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Abstract

This thesis deals with the construction and analysis of efficient solution methods for a class of opti-
mization problems with constraints in terms of partial differential equations (PDEs). In detail, we
consider the following three optimal control problems with a quadratic cost functional and a linear
PDE-constraint, namely the distributed optimal control of elliptic equations, the distributed optimal
control of multiharmonic-parabolic equations and the distributed optimal control of the Stokes equa-
tions. Those three problems appear in various applications in practice: the optimal control of elliptic
equations arises in the field of optimal stationary heating, the optimal control of multiharmonic-
parabolic equations arises in the field of control of eddy current problems in electromagnetics and the
optimal control of the Stokes equations arises in the field of velocity tracking in flow control. Their
efficient and fast solution is of prime importance.

Usually, in practical problems the control variable and the state variable have to fulfill various ad-
ditional conditions. In this thesis we focus on pointwise inequality constraints on the control and
Moreau-Yosida regularized constraints on the state.

These additional constraints render the resulting first-order optimality system nonlinear. In order
to cope with this nonlinearity, a primal-dual active set method is applied. It turns out that, after
discretization, the resulting linear system to be solved in each step of this linearization method
is a large scale saddle point system that depends on various model and discretization parameters.
This parameter-dependence badly influences the convergence of iterative methods if directly applied
to those systems. Therefore, in order to obtain fast solution methods, appropriate preconditioners
are needed, that improve the spectral properties of the saddle point systems with respect to the
parameter-dependencies and are efficiently realizable.

The main focus of this thesis is the construction and analysis of such efficient preconditioners for the
three mentioned problem classes. For each of the three model problems, we propose preconditioners
and compare them with other preconditioners available in literature.
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Kurzfassung

Diese Arbeit beschéftigt sich mit der Konstruktion und Analyse von effizienten Lésungsverfahren fiir
eine Gruppe von Optimierungsproblemen mit Nebenbedingungen in Form von partiellen Differential-
gleichungen (PDEs). Im Detail behandeln wir die folgenden drei optimalen Steuerungsprobleme mit
quadratischem Zielfunktional und linearen PDE-Nebenbedingungen: das optimale Steuerungsproblem
fiir elliptische Gleichungen, das optimale Steuerungsproblem fiir multiharmonisch-parabolische Glei-
chungen und das optimale Steuerungsproblem fiir die Stokes Gleichungen. Diese drei Probleme treten
héufig in verschiedensten Anwendungen in der Praxis auf: das optimale Steuerungsproblem fiir ellip-
tische Gleichungen im Bereich von stationédren Aufheizproblemen, das optimale Steuerungsproblem
fiir multiharmonisch-parabolische Gleichungen im Bereich der Steuerung von Wirbelstromproblemen
in der Elektromagnetik und das optimale Steuerungsproblem fiir die Stokes Gleichungen im Bereich
der Flusssteuerung. Die effiziente Lésung dieser Probleme ist von grofiter Bedeutung.

In praktischen Anwendungen miissen die Zustandsvariable und die Steuerungsvariable iiblicherweise
zusétzliche Bedingungen erfiillen. In dieser Arbeit liegt der Fokus auf punktweise Ungleichungsbedin-
gungen an die Steuerung und Moreau-Yosida regularisierte Bedingungen an den Zustand.

Diese zusiitzlichen Nebenbedingungen haben die Nichtlinearitdt des resultierenden Optimalitétssy-
stems zur Folge. Fiir die Linearisierung dieser Systeme verwenden wir eine primal-duale aktive Men-
genstrategie. Es wird sich herausstellen, dass die in jedem Schritt dieser Mengenstrategie zu l6senden
linearen Systeme, grofsdimensionierte Sattelpunktsysteme sind, die von mehreren Modell - und Dis-
kretisierungsparametern abhingen. Dies hat zur Folge, dass die Konvergenz iterativer Verfahren zur
Losung dieser Systeme von eben diesen Parametern beeinflusst wird. Um also schnelle Losungsver-
fahren erlangen zu kénnen, bendtigen wir entsprechende Vorkonditionierer, welche die Spektraleigen-
schaften der Sattelpunktsysteme in Bezug auf die Parameterabhéngigkeit verbessern. Zusétzlich soll
eine efliziente praktische Realisierung der Vorkonditionierer gewéhrleistet sein.

