) and (A2) with constants 3, vy, and \. Then,
the operator Ay : V2 (k) — VO, (k) is bounded and V' (k)-H (k) coercive with constants

(A, v)yo gy < Bllulyogllvllvom,

(Arv, v)yowy + kI gy = Y0lo
for all u,v € VP(k).
Proof. The proof is provided in Appendix A.2. O

While boundedness and coercivity are pivotal properties for showing existence and uniqueness
of parabolic problems on its own, the result can even be strengthened in the case A = 0, in which

case the constants for boundedness and coercivity are independent of k.
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Turning to the operator Bj, assume that B is a symmetric and continuous bilinear mapping
between the spaces B : V*(2) — V1< for fixed constants € € [0, 1] and a > 0. Let cp(a, ) > 0

be a constant such that
| Bv||ya-1+c < cp(a,€)||vllye) for all v e Vi*(2). (A4)

It is noted that property (A3) implies (A4) for a = 0 and £ = 0 since

|B(ur @ ug)|[}-1 = || Blur ® up)||3 = sup 5
weV, w#0 HwHV
el ||allua ||v el llusllv w3
< sw 2
wEV, w#0 Hva

1
callurllzllurllvluzllzllually < Sep (Hewa R a3 + Nl [ o 1)

1
= §CBHU1 ® u2||%,10(2) =cp(0,0)||u; ® u2||%,10(2).

for all ui,us € V, where Young’s inequality was used. However, the converse does not hold in
general, i.e., (A3) cannot be deduced from (A4), and, therefore, is a stronger condition on B.
The importance of the distinction between these assumptions becomes evident in the subsequent

discussion of operator examples. The following result for By was shown in [96, 97].

Lemma 4.5. Let B fulfill (A4) with constants a and €. The operator By, : VI*(k+1) — V. (k)

is well-defined and continuous. More specifically,
IBrollve,, k) < V2es(a,e)k?[[v]lvagiry  for all v e Vi (k+1),
where cp(a, €) is the constant from (A4) and does not depend on k.

Proof. The proof is provided in Appendix A.2 and is a generalization of the proof of Lemma 2.4
in [96] (case € = 0) to the more general result for € € [0, 1] stated in [97] (proof not provided
therein). O

We can show similar bounds for Fj.

Lemma 4.6. For any o > 0, the operator Fi(t) : V*(k) — V., .(k+ 1) is bounded for
f(t) € V. More specifically, it holds that

1E(tollve, i1y < cr@f O Ivak?|ollvaw for all v e Vi (k),
where the constant cp(g) does not depend on f or k.

Proof. The proof is provided in Appendix A.2. O
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4.4.3 Lifted Linearization and Well-Posedness

Intuitively, we would like to consider system (TC) in the space UY(N), meaning we seek a
solution yy € UY(N) while the equality is to be considered in its dual space U, (). However,
if assumption (A4) does not hold for a = 0 but for some o > 0, Lemma 4.5 does not allow us to
infer well-posedness of the linearization through Lemma 4.2 in the classical weak formulation.
One way to address this issue is to consider the equation directly in Uf*(N) and U%,(N) instead,
as has been done in [96, 97] in the case of self-adjoint positive A and f = 0. Here, we choose
a different approach: We first transform the original linearization into an alternative dynamical
system, which restricts the solution to higher regularity. This, ultimately, enables us to apply

Lemma 4.2.

First, define the operator Ay := A+ A\l where I denotes the identity operator and A the constant
from (A2). Then, A is V-H coercive with the same constant v as A and A = 0. Since A, is
a positive operator, its fractional powers are well-defined (see, e.g., Section 2.6 in [98]), and we
can define fli PRES QF Ai for any & € R. Furthermore, Ai commutes with A and, consequently,

A§\  commutes with Ay.

Instead of seeking a solution yy to (TC), we seek a solution gy (t) = DY yyn(t) with D§7N =
diag(fii/ 12 b ,fli/ ]2\,) for £ € R, where we are specifically interested in the case o € [0, — 1].

Plugging this into the original linearization leads to the dynamical system

In(t) = DI NAN) Dy N In(t) + Dy n N (1),

— v
gn(0) = DX NYNo -
o
YN,0

The block operator matrix /TN, the forcing fy, and the initial condition have a similar form as

in (TC):

A B 0 0
Fy(t) Ay B
Av®)=1| o . - o |
Fn_1(t) /~1N71 Bn_1
0 - 0  Fy(t) Ay
) = (Ai/Qf(t) 0 - O)T, I (®1A§‘/2y0 RN Ai/QyO)T

The operators Bj, and ﬁ'k(t) define the corresponding Kronecker sums of the operators B :=
Ai/QB(A;\O‘/2 ® A;a/z) and f(t) = A;Y/Qf(t) respectively. It is noted that the operators Ay
remain unchanged under this transformation as the operator A commutes with the operators

pre- and post-applied. The operator B fulfills (A4) for a = 0 with an adjusted constant, as can
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be seen by the estimate

1] v v -1oey = 1432 BAL2 © AL v ayv-1e)

a/2 —a/2 —a/2
< A2 pamree yoreey |4 @ ALY lcvo@)ve@)IBllee @) ve-1+e)

< cnacB(ase), (4.5)

where a € [0,& — 1] and the constant ¢y, only depends on A, L, A, and a. If & = 0, then
¢xo = 1. This allows us to apply Lemma 4.5 to By, i.e., that By, : V2(k 4+ 1) — VO . (k)
is continuous. Moreover, we can use Lemma 4.6 to show that Fj(¢) : VO(k — 1) — VO . (k) is
continuous provided that f(¢) € V%, which implies Ai‘/ 2 f(t) € H. Although Lemmas 4.5 and 4.6
are technically applied here only for the case « = 0—specifically, for the transformed operator
B and the transformed forcing, with constants adjusted to account for the lifting—we presented
these results in the previous section for arbitrary « > 0. This broader presentation highlights

that the approach of [96, 97] can be readily adapted to our framework.

The operator Ay (t) can be viewed as a weak perturbation of a UY(N)-Y (N) coercive operator.

For that, we decompose the operator into
AN(t) = AN diag + By + Fn (1),

where Ap giag is the diagonal part, By the upper diagonal part, and FNn (t) the lower diagonal
part. The following propositions establish the foundation for demonstrating the weak perturba-
tion property.

Proposition 4.1. Let A fulfill assumptions (A1) and (A2) with constants 3, v, and \. Then,
AN diag 8 UY(N)-Y (N) coercive with the constants

<v4N,diagUaU>U{>(N) < BHUHU{)(N)HUHU{](N)a

(AN diag?s Vo) + NAIIZ 0y = 0l Bo0)
for all u,v € UP(N).

Proof. Let u = (u1,...,uy) € UY(N) and v = (v1,...,vy) € UY(N) be arbitrary but fixed.

Using Lemma 4.4, we can show that

N N
(AN diaglt V)po(n) = ];1<Akuk,vk>\/10(k) < ’;ﬂ”ukHvlo(k)||Uk||v10(k)

2

N 2 /N
<p (Z ||Uk||%/10(k)> (Z |’Uk”%/10(k)> = /3”UHU§(N)||”HUE(N)-
k=1 k=1
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The coercivity property can be shown as follows:

N N
(AN diag¥, V)yo (v Z AR, Uk)yo i Z (WHUkH%/lo(k) - k)‘Hka%{(k))
> vllgoy = NI M

Proposition 4.2. Let B fulfill assumption (A4) for some o € [0,& — 1] and ¢ € [0,1]. Then,
By : UY(N) — U°, . .(N) is continuous with

HENUHUEHE(N) < CB(OZ,e)NE/QHUHUiJ(N) for all v € UY(N),
where the constant cg(a, ) can be bounded in terms of cg(c,€) and does not depend on N.

Proof. Let v = (v1,...,vy) € UY(N) be arbitrary but fixed. Because of Lemma 4.5 and the
estimate (4.5), it holds that

N-1 N-1

HBNUH2U91 => HBkkaHVo ) <28 aep(ene)® Y K| ’Uk+1HV0 (k1)
k=1 k=1

< 2c)\’acB(Oz,5)2N6||U”?]?(N)

This implies the result with cp(a,e) = \/ic,\@cB(oz, £). O
Proposition 4.3. Let f(t) € V® for some a € [0,&—1] and € € [0,1]. Then, Fy(t) : UY(N) —
U%,,.(N) is continuous with

IFx (@)l v < erla )l f@)llvaN?|vllyoy  for all v e UP(N),
where the constant cr(a, ) does not depend on f or N.

Proof. Let v = (v1,...,vy) € UY(N) be arbitrary but fixed. With Lemma 4.6, we can show that

N N
IEn @0l v = 2 IEu(vi-allyo,, gy < cr@?IAY 21O Y- K lloe-1 o1
k=2 k=2

< & acPE2IF O NelvFo ),
where ¢ o = ||A?\‘/2L*“/2||£(H7H). This implies the result with cr(a,e) = é\ ocr(e) O

The following lemma lets us identify solutions y of (TC,) as solutions to (TC).

Lemma 4.7. The linear mapping Df\N : W(0,T; Uf(N), Ufl(N)) — W(0,T;UY(N),U% (N))
with w +— (t — Di Nw(t)) is an isomorphism with the inverse D;g\, for any £ € R.

We are now in a position to show the well-posedness of equation (TC).
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Theorem 4.1 (Well-posedness). Let T' < oo. Moreover, let A fulfill (A1) and (A2), B fulfill
(A4) for some a € [0,&¢ — 1] and e =1, f € L>®(0,T;V?), and yo € V*. Then, the weak form
of the truncated Carleman linearization (TC), which reads as
!/
Ui (8) + An (Dyn () = fn () in L2(0,T; (UP(N))),

yn(0) = yn0,

(TCW)

has a unique solution yn € W(0,T;U*(N), U (N)) that depends continuously on yo and f.

Proof. Proposition 4.1 implies that A giag is UY(N)-Y (N) coercive. From Proposition 4.3, we
know that for any v € UY(N) the mapping ¢ — F (t)v fulfills

1t = Fn (@)l oz vy < er(e )l fllzsomyey VN ol -

With Proposition 4.2, it follows that By +F, ~(t) as a perturbation of A giag fulfills the conditions
in Lemma 4.2. Thus, the weak form of (TC,), i.e.,

In(t) + An(®)an () = fn(t)  in L*(0,T; (U{)(ND ) (TCW,)

has a unique solution gy € W(0,T;UY(N),U%,(N)). With Lemma 4.7 and (Dy*)*U{(N) C
UY(N), we can infer that yy = Dy*jn € W(0,T;UX(N),U% (N)) solves (TCW). To show
uniqueness, assume that zy € W (0,75 Uf(N), U2, (N)) solves (TCW). Then, 2y (t) = Dy y2n (1)
solves (TCW,,), which implies that Zy = yn. Lemma 4.7 lets us deduce that zy = yn. O

4.5 Convergence in the Case of Small Nonlinearities

Having established the existence and (partial) uniqueness of a solution to (TCW), the question
arises as to how well the linearization approximates the original nonlinear Cauchy problem.
In particular, we are interested in whether a solution of the truncated Carleman linearization
converges to the true solution of the nonlinear system for N — oo, i.e., whether the nonlinear

dynamics can be recovered if the truncation level is chosen large enough.

Let y. € W(0,T;V,V’) be the solution to problem (4.2), also referred to as the exact solution,
and yy € W(0,T;Vite V=1+) the solution to the truncated system (TCW). The specific
quantity we are interested in is the error defined as the norm of n(t) := y](\}) (t) —y(t). For further
analysis, we define the error of all moments ny(t) := yn(t) — yn.e(t), where yn (t) denotes the
vector of the moments yék) (t) for k € {1,...,N}. The error function ny fulfills the dynamical
system
v () + An()nn (t) = ra(t),
nn(0) =0, (4.6)

ra(t) (0 0 —BNyéN“)(t))T.
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Under the assumptions of Theorem 4.1, the operator Ay (t) is uniformly U?(N)-Y (N) coercive
with some constants vy and Ay, which enables us to apply the estimate (4.3) from Lemma 4.1.
This provides a bound of ny in terms of the right-hand side ry, which depends on the exact
solution of the original problem. However, the quality of the estimate depends on the coercivity
constants. The proof of Theorem 4.1 establishes the coercivity of the operator .ZN(t) by applying
Lemma, 4.2. Careful consideration of the proof of Lemma 4.2 reveals that these constants depend
on N; specifically, vy — 0 and Ay — oo as N — oo. This indicates that the Cauchy problem
becomes ill-posed in the asymptotic limit and that the estimate from Lemma 4.1 deteriorates.
In what follows, we will explore how we can obtain coercivity in a more controlled manner for
the case of small nonlinearities and forcing, yielding coercivity constants that are more robust
with respect to IN. This provides a better understanding of the system’s asymptotic behavior as
N — o0.

Proposition 4.4. Let A fulfill (A1) and (A2) with constants B, v, and X, let B fulfill (A4) for
some a € [0, — 1] and e =0, and let f € L>(0,T;V). If
cp = cp(a,0) + CF(Oé,O)”f”Loo(o,T;va) <7,
then the operator jN(t) is bounded and coercive with constants
<“ZN(t)U’U>U?(N) < (B+cp) ||u||U?(N)||U”U{)(N)7
(i (00, v} gy + Nl ) = (7= cp) [0l -
for almost every t € [0,T) and all u,v € UY(k).

Proof. The boundedness and coercivity follow from Propositions 4.1, 4.2, and 4.3 for € = 0.
More specifically, let u,v € UY(N) be arbitrary but fixed. Then, we obtain an upper bound
through

<«1N(t)U7U>U{J(N) = (AN.diagth V) yo(n) T <ENUW>U§(N) + <]'~—N(t)U,U>U9(N)
< Bllullyow lvllvo vy + ||gNu‘|U91(N)‘|v"U?(N) + HﬁN(t)uHUgl(N)HUHU{)(N)
< Bllullgoanylvllpovy + esla, O)l[ullyowy lollgo vy 4 cx (e, 0)[Lf (@) l[vellullyonwllvligo

= (B + cs(a,0) + cx(a, O)[[f (D) lve) lullyoallvllio
for almost every t € [0, 7). Similarly, the coercivity follows from
(A (£)0, v)po ) 2 (AN aiogts V)von) — [Bro,vlps| = [(Fr (B, vus )

> vlomy = NIl — 1Bnollyo, vy llollocy = IFN @ollyo, v lolluo

> (v = es(a, 0) = e (e, O f(B)lve) [lolFo ny = N0l (- H
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The estimate (4.3) applied to (4.6) with the improved constants of Proposition 4.4 yields a
bound of 7y that can be expressed in terms of the L2(0,T; V(N))-norm of @™ y.. Thus, it

is necessary to estimate the latter term.

Proposition 4.5. Let T € (0,00|. For all z € W(0,T;V,V') and N € N it holds that

N
N
| R =lz20rwoy < VN (120)m + zlworvy )

Proof. Let N € N and z € W(0,T;V, V') be arbitrary but fixed. With Lemma A.1.1, it follows
that

N T N T N N
1Q 2 arvpiny = [ 1@ =0t = [ 3 TL IOl at

i=1j=1

T 2 2(N-1) av—1) [T 2
:N/o [z@OIv 1zl dt < N([[zllz=0,7;m)) /0 [2(t)[7-dt

2N
< N (1)1 + @) lwozvyy) - =

Finally, we achieve convergence, provided the exact solution is small enough.

Theorem 4.2 (Convergence). Let T' < co. Let A, B, and f fulfill all assumptions of Proposi-
tion 4.4 and cp < ~y. The initial condition is assumed to fulfill yo € V. Moreover, assume that
(4.2) admits a solution y. € W(0,T; Vit V=142 Then, it holds that

71l oo 0,75y + [0l 0,70 1+0 v -1+a)

N+1
< VN +1 (c2exp(AT) (lwollve + lgellwioryrsey-1em))

where n(t) := yj(\})(t) —ye(t) and yy € W(0,T;U(N), U2 (N)) is the solution to (TCW). The

constants c1,co > 0 do not depend on N, T, yg, or ye. If A =0, one can choose T' = co.