Das Hauptaugenmerk dieser Arbeit liegt auf der Konstruktion und Analyse eben solcher effizienten
Vorkonditionierer fiir die drei erwihnten Modellprobleme. In jedem der drei erwdhnten Probleme
werden wir Vorkonditionierer prasentieren und diese mit anderen, in der Literatur verfiigharen, Vor-
konditionierern vergleichen.
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Chapter 1

Introduction

The mathematical modeling of complex processes and systems arising in natural sciences and other
disciplines typically results in partial differential equations (PDEs) or systems of PDEs. In many
applications, the ultimate goal is not only the modeling of such processes, but rather their optimization
or optimal control. This is where PDE-constrained optimization comes into play. PDE-constrained
optimization problems are characterized by a cost functional, that has to be minimized, and a PDE
(or a system of PDEs) subject to which the minimization procedure has to take place. In this thesis,
we focus on optimal control problems with a quadratic tracking type cost functional, see, e.g., [66, 96].
There the aim is to steer the state variable, say y, to some certain given desired value and control
this by some cost term, i.e., a term that reflects the costs of a control variable, say u. Additionally,
the PDE-constraint, in general called the state equation, which models the underlying process to be
controlled, couples the state and the control variable. Usually, the control variable and/or the state
variable should satisfy additional conditions. Some examples of optimal control problems are the
optimal control of heating processes, fluid flows, wave propagation and deformation of media, for a
wide range of additional examples we refer to the books [16, 43, 54, 96]. In this thesis, we focus on
optimal control problems with linear state equations.

Among many techniques for imposing constraints on the control and state, like requiring that some
norm of the control or state be bounded by a given constant, cf. [44], we consider pointwise inequality
constraints, see, e.g., [11, 12, 31, 33, 49, 51, 53, 56, 64| as a by far not exhaustive list, where optimal
control problems with inequality constraints are studied. In contrast to problems with pointwise
inequality constraints on the control, problems with pointwise state constraints feature regularity
problems that have a strong impact on the solution techniques applied for their solving, see [27] for
details. In order to overcome this problem, several regularizations have been introduced in literature.
In [71] the pure state constraints are regularized by mixed control-state constraints. We follow
an approach introduced in [56] and used in, e.g., [10, 32, 49, 52] where the state constraints are
regularized using the Moreau-Yosida penalty function, i.e., the inequality constraints on the state are
incorporated into the cost functional using a special regularization technique.

In order to solve such optimization problems, there are basically two categories of methods avail-
able. The first ones are the so-called sensitivity- and adjoint-based optimization methods, cf. [43].
These methods require the gradient of the functional to be minimized with respect to the involved
parameters and the imposed constraints. The gradient can either be computed using sensitivities
or adjoint equations. The second category of methods available are the so-called one-shot methods.
These methods are based on computing the solution of the optimization problem via the first-order
optimality conditions, also just called optimality system or Karush-Kuhn-Tucker (KKT) system. For
an overview of solution methods see, e.g., [43, 48], for more details see [38, 75]. We focus on solving
the optimal control problems using the KKT system.

In order to tackle the KKT system numerically there are basically two approaches available: the
optimize-then-discretize approach and the discretize-then-optimize approach. In the optimize-then-
discretize approach one first computes the infinite-dimensional KKT system and then discretizes this
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system. In the latter approach, one first discretizes the optimal control problem and then computes
the finite-dimensional optimality system. As discussed in [29], the first technique leads to a linear
system that is strongly consistent, i.e., the discretized system is also satisfied if the discretized variables
are replaced by the corresponding continuous ones. In contrast to that, the second technique leads
to a linear system that is not strongly consistent in general. In this thesis we consider the optimize-
then-discretize approach.

In addition to the state y and the control u the first-order optimality conditions involve extra un-
knowns: a Lagrange multiplier, say p, usually called the dual variable or adjoint state and, if inequality
constraints on the control are imposed, another Lagrange multiplier, say £&. Note that no additional
Lagrange multipliers for the pointwise inequality constraints on the state are introduced, since those
constraints are incorporated into the cost functional using the Moreau-Yosida approach.

In the control constrained and/or regularized state constrained case, the optimality system attains a
nonlinear structure, see, e.g., [66, 96]. In order to linearize this system, usually Newton-type methods
are applied. We consider a primal-dual active set method as introduced in [11], which is, as shown
in [53], equivalent to a semi-smooth Newton method. Applying this method results in solving a linear
saddle point system at each step. Note that, if no additional constraints on the control and state are
imposed, the optimality system is linear and of saddle point form right from the beginning.

In the model problems of consideration in this thesis, we always reduce the linearized (or linear) opti-
mality systems such that the only unknowns left are the state variable and the adjoint state variable,
i.e., all the other unknowns like the control and additional Lagrange parameters are eliminated. The
resulting linear system attains again a saddle point structure and is called the reduced form of the
linearized (or linear) optimality system. After discretization we end up with large scale linear saddle
point problems and, therefore, efficient solvers for such systems are needed.

The field of optimal control is by far not the only mathematical area, where linear saddle point
systems are of importance. Saddle point problems arise in a lot of other mathematical fields, some
examples are linear elasticity, cf. [17], fluid dynamics, cf. [97], and mixed formulations of elliptic
boundary value problems, cf. [24].

The construction of efficient iterative solvers for (discretized) saddle point problems is, due to their
indefiniteness and bad spectral properties, a challenging topic and subject to discussion in many books
and articles in literature. For a detailed discussion of solution methods for saddle point problems we
refer to the survey article [8].

As a first iterative technique we want to mention multigrid methods. Multigrid techniques are well
developed for elliptic problems, see [19, 47]. They have gained growing interest also as all-at-once
techniques for saddle point problems, see, e.g., [13, 14, 15, 89, 92, 93, 94]. The key issue in multigrid
methods is the construction of appropriate smoothers.

Another iterative method specially designed for saddle point problems is the Uzawa method and
deduced versions, see [2]. Usually, such an iterative method is accelerated by a Krylov subspace
method, see, e.g., [86] for a comprehensive introduction to these methods. The most popular and
best-understood Krylov subspace method is the conjugate gradient (CG) method, cf. [50], designed
for symmetric and positive definite problems. There are generalizations of CG, like the Bramble
Pasciak CG, cf. [20], and the variants introduced in [90] and [84], which, if the needed ingredients are
appropriately chosen, work for saddle point problems. Alternative Krylov subspace methods are the
minimal residual (MinRes) method, cf. [80], which works for symmetric and nonsingular problems
and the generalized minimal residual (GMRes) method, cf. [87], designed for general nonsingular
problems.

In order to obtain efficient solvers involving Krylov subspace methods, these methods are usually
combined with a preconditioning strategy that improves the spectral properties of the saddle point
matrix. These two ingredients can be balanced in the following way: the preconditioner is constructed
such that it tackles certain parts of the difficulties and the Krylov subspace method is modified in
such a way that it tackles the remaining difficulties. Such an approach is presented in [78]. Therein
it is assumed that a quasi-optimal preconditioner is available, where quasi-optimal means that the
preconditioner only partially improves the spectral properties, i.e., it produces well-clustered spectra,



except for a few isolated eigenvalues which may tend to approach zero. Such outliers usually affect
the convergence of any Krylov subspace solver in a bad way. In [78] it is shown that this bad influence
can be disabled using the spectral information associated with the outliers and injecting it, by means
of an augmentation procedure, into the Krylov subspace solver.