Proof. Due to Proposition 4.4, we know that (TCW) has a unique solution yx € W (0, T; UY(N),
UY% (N)). Based on the definition ny(t) = yn(t) — yn.(t), we define 7y (t) = DS nnn(t), which

satisfies the transformed dynamical system

i () + An(B)iin () = in(t) i 220, T; (U9(V)) ),

0
fN(t):(o 0 —B’NgéN“)(t))T
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with Q£N+1)(t) = QN Ai‘/de(t). From Lemma 4.1 and Proposition 4.4, we know that the

solution to this dynamical system fulfills the estimate

HﬁNH%OO(O,T;Y(N)) + (v —cp) HﬁNH%Z(O»T;U{)(N))

1 T - 2
< — /0 expNAT — ) [[Fx (D0 (vt

1 _
< e exp(ZN)\T)||7"NH%2(0’T;U91(N)). (4.7)

Lemma 4.5 and Proposition 4.5 imply that

||fN”L2(0,T;U91(N)) = ”ENgéNJrl)HLQ(O,T;Vﬂl(N)) < \/§c>\’acB(a,0)\|g§N+1)||L2(

< V2 aen(, 0)VN +1 (117 (0)1 + |Fellworv

0,T;VP(N+1))

)N+1 (4.8)

Moreover, we can relate the estimate of 7y with ny by

T ~
Il 0rm, vy = 1= A (O () + PO,y
T ) ) B )
< [ (B+emlan Oy, + i), o) dt
= (5 + CP)HﬁN”%ﬁ(Q,T;U?(N)) + HFNH%%QT;UQI(N))' (4'9)
By simplifying the norms and transformed variables, this, finally, leads to the estimate
71| oo 0,750y + [Illw 0,701 40 v -140) = Cra (HﬁHLw(o,T;H) + ||77||W(0,T;V,Vf)>

< Cra (HﬁNHLOO(O,T;Y(N)) + HﬁNHW(O,T;Ug(N),Ugl(N)))

< é)\,aé(ﬁ)ﬂ 57 CP) eXp(N)‘T)”fN”LQ(O,T;Ugl(N))

(4.9),(4.7)
- . 5 N+1
=, Onalln B, ep)V2eracn(; 0) exp(NAT)VN + 1 (|Igollm + 1gellw o711

B B N+1
= VN +1 (expOT) (0l + 7 lwiozvam))

N+1
< aVN+1 (e2exp(AT) (lsollve + lellworaey—ree))

where ¢ , is a constant depending only on ||La/2A;a/2H£(H7H), HLQ/2A;a/2H£(V7V), and ||L/?
A;a/2||£(vl7vl), while ¢5 is defined analogously, but with Ai‘/ZL_a/Q. The constant ¢(7y, 8, ¢p) > 0
depends only on the parameters listed. In the special case a = 0, we have ¢y o, = co = 1. O
Remark 4.1. Theorem 4.2 assumes that the exact solution y. exhibits increased regularity
compared to the results discussed in Section 4.2. Proving improved reqularity can be achieved
with additional assumptions on the initial condition, the forcing, and the involved operators.
In the linear case, this is broadly covered; see, e.g., [91, pp. 180 ff.] for general weak forms of
Cauchy problems on Hilbert spaces and [16, pp. 410 ff.] specifically for PDEs. In the nonlinear

case, this has also been explored, particularly through concepts like strong variational solutions
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to the three-dimensional Navier—Stokes equations; see, e.g., [99]. Alternatively, one could extend
assumption (A3) in such a way that it accounts for o similarly to (A4). This would allow for
an equivalent of Lemma 4.8 with improved reqularity. However, a detailed discussion is deferred

as it would exceed the scope of this work.

Theorem 4.2 can be refined if we assume o = 0 and leverage the results about solutions to the

nonlinear Cauchy problem (4.2).

Corollary 4.1 (Convergence for « = 0). Let T' < oo. Let A fulfill (A1) and (A2) with constants
B, v, and X, let B fulfill (A3), and let f € L*(0,T;V'YNL*>®(0,T; H) and yo € H. Additionally,
assume that B, f, and yo are so small that cp <y and |yollu + || fllz200,1;v7) < p(T), where cp
and p(T) are the constants from Proposition 4.4 and Lemma 4.3. Let y. € W(0,T;V, V') be the
unique solution to (4.2). Then, it holds that

N+1
17| oo (0,m520) + IMllw o, vy < cavVN + 1 (QCN exp(2AT) (HyOHH + HfHL?(o,T;V/))) ;

where n(t) = yj(\}) — ye(t) and ynv € W(0,T;UY(N),U% (N)) is the unique solution to (TCW)
for any N € N. The constant ¢1 > 0 does not depend on N, T, yg, or f, and cy is the constant

from Lemma 4.3. If A =0, one can choose T' = co.

Proof. Since assumption (A3) implies (A4) for a = 0, the statement follows from Theorem 4.2
and Lemma 4.3. U

4.5.1 Assumptions and Implications of the Result

Subsequently, we interpret the assumptions of Theorem 4.2 and Corollary 4.1, and highlight

their influence on the linearization’s performance.

First, consider the assumptions cp < v and [|yol|z +| f||z2(0,7;v7) < p(T'). The nonlinear operator
B is assumed to fulfill (A4). The constant cg(a,0) is bounded by cp(«a,¢€), in particular, there
is a p > 0 such that cg(a,e) < pep(a,e). The constant cg(a, ), in turn, determines the size of
the nonlinearity B. This becomes apparent if we assume that B is given as a scaled nonlinear
term By, i.e., B = wBy with w € R. Then, one can choose cp(a,e) = wep, (o, €). For example,
in fluid flow problems, B might represent a convection term, and w the Reynolds number. What
this means for Theorem 4.2 is that w and f have to be chosen sufficiently small that cp < 7, i.e.,
the Carleman linearization is only admissible for small nonlinearities and forcing. The coercivity
constant v can be interpreted as a measure of the stability of the operator A. Hence, more
stable linear parts allow for larger nonlinearities. Similar implications hold for the assumption
lwoller + | fll20,7;v7y < p(T) in Corollary 4.1. The constant p(T') is inversely proportional to
cp(a,0), and, by extension, to w. This means that the set of admissible yo and f restricted by
this assumption grows as the nonlinearity gets smaller. Moreover, if A > 0, i.e., if the linear part
is asymptotically unstable, it holds that p(T") — 0 exponentially in 7". So, the convergence result

can only be applied on finite time horizons if A > 0.



4.5. Convergence in the Case of Small Nonlinearities 75

Turning to the error bound of Theorem 4.2, we observe that convergence of the approximate

solution is guaranteed if and only if

c2exp(AT) ([[yollve + 19ellwo,rsvieey-ree)) < 1.

Since A > 0, this necessitates for the solution to fulfill e2(||yollve + [[yellw o v 1+e,v-14ay) < 1.
On the one hand, this enforces an upper bound on the initial condition. On the other hand,
it restricts the size of the exact solution, which entails multiple restrictions on our dynamical
system. Since ||Yellyw (0,7, 1+a,y-1+a) — 0 as T — 0, the condition might give an upper bound
on feasible T" and larger time horizons also lead to poorer approximation properties of the
linearization. This part of the estimate, however, does not necessarily lead to an upper bound of
feasible T" in general since the solution y. can be bounded on the unbounded time horizon [0, c0)
in the case A = 0. Additionally, it is suggested that larger nonlinearities may lead to solutions
Ye with larger norms, resulting in poorer convergence or leaving one without a guarantee of
convergence at all. Taking into account how Corollary 4.1 relates the norm of the solution to

the forcing, the condition for convergence reads as

e2exp(\T) (llyoller + 1 fl 2oy ) < 1

and, therefore, also implies an upper bound on f. In the unstable case A > 0, we have that

convergence is only guaranteed for certain bounded time horizons with fixed yo and f.

These observations coincide with what is generally known about the linearization in the finite-
dimensional case. Theorem 4.2 can be seen as an equivalent result to Theorem 4.2 in [87] without
forcing and Corollary 4.1 to Theorems 3.2, 3.5, and 3.6 in [89] including the case of forcing. A
notable difference is that our estimates include an additional factor /N + 1, which means that

our results only show (sub-)exponential convergence.

Remark 4.2. The result from Theorem 4.2 and Corollary 4.1 is designed for the truncated
Carleman linearization, i.e., yn+1 = 0 is assumed in the chain of moment equations. As
we have seen, there is an upper bound for admissible norms of ||yol|, and the linearization
does not converge even locally in time if the initial condition is too large. However, if an
estimate Jn41(t) = @V TL9(t) ~ yny1(t) is available, we can refine the linearization and the
corresponding error bound. This estimate can be incorporated into the linearization by changing
the right-hand side to fx(t) = (f(1),0,...,0,—Bn§(t))T. By adapting Theorem 4.2 for this case,

we end up with

71l s (0,750 + Ml 0,70 1+0 v —14a)

R R N+1
< VN +1 (c2expAT) (llyo = 9(0) [ve + llge — Flworreav-14m)) -
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Hence, if a guess 3 is close enough to y., we achieve convergence. Furthermore, this implies that
if the assumptions of Theorem 4.2 are fulfilled and §(0) = yo, then there exists a (sufficiently
small) T > 0 such that the linearization converges. This provides a local-in-time convergence

result for arbitrarily large data yo and f.

4.5.2 Examples of Operators A and B

We examine specific cases of PDE problems where the assumptions (A3) and (A4) on B are
fulfilled. We assume that A is a second-order elliptic differential operator on a bounded Lipschitz
domain Q € R? for d € N. We restrict ourselves to the case of homogeneous Dirichlet boundary
conditions and, therefore, choose D(A) = H3(Q)NH}(2) and H = L?(R), or vectorized versions
of them. In this context, L = —A + I with @ = 2 serves as a suitable choice, and V = H} ().

Consequently, the V-norm is equivalent to the standard H*({)-norm.

Zeroth-order derivatives

First, we consider the case of B being a zeroth-order quadratic term, i.e., of the form

for some 1 € L>°(Q). From Ladyzhenskaya’s inequality, we know that H!(f2) is continuously
embedded in L*(2) for dimensions d < 2. So, there is a constant cy 4 such that

1 1
lellzscey < cralluliayllulld g
for all u € Hl(Q) Thus, for d < 2
[(B(u,v), w)v| < [[¥]lpeo @y llull LoVl Lo llwll 2 )
1 1 1 1
< & a9l @llull 2yl s g 1l By 10 e 22

for all u,v € V and w € H. This proves the required bound for (A3) and (A4) for « = 0 and
e € [0,1]. In the case d = 3, we can prove (A3). Using the Gagliardo—Nirenberg interpolation

inequality in bounded domains

1 1
lull sy < e lullZz gy el s oy
we obtain the estimate
[(B(u,v),w)v| < |9 L@ lull 3@ 1ol s @) lwll 3 )
1 1 1 1
< C?éNHw”LOO(Q)||U”22(Q)”quql(Q)HUHzZ(Q)HUH[Q{l(Q)HwHHl(Q)

for all u,v,w € V. Thus, assumption (A3) is fulfilled for d = 3, and, therefore, also (A4) with

«a = 0 and ¢ = 0; however, it does not hold for € = 1 in general.
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Fluid flow problems

In the case of the incompressible Navier—Stokes equation, the original coupled problem can be
rephrased as a parabolic Cauchy problem with a quadratic nonlinearity by the use of the Leray
projection P and by restricting H to solenoidal vector fields (see, e.g., [99]), and, therefore, fits

our framework. Then, the nonlinear term reads as

~ ~

Blu,v) = % (Bwv) + Bo,w)). Blu,v) = P(u- V).

In this case, assumption (A4) holds for a > d/2—1and 0 < e < a—d/2+1, cf. [97]. In the case of
d = 1,2, assumption (A3) is fulfilled; see, e.g., [94, 1]. While this implies (A4) fora =0and e =0
for d = 1,2, it does not guarantee this property for € = 1. This means that Theorem 4.1 cannot
be applied to show well-posedness, but one has to use Theorem 4.2 coupled with assumptions of
small nonlinearities, forcings, and initial conditions. This example underscores the importance

of carefully examining the various assumptions on B.

Nonlocal interaction terms

Some problems modelled by PDEs can involve nonlocal and possibly nonlinear terms. Examples
of such problems can be found in multiscale particle dynamics. Our framework also covers
nonlocal nonlinear problems including low-order derivatives. For example, the so-called dynamic
density functional theory [100, 101] tackles particle dynamics problems by approximating them
by a PDE with a nonlocal term of the form

~ ~

B(u,v) = % (B(u,v) + B(v,u)) . B(u,v)(z) = Vg - /Qu(:c)v(:c')K(x,a:')dx/

for some vector-valued kernel function K (z,z’). If we assume that K € (L®(Q x Q))? and
Vi K € L*(Q x Q), we can show

’(E(u,v),wﬁ‘ =

Vm-/Qu(ac)v(x’)K(x,x’)dm’d:c

/ (Vow(z)) u(x)v(x) K (x, 2" )dr'dx
Ja

< |[K e axaylull 2@yl Loy 1wl 7o)

by using integration by parts combined with the homogeneous boundary conditions. So, B fulfills
(A3) and, therefore, also (A4) for @ = 0 and € = 0. Furthermore, we obtain that

(B ! -
/ / [[w(z) )V - K(z,2')| + |w(z)v(a’) (Vu(z)) - K(z,2")|] da’dz

< (IV - Kl @xay + 1K | (@xays )(IIUHL? ol + el m @l ) oo,

(2)V - K(z,2') + (Vu(z)) - K(z,2")] d2'dz

which implies (A4) for @« = 0 and € = 1. It is noted that this holds true for any dimension d € N.
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4.6 Numerical Approximations

Since we consider infinite-dimensional Hilbert spaces H, the presented parabolic Cauchy prob-
lems stemming from the Carleman linearization cannot be solved exactly in general. To address
this, one must first discretize the equations and compute a numerical approximation. As we
will see, the convergence analysis in Section 4.5 not only improves the understanding of the
Carleman linearization for infinite-dimensional problems in a continuous setting but also clar-
ifies its discretized counterpart. By pursuing a so-called linearize-then-discretize approach, the
error analysis of the truncation is decoupled from the discretization error. This substantially
differentiates our approach from traditional discretize-then-linearize methods, which analyze
the Carleman linearization of a finite-dimensional approximation of the original Cauchy prob-
lem. Additionally, the linearize-then-discretize approach will enable alternative discretization

approaches.

As shown before, the truncated Carleman linearization results in a parabolic problem. The
numerical solution of parabolic problems is broadly covered in the literature; see, e.g., [17, 102].
Many discretization techniques can be organized into two separate topics: the spatial and the
temporal discretization. In this section, we focus only on the spatial discretization, leaving aside
the discussion of temporal discretizations as they are not relevant to this chapter. Specifically,
we analyze the so-called semi-discrete problem, which is obtained by only approximating H
but keeping the problem continuous in time. Subsequently, we outline the fundamental impli-
cations for the semi-discrete Cauchy problem based on the obtained results on the Carleman

linearization.

We choose to use a conforming Galerkin method for the spatial discretization; see, e.g., [102]. It
is assumed that all assumptions of Corollary 4.1 are fulfilled. Let Uy, (N) C UY(N) be a family
of finite-dimensional subspaces of UY(N) with the property

inf up — U —0 as h—0 forallueU%N). A5
Lt =y o) (49)

In the case of Galerkin finite element methods for PDEs, h denotes the maximum cell size,
for instance. We then seek a function ynj € W(0,T;Up(N), (Up(N))') such that (TCW) is
fulfilled, in which we only test against functions in Uy (). This equation is referred to as the
semi-discretization of (TCW). The (semi-)discretization leads to an additional error source in

our linearization. This becomes apparent when considering

1 1 1 1
Hyj(v,)h - Z/e”Loo(o,T;H) < ||Z/§v) - ye||L<><>(o,T;H) + ||y§v)h - y](V)HLOO(QT;H)

1
< ||y1(v) = YellLoo 0,11y + lyn.p — YNl oo 0,137 (7)) -
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The first term of the right-hand side, the linearization error, is analyzed in Corollary 4.1,
while the second term, the discretization error, purely measures the approximation error of
the Galerkin discretization. We thereby established a separation of the two error sources. The
same observation remains valid if the norms L*°(0,T; H) and L*°(0,T;Y(N)) are replaced by
the norms L?(0,7;V) and L?(0,T;UY(N)), respectively. The following lemma is a variation of

Theorem 23.A in [17] and can be found in various standard references on the topic.

Lemma 4.8. Let all assumptions of Corollary 4.1 be fulfilled. Moreover, let N € N be fized and
Un(N) C UX(N) be a family of subspaces fulfilling (A5). Let yy € W(0,T;UY(N),U%,(N)) be
the solution to (TCW) and ynp € W(0,T; Up(N), (Un(N))') its Galerkin approzimation. Then,
it holds that

lyn () — yn ()l Lo 0,75y (v)) — 0,

lyn = ynpllz20mvo vy = 0

as h — 0.

Hence, the assumptions ensure that the discretization error vanishes as h — 0 for a fixed
N. Informally, this means that the discretized Carleman linearization converges to the exact
solution as N — oo and h — 0 simultaneously. However, careful selection of A is crucial for
ensuring overall convergence behavior. As N increases, the dimensionality of problem (TCW)
grows, possibly detoriating the discretization’s approximation properties due to the curse of
dimensionality. Although these factors strongly depend on the specific discretization method,
this suggests that one has to choose h such that it decreases sufficiently fast as a function of N

to gain overall convergence.

It remains an open question how one can choose Uy (N) appropriately. The subsequent sections
present a standard choice of discretization but also initiate the idea for nonstandard approaches

that exploit the structure of the linearization.

4.6.1 Standard Discretization

We begin by considering a discretization that intuitively mirrors the construction of the spaces
VP (k) in their discrete form. Let Vj, C V be a family of subspaces that fulfills

inf [[v—wpllg—0 as h—0 forallveV.
v EVY

Then, we construct an approximation V;,(k) C V?(k) by assembling the tensor products of Vj,
i.e., Vi,(k) = ®" V. This suggests Uy (N) = @2_, Vi,(k). It can be shown that this approximation
space fulfills (A5). We refer to this discretization as the standard discretization since it coincides

with the system one would obtain from a discretize-then-linearize approach.
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As opposed to existing analyses of the discretize-then-linearize approach, our convergence radii
and rates depend on ¥, f, and B but are independent of h. In some instances, similar results
can be achieved using the discretize-then-linear approach; see, e.g., [86] for diffusion equations
with nonlinear reaction terms. However, for problems in which B includes derivatives, like the
problems in Sections 4.5.2 and 4.5.2, such an approach fails. This is due to the diverging scaling
behaviors of the norms of the discretized operators Ay and By, with respect to h. In particular,
for fluid flow problems, the discrete coercivity constant 7, of Aj remains O(1) but ||By| =
O(h~1) as h — 0. This discrepancy ultimately results in a violation of the condition c¢p < 7 in
Corollary 4.1 if h is chosen small enough. For the same reason, the error estimates of [87, 89] are
compromised as h — 0 and do not provide a theoretical guarantee for convergence for small h.
This was observed in, e.g., [90]. By isolating the truncation error from the discretization error in
our analysis, we bridge this knowledge gap and enhance the understanding of the convergence

behavior of the linearization for general infinite-dimensional systems.

4.6.2 Non-Standard Discretizations

A significant drawback of the standard Carleman linearization is that it suffers from the curse
of dimensionality. Using the approximation space Vj,(k) from the previous section leads to an
exponential scaling of the degrees of freedom of Uy, (V) in N. This scaling is already problematic
for finite-dimensional Cauchy problems of low dimension in combination with moderate regimes
of N, but depending on the specific dynamical system, this effect can become more severe in
the case of infinite-dimensional equations. For PDEs, for example, relatively small models can
lead to dimensions in the order of dim Vj, = O(10°) to reach satisfactory accuracy, and therefore
dim Uy (N) = O(10°Y). Consequently, the Carleman linearization might not be numerically

tractable even for N = 2.

Instead of using the tensor product spaces, we have more freedom in choosing different ap-
proximation spaces for each k. High-dimensional equations that involve tensor product and
Kronecker sum structures, similar to those found in the Carleman linearization, have been
extensively studied. This research provides a wide range of efficient methods specifically designed
to address the curse of dimensionality. We refer to the application of such methods as non-
standard discretizations. To demonstrate the flexibility and potential of the linearize-then-
discretize approach for non-standard discretizations, we focus on one specific method known
as sparse grids or sparse tensor product spaces. For more information on the general theory and
approximation properties of sparse grids; see [103, 104, 105, 106]. For their application to PDEs
and Galerkin methods, we refer to [107, 108]. In addition to showcasing the capability of non-
standard discretizations, the use of sparse grids will enable numerical experiments on otherwise

intractable problems.

Similarly to the previous discretization, we start with a discretization of V' and, additionally,

assume that it exhibits a nested sequence of spaces

Viy CVhy C-+- CVy, C---CV
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for the decreasing sequence h; = 277 for j € N. Such a hierarchy can, for example, arise from
successive mesh refinement when working with PDEs. For the sake of readability, we write

Vj := Vj, for indices j. It is assumed that the approximation error decreases at the rate

v}ilrelf{/j [0 = wnlle < chjllvllv
for some ¢ > 0, and the dimensions of the spaces scale as dim V; ~ hj_d for some d € N. If we
now want to roll out V; for some fixed J € N to a discretization of V,’(k) and follow the same
procedure as in the standard discretization, we would arrive at an exponentially growing space
V;(k). Sparse grids, however, suggest that if a function v € V(k) exhibits increased regularity
of the kind v € Vi (k), a large portion of the elements of V;(k) can be neglected without a
significant loss in accuracy. In particular, within such a method one chooses the approximation

space

~

k
Vj(k) := span U ®VZ .

FENE |71 <J =1

This means that instead of coupling the finest discretization V; in each dimension within the
tensor product, we only couple fine discretizations with coarser ones. This translates to the
condition |j]; < J. The dimensionality of V(k) can be bounded by dim V;(k) < hd JE=1 as
opposed to dim Vj (k) ~ h*. Finally, we choose Un(N) := @5, Vi(k).

The additional regularity assumptions can be justified through the following consideration. If
we assume that the assumptions of Corollary 4.1 are fulfilled and also that those of Theorem 4.2
hold for a@ = 1, then the unique solution has regularirty yx € W(0,T;V{H(N), V1 (N)) C
C(0,T; V4 (N)). Increased regularity holds for larger values of «, which can be complemented

with higher-order sparse grid methods as well.

Another example of structure-exploiting methods is the tensor train decomposition [109]. This
method has been successfully applied to problems of Kronecker product form to achieve low-
rank approximations. For example, if the underlying nonlinear Cauchy problem is a parabolic
PDE, the Carleman linearization describes a system of high-dimensional PDEs. This becomes
apparent if we take the example of H = L?(Q) and V = H}(€). Then, it holds that H(k) =
L*(QF) and V2(k) = H}(QF), i.e., the tensorized spaces are equivalent to Sobolev spaces in
higher-dimensional domains. A survey on the efficacy of tensor train decompositions for high-
dimensional PDEs can be found in [110]. A detailed study of this and other non-standard

discretizations would exceed the scope of this thesis and is a subject of future research.
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4.7 Numerical Experiments

We now verify our theoretical findings with a series of numerical experiments. These experiments
include a qualitative analysis of the recovery of nonlinear behavior via the linearization, as well as
measuring the convergence properties reflecting the theoretical bounds. Additionally, we present
the advantages of the non-standard discretization method employed. Although our primary focus
is on a second-order parabolic PDE, it is important to note that the framework we propose is

versatile and applicable to a broader range of equations.

The methods are implemented in Python. For the discretization of PDEs, the high-level finite
element method library DOLFINx [68] is used. The storage and computation of dense and sparse
tensors are done with the tensor compiler suite taco [111]. The library petscdpy [70] is used for
various numerical linear algebra operations. The source code used for the experiments is publicy

available under https://github.com/bheinzelreiter/carleman-pde.

4.7.1 Burgers’ Equation and Discretization

As a model problem, we consider the one-dimensional Burgers’ equation extended by a destabi-

lizing linear term. The PDE in its strong form is given by

y'(t, ) — vAy(t,z) — \y(t,z) + y(t,ac)aiy(t, xz) = f(t,xz) forte[0,T)and z € [-1,1],
y(t,—1) =y(t,1) =0 for t € [0, 7)),
y(0,z) = yo(x),

with the viscosity v > 0 and the coefficient A > 0 of the destabilizing term. In our notation, the
linear operator corresponds to the weak form of Au = —vAu — Au and the quadratic operator
to B(u ® v) = 1/2(uvy + vu,). We use the initial condition
27 sin(mx)
=—=. 4.10
vo(®) a + cos(mx) ( )
for some constants a > 1 and b > 0. This initial condition is adopted from [112], wherein it is
shown that the Burgers equation with initial condition (4.10) admits an exact solution if A = 0,
b=v,and f=0:

271v exp(—n2ut) sin(mx
y(t) = ) ()

a + exp(—m2vt) cos(mx)’

We used the exact solution to verify our implementation. In experiments including forcing, we
take

f(t.2) = ea® — 1)

for some constant ¢ € R.
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The Carleman linearization is discretized using continuous piecewise linear finite elements in
space and the implicit Euler method in time. It is noted that the time discretization is set
to a high accuracy in order to avoid possible interference of the linearization, finite element
discretization, and time integration errors. To measure the errors of approximations when there
is no known exact solution, we compute a baseline solution using a pseudospectral discretization
of the equations. To accommodate high regimes of N, we approximate the higher-order terms
using the sparse grids technique known as the combination technique [113]. In the case of no
forcing, i.e., ¢ = 0, the linear system arising from a single implicit Euler step has a block-
triangular structure. This allows us to solve the system recursively, where each step involves
solving an elliptic PDE linked to varying truncation levels, starting with the block associated
with Ay, i.e., the right bottom block of An(t). In the case of ¢ # 0, we have to turn to more
elaborate methods since the linear system has a block-triangular structure. Theorem 4.2 and
Corollary 4.1 imply a form of block-diagonal dominance of the block operator matrix Ay (t),
which transfers to the linear system of a single implicit Euler step. This property led to the
convergence of a block Gauss—Seidel method applied to the linear system. While this property
holds in the undiscretized setting, it still has to be shown that it remains true upon discretization.
This task is deferred to future research; however, it has been found to hold true empirically, and

convergence of the block Gauss—Seidel method is achieved in our numerical experiments.

4.7.2 Snapshots of Solutions

First, we analyze snapshots of the exact solution to the Burgers equation in comparison to
those obtained through the Carleman linearization. We set v = 0.1, a = 1.05, b = 0.1, and
¢ = 0. Figure 4.1 shows the solutions at four timestamps for truncation levels up to N = 4. At
t = 0.1, we observe that a higher-order linearization results in a better approximation of the
dynamical system. However, it also shows that the quality of the approximation deteriorates

over time. This is confirmed in Figure 4.2, which illustrates the normalized error given by

(WS () = )/ lye(®) ] 1.

4.7.3 Approximation Error

Theorem 4.2 and Corollary 4.1 give an upper bound on the expected approximation error
arising from the linearization, which suggests (sub-)exponential convergence with respect to
N. In this section, we verify these convergence rates by analyzing how the error behaves for
varying parameters 1, ¢g, Yo, f, and A. Each of these parameters are examined in a separate

subsection.
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Figure 4.1: Snapshots of solutions to the linearization of the Burgers’ equation y](\p(t) for
different truncation levels N compared to the exact solution y.(t).

Dependence on T’

The convergence rate given by Theorem 4.2 is partially governed by the W (0, T; Vite v —1t+a).
norm of y.. Since this expression grows as 7' is increased, this suggests that slower convergence is
to be expected for larger time horizons. Figure 4.3a shows the approximation error as a function
of N measured with |9z (o, r;m) for v = 0.01, @ = 1.05, b = 0.01, ¢ = 0, A = 0, and various
final times T'. It is observed that larger values of T" lead to slower convergence. Furthermore, the
error decreases exponentially fast with respect to IV initially until a certain threshold is reached.
This phenomenon reflects the two error source terms, the linearization and the discretization

error. The linearization error decays exponentially until the discretization error dominates.
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Figure 4.2: Error plots of snapshots of solutions to the linearization of the Burgers’ equation
(y](\})(t) — Ye(t))/|lye(t)|| r for different truncation levels N.

Dependence on cp

As observed in the preceding subsection, the convergence rate is determined by the size of the
exact solution, which is also affected by the size of the nonlinearity cp. In the case of the Burgers’
equation, we have that cp ~ v. Figure 4.3b depicts the error as a function of N for T' = 0.5,
a =1.05,b=0.01, c =0, A =0, and various values for v. This verifies the deterioration of the
convergence rate as v is decreased, as well as exponential convergence until the discretization

error is reached.

Dependence on 1y

In addition to the norm of y., the convergence rate also depends on the initial value yy. Similarly,
we expect the convergence to worsen as yg becomes larger. In our model problem, the size of
the initial condition is determined by the parameter b. Figure 4.3c shows the error as a function
of N for T'= 0.5, v = 0.01, a = 1.05, ¢ = 0, A = 0, and various values of b. The plot confirms
the expected behavior and also demonstrates that the linearization diverges when the initial

condition is too large.
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Figure 4.3: Convergence of the Carleman linearization with respect to the truncation level N
measured by the error ||n]|ze(7,m)- Each plot indicates that the error behaves exponentially
in N, whereas different sets of model parameters affect the error bounds in Theorem 4.2 and

Corollary 4.1.



4.7. Numerical Experiments 87

g 10° —e— Discretize-then-linearize g 101 4 —e— Discretize-then-linearize ,/”
Q 3 . Q . -
?.3 . Sparse grid § Sparse grid ”,’
& 10°4 ——- Original system size & 10%4 —e— Original system size -7
ke 107 4 8 ___ Expected
g g 107 4 discretize-then-linearize
= 6 J = A L
g 0 ;:'f 10° 4 ——- Expected sparse grid -~
5 L
5 10 3
£ = 3
—q!: 10% 4 iﬁ 10
R Z
Z 10° 4 Z 10
T T T T T T T T T T T T
1 2 3 4 1 2 3 4 5 6 7 8
Truncation level N Discretization level J with h =277

(a) DOFs as a function of N for h =278 (b) DOFs as a function of discret. levels for N = 4

Figure 4.4: Number of degrees of freedom (denoted DOFs) dim Up,(N) for different dis-
cretization methods for varying truncation levels N and refinement levels J (the corresponding
maximum cell size of the mesh is given by h = 277).

Dependence on f

As stated in Corollary 4.1, the forcing f has an immediate effect on the size of the solution .
We expect that larger f result in larger solutions y., which in turn leads to slower convergence of
the linearization. Figure 4.3d shows the error as a function of N for T'= 0.5, v = 0.01, a = 1.05,
b =0.01, A = 0, and various values of ¢, which determines the size of f. We observe the expected
behavior. It is noted that the size of f has only a mild effect on the convergence in the presented

experiments.

Dependence on A

Lastly, we examine the parameter A. The established theoretical error bound includes a factor
exp(AT). This indicates that larger values of A\ and T lead to poorer convergence. Moreover, the
linearization is not guaranteed to converge for arbitrarily large T if A > 0. Figures 4.3e and 4.3f
show the error as a function of N for v = 0.01, a = 1.05, b = 0.01, ¢ = 0, and various values
of A. The first plot shows the error for T' = 0.5, and the second for 7' = 1. In both scenarios,
exponential convergence is achieved, which worsens as A is increased. While the linearization
converges for all scenarios for T' = 0.5, the linearization diverges in the case of T'=1 and \ = 2,

confirming our error bounds.

4.7.4 Benefits of Non-Standard Discretization

Non-standard discretizations can offer advantages over traditional methods. In our model prob-
lem, the use of sparse grids improves the scaling of the required degrees of freedom. Figure 4.4a
illustrates the spatial degrees of freedom dim Uy (V) for various values of N using the selected

discretization. Meanwhile, Figure 4.4b shows the scaling (in some cases expected scaling) of
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dim Uy (N) for different levels of discretization J, where the maximum cell size of the mesh is
determined by h = 277. These plots demonstrate the benefits of the non-standard discretization
compared to the discretize-then-linearize approach, highlighting how this method helps alleviate

the exponential increase in degrees of freedom.

4.8 Conclusion

In this chapter, we derived the well-posedness and the convergence of the truncated Carleman
linearization for infinite-dimensional parabolic Cauchy problems under suitable assumptions.
We achieved this in an undiscretized setting. This allowed us to separate the error arising from
the truncated linearization from the discretization error stemming from the approximation of
the infinite-dimensional equations. We thus justified the application of the linearization to PDE
problems. We verified the theoretical findings with a series of numerical experiments, showing
the expected convergence of the linearization. The theoretical findings motivate and support
the application of non-standard discretization methods, which enable higher-order linearizations
that were previously intractable. Numerical experiments showcase how such methods can reduce

the number of degrees of freedom by orders of magnitude.

This chapter addresses the linearization of parabolic dynamical systems. Even though parabolic
equations possess several favorable regularity properties and are generally better understood
than hyperbolic equations, it is suggested that many of the concepts discussed here are transfer-
able to second-order hyperbolic systems. Therefore, we propose that investigating the Carleman
linearization of such systems is a promising direction for future research, and we briefly outline

the necessary steps. Consider equations of the form

y'(£) + Ay(H) + Bly(t) @ y(1) = £(t) in L2(0, T3 V"),
0) = yo, (4.11)
)

By assuming analogous properties for A, B, and the Hilbert spaces with o = 0, Proposition 4.2,
4.3, and 4.4 remain valid. When combined with Theorem 9.4 in [92, p. 290], this ensures the
existence of a unique solution to (4.11) for f € L*(0,T;V"), yo € H, and y; € V'. Furthermore,
it guarantees the existence and uniqueness of a solution to the Carleman linearization if f €
L?(0,T; H). To demonstrate convergence, one could proceed as in the analysis of the residual
equation (4.6). Completing the convergence proof requires an estimate for the hyperbolic case
analogous to (4.3) in Lemma 4.1. However, these estimates must be derived from scratch, as
it is essential to carefully track the constants and their explicit dependence on the coercivity
and boundedness constants. Doing so would enable a rigorous theoretical analysis of hyperbolic

nonlinear PDEs.
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While this work introduces methods to mitigate the computational burden of the Carleman lin-
earization, the practical performance and optimization of these methods remain open questions.
A study on the computational aspects of the Carleman linearization could evaluate the effective-
ness of sparse grid methods across various applications, explore their efficient implementation,
and investigate the possibility of establishing theoretical bounds on the discretization error.
Additionally, such a study could examine various structure-exploiting low-rank methods such
as the tensor train method. The performance of the methods could be analyzed in various

applications of the linearization, including model-order reduction and optimal control design.

Another potential branch of future research is concerned with the efficient solution of parabolic
Cauchy problems, as well as associated optimal control problems. So-called parallel-in-time meth-
ods address the efficient solution of dynamical systems while enabling parallelization along the
time axis. Among these methods, diagonalization-based approaches, such as those discussed in
[56, 61, 13], have shown significant promise. These methods excel in handling (nearly) linear time-
invariant problems. Recent studies have demonstrated the efficiency of diagonalization-based
approaches from moderately sized problems to complex linear fluid flow problems. However,
they encounter difficulties with nonlinear equations. Integrating the Carleman linearization with
non-standard discretizations could potentially extend the applicability of diagonalization-based

methods to nonlinear PDE problems, including the Navier—Stokes equations.

Lastly, a well-established method for solving large-scale nonlinear equations is Newton’s method.
For highly nonlinear equations, such as the Navier—Stokes equation with a high Reynolds number,
Newton’s method can struggle to converge unless a good initial guess is provided. Newton’s
method is based on a local second-order approximation of a nonlinear equation. The Carleman
linearization could enhance Newton’s method by generalizing it to a higher-order approach,

thereby improving its convergence properties.



Chapter 5

A Framework for the Solution of
Tree-Coupled Saddle-Point Systems

The preceding chapters are concerned with the numerical analysis of PDEs and PDE-constrained
optimization problems. In this chapter, we remain in the scope of optimal control problems,
however, we shift our focus to cases not necessarily governed by PDEs. Specifically, we address
systems exhibiting a tree structure. While our assumptions are framed from a linear algebraic
perspective, these problems are motivated by and stem from a range of optimal control problems.
We demonstrate how the block and recursive structure of these problems can be leveraged to
devise efficient algorithms that enable fast and parallelizable solutions. Additionally, we show
how the proposed approaches can be integrated into methods capable of addressing highly

nonlinear problems.