Our focus is not on such balanced approaches, instead we consider standard Krylov subspace methods
without any modifications and leave all the difficulties to tackle to the construction of preconditioners.
There are many techniques around in order to construct efficient preconditioners for linear saddle point
systems, see, e.g., [§].

A widely-used preconditioner construction technique is the so-called operator preconditioning as dis-
cussed in [55] and used in, e.g., [6, 49, 74, 88]. There, symmetric and positive definite block-diagonal
preconditioners are constructed based on exploiting the mapping properties of the involved opera-
tors in Sobolev spaces equipped with appropriate norms. It is clear that beside the standard norms
in the Sobolev spaces also non-standard norms can be used. A technique for the construction of
non-standard norms that result in efficient preconditioners is presented in [99], where characterizing
conditions on these norms are formulated.

Another popular preconditioning strategy is the Schur complement preconditioning which can be
applied completely on the algebraic level under certain restrictions. Due to the analysis in [65, 72],
exact Schur complement preconditioners achieve perfect spectral properties, but, in general, it is
inefficient to work with the exact Schur complements, since their inverses applied to a vector are very
expensive to compute. Therefore, one seeks approximations of the Schur complement that should
keep the nice spectral properties, but their inversion should be inexpensive. Typical examples of such
approximations are block-diagonal preconditioners see, e.g., [85, 91], block-triangular preconditioners
see, e.g., [22, 36], and symmetric indefinite preconditioners see, e.g., [7, 35].

Another strategy for constructing preconditioners for saddle point systems, which fits into the general
concept of operator preconditioning, is the so-called operator interpolation technique which is used
in [70] and [99]. There the idea is as follows: if there are two preconditioners available then the
interpolation between these two yields a family of preconditioners, where within this family one may
be able to find a particular one, that fits best with respect to some certain criteria.

The aim of this thesis is to contribute to the construction and analysis of efficient preconditioners
for the following three optimal control problem classes: the distributed optimal control of elliptic
equations, the distributed optimal control of multiharmonic-parabolic equations and the distributed
optimal control of the Stokes equations. In each of the three problem classes we additionally consider
pointwise inequality constraints on the control and Moreau-Yosida regularized state constraints. We
focus on symmetric and positive definite block-diagonal preconditioners and our Krylov subspace
method of choice is the MinRes method.

For a distributed elliptic optimal control problem without constraints on the control and state, efficient
symmetric and positive definite block-diagonal preconditioners are proposed in [83, 90]. In [90] the
preconditioner is constructed based on operator preconditioning with non-standard norms. In [83] an
approximation of the Schur complement preconditioner is constructed based on a suitable and easier
to invert factorization of the Schur complement. Efficient approximations of the Schur complement
for optimal control problems with pointwise inequality constraints on the control and Moreau-Yosida
regularized state constraints are proposed in [88] and, for a distributed elliptic optimal control problem
with Moreau-Yosida regularization, in [82]. For an elliptic boundary optimal control problem an
efficient approximation of the Schur complement is presented in [41], where multilevel methods for
negative Sobolev norms that are associated with the Schur complement matrix are used. An efficient
preconditioner for the distributed optimal control problem of the Stokes equations without constraints
on the control and state is derived in [99]. It is constructed based on operator preconditioning with
non-standard norms.

The proposed preconditioners for the three problem classes with additional constraints on the control
or state are constructed based on the mapping properties of the involved operators in Sobolev spaces
equipped with non-standard norms, that are motivated by already existing preconditioners for related
model problems.
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For each of the three model problems, we compare several symmetric and positive definite block-
diagonal preconditioners used in a MinRes setting with respect to their improvement of the spectral
properties of the saddle point matrix and their efficiency in practical realization. In detail, depending
on the considered problem class, we compare our proposed preconditioners with preconditioners
resulting from the operator preconditioning technique with standard norms and already available
Schur complement approximation preconditioners.