5.1 Introduction

As we have seen, saddle-point systems play an important role in numerical analysis, arising in
various contexts such as optimization and coupled problems. Solving large-scale saddle-point
systems typically demands specialized numerical methods that exploit the inherent structure of
the problem for greater computational efficiency. Here, we focus on problems characterized by a
set of saddle-point systems that are coupled through a tree-shaped topology, with an emphasis on
their efficient numerical solution. We are particularly interested in problems with large numbers
of saddle-point systems embedded within the overall system, where the coupling is limited to a
relatively small subset of degrees of freedom, resulting in sparse coupling, also referred to as a

tree-sparse system.

In practice, certain problems naturally exhibit such tree structure. This is seen, for example,
in stochastic programming problems [114], where different scenarios are often largely, but not
completely, independent. Tree structures also arise when a problem is defined on a physical
domain with inherent arborescent connectivity. For instance, blood flow and pressure in systemic
arteries can be modeled through fluid flow equations (see, e.g., [115, Chapter 5]), which results in
tree-coupled saddle-point systems when the problem is decomposed in accordance with the ar-

teries’ topology. Gas transport network optimization [116] provides another example of physical

90
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tree-shaped domains. While general network structures may exist in such cases, analyzing tree-
coupled structures helps in tackling more complex network-structured systems. Additionally,
certain domain decomposition methods—including overlapping and non-overlapping Schwarz
methods [117, 118] for spatial decomposition, or parallel-in-time methods for optimal control
such as multiple shooting [119]—can be phrased as tree-structured problems, as will be discussed

later in this chapter.

As we have seen in previous chapters, the numerical solution of saddle-point systems is a well-
established field of study. Saddle-point systems arise as subproblems in numerous optimization
methods, such as sequential quadratic programming (SQP) [120], [121, Sec. 12.4], interior
point [122, Ch. 19], and sequential homotopy [123] methods. They also appear in the context of
PDEs, particularly following discretizations with mixed finite element methods [124], a promi-
nent example being the discretized Stokes equations. Consequently, suitable preconditioning
techniques have been thoroughly examined in the context of PDE discretizations (see [27, Ch.
4] for a summary). Common and effective approaches include block-diagonal [125, 126, 127]
and block-triangular [128, 129] preconditioners, as seen in Section 3.2.3, which are designed
to ensure convergence rates that remain robust with respect to parameters or problem sizes.
Solution methods have also been developed for broader problem classes, not limited to PDEs. For
instance, the class of constraint preconditioners [130, 131] can address a variety of general saddle-
point systems. In nonlinear programming, additional efforts [132, 133] have focused on exploiting
the specific block structure of these systems. More recently, the analysis of preconditioners has
also been extended to both double [123, 134] and multiple [135] saddle-point systems. When it
comes to the solution of saddle-point systems, we often follow recursive approaches to problem-
solving. Such approaches for general linear systems have already been used [136, 137, 138] to great
effect to derive recursively computed black-box preconditioners for general linear systems, which
are more efficient than standard incomplete decompositions and more general than multigrid
methods, for example. Although this overview is not exhaustive, it highlights the rich landscape

of solution methods available for saddle-point systems.

While the above-mentioned methods can be effective, further computational gains may be
achieved by exploiting more specific problem structures, such as tree-coupled systems—a subject
that has already been explored in the literature. For example, a framework for interior-point
methods named OOPS has been proposed [139], which addresses convex quadratic programs
exhibiting nested structures. Furthermore, tree-sparse quadratic problems have been studied
extensively in [140, 141]. Conventional domain decomposition methods such as overlapping
Schwarz methods have been generalized to solve graph-based quadratic programs [142]. In-
terfaces to such problem-specific solvers are combined within a package called Plasmo.jl [143],
allowing for the generic inclusion of network information at the modeling stage of nonlinear
problems. Despite these advances, we have identified that a unified framework combining direct,
recursive, structure-exploiting strategies with robust preconditioning techniques specifically for

tree-coupled saddle-point systems remains an open challenge.
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In this chapter, we provide a new mathematical framework for deriving and analyzing direct
and preconditioned iterative methods for tree-coupled saddle-point systems. Specifically, we
extend previous structure-exploiting approaches for saddle-point systems by incorporating a
graph-based coupling structure, where interactions between individual and otherwise isolated
subsystems are expressed via generic coupling constraints. We propose a range of novel solution
algorithms. Aside from a parallelizable direct method, we demonstrate a range of structured
preconditioners which may be embedded within suitable Krylov subspace methods, including
block preconditioners, recursive preconditioners, and multi-level approaches. We prove a range

of results relating to the convergence, complexity, and spectral properties of our algorithms.

The chapter is structured as follows. Section 5.2 formalizes the specific structure of the tree-
coupled systems and imposes necessary assumptions on the system. In Section 5.3, an existing
direct, recursive method from the literature is discussed within the scope of our framework.
The key drawbacks of this method are addressed, and central concepts for the subsequent
discussion, such as the Schur complement, are introduced. Section 5.4 presents preconditioners
based on the recursive block structure of the problem that follow similar recursive patterns as
the direct method. In Section 5.5, we explore a non-recursive approach to preconditioning and
consider multi-level strategies, among others. Section 5.6 details numerical experiments that
validate our theoretical results and demonstrate the efficacy and versatility of our mathematical
approach. The implementations are carried out in a purely sequential fashion; while these
methods are designed to be amenable to parallelization, achieving this would require a bespoke
implementation, which exceeds the scope of this work. Lastly, we conclude and outline avenues

for future research in Section 5.7.

5.2 Problem Formulation

Let D = (V,A) be a directed tree (an arborescence), with N vertices V := {1,..., N} and M
arcs A == {a1,...,ap} CV xV directed away from a root R € V. Each vertex has associated
variables z; € R™ | for n;, € N, which are coupled along the arcs in A. For each arc ap = (4,7),
two matrices C’lj € RiX™i and C, € R%*"; describe the coupling between variables z; and
z;. Specifically, if we let 67 (i) and 6~ (i) denote the outgoing and incoming arcs of i € V,

respectively, the saddle-point system we shall investigate is defined by

Bizi + > (CH) e =D (C) Ty =h; foralli€V,
)

arp€dt (i) ar€d (1

C]j.%’z — Ck_xj — Dryr = fir for all ap = (Z,j) € A,
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where each B; = B! € R"*" forms a saddle-point system and corresponds to conditions on ;
with a right-hand side h; € R™, and g, € RY% are coupling variables with conditions given by
matrices Dy = D,{ € R%*% and right-hand sides f,, € R% (see Figure 5.1 for an example). This

system is symmetric and overall forms a larger saddle-point system
B cT h
T = (5.2)
C -D) \y f

B ::diag(Bl, .. .,BN),
D =diag(D1,...,Dys), and

by setting

C]j if ap = (Za])v

C=(Cri) =q-Cp ifap=(j3), forieVandkel{l,. .. M},
0 otherwise.
where the notation diag(Bji,...,By) denotes a matrix consisting of N blocks of rows and

columns with diagonal blocks set to the matrices B; and off-diagonal blocks set to zero matrices
of appropriate dimensions (and similarly for other uses of the ‘diag’ notation). Systems of the
form (5.1) arise from a broader class of problems. Specifically, consider a nonlinear optimization

problem with a separable objective function -,y ¢i((;), and constraints of the form

CHG—Cr ¢ =0 Vap=(i,j) €A | -y

composed of (possibly nonlinear) internal constraints as well as linear coupling constraints on
the graph D, with corresponding Lagrange multipliers v; and yy. If this problem has a quadratic
objective ¢;((;) = g ¢; + 3¢ H;¢; and linear constraints ¢;(¢) = 4;¢ — b; (; 0), its optimality

system, also known as the Karush-Kuhn—Tucker system, is of the form (5.1), where

H; AT Gi —3i
Bi = ’ ) 1= ) h’L = ) Dy = 07 =0.
(Ai 0 ) ’ (Vz> < bi ) ’ i

For general nonlinear ¢; and ¢;, we can employ an interior point method [122, Chapter 19],
generating a sequence (Ci(l), I/i(l), y,gl))l of primal-dual solutions based on a given starting point.
At each iteration, a system of the form (5.1) is solved, where the internal systems have a matrix
H; corresponding to the Hessian of the Lagrangian ¢; + l/iT ¢; plus a barrier term, and A; to the
Jacobian of ¢; evaluated at the current primal—dual iterate, with Dj diagonal. An alternative to
an interior point method is the sequential homotopy method [144, 123], which also uses linear

systems as an algorithmic backbone. The linear systems to be solved are again of the form (5.1)
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with blocks given by

H; T
B, — (% + A Al
A, —oI

) and Dk = 6[,

where I denotes the identity matrix of appropriate dimension and A, > 0 are algorithmic

parameters.

Lastly, note that we make no specific assumptions regarding the coupling matrices C’,j and
C}. , as our algorithmic framework does not require any such assumption. In terms of modeling,
a common choice for these matrices stems from the enforcement of consensus constraints or
matching constraints, i.e., requiring certain entries of the variables x; and x; to coincide. For
this particular case of coupling, C,j and C, then consist of rows of positive or negative unit

vectors.

5.2.1 Notation and Definitions

A vertex i € V is said to be a leaf of the tree D iff 5% (i) = () and an inner vertex otherwise.
The inner subgraph, denoted by D° = (V° A°) is the subgraph induced by the set V° of inner
vertices. We generally assume that the sets d1(i) and 6~ (i) are ordered consistently and let
8(i) == 6%(i) U (i). For each arc ar = (i,5) € A we set head(ay) == j and tail(ag) = 1.
The parent of a vertex i € V, i # R, is the vertex k € V such that (k,7) € A and k= (7)
denotes the index of the arc entering i, i.e., k(i) € {1,..., M} is such that 67 (i) = {ap-(;)}
and ag- ;) = (k,1).

For each vertex ¢ € V the children of i are the head vertices of the arcs in §* (). The depth of i,
which we denote as depth(i), is defined as the length of the (unique) (R,%)-path in D. Similarly,
the height of i, denoted height(7), is defined to be zero if i is a leaf, and the maximum height
of any child vertex in 67 (i) plus one otherwise. The height of D, height(D), is defined as the
height of R or, equivalently, as the maximum depth of any vertex in V. The subtree rooted at
vertex ¢ is denoted by D<; = (V<;, A<;) and given by the union of the vertices and arcs on all
(i,7)-paths in D. We also let [ = Dapest (i) s 1 >apes—(i) ey and ;= I + 1 be the

outgoing, incoming, and total number of variables coupled to i € V respectively. An example for

i

these definitions is given in Figure 5.1.

We also use lower case letters to denote vectors, upper case ones for provided matrices, and curly
upper case letters for larger block matrices. Lastly, we present results regarding complexity in
the usual O-notation [145, Chapter 1], where for functions f,¢g: N — N we say that f € O(g) if

limsup,, ,o f(n)/g(n) < oo and f € ©(g) if f € O(g) and g € O(f).
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B —(C)” 1 ha

By —(Cy)" Z2 ha

aq as Bs (Cf—)T (C;—)T x3 = hs
—Cf Cfr —D1 1 fl

—02_ C;_ —Dy Y2 f2

Figure 5.1: Example of a tree-coupled system, based on a tree with N = 3 vertices V = {1, 2, 3}
and M =2 arcs A = {a1 = (3,1),a2 = (3,2)}. Vertices 1 and 2 are leaves each having a height
of zero, a depth of one, and 3 as their parent. Vertex R = 3 is an inner vertex with a height of
one (equal to the height of D), a depth of zero, and 1 and 2 as its children. The inner subgraph
D° consists of vertex 3 without containing any arcs. The arcs entering 1 and 2 are a; and as
respectively, i.e., it holds that £~ (1) = 1 and k= (2) = 2. Both arcs have 3 as their tail while
head(a;) = 1 and head(az) = 2. The subtree rooted at 3 is equal to the graph itself, whereas
D<; and D<> consist of only the vertices 1 and 2 respectively without any arcs.

5.2.2 Assumptions

Besides the symmetry of the matrices B; and Dy, we make the following additional assumption

in order to ensure the non-singularity of (5.2):

Assumption 5.1.
1. The matrixz B is invertible.

2. The Schur complement of (5.2), given by
S:=cB'c’ +D, (5.3)

s positive definite.

Lemma 5.1. Under Assumption 5.1, system (5.2) is invertible.

Proof. This follows from the fact that (5.2) can be factorized into a product of diag(B, —S) and
two other invertible matrices [63, Eq. (3.1)]. O

Regarding Assumption 5.1 it is apparent from Lemma 5.1 that non-singularity of S is sufficient
to ensure that system (5.2) is invertible. We do, however, rely on positive definiteness of S, in
particular in Section 5.5. While we have verified that this stronger assumption is satisfied for a
number of problems, our numerical experiments indicate that our methods work well even if S

is merely invertible.
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5.3 Direct Method

In order to solve the system (5.1) we make use of a Schur complement approach rather than a
complete sparse decomposition, which has two advantages: First, a decomposition may be unnec-
essary in particularly if only a few variables are coupled, i.e., I;, < min(n;,n;). In this case the
systems involving the matrices B; are largely independent, the corresponding Schur complements
are small in size, and a substantial portion of the computations may be carried out in parallel
in order to improve performance and scale to larger systems. Second, our approach is highly
flexible in how systems involving the matrices B; are solved. Thus, any structure-exploiting
solution methods for solving these systems can be easily incorporated into our computational

framework.

5.3.1 Structure of Algorithm

We begin by giving a direct method (see Algorithm 5.1) inspired by the exploitation of a ‘sym-
metric bordered block-diagonal structure’ introduced in [133]. Using a symmetric permutation of
the blocks constituting system (5.2), we obtain a nested sequence of systems with this exploitable
structure for each ¢ € V. The system associated with ¢ then depends recursively on all children
of 7, thereby corresponding to the submatrix of (5.2) associated with the subtree of D rooted at
i.

If i is a leaf, we let B<; == B;, C; = C,_ ., and h<; = h;. Otherwise, we let 0t (i) = (ag, =

(1)’

(4,51),--- A, = (4,7r,)) be the outgoing arcs of vertex ¢ and set
T ._ (T T T T T
rg; = (mgjl,...,zgjri,xi ,ykl,...,ykri),
T . T T T T T
he; = (h<jy,-- g he s fiys s fk”),

D, = diag (D,ﬁ, o Dk”) ,

ct = ((c,j)T(c,j)Tf

C = (07"'707019_—(1‘)70) for i # R, and

(2

CZ; = diag (Cj:,...,cj:i) :
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where ay,- ;) is the unique arc in 6 (i) as defined above and the zero matrices in the definition of

C; are of appropriate dimensions to align the columns of € _ @) with those of B; in the following

definition of

B<j,
- (ez)
Be; = B<;,
B; (c;)T
—C; ¢t D

To obtain the solution associated with the subtree rooted at i, we solve the system B<;z<; = h<;.
We call the structure of B<; (lower-right pointing) arrowhead structure rather than bordered-
block diagonal as in [133]. Since the diagonal blocks B<j, have arrowhead structure themselves,
B<; has a nested (lower-right pointing) arrowhead structure in general. Since B<p is a symmetric
permutation of (5.2), it is invertible under Assumption 5.1. Our approach necessitates stronger
assumptions, however. Specifically, we want to be able to solve the nested arrowhead matrices
B<; using a recursive approach based on Schur complements. To this end, we need the following

additional assumption:

Assumption 5.2.

1. The matrices B<; are invertible.
2. The Schur complements

-1
<n

S<i = (_ <i C;) 51

(
i (CZ)

are positive definite for all inner vertices i € V.

Based on Assumption 5.2, we propose the direct method laid out in Algorithm 5.1, solving a
system with matrix B<; using the Schur complement S<; and recursing into the subtree rooted at
1. The algorithm consists of three steps: First, the right-hand sides Z; for the Schur complement
are computed recursively. Then the system S<;y = & is solved, yielding the portion of the
solution associated with the coupling variables yy,. Finally, the remaining parts of the solution,
x; and <, are recursively computed based on the variables yy,. The first and third steps involve
a recursion into the subtrees rooted at the head vertices of the arcs in 61 (i). To solve (5.2) in

its entirety, we employ the algorithm at the root R of D.
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Algorithm 5.1: Direct method to solve system involving B<;

Function SOLVEDIRECTSCHUR(i, (ng)j€V<i7 (ng)jEV<i7 hgi):
Input : Vertex: eV
Subtree systems (B<j)jev.,
Subtree Schur complements of S<; for j € V;
Right-hand side h<;
Output: Solution z<; = Bzilhgi

if Vertex i is a leaf in D then > Base case: T<; = x;
L return r; — B;lhi
foreach [ € {1,...,7;} do > Compute right-hand sides

91 + SOLVEDIRECTSCHUR(j;, (Bék)kevgjlv (Sék)kevgjlv h<j,)
&1 —=C; 91+ C B hi — fi,

Solve Schur complement system: (Yk,, .-, Yk, ) S;Z.l (Z1,..., &)
Compute solution: x; < B;l (hi - ;;1(C,$)Tykl)
foreach [ € {1,...,r;} do > Compute solutions x<j,

2 heg 4+ (C) ik,
x<j, < SOLVEDIRECTSCHUR(j, (ng)kEVSjl’ (Sﬁk)kevgjl’ )

T _ (T T T T r
return r_; = (CCSjl, s g T Ypys - "ykri)

To apply Algorithm 5.1, we need a method to compute the Schur complements S<;. Simple

calculations show that S<; is given by blocks

CoB N CHT +C; B (C;) T+ Dy, ifl=1, and
(Sii)l,z/ = a

C,;B;l (Ct, )z otherwise,

for I,I' € {1,...,r;}. The occurrence of the inverses of the matrices ngl»l suggests that the Schur

complements can be computed from the leaves of the tree up towards its root.

At a leaf i € V, no Schur complement is required and Algorithm 5.1 only solves a system with
matrix B;. To explain the computation higher up in the tree, we put ourselves in the position
where at vertex i € V, S<; has already been computed. At this stage, all that remains to be
done at vertex i is the computation of the product C; BZ;(C;")”, required for some diagonal
block of the Schur complement of the parent vertex of ii(assuming of course that i # R, in
which case all Schur complements are by now computed). To compute this product, we could
simply use Algorithm 5.1 repeatedly to solve systems with the matrix B<; and right-hand sides
defined using the rows of C;”. However, the structure of the product makes the computations

significantly easier:

First, the only non-zero block C;” is at the position of B; with respect to B<;. Thus, the right-hand
sides h<; for the computation have the property that h<; = 0and f, =0forall i € {1,...,7}.
Second, since we only require the product of the solution with C;”, we only have to compute the

solution value of z; and can skip the computation of x<j, and y, for all [ € {1,...,r;}. As a
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Algorithm 5.2: Algorithm to compute Schur complement S<;

Function COMPUTEARROWHEADSCHUR(1):
Input : VertexieV

Output: Schur complements (S<;)jev.,
if Vertex i is a leaf in D then
L return ()
Compute subtree Schur complements:
(S<k)kev.; + COMPUTEARROWHEADSCHUR(j)
VieVi={jeVg|j#i}
(Sgi)u, «—0 Vvl e{l,...,r}
foralll € {1,...,r;} do
| Zi+ B H(CHT
forall i € {1,...,r;} do
forall I’ € {1,...,r;} do
L (Sﬁi)z,l' = (Sﬁi)z,l' + Cl;tZl’
S < OUTGOINGSCHURBLOCK(j;, B<j,, S<j,)
(S<i)yy < (S<i)yy + Si+ Dy,

return (SSj)jEVSi

consequence, no recursion is required at all in order to determine the required product, greatly
accelerating the computations. The specific computations to be carried out are summarized in
Algorithms 5.2 and 5.3 with an example of the application of the algorithms being shown in
Appendix B.1.

5.3.2 Complexity

In the following, we examine the running time of both Algorithms 5.1 and 5.2 used to solve (5.1)

and determine the required Schur complements S<;, respectively.

In general, the complexity of the algorithms depends on how the systems with matrices B; and
S<; are solved, which we have not specified so far. Since we make no assumptions regarding the
matrices B; other than non-singularity, any appropriate method may be used in practice. On
the other hand, since the Schur complements S<; are assumed to be positive definite, Cholesky

decompositions or the Conjugate Gradient method [146] are likely to be used.

To perform an analysis of the complexity independently of these details we make two assump-
tions: First, since [j is small compared to the sizes n; of the matrices B;, we assume that the
computational costs are dominated by the solutions of systems B;z; = y; with different right-
hand sides y;, ignoring other parts such as matrix-vector products with C;; and C,j and the
solution of systems involving S<;. Second, since the methods used to solve the systems B; are
arbitrary, we simply assume that the solution of a single system involving B; can be carried out

in constant time and count the total number of such solves, finding the following;:
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Algorithm 5.3: Algorithm to compute outgoing Schur complement block term C; B;} C; yr

Function OUTGOINGSCHURBLOCK (i, B<;, S<;):
Input : Vertex:e€V

System B<;
Schur complement S<;
Output: Schur block C;B;}(C{)T
if Vertex ¢ is a leaf in D then
- —1(r— T
t return C;_ , B; (Ck:—(i))
(hi,..., hlr@) + Columns of matrix (C’k_,(i)
forall I € {1,...,l;-(;} do
Solve system to obtain z; < B, Lh,
Compute right-hand sides for each I’ € {1,...,r;}: i“%, — CJ:/ 21

)T

Solve Schur complement system: (yfﬂ, e ,yfgr') — S;} (&, ..., :/%lrl)
Compute solution: 2t < B! (hl — > (G )Tyfcl/)

4

Z; + Matrix consisting of columns z! for I € {1,..., i)}

return C,_ (z‘)Zi

Lemma 5.2. For each vertex i € V the following holds:

1. The solution of system (5.1) using Algorithm 5.1 with precomputed Schur complements
requires ©(29P0)Y solutions of systems involving B;.
2. The computation of the Schur complements using Algorithm 5.2 requires O(l;) solutions

of systems involving B;.

Proof. 1. Let us examine a vertex ¢ € V at a depth of [ > 0. Let R = 41,142,...,%+1 = ¢ be the
vertices on the (R, i)-path in D. During the execution of Algorithm 5.1 at the parent vertex
i1, the algorithm recurses into vertex i;y1 exactly twice: First during the computation of
the right-hand sides #; in line 4, and then in line 10 to assemble the solution z<;, based
on the solution of the Schur complement. Thus, each time Algorithm 5.1 is executed at
vertex 1j, it recurses into vertex ¢ twice. The same holds for i; and its parent vertex i;_q
and so on up to the root R where the algorithm is executed once. In total, Algorithm 5.1
is executed 2 times for vertex i. Each time the algorithm is executed at vertex i, a system
involving B; is solved once at line 2 if 7 is a leaf and twice at lines 5 and 7 respectively if
i is an inner vertex, yielding a total of ©(2!) solves.

2. The result follows from the structure of Algorithm 5.2: The computation of the Schur com-
plement S<; does not require a recursion beyond the child vertices of 7 itself. Consequently,
both functions in the algorithm are executed exactly once for each vertex i. At vertex ¢ a
system involving B; is solved once for each of the rows of C’,;t foralll e {1,...,r;} at line 6
and twice for each row in C_ (i) at lines 5 and 8 of Algorithm 5.3 respectively, yielding a
total number of O(l;) solves. O
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Based on these bounds it is clear that the total number solved systems involving B; summed
over all vertices during an application of Algorithm 5.1 at R is in @(Qheight(m)) where systems at
the leaves of D are solved most often. This running time is exponential rather than polynomial
for general graphs D, for which height(D) € ©(N). Specifically, a worst-case instance for the
algorithm consists of a tree composed of a single path having a height of N — 1. Conversely,
if the height is sufficiently small compared to the input size of the problem, the complexity
remains polynomially bounded. This holds in particular for full proper trees, where height grows
logarithmically in the number of vertices. In contrast to the solution of the system based on
Algorithm 5.1, the computation of the Schur blocks using Algorithm 5.2 is polynomial regardless
of the height of D, which is due to the fact that the recursion is much more limited during the

computation of the Schur complement blocks.

Lastly, we would like to put these results in the context of those obtained in [133]: Firstly, the
authors consider the ‘symmetric bordered block-diagonal structure’ as one of several exploitable
structures, another one being ‘rank-k correcting matrices’. They examine these structures from
a software design framework and show how they can be seen as a set of data structures with
common functionality which can be mapped onto a class hierarchy in object-oriented software.
Consequently, since these data structures are expected to behave like interchangeable black-box
components, the corresponding analysis of their interplay is limited. For instance, the complexity
laid out here is not examined in [133] and the computation of the required Schur complements
according to their framework would also incur an exponential running time, as opposed to the

polynomial running time of Algorithm 5.2.

5.4 Nested Arrowhead Structure

In this section, we continue the investigation of the nested arrowhead structure introduced in
Section 5.3. While this section was based on a thorough examination of the method introduced
in [133], we now proceed to introduce several entirely new approaches based on problem-specific

preconditioners, which we define recursively from the leaves of the graph D towards its root.

5.4.1 A Block-Diagonal Preconditioner

First, we let P<; be the preconditioner associated with the subtree of D rooted at 7 € V, where we
denote by P the preconditioner P<p for the entire tree. If a vertex i € V is a leaf, we always let
P<i = B;. If i is a inner vertex we let 67 (i) = (ax, = (4,71),- - - A, = (i, 7r,)) be the outgoing
arcs of 7 and define P<; recursively based on the preconditioners P<j,. Our first preconditioner

is called the block-diagonal preconditioner defined by

PLE = diag (PLSE, ..., PLE, B, —Dg). (5:4)
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This preconditioner is fairly simple in its structure, approximating the matrices B; while disre-
garding the coupling matrices C_; and C; completely. This preconditioner can, however, only
be applied if all matrices Dj are invertible, which holds upon application of the sequential
homotopy or interior point methods but not for KKT systems arising from quadratic programs
of an SQP method. In some problems, the use of the Schur complement in place of D<; within
the preconditioner is recommended. However, we observed no performance improvement when
doing so. Since the Schur complement is more difficult to compute we chose to exclude this

variant from further consideration.

5.4.2 The Hook Preconditioner

A class of preconditioners can be derived based on the Schur complements S<; introduced
above. Recall that as opposed to the direct method in Algorithm 5.1, these preconditioners can
be efficiently computed using Algorithm 5.2. We, of course, again work under Assumption 5.2
to ensure the Schur complements exist and are positive definite. The hook preconditioner PPk

is defined as
hook
P<]1

" hook
phook . P , (5.5)
B;
ct.

()

—cz,

St

—~S<;

The matrix PhOOk is lower block-triangular and belongs to the class of saddle-point precondi-

tioners considered in [125, 128]. For any inner vertex i the application of the inverse of Pg‘i"’k to

a given right-hand side h (h<]1, . <]T Jh fk17 e f,Z;) is carried out by conducting the
following steps:
1. Recursively compute products x<j, < (Pg?k)_lhgﬁ forl=1,...,r; and z; < B;lhi.
2. Compute right-hand side
5 - T T T T T
z F _CS’L (:I/‘S]l .. xSJT ) + C<Zx7/ - (fkl e fkTL>
3. Compute solution
T
—1a
(y,{l y;{n) +— Sgiz

Let us now turn to the theoretical properties of Pho»Ok To begin, we observe that if ¢ is a leaf of
D, then PhOOk B; is a perfect preconditioner, which yields the correct solution after a single

preconditioned step. If ¢ has a height of one rather than being a leaf, we see that
B J1 (: B §j1)

PLGOK = Bj, (= B<j,,)

<i
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Simple calculations show that the preconditioned matrix is then given by

I

. —z,
(PR} B, = I ; (5.6)

I Z;
I

where Z_; == diag(szl(C,;)T, . .,Bj;il(C,;i)T) and Z;. = B;l(C;)T. Consequently, we can

make the following observation:
Lemma 5.3. If the height of vertex i is one, then the minimal polynomial of the preconditioned
matriz (5.6) is given by
pphociy-15_, () = (1 = x)?.
Proof. The minimal polynomial of the preconditioned matrix (5.6) is given by (1 —x)? since the

square of the matrix

0
. Z;i
I—(PX)'Be; = 0
0 —-z4
0
evaluates to zero. O
Corollary 5.1. If the height of vertex ¢ is one, then the GMRES method applied to B<; with

preconditioner P22°% converges in at most two iterations in ezact arithmetic.

Proof. See [29, Proposition 2]. O

5.4.3 Recursive Preconditioning

Naturally, for vertices with larger heights, the performance of the hook preconditioner can be
assumed to degrade. However, we can make use of the preconditioner within an iterative scheme

in order to solve the system B<;zr<; = h<;. To this end, we

generalize the hook preconditioner to the concept of a recursive preconditioner, where a recursive

preconditioner PZY is defined by the following conditions:

1. If 7 is a leaf of D, then it holds that PZ = B;.
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2. If 7 is an inner vertex, then P follows the recursive construction
rec
PS5
rec
P = P, : (5.7)
B;
- +
RS ng' —8<;

. s o . 0 . .
Based on a recursive preconditioner P and an initial solution x(<2 , we consider a linear fixed-

point iteration based on the approximation (PXf)~! ~ BZ}, which is given by

w(gl?rl) = x(gki) + (P (hgi - Bgil'(gki)) . (5.8)

We can observe that recursive preconditioners can be made recursively exact when moving from

the leaves of a tree towards its root by means of the linear fixed-point iteration:
Lemma 5.4. Let ¢ be a vertex of . If the recursive preconditioner Py is exact on the child
vertices ji,...,Jr, of 1, i.e., B

PZ, =B<;, Vi=1,...,m,

then the iterative method given by (5.8) converges in at most two iterations in exact arithmetic,

independently of the initial iterate 33(301)

Proof. If ¢ is a leaf, then PZf = B; must be exact. Otherwise, simple calculations show that the

preconditioned matrix is given by

I
. -VZ;
(PXf) "B = I :
I Z;
I

where Y_; = diag((Prgffj?l)*l(C;)T, ce (ngri)*l(C;i)T) and Z; is defined as above. As was

the case before, the minimal polynomial of the preconditioned matrix is given by

pepeee)-1p., (1) = (1 - @)%,
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which of course implies that (I — ( rgef)_lBgi)z = 0. Consequently, the first two computed

iterates are given by
2] = (I = (PZ) ' B<i)al) + (PE) ' hai,

28 = (I — (PE9) 71 B) %) + (21 — (PE0) ' Bi) (PEF) " he
(21 — (PE) ™ B<i) (PE5) " hes.

Note that the value of a:(;) is independent of the initial solution x(goz) . This holds in particular if

we set a:(goz) = B;ilhgi =: x*, in which case it follows that x(fi) = z* for all k£ € N and specifically

for k = 2. However, due to the independence of x(;) it mugt hold that 37(§22 = z* for all choices

of 21 0

St

5.4.4 Exact Preconditioning

Based on the results obtained previously, we can derive an exact polynomial preconditioner

Pexact a5 an alternative to the direct method introduced in Section 5.3. Specifically, our goal is

Phook - satisfies the conditions of Lemma 5.4

to derive a preconditioner, which, as opposed to
at every vertex, thereby ensuring exactness. We build this preconditioner bottom up, starting

with single vertices while maintaining the conditions of Lemma 5.3. For each leaf i € V, we

set PEAt .= B;. For each vertex of height one, we consider the recursive preconditioner P
following the construction (5.7), using P%?Ct for I = 1,...,r;. This preconditioner satisfies the

conditions of Lemma 5.4 yielding the exact solution of B<;x<; = h<; by applying (5.8) twice.

This recursion is linear in the right-hand side h<; and can be used to define PZ":
28} = (2 = (PE) ' B<i) (PE) Mhas = (P 'ha

For vertices of height two, we again perform two iterations using the recursive construction (5.7)
based on the newly defined exact preconditioners for vertices of height one, yielding an exact

exact for each vertex i € V of height two. We follow this process until we reach

preconditioner PZ;
the root R, obtaining an exact (but no longer recursive) preconditioner for the nested formulation

of the original problem (5.2):

Corollary 5.2. P%’fmt is exact for every vertexr i € V.

5.4.5 Complexity

In the following, we consider the complexity of applying (PP°°%)=! and (Peat)~1 in terms
of the number of solutions of systems involving B; analogous to Section 5.3. We exclude the
computation of the Schur complements S<; because their complexity has been established in
Lemma 5.2 and find the following results:

fPhook

Lemma 5.5. 1. The application of the inverse of requires exactly one solution of a

system involving B; for each verter i € V.
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2. The application of the inverse of P requires @(Qdepth(i)) solutions of systems involving
B; for each vertexi € V.

Proof. 1. To apply (732‘1?01‘)*1 at a vertex ¢ € V, we need to solve exactly one system involving
B; and recurse intoieach child vertex of i exactly once. Therefore, to apply PP°% at the
root vertex R, we have to solve exactly one system involving B;.

2. Our reasoning is analogous to the proof of Lemma 5.2: To apply (P%’;aet)_l at aleafi €V,
we solve a system involving B; exactly once. At an inner vertex i, we need to compute the
product of

(P22 = (21 = (P) " Be) (P) !

with some right-hand side. The computation of the product involves two solves of systems

involving B; itself as well as two recursions into each of the subtrees rooted at the child

vertices ji,...,Jr, of ¢ in order to apply the inverses of the respective preconditioners
Pg’f“. Consequently, when moving up the tree from ¢ towards R, the number of solves of

systems involving B; doubles each time we move from a vertex to its parent, leading to

the stated complexity. O

It is apparent from these results that the application of the inverse of P®*3t has the same
asymptotic complexity as the direct method introduced in Section 5.3, which is exponential in
the height of D and therefore only polynomial for trees with logarithmic heights. Conversely, the

inverse of Ph°k can always applied in polynomial time.

5.5 Non-nested Arrowhead Structure

In the following, we examine the original problem (5.2) more closely, particularly focusing on
the Schur complement (5.3), which we assume to be positive definite. We derive a preconditioner
P based on the non-nested Schur complement and focus on the efficient application of an
approximate inverse of this preconditioner. We first note that the Schur complement S consists
of blocks of sizes [}, x s for each pair (ay, ay) of arcs, where a block is non-zero iff the arcs share
a vertex. It is however advantageous to instead examine S using vertex-based blocks, each of
which combines the variables of the outgoing arcs of the respective vertices. Consequently, the

only non-trivial vertex-based blocks appear for inner vertices of the inner subgraph D°.

Each vertex-based block (S; ;)i jeve has size l;r X lj*. An illustration of the resulting block
structure is shown in Figure 5.2. We choose this partitioning of the Schur complement as it
provides better performance with the subsequent methods. The following theory holds in both
settings nevertheless. The individual blocks S; j—subject to block permutations to account for
the ordering of nodes and arcs—can be defined in terms of 07 (i) = (ax, = (4,41),...,ar, =

(1,7r,)) as follows:



5.5. Non-nested Arrowhead Structure 107

ay az as aq  GAs ae ar  as

ai St1 Sta Stz |Sta Sis

a 55,1 85,2 55,3

az | S51 S5p 533 S5 57 Sis
aq 541171 52,4 52,5

as | S5, S84 855

Qg Sg,:s Sg,ﬁ 53,7 Sg,s
ar S?,g S?,(; S?J S?,B
as Sél,g Ssa,e S§’7 Sg,s

Figure 5.2: A graph D together with the Schur complement S. The eight arc-based blocks
(denoted here by S,‘ik/) can be combined into three vertex-based blocks corresponding to the
outgoing arcs of the inner vertices, namely 67 (9) = {a1,as2,a3}, §7(6) = {a4, a5}, and 67 (8) =
{CLG, av, ag}.

1. For i = j the matrix S;; consists of blocks

{c,;Bgl(cg)T +Cu B C) T+ Dy, i L=,

CZBi_l (C’,;:, )" otherwise,

for ,I' =1,...,7;.
2. For i # j such that (i,7) € A°, we let 67(j) = (ag;,--.,ag, ) be the outgoing arcs of j,
J

noting that S; ; consists of r; x r; blocks. The block for { =1,...,r; and ' = 1,... ,r; is

given by —Ck_lBj_l(CJC )L if ax, = (i, ) and a zero matrix otherwise.
14
3. Fori# j with (j,i) € A°, it holds that S;; = S7;.
4. All other blocks are zero.

Note that while S does not coincide with S<g, the complexity required to compute S is on par
with the complexity of computing all Schur complements S<; using Algorithm 5.2 which was
established in Lemma 5.2. Specifically, for each j € V° the computation of the block S; ; requires
lj solutions of systems involving B; plus an additional [;* for the block &; ; if (i,j) € A°. As a

result, O(l;) solutions of systems involving B; are required in total.

We proceed to investigate the application of the block-triangular preconditioner [128] in the

context of tree-coupled systems. This preconditioner is given as

T —1,T
b (B O _ (B CT\_ (1 BT
c s c -D 0 I
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Note that due to a difference in notation, we use S rather than —S in order to obtain this
preconditioner. Moreover, we examine the preconditioner in a block-upper rather than block-
lower form. This, however, affects neither its spectral properties nor any computational results
in a significant way. It is apparent from inspection that the preconditioned matrix has the two
eigenvalues +1 and its minimal polynomial is (x — 1)(x + 1), leading to two-step convergence of
a preconditioned GMRES method. The application of P~! to a right-hand side (h, f), yielding

a solution of (x,y), is a three-step process:
1. Compute x by solving Bz = h.
2. Compute the right-hand side f, < f — Cz.
3. Compute y by solving Sy = f,.
The first step is straightforward, involving a solution of a system involving B; for each ¢ € V. The
solution of the system involving S is computationally more challenging, since S has a size equal to
the total number of coupled variables, therefore being substantially larger than each of the Schur
complements S<; from Section 5.3. Of course, since S is positive definite by Assumption 5.1, we
can use a Cholesky decomposition to compute y, for example. We can, however, alternatively
employ an approach that is more tailored to the structure of (5.2). To this end, we note that the
positive definiteness of S implies that all of its diagonal blocks S;; must be positive definite as
well. Consequently, the diagonal approximation Sgiag = diag(Si,1,...,Sn,n) of S is also positive
definite and therefore invertible. We can therefore use Sgiag Within the fixed-point iteration

y ) =y S (e — Sy™), (5.9)
based on an initial solution y(®). A sufficient condition for the convergence of the iteration is
what we refer to as the smoothing property established by the following bound on the spectral

radius p of the iteration matrix:

Theorem 5.1. It holds that p(I — Sg,,8) < 1.

Proof. Recall that S as well as the blocks S;; and Sgiag are positive definite by Assumption 5.1.
Therefore, Sii/;g and Sd_i;éz exist and the matrix I — d_i;gS is similar to

1/2 — —1/2 —-1/2 —1/2
Sdi/ag (I - dizlxg8> Sdiaé =1- Sdiaé SSdiaé :

Since this matrix is symmetric, all eigenvalues of I — Cﬁ;gS are real. To show that all of these
real eigenvalues are contained in (—1,1) we have to show that det((1— \)I — S} S) # 0 for all

diag
A ¢ (—=1,1), or, equivalently that det(uSqing — S) # 0 for all 1 ¢ (0, 2).

For p < 0 the case is clear, since we add a positive multiple of a negative definite matrix to

another negative definite matrix, preserving negative definiteness and therefore non-singularity.

To handle the case y > 2, we show that S = 284iag — S is positive definite: This is sufficient
to ensure non-singularity for all p > 2, since we could then simply add a positive multiple of
(e —2) of the positive definite Sgiag to the positive definite matrix S. To show that S is positive
definite, consider the matrix Z = diag(Zi, ..., Zy), where Z; = (—1)3P*O) [ for each i € V°. It
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holds that 272 = I, implying that Z is invertible and S := ZSZ7 is positive definite. Due to
the cancellation of negative signs, the block diagonal entries of S and S coincide. Furthermore,
for each arc aj, = (i,j) € A°, we have that (—1)dePth(?) . (—1)depth(5) — _] ensuring that the off-

diagonal blocks in S and S have opposing signs. Consequently, we have that S = 2Sdiag —S = S,
proving that S is positive definite. O

Corollary 5.3. The iterates y*) produced by (5.9) converge to y = S~ f, for any initial y©).

Proof. This is an elementary result in iterative linear algebra (see e.g., [147, Theorem 4.1]),

directly following from the smoothing property established in Theorem 5.1. O

5.5.1 Two-level Method

In the following we expand on the iterative method introduced above by applying multigrid
(MG) ideas in order to solve the Schur complement, obtaining a multi-level method. The origins
of algebraic multigrid (AMG) methods date back to the seminal works [148, 149], with an
introduction given in [35]. We apply the exact two-level method [35, Sec. 5] to the problem
of solving systems involving S. To this end, we let ny = >, yo l;r be the dimension of S
and consider a coarse approximation of the solution space R"/ with a dimension of n. < ny.
The prolongation matrix P € R™ > is used to map solutions from the coarse to the original
(fine) space whereas its transpose restricts solutions to the coarse space. The smoothing matrix
G € R™*™f is chosen, as its name suggests, to satisfy the smoothing property with respect to
S. Furthermore, we let S, ;= PTSP denote the restriction of S to R", which we assume to be
invertible. The multi-level (ML) approximation ¥ € R"™/*"/ of the inverse of S is defined by its
action on a right-hand side g € R™f | which is computed based on the following steps:

1. Restrict g to R via g. «+ PTg.

2. Compute coarse-space correction w. <+ S !g..

3. Prolongate correction w < Pw,.

4. Compute post-smoothing step ¥(g) = w + G(g — Sw).

To ensure convergence, it is once again necessary to bound the spectral radius of the iteration
matrix [ — ¥S:

Lemma 5.6 ([35, Lemma 5.2]). The iteration matriz (I — ¥S) is given by
(I = GS)(I - L),

where T, is the (-,-)s-orthogonal projection on R™ , given by II, := PS;7'PTS.
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Since the matrix (I —II.) defines a (-, -) s-orthogonal projection, we have the estimate || I —II.||s <
1, where |- ||s denotes the norm induced by the corresponding scalar product. Moreover, we have
that ||T)|s = ||SY2TS~1/?||5 for any compatible square matrix 7. Along with the symmetry of

G, we can bound the spectral radius of the ML iteration from above by

p((I=GS)(I-1.)) < [[(I - GS) (I - I)lls < | - GS||s
= |1 = 82GSY||y = p (I - $Y2GSY2) = p(1 - GS).

Hence, the ML iteration itself satisfies the smoothing property with respect to S as long as
G does. Since the smoothing property holds for Sgiag, setting G = Scﬁig is an obvious choice.
Readers familiar with multigrid methods will note that this iteration consists of a single post-
smoothing step without any pre-smoothing applied. This is for ease of notation, and in practice

may be adapted to improve convergence speed.

It remains to choose a suitable coarse prolongation matrix P. An important requirement for the
choice is that the coarse-space correction w. can be computed efficiently. Recall that a reason
for why we cannot easily solve the matrix S in the first place is the presence of the off-diagonal
blocks &; ;. If those blocks were not present, we could simply decompose the diagonal blocks.
What is more, to apply the smoother Scﬁig, we may want to decompose the diagonal blocks
anyway. We therefore propose to consider as a coarse space the restriction of S to a conflict-free
set of vertices. Two vertices 7,7 € V° are said to be in conflict if (i,7) € A° or (j,i) € A° and
conflict-free otherwise. A set V§ of vertices is conflict-free iff all of its vertices are conflict-free.
Notable examples of conflict-free sets are given by the (inclusion-wise maximal) sets of even/odd
vertices:

NS

even

= {i € V° | depth(i) even} and Vg4 = {i € V°|depth(i)odd}.

To define a prolongation and restriction, consider two (ordered) subsets VS C V% of vertices
+
where V§ = (t1,...,1p) and Vg := (j1,...,Jq). The subset operator Svg,v; mapping from Rl x
+ + +
xR to R x -+ x Rl is defined by its action on a vector (yi,,...,¥;,) as

Sve,ve (Yins -+ Yip)) = Wins -+ Yj)-

For a given conflict-free set V¢ = {i,...,4;}, we can therefore obtain a two-level method by
defining the prolongation matrix to be P := S%;g wye- As a consequence, the restriction pT = Sve,ve

removes from a vector y the entries not belonging to Vg, and
SC = diag(Sl,l, e ,Su)

is block-diagonal and invertible, enabling the efficient computation of the coarse-space correction.
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5.5.2 Multi-level Methods

A different choice for the prolongation matrix P may be used to derive multi-level methods
aiding in solving for the Schur complement S. A multi-level method with K levels consists of K
increasingly fine approximations of dimensions n. = n; < ng < ... < ny of the original solution
space together with smoothing and prolongation matrices G; € R™*", P; € R"+1*" yielding
restrictions §; = PjT e P%flSPK,l «-+Pjfor j=1,...,K — 1, where we set §1 = S.. The V-
cycle consists of computing corrections on increasingly coarse subspaces up to R™f (where S, is
solved exactly), followed by a post-smoothing step. The corresponding ML matrix ¥; € R" %"
at level j can be described recursively by its action on a right-hand side g; € R™:

If j =1, return Sc_lgj.

Restrict g; to R™ -1 via gj_1 PjT_lgj.

Compute coarse-space correction wj_1 + W;_1(g;j—1).

Prolongate correction w; < Pj_qw;_1.

A

Compute post-smoothing step ¥;(g;) == w; + G;(g; — Sjw;).

To define the matrices, we consider a nested family of sets of vertices Vo = V] C ... C V3 = V°.
For each level j = 1,..., K we pick as R™ the space associated with the variables corresponding
to V3. Correspondingly, the prolongation matrix for j € {1,...,K — 1} is given by P; =
S{,; Ve, Furthermore, we let the finest smoothing matrix be the original diagonal part of S, i.e.,

Gk = SCﬁig, and set G = PJT x -P§,1GKPK71 --+ P, which is to say the non-singular matrix

consisting of the blocks of 8&%

corresponding to V7. Finally, to ensure that we can solve S,
efficiently, we ask that V¢ be conflict-free. To define nested families of sets of arcs, we once again

make use of the topology of the graph by setting

Ve ={i € V° | depth(i) <k} and
VS = {i € V° | depth(i) > k},

for k =0,..., height(D°). Clearly it holds that V2, C V., and in particular V%height(mo) = V°.
Furthermore, the set V2, = {R} is conflict-free. Thus, we can construct a multi-level method
with K = height(D°) levels based on these arc sets by setting V3 == VZ,, where the coarsest
solution space consists of the arcs incident to the root R. Symmetrically, we can consider the
sets VS;,1 C VS5, where V2, = V° and VS, .1 oy consist of the (conflict-free) set of leaves of
D°. Thus, we can set V7 = V;height
methods the Bottom-Up and Top-Down multi-level methods, respectively.

(D)—j+1 O obtain another multi-level method. We call these

As for the convergence of these methods, we can apply Lemma 5.6 repeatedly going from the
coarsest space (where the restricted system is solved exactly) to the finest space. To this end,
the smoothing matrix G; has to satisfy the smoothing property with respect to S; for all j =
2,..., K. It is, however, easy to see that these smoothing properties are always satisfied, since
they correspond to the original smoothing property established in Theorem 5.1, applied either to
a single subtree in the Bottom-Up method or several times to different subtrees in the Top-Down
method.
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Finally, several alternative iteration schemes, known as W- and F-cycles [67] have been intro-
duced and can be easily adapted into corresponding multi-level methods. The notable difference
between V- and W-cycles consists of the fact that the latter iteration performs two coarse-
correction steps rather than a single one in each level. Consequently, the running time of the
W-cycles grows exponentially in K = height(ID), whereas the running times of V- and F-cycles

remain polynomial in K.

5.5.3 Super-Node Smoothing

The matrix Sgiag introduced above has the smoothing property and is therefore a suitable
choice as a smoother, while having the disadvantage of not capturing the adjacency in D°.
An alternative is to incorporate the adjacency of a subset of the vertices in V°. To capture
some of this information, we can merge a subset of the vertices in D into a single super-vertex.
Specifically, we let i € V° and 67 (i) = (ag, = (i,71), .- - say,, = (i,jr;)) and treat the submatrix
of § composed of the blocks for i, j1,...,j,, as a single larger block. In terms of the underlying
graph structure, the creation of the super-vertex is equivalent to the contraction of the arcs
ks - - -, Ak, in any order, resulting in a smaller directed tree corresponding to the change in the
blocks of §. Consequently, Theorem 5.1 still applies and we obtain another smoother to be used
in our multi-level method. However, to apply the inverse of this super-node smoother to a right-
hand side, we have to solve the system corresponding to the newly created super-vertex, possibly
requiring an additional factorization. The approach can be extended by creating multiple super
vertices based on different vertices. Furthermore, given a subset V7 C V° associated with a
specific level j in a multi-level method, we can pick these super vertices depending on V;’-
(provided that 4, ji,...,j,, are contained in V;’) in order to obtain a level-specific smoother.
Since the intuitive importance of arcs decreases with decreasing height, we propose to turn all

vertices in V§ with maximum height into super vertices, yielding the smoother Ssyper (V‘;)

5.6 Computational Experiments

In this section, we showcase the performance of the presented preconditioners with a set of
numerical experiments. We examine the convergence of the Krylov solver GMRES equipped with
our preconditioners and its dependence on the problem parameters and preconditioner settings.
Table 5.1 provides an overview of the preconditioners that are analyzed subsequently, along with
their abbreviated identifiers and definitions. The tests are implemented in Python 3.9.18 [150],
complemented with the libraries SciPy 1.10.0 [69] for various numerical linear algebra routines,
and DOLFINx for finite element method functionalities [68]. All experiments were conducted
on an Intel® Core™ i7-10710U processor.
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Table 5.1: Overview of the tested preconditioners and their definitions.

Formulation Preconditioner Definition

Nested Block-Diagonal Equation (5.4) in Section 5.4.1

Nested Hook Equation (5.5) in Section 5.4.2
Recursive Equation (5.7) in Section 5.4.3
Direct method Section 5.3

Non-nested Block-Diagonal Equation (5.9) in Section 5.5

Non-nested 1 1ti level (ML) Section 5.5.2

The following experiments serve as a proof of concept regarding the convergence behavior and the
scaling of the computational cost of the iterative methods. We showcase our ability to compete
with widely used methods by considering a specific example in Section 5.6.2. It is noted that most
of the following problems can be solved efficiently with direct linear solvers, including sparse
LU factorizations such as SuperLU [24]. However, our methods demonstrate better scaling and,
therefore, can enable an improvement over direct methods for large problem sizes, so a specific

parallel implementation to solve problems of huge scale is a key avenue of future work.

5.6.1 Scenario Tree NMPC

The first test problem stems from optimal control of systems under uncertainty. A well-estab-
lished method for robustly tackling (deterministic) optimal control problems is nonlinear model
predictive control (NMPC, see [151]). Uncertainties of systems can be modeled by scenario trees,
which, when integrated with NMPC, leads to so-called scenario tree NMPC' (see e.g., [152]).
How scenario tree NMPC can be applied in practice is presented in [153]. The control problem
is reduced to an optimization problem which leads to linear systems fitting into the framework
discussed here. We consider an example based on [153], which models masses coupled through
spring packets containing redundant arrays of springs, with each spring having a certain fault
probability. The nonlinearity is handled by the sequential homotopy method, yielding a sequence
of linear systems with tree-coupled structure, where we only consider the first system of the

sequence.

We fix the time step for the scenario tree generation to 0.1. The underlying system contains
4 spring packets each of which contains 6 springs. The spring fault probability is set to 0.003.
The scenario tree is chosen to model 15 time steps, corresponding to a tree of depth 15. An
example resulting scenario tree is depicted in Figure 5.3. The overall system has 12432 degrees
of freedom and 76 nodes. The resulting linear system is then solved with GMRES equipped
with the preconditioners introduced above. The iterative solver is run without restarts and a
maximum of 100 iterations. To allow a better comparison of various preconditioners, we use

right preconditioning. That is, to solve Az = b, GMRES is applied to the system

Az =b with A=AP T andz=P 7.
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Figure 5.3: Example tree resulting from the application of the scenario tree NMPC approach
[153] to a problem of connected spring packets. Each level corresponds to a decision point of the

scenarios. Each path from the root to a leaf represents a single scenario. The preconditioners
are based on the topology of this scenario tree.
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Figure 5.4: Convergence for the scenario tree NMPC problem with different preconditioners
for a tree depth of 15. The plots show the relative residual of the solution at each GMRES
iteration: all preconditioners with one representative ML preconditioner (left), various ML
preconditioners (right). The right plot shows the convergence for the block-diagonal (solid lines)
and the super-node smoother (dashed lines). The direct method, nested recursive, and ML
preconditioners show fast convergence, while the others do not provide a significant improvement

over the unpreconditioned method. The residual lines of the nested hook and block-diagonal
preconditioners overlap.
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It is noted that the matrices P~1A and AP~ are spectrally equivalent and possess the same
minimal polynomial. Thus, the above theoretical results also apply to right preconditioning with
the transpose. Figure 5.4 shows the number of GMRES iterations for different preconditioners
and the 2-norm of the associated relative residuals

Tk

Trk = 77

[Ioll
where r;, denotes the absolute residual at the kth iteration. We initialize the iteration with an
initial guess of xg = 0, yielding an initial residual of ryp = b. As found in experiments, different
settings for the ML preconditioner lead to similar convergence results. Thus, Figure 5.4a only
shows one representative for the ML preconditioner (the V-cycle with super-node smoother
introduced in Section 5.5.3), while Figure 5.4b provides a detailed insight into the behavior of
different settings of the ML method.

As expected, the direct method and the recursive preconditioners lead to convergence within
one GMRES iteration. This aligns with the results of Lemma 5.4 and Corollary 5.2. The
nested block-diagonal preconditioner does not result in a significant reduction in the iteration
numbers. The nested hook preconditioner shows the same convergence as the nested-block-
diagonal preconditioner and was found to be effective only for shallow trees. The discussion of the
non-nested block-diagonal preconditioner refers to (5.9), and the experiment suggests that the
preconditioner does not resemble the system well enough to serve as an effective preconditioner.
Finally, we have the ML preconditioner, giving a significant reduction in the number of iterations.
Figure 5.4b depicts variations of the ML approach (indicated by color) paired with either the
block-diagonal smoother (solid lines) or the super-node smoother (dashed lines). The super-node

smoother performs better than the block-diagonal smoother in general.

When increasing the tree depth to 20, most preconditioners failed due to excessive runtime or
the exhaustion of the maximum number of iterations. On the one hand, this failure can be
explained by the increased runtime for each application of some of the preconditioners due to
their exponentially increasing complexity with respect to the tree depth. While the nested block-
diagonal, the nested hook, and the non-nested block-diagonal preconditioners do not have such
runtime scaling, these do not provide a sufficient performance in order to converge within the
prescribed maximum number of iterations. The ML preconditioner using a V-cycle, however,
still showed good convergence behavior, yielding convergence within 9 iterations in the case of

the super-node smoother and within 26 iterations in the case of the block-diagonal smoother.

If the preconditioned system matrix is not too far from normality, the convergence characteristics
of GMRES are primarily influenced by the eigenvalue distribution of the preconditioned system
matrix. Figure 5.5 shows the absolute values of the eigenvalues of the preconditioned matrices,
specifically |A\(AP~T)|. To facilitate the eigenvalue computation, a tree depth of 5 is selected with
2 spring packets, each containing 3 springs. For improved presentation, the plot does not show
the eigenvalues of the direct method and the nested recursive preconditioner since these map all

eigenvalues to 1 as they function as exact solvers. The distributions of the eigenvalues align with
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Figure 5.5: Eigenvalues of preconditioned matrices for different preconditioners. The example
used is the scenario tree NMPC problem for tree depth of 5 with 2 spring packets, each containing
3 springs. The eigenvalue distributions reflect the observed convergence behavior.

the observed convergence behavior. In contrast, the hook preconditioner and the two block-
diagonal preconditioners barely show any improvement, exhibiting a significant scattering of
several eigenvalues. The good performance of the multi-level method is reflected in the eigenvalue

distribution, with the majority of eigenvalues being 1 and only a few scattered not far from it.

5.6.2 Multiple Shooting for Optimal Control

We consider the solution of optimal control problems with ordinary differential equations, more

specifically, problems of the form

T T
win 3 [ 190 — g e+ 5 [t -l an
st g(t) = fly(t),u(?)),

y(0) = yo.

When considering large time horizons, such problems can lead to numerically challenging prob-
lems since the optimality conditions lead to equations both forward and backward in time.
Parallel-in-time methods (see e.g., [54]) tackle this problem by allowing parallelization along
the time axis. Among various types of such methods, we focus on a multiple shooting method
[119, 154]. The time interval [0,7] is separated into smaller intervals [ty,tx+1] and, where
necessary, appropriate matching constraints are enforced at the interfaces. This results in a
series of subsystems, each of which can be considered independently. The subintervals can be
arranged into sparsely coupled trees (see Figure 5.6). This tree structure is not just restricted

to binary trees but can be generalized to arbitrary numbers of children.



5.6. Computational Experiments 117

Figure 5.6: Rearranging matching constraints in multiple shooting.
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Figure 5.7: Convergence for the multiple shooting problem with a binary tree. The plots follow
the same structure as in Figure 5.4. The direct method, nested recursive, and ML preconditioners
admit fast convergence, while the others do not provide a significant improvement over

the unpreconditioned method. The residual lines of the nested hook and block-diagonal
preconditioners overlap.
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Figure 5.8: Convergence for the multiple shooting problem with a shallow tree. The plots follow
the same structure as in Figure 5.4. All preconditioners admit fast convergence except for the
nested block-diagonal preconditioner.

We look at a modified Lotka—Volterra problem

Y1 —Y1y2 — C1y1u
fly,u) = < ) ,
—Y2 + Y1Y2 — C2Yaul

with yq = (I, )T, @ = 0.5, T = 12, ¢; = 0.4, c; = 0.2, 3 = 0.1, and the initial state yo =
(0.5,0.7)T. First, the time horizon is separated into 8 subintervals and arranged in a binary tree
with depth 4. Each of the subintervals is discretized with 20 timesteps. The nonlinear problem
is linearized by the sequential homotopy method, where the resulting linear system is of size
12166. Figure 5.7 shows the performance of the preconditioners for this setting. We can, in fact,
observe similar behavior of the preconditioners as in the scenario tree NMPC problem except
for the ML preconditioner. The first few iterations of the ML preconditioners do not lead to a

significant improvement in the residual, but it eventually achieves rapid convergence.

In a second setting, we consider a shallow tree with the root node having 64 children. The
resulting linear system is of size 47242. The results are depicted in Figure 5.8. In contrast to
the preceding experiments, we can observe that the hook preconditioner convergences within
two iterations, which aligns with Corollary 5.1. All ML preconditioners are found to converge
within three GMRES iterations. The non-nested block-diagonal preconditioner shows the same

behavior as the V-cycle. The remaining convergence results overlap with what we have seen in
the previous experiments.
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Comparison with Condensing

We now compare the iterative solvers we have derived to an established problem-specific method,
called condensing (cf. [154] and [155, pp. 560 ff.]). The condensing approach recursively constructs
an explicit expression for the state as a function of the control, making use of the block-sparse
structure of the underlying matrices. This way, the state variable is eliminated in the optimal
control problem, and the problem is cast as an equivalent unconstrained quadratic program.
While this is usually carried out on the shooting grid, it is more reasonable here to perform
the condensing on the (much finer) time discretization grid due to the discretization of the
control, which aligns with the time grid and not with the multiple shooting grid. The method
is known to scale quadratically in the number of timesteps for constructing the explicit form of
the state. Even though the resulting quadratic program is dense and the runtime of its solution
would scale cubically, it is described in [155] how a Cholesky decomposition of the resulting
linear system can be constructed with linear runtime scaling, reducing the method’s overall
runtime behavior to quadratic scaling. In the following analysis, the efficient computation of the
Cholesky decomposition is not implemented. Since the runtime of condensing is dominated by
the construction of the necessary dense matrices anyway, it is sufficient to measure the runtime

of this step only to get an insight into how the methods compare.

Figure 5.9 compares the runtimes of condensing and the multiple shooting approach coupled with
our ML-preconditioned iterative solver. The ML preconditioner is configured to use a V-cycle
with the block-diagonal smoother. The domain is separated into sub-intervals for multiple shoot-
ing, each containing 40 equidistant forward Fuler timesteps, and is arranged into a shallow tree.
The horizontal axis shows the number of timesteps, and the vertical axis denotes the runtime in
seconds for assembling the necessary matrices and solving the system (except for the condensing
method). The dashed lines represent linear and quadratic scaling. The condensing approach
has a quadratic scaling, consistent with the theoretical results. In contrast, the preconditioned
iterative method exhibits a linear scaling and outperforms condensing for larger problem sizes.
Additionally, the ML approach has the potential for parallelization, which would result in an
even greater speedup. The same asymptotic scaling would be expected if the condensing was

carried out on the coarse shooting grid.

5.6.3 Domain Decomposition for PDEs

The tree-sparse approach to multiple shooting in Section 5.6.2 can be transferred to domain
decomposition methods for elliptic PDEs. Given a PDE on a domain €2, we can dissect €2 into an
arbitrary number of subdomains. This allows us to solve the PDE on each subdomain separately
while enforcing consensus constraints along the interfaces, also known as non-overlapping domain
decomposition [118, pp. 74 ff.]. State-of-the-art domain decompositions methods for elliptic PDEs
are, e.g., as Finite Element Tearing and Interfacing (FETI) methods [156, 157]. Since these
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Figure 5.9: Runtime comparison of condensing and the ML preconditioner for solving the
multiple shooting problem for various numbers of timesteps n;. The linear runtime behavior of
the ML-preconditioned solver provides better scaling than the quadratic scaling of the condensing

approach.
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Figure 5.10: Construction of subdomains by recursive dissection of the domain 2. The
dissecting lines of two domains 2; and ; are labeled by I'; ;, along which consensus constraints

are enforced.
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Figure 5.11: Convergence for the domain decomposition problem arranged in a binary tree. The
plots follow the same structure as in Figure 5.4. The direct method, nested recursive, and ML
preconditioners show fast convergence. The non-nested block-diagonal preconditioner provides
slightly improved convergence compared to the unpreconditioned method.

methods are specifically tailored for the solution of elliptic PDEs, we found that they clearly
outperform our proposed approach. We have opted not to include any direct comparisons here,
because our framework addresses a much larger problem class and must be expected to perform

worse than methods targeted at narrower classes of problems.

To apply our framework, we recursively carry out non-overlapping domain decompositions,
resulting in a hierarchical decomposition of the domain, which can then be arranged into a
tree structure (see Figure 5.10). The novel aspect of this approach is that the interfaces are
interconnected across a tree, resulting in a more structured Schur complement. While the primary
challenge of non-overlapping domain decomposition lies in approximating the Schur complement,
we assume that complete information is available and demonstrate that the tree-sparse ordering
coupled with our methods still provides good performance. This encourages future work to seek
more efficient approximations of the structured and simpler Schur complement and to make the
approach practicable. For the experiment, we consider the mixed formulation of the Poisson
problem (see e.g., [158]). The solution of the Poisson problem within this formulation can be
viewed as an optimization problem, hence allowing us to fit these into the above framework. A

more detailed discussion of the theoretical background can be found in Appendix B.2.

We discretize the solution with a non-uniform triangulation of the domain Q = [0,1]* and a
maximum cell size of h = 0.0125. The discretization conforms with the predefined interfaces. In
our first setting, the domain is decomposed into eight subdomains, which are then arranged in
a binary tree of depth four. The resulting linear system is of size 223 365. The convergence of
the preconditioners is shown in Figure 5.11 following the same structure as before. The direct

method and the recursive preconditioners converge within one iteration. The hook preconditioner
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Figure 5.12: Convergence for the domain decomposition problem arranged in a tree with
each inner node having 8 children. The plots follow the same structure as in Figure 5.4. All
preconditioners admit fast convergence except for the nested block-diagonal preconditioner.

is again found to be ineffective for deep trees. The nested block-diagonal preconditioner does
not result in improved convergence when compared to the identity preconditioner. As opposed
to the previous experiments, the non-nested block-diagonal preconditioner leads to a reduction

in iteration numbers, but is still outperformed by the ML preconditioners.

Similarly to Section 5.6.2, the tree can be arranged as a shallow tree with 8 leaves directly
connected to the root. The size of the linear system is 220601. In Figure 5.12, we see the same

behavior as in the case of the shallow tree in the multiple shooting test problem.

This approach can be extended to PDE-constrained optimization problems. For an overview
of such problems, the reader is referred to [21]. We consider a Poisson control problem with a

distributed control, i.e.,

1
win 3 [ @) —ya@)? do+ 5 [ u@Pas,
stt. —Ay(x) =wu(z) inQ,
y(x) =0 on 09,
where u denotes a distributed control and 5 > 0 is a regularization parameter. The domain
decomposition is carried out the same way as for the Poisson problem.
Again, we use a triangulation of the domain Q = [0, 1]? with a maximum cell size of 0.0125, and

the regularization parameter is set to 3 = 10~%. The desired state y, is set to

yq(x) = sin (7x1) sin (7z2) .
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Figure 5.13: Convergence for the domain decomposition problem for a PDE-constrained
optimization problem arranged in a binary tree. The plots follow the same structure as in
Figure 5.4. The direct method, nested recursive, and ML preconditioners show fast convergence.
The residual lines of the nested hook and block-diagonal preconditioners overlap.

If we arrange the domain into a binary tree of depth four, we obtain the convergence behavior
depicted in Figure 5.13. The linear system is of size 446 730. The convergence behavior aligns with
what has been observed in the previous examples with deep trees. For the ML preconditioners,

the residual first remains on a plateau, but eventually achieves rapid convergence.

We note that, unlike the previous experiments, the Schur complements for the PDE problems
remain relatively small in size but are still too large to construct explicitly in practice. For
such PDE-related problems, inexact Schur complement methods have been widely studied in
the literature, see e.g., [159, 160]. While most of our preconditioners rely on an explicit Schur
complement, the proposed multi-level approaches provide a way to circumvent its construction.
In particular, one only needs to apply the smoother Sd_i;g, which involves solving smaller sub-
blocks rather than the full Schur complement. This substantially reduces computational cost
and enables more efficient approximation strategies. Therefore, in these scenarios, multi-level
preconditioners can effectively reduce the complexity associated with Schur complements and
can support the use of inexact methods in a scalable manner. A detailed analysis of these

approaches is left to future research.



5.6. Computational Experiments 124

Table 5.2: Number of solved subsystems involving B; when solving the scenario tree NMPC
problem for different tree depths and preconditioners.

Preconditioner Tree Depth and #DOFs
5 10 15
1972 6102 12432
Direct Method 1024 23198 721916
Nested Recursive 1024 23198 721916
Block-diagonal 924 2028 2420
V-Cycle Super-Node 508 1059 1508
Block-Diagonal 768 1926 2192
W-Cycle Super-Node 456 957 1432
Block-Diagonal 690 1722 1964
ML F-Cycle Super-Node 456 906 1356
Block-Diagonal 1002 2436 2800
Bottom-Up Super-Node 508 1161 1584
Block-Diagonal 1184 3099 3256
Even-Odd Super-Node 1028 2997 3028

5.6.4 Computational Cost

Since the computational complexity varies among the preconditioners, the performance of a
preconditioner is not determined by its iteration numbers alone. Hence, we analyze the running
time of the preconditioners in this section. It is important to note that in these experiments no
potential for parallelizability has been exploited as this is subject to future work. Additionally,
the focus of the implementation is on the qualitative performance of the preconditioners rather
than optimizing for computational efficiency. In order to provide insights into the running time
behavior, the number of solved subsystems involving B; (including the setup of the precon-
ditioner) is considered as a measure of running time, as the overall computational burden
is dominated by this. All subsystems are of the same size. We consider the scenario tree
NMPC problem from Section 5.6.1 for the tree depths 5, 10, and 15. Table 5.2 shows the
results for preconditioners that converged in under 100 iterations, and Figure 5.14 visualizes the
same data. The direct method and nested recursive preconditioner have the same number of
solved subsystems. Even though these preconditioners lead to convergence in one iteration, the
computational complexity grows exponentially with the tree depth, resulting in 721916 solved
subsystems. On the other hand, the ML preconditioners are more robust with respect to the
tree depth, only requiring between 1356 and 3256 subsystems to be solved for the deepest
tree. Thus, the ML preconditioners are more suitable for large-scale problems, while for shallow
trees the difference between the preconditioners becomes less significant. We have observed that
these results transfer to the remaining numerical examples. In general, we observe the expected
polynomial and exponential runtime scaling with respect to the tree depth for the respective

preconditioners.
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Figure 5.14: Number of solved subsystems involving B; as a function of the number of DOFs
when solving the scenario tree NMPC problem for different tree depths and preconditioners.
Solid and dashed lines correspond to the block-diagonal and super-node smoothers, respectively.

5.7 Conclusion

We proposed and examined several algorithmic approaches to solve saddle-point systems with
a tree-based block structure. Apart from the direct method, these approaches are based on
preconditioned iterative linear solvers. Several of the problem-specific preconditioners have
notable theoretical properties warranting their utilization in large-scale problem instances. This
holds in particular for the ML methods obtained by applying multigrid approaches to tree-
coupled systems, where much of the theory of multigrid methods carries over. The corresponding
algorithms work very well in our numerical experiments, with the more accurate super-node

smoothing combined with a V- or F-cycle iteration being particularly efficient.

Valuable future work would include the study of the effects of parallelization, the analysis of
coupled systems with an even more general graph-based structure including cyclic dependencies,
and the derivation of methods to automatically detect this exploitable structure within given

linear systems.



Appendix A

Technical Proofs for Carleman

Linearization of Parabolic PDEs

This appendix contains technical proofs of results presented in Chapter 4.

A.1 Proof of Lemma 4.3

Before we proceed to the proof of Lemma 4.3, we introduce a few results on B. Most of these
are adaptations of results proved in [94] with a focus on the explicit dependence of the involved
constants on 7. In the following, we adopt the notation B(z,y) in place of B(z®y) to emphasize

the bilinear structure of the operator.

Lemma A.1.1. Let T € (0,00]. For all z € W(0,T;V, V'), it holds that

121l oo 0,156y < 12(0) |1 + 2 llw(o,75v,v7)-

Proof. Let z € W(0,T;V,V'). Then, we obtain the following upper bound:

I = 120 +2 [ (), 2vds < 12001 +2 [ 1((6), 2s)hv] ds

< 12(0) |7 + 2|2’ I z20,mv ) 12l 2 0,m50) < [|2(0 Iz + 112/ HL?(O,T;V/) + ||Z||%2(0,T;V)

for t € [0,T), cf. Lemma III.1.2 in [1]. O

Lemma A.1.2 (Lemma 2 in [94]). Let T' € (0,00] and B fulfill (A3). Then, for all y,z,w €
W(0,T;V, V"), it holds that

‘<B(?Ja z), w>L2(0,T;V’),L2(O,T;V)‘

1 1 1 1
< CBHy‘|[2,oo(07T;H)Hy”ZZ(o,T;V)Hszoo(QT;H)HZ‘E?(Q,T;V)HwHLQ(O,T;V)-
Lemma A.1.3 (Refinement of Corollary 3 in [94]). Let T' € (0,00] and B fulfill (A3). For all
y,z € W(0,T;V,V"), it holds that

HB(va)HL2(0,T;V’) < es(ly(0)||a + H?JHW(O,T;V,V/))(HZ(O)HH + HZHW(O,T;V,V/))'

126
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Proof. The result follows from Lemma A.1.1 and Lemma A.1.2. O

Lemma A.1.4 (Refinement of Lemma 4 in [94]). Let T € (0,00] and B fulfill (A3). For all
5 € [0,1] and for all y,z € W(0, T3V, V") with [y(0) 1 + Iylwiorvyr < 8 and |20)x +
HZHW(O,T;V7V’) S (5, it holds that

1B(y,y) — B(z,2)| 20,0;v1) < 20cp (||y(0) —2(0)[|r + lly — ZHW(O,T;V,V')) :

Proof. Let y,z € W(0,T;V,V'). With Lemma A.1.3, it follows that

1B(y,y) — B(z,2) |20,y < 1B,y — 2)llz20,v) + 1By — 2, 2) | 20,1507
< 265 ([[y(0) = 20l + |y — 2lworvyr) =

This enables us to prove the well-posedness of the nonlinear Cauchy problem.

Proof of Lemma 4.3. Let yo € H and g € L?(0,T;V"'). Then, the system

2 (t) + Az(t) = g(t) in L*(0,T;V"),

(A1)
z(0)

Yo

has a unique solution z € W (0,T;V, V') with [|2(0)[|lz# + |zllwor;v,vy < crexp(AT)(([yollr +
9/l L2(0,7;vy) With the constant cf, > 1 from Lemma 4.1. Let p := |[yollzr + || f[| 20,7517y We set
cy = max(1/(4cpexp(AT)), cr) > 1. Define the set

M ={y e WO,T;V.V') [ lyO)llz + lylworvyy < 2en exp(AT)p, y(0) = yo}-

Due to ¢y > c¢r and estimate (4.4), the solution to (A.1) with ¢ = f belongs to M. Thus, M
is not empty. Due to the continuous embedding C(0,7; H) < W(0,T;V, V'), the set is closed
under the W (0,7'; V,V')—norm. Define the map Z : M — W (0,T;V, V'), where z = Z(y) maps

the function y to the solution of the system

Z(t) + Az(t) + B(y(t), y(t)) = f(1),
z(0) = yo.

< 1 and one

Since ¢y > ¢r, and by using Lemma A.1.4 with § = 2cy exp(AT)p < m <

argument being zero, we obtain

12Ol + 12lw oy < ev espT) (vl + 1B, 9l 2oz + 1l )
< e exp(AT) (1 + 20cp (HyoH +lylworviy))

< ey exp(AT) ( 2cBeN exp()\T)u)

2cn exp /\T)
= 2cn exp(AT) .
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Hence, Z(M) C M. Next, we show that Z is a contraction. For y1,y2 € M, let z = Z(y1)— Z(y2),

which solves

2(t) + Az(t) + B(y1(8), y1(1)) — B(ya(t),2(t)) =0 in L*(0, T35 V"),
z(0) = 0.

From Lemma A.1.4, we obtain that

12(n) = Z@wo)llwozvyy = 2 lworvay < evespOT) (I1By1,u1) — By, )20

1
< ey exp(AT)26egl|y1 — v2llw vy < 5”@/1 = v2llworvv-

Due to Banach’s fixed-point theorem, there is a unique solution y € M to Z(y) = y, which

proves the existence of a solution to the nonlinear Cauchy problem.

The uniqueness of the solution in W(0,7; V, V') can be proven the same way as in [94]. O

A.2 Proofs of Properties of A;, B, and F;,

For the following proofs, we introduce the notation f(l) = (i, . ,ﬁ_l,;j+1,...,jk) c Nk-1
for k > 2 and jUPL-Pm) . (31,...,j’l,l,pl,...,pm,ﬁﬂ,...,fk) e Nktm=1 for k > 1, where
7 € N* is a multi-index with k& € N, and p, € N for n € {1,...,m} and m € N. Furthermore,
the notation Z FOenk-1 for I € {1,...,k} translates to the sum over NF=1 with the indices

(l) = (]1, . ,]l 1 jl+1, . ,jk 1). The multi-index ]<l P1--Pm) is defined as above in such case.
We will use (-, -) to denote the duality mappings (-, )y and (-, -)Vlo( k) Where the respective spaces

are to be inferred from the context.

Proof of Lemma 4.4. First, we show the operator’s boundedness. Let u,v € V?(k) be arbitrary
but fixed. It holds that

Apv = Z (Apv, p7) @z

ieNk

The functions u and v admit the representation u = > -, (i )cp with 4(i) = (u, ¢7), and a

similar expression for v. It holds that

-1 k—l1
i) =X X 5 i) (@ 4, ) e ar e (® er, ) 1)
m=1 m=1

l=175eNFk jeNk

k
Z > > a@)e@ ) (Agy, ¢r).

170 eNk—1 p,reN
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Define the functions gz, = > .cn a(i%*))p, € V and Wy, = YseN 8(i3))ps € V. Then, by

leveraging the Cauchy—Schwarz inequality, we obtain that

(Agu,v) = Z > (Aggwz) = Z Y Blozliviiws,liv

[=17() eNk—1 ) 1= 17 eNk—1
1

_ 1
k k 2
<A D gl [ X lwyli
LI=1 ) eNF-1 =170 enk-1

1

1
[ & k 2
SE L saer| |8 T S|
=17 cNk—1 s€N I=17) cNk—1 s€N

1

1
k 2 k 2
S A;lw)?] {Z ) Agw] = Bllullvou lvllvow:

which shows the boundedness of Ay.

Next, we show the coercivity of A by

s EE B )

I=1jeNk geNk

k k
Z Z Z P _(l T) A‘Pp»@r Z Aw”,w l>

17 eNk—1 p,reN I=1 ;1) eNk—1
k
> 3 > (Mlws = Ml l1%)
(A2) 15 () eNk—1
k k
SO VI RIS D SRS SLGHTL
=17 eNk-1 s€EN I=17)cNk—1 s€N
k . k .
=y /\‘l’f)(i)Q —A> > 0()? = ’YHUH%/Ol(k) — Aol Fxy - [
I=1jeNk =1 Nk

Proof of Lemma 4.5. Let BR" = (B(pp ® ¢r), om) for p,r,m € N. Any v € V*(k + 1) can be
represented as v = > = ki1 @(Z)cp;. Then,

Bro = Y (Byv,93)¢5.
JENF

Moreover,

(Bkv,¢;>:zk:<<§l> ®B® (&; >v gp~> Z > B2 o Fpn)y,

=1 I=1p,reN
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Using the Cauchy—Schwarz and Hoélder inequalities, we can conclude that

2 _ Y’ —1+4e
1BivllZe gy = 3 7(A)"0(

> 3 el

2
k . k 1 (tip)
1+ —& DT 3Py
=2 E<Z%>ZA1—6 > Byrat)
<k
2
k 1 .
RN
<5 5073 | 5% B
fENk =1 p,reN

Holder’s inequality was used with p =1/(1 —¢) and ¢ = 1/e for € € [0,1). Then, 1/p+1/qg=1

and

l1—e

S () (30) < () e

=1 =1 =1

The same estimate can be shown directly for ¢ = 1. For j € N* fixed, let

ws = > 3P )pp @ pr € V(2).
p,reN

From the regularity of the operator B, we have that

2
Z )\a71+5
£ Ji
JieN

< cpla,e)llws [[fe@) = cnlaye) Y a(GUPIPAPAT (A + Ar).
(A ) p,reN

DT _"(l;p,'l‘)
Z sz o() )

p,reN

— | Bwg 21

Plugging this into the above estimate, we obtain

i 2
D, o Z (L,
> Z i | 2o BRI
FeNk =1 j’ p,reEN
2
i 1 1+ (lp,r)
_ R - \a— 13 DT (S (Lp,T
DI SRR D o
=17 eNk-1 j,eN il p,reN
. 2
o o a—1l+te P o Z(lp,r)
=2 2 (IDx, ) 2o x| X BRraGi™™)
=1 FWeNk-1 m#l J1EN p,reN

k
SCB(a,E)Z Z (H)\ ) Z (G2 Ao AR (Ap + Ar)
!

=1 J"(L)eNkfl m=#l p,r€N
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k
=cpla,e) Y > w(A)*0()? N, +X;, ) = -
1€Nk+1 =1

=1 feNk+1
<20();)

< 2cp(a, ) Z W()\;)ao'()\z)f)(g')2 = QCB(a,5)||UH%/1a(k+1).
ieNk+1

Thus,
”BkUH%/gHE(k) < 2CB(OéaE)kE||”H%/1a(k+1)' u

Proof of Lemma 4.6. For all v € V°(k — 1) it holds that
k

Fe(to = 3 (Fe()v,o9)05 = 3 07 (= f3,000").

jENk j ENk =1

With Apin being the smallest eigenvalue of L, we have that

k 2
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since k > 2. This concludes the proof.



Appendix B

Supplementary Material for
Tree-Coupled Saddle-Point Systems

The following sections provide a more detailed examination of some topics discussed in Chapter 5.

B.1 Example Application of the Direct Method

To illustrate the direct method introduced in Section 5.3, we examine its application to the
solution of the example in Figure 5.1. Following the notation for the nested systems we find that
Bgl == Bl, BSQ == BQ, and

B
=l ~(Cz3)"
B<s = Be )
a Bs (623)T ’
2

where

Dy o _ Cy
D — , C-‘r — 1 , and C — 1 7
= ( Da) = (CJ ) oo ( Cy )

yielding the same linear system as in the example. We wish to solve a system with this matrix

and a right-hand side (h<i, h<g, h3, f1, f2) for variables (x<i1,z<2, 23, y1,Y2).

Recall that the direct method is based on the Schur complement of this system with respect
to the block made up by diag(B<i,B<2, Bs). The block is inverted to provide a solution for
(x<1,x<2,73) based on y; and y2. To obtain values for the latter variables, this solution is

substituted into the remaining rows, yielding the two systems

-1

B<1 h<i
S<s <y1> = (-cz; cy) Bes hes | — <f1> and
Y2 B h p)
B<i . T<1 B h<i _(CES)T "
<2 T<o | = h<a| — ( (c* )T> <y2> )
Bs x3 hs3 =

132
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where the Schur complement S<3 is given by

1
B<i

- —(C)"
B =3

In order to solve the systems we first need to compute S<3. By multiplying out the products in

the definition and rearranging terms we obtain

Ccr BTN et
S§3:<1 1(1)

0232%02F>
CcYB;l(C

_%<Cf3310 ) ;F>
ToorBsten)”

(e
Cy B3 (CY)

(")

These blocks are precisely the ones computed in Algorithms 5.2 and 5.3: The blocks D; and Do
are added to the diagonal of S<3, while the blocks in the second term with blocks C; By H(C)T
corresponds to the products C,;t Zp computed in Algorithm 5.2. The remaining first term is
computed by two calls to Algorithm 5.3, each of which consists of the base case, since vertices

1 and 2 are leaves.

Once S<3 is computed, we can use it to solve the two systems above one after the other. First,
to obtain values for the variables y; and yo based on the first system, the direct method in
Algorithm 5.1 recurses into the leaves 1 and 2 to obtain §; and g5 respectively. These vectors are
then used to compute the right-hand side for the system involving S<s, which is subsequently
solved, yielding y; and ys. Second, once these values have been computed, we have all of the
information required to compute the right-hand side and then the solution of the second system,
yielding the values of the remaining variables z<1, <2, and x3, where the computation of z<;

and x<g requires a second recursion into the respective leaves of the tree.

B.2 Domain Decomposition in the Mixed Formulation

In this section, we give a more detailed description of how domain decomposition can be applied
to elliptic PDEs in the presented framework. We consider the Poisson problem on a given
Lipschitz domain 2. The PDE is given by

—Au(z) = f(z) inxz e,

u(z) =up(x) onzelp, (B.1)
ou

%(aj) =g(x) onzeTly,
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where @ € R? with d € N, 90 = Tp UDln, Tp NIy =0, f € L*(Q), ug € HY?(T'p), and
g € H-'/2(I'y). Our aim is to solve the PDE on separate domains in order to break down the
overall problem into smaller pieces. For that purpose, we decompose 2 into non-overlapping
closed subsets Q; C Q for ¢ € {1,...,n} for some n € N, known as non-overlapping domain
decomposition (see [118]). We then have that Q = UL, Q; and ; N €2 is a set of measure
zero for i # j. We denote the interfaces between the subdomains by I'; ; := 9€; N 0€; for
i,7 € {1,...,n} with ¢ # j. One can then solve the PDE on each subdomain separately, while

enforcing continuity of w and of the flux on the interfaces, i.e.,

ui(z) = uj(x) onz el

Vui(z) -n=-Vuj(xz) -n onzely;,

where u; denotes the solution on the subdomain §2;. If the continuity at the interfaces is fulfilled
while all u; solve the PDE (B.1) on each subdomain, the overall solution can be achieved by
joining the partial solutions w;. While this visualizes the basic idea of non-overlapping domain
decomposition, we choose to use the mixed formulation of the Poisson problem instead of (B.1),
since this formulation allows us to impose the continuity conditions through matching of degrees
of freedom in magnitude (given an appropriate choice of approximation function spaces). One
further advantage of using the mixed formulation is that it allows lower regularity of the data

and solution. The mixed formulation is given by

c—Vu=0 in €,
V-o=—f in{,
(B.2)
o-n=4g on I'y,

u=ug onl'p.

Under appropriate assumptions, it can be shown that (B.2) is equivalent to (B.1). We use finite
element methods to solve the PDE, which requires us to consider the weak formulation of the
PDE:

/Q(T-U—l—(V-T)u—i—v(V-U))dac:—/vada:—i—/FD(T-n)uods

for all (7,v) € ¥ x U,

where (o,u) € ¥ x U, ¥ = {0 € H(div,Q) | 0 -n = gon 'y} and U = L?*(Q). Now, the

continuity of the flux at the interface I'; ; translates to

o;-n=—o;-n only;.
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In order to give this meaning, we have to consider a weak formulation. One might be tempted

J

However, one has to be aware that v is not well-defined on I'; ; and the trace of ¢ is an operator

to choose

o; -nds = —/ oj-nds for all v € L*(Q).
r

i.j i
vsi; € H™Y2(Ty ). In [158], it is discussed how this problem can be circumvented. They

introduce an additional test function for the interfaces. First, the following spaces are introduced:
M =] L2(Ty),
2%

op {q e (@) | aly, € H(div, ). ]q-n] € M},

U = L*Q).

Let T'! denote the set of all interfaces. Let u,v € U, o,7 € ¥, and ¢,% € M. The mixed

formulation is then given by

/(a-T+UV-U+uV-7‘)da:+/ [a-n]zpds—/ [7 - n]epds
Q ! Inli

(B.3)
:—/fvdzr forall velU, reX v e M.
Q

Boundary terms have been omitted for the sake of simplicity. Another way to look at this is to
enforce the continuity of the flux in a weak sense, but with trial and test functions that have
higher regularity. The higher regularity of > at the interfaces increases the regularity of the trace
from H~'/2(T"; ;) to L?(T';;). This formulation enforces both the continuity of u; as well as the
continuity of the flux at the interfaces, and yields matrices fitting the framework presented in

this chapter.

In [158, Sec. 5], conditions for conforming subspaces are stated under which convergence of
solutions of (B.3) to solutions to (B.2) is guaranteed. We make use of the more specific case
discussed in [158, Eq. (5.16)]. It states that the space spanned by the traces of the discretization
>, of X at the interfaces has to be the same space as the discretization M}, of M. The conforming

subspaces

My, = [[Po(Tijn) C M,
12

Eh = RT()(Qh) C E,

Uh = P()(Qh),
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fulfill this condition, where RTy(€2) denotes the Raviart—Thomas finite element function space
of first order. The traces of RTy(€2y) are constant at each facet, which spans the space M},. This

also shows that the traces of 3, are in L?. Moreover, we have that

div¥y, C Up,.

If the decomposition is carried out recursively one can arrange the continuity constraints in a

tree form, as described in the numerical experiments.
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