Organization of the thesis Chapter 2 provides the basic mathematical concepts for the thesis.
Therein we introduce basic operators, Sobolev spaces and the functional analytic background needed
in the next chapters. We introduce abstract variational methods including existence theory, the basics
of finite elements and give a brief introduction in optimal control problems.

Chapter 3 is devoted to iterative solvers and preconditioning. Therein we report on solution methods
for saddle point problems. We discuss the idea of preconditioning and give a brief introduction to
preconditioned Krylov subspace methods. The second part of this chapter is devoted to the con-
struction of preconditioners for saddle point systems. We focus on symmetric and positive definite
block-diagonal preconditioners and discuss how their construction can be traced back to the choice
of norms for a well-posedness result. Among the large class of preconditioning strategies available,
we consider the following three approaches: the operator preconditioning technique, the Schur com-
plement technique and the interpolation technique.

The central part of this thesis are Chapters 4, 5 and 6. Therein we discuss the three optimal control
model problems of interest: the distributed optimal control of elliptic equations, the distributed op-
timal control of multiharmonic-parabolic equations and the distributed optimal control of the Stokes
equations, respectively. After formulating the problem, we compute the first-order optimality con-
ditions and derive the reduced (discretized) linear saddle point system. We propose preconditioners
for each of the three problem classes and compare them with preconditioners resulting from the
operator preconditioning technique with standard norms and already available Schur complement
approximation preconditioners.

In Chapter 7 we present a series of numerical experiments for each of the three considered model
problems including a practical comparison of the presented preconditioners.

Finally, in Chapter 8, we end with some conclusions.

Parts of this work have already been published by the author and co-authors in reviewed international
journal papers or proceedings of international conferences:

e Parts of Chapter 5 have been addressed in [57, 58].

e Parts of Chapter 6 have been addressed in [59].



Chapter 2

Preliminaries

This chapter provides the basic mathematical concepts for the thesis. First, in Section 2.1, we
introduce the basic operators. Then, in Section 2.2, we give an introduction to Sobolev spaces and
provide the functional analytic background that is necessary for the analysis of partial differential
equations. After discussing the concept of variational methods including existence and uniqueness
results in Section 2.3, we turn to the discretization in Section 2.4. Therein, the Galerkin finite element
method (FEM) is introduced. Finally, Section 2.5 is devoted to optimal control problems, including
results for existence and uniqueness and first-order optimality conditions. Additionally, we introduce
the primal-dual active set method as a method for linearizing nonlinear optimality systems.
Throughout the thesis, we do not distinguish between scalars and vectors in characters. Moreover,
let Q CRY de {1,2,3}, be an open and bounded domain with Lipschitz continuous boundary T'.

2.1 Basic Operators

For two vectors u = (uq, - - ,ud)T € R? and v = (vy,- - ,vd)T € R? the scalar product is defined as

d
(u,v), :=u-v= Zuivi eR.
i=1

For a scalar field v : Q — R the gradient operator is defined as

ou ou\"
= = ... == R4
Vu (3931’ ’ 3xd) R

and the Laplace operator as

0%u
Ay = — €R
Z Ox?
=1
For a vector field u : Q — R u = (uy, - ,ud)T, the gradient operator is defined as
6u1 . 6u1
8:171 (91,1
Vui=| 1 ... | eR¥
oxq oxg
the divergence operator as
d
. Ou,;
divu:=V. -u= L eR,
0x;
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and the vector Laplace operator as

Au = (Auy, -, Aug)’ € R

2.2 Function spaces

A comprehensive introduction to Sobolev spaces can be found in [1].

Linear operators and dual spaces Let X and Y be normed spaces with norms || - ||x and || - ||y .
The set of all linear and bounded operators from X to Y is denoted by £(X,Y).

For a Banach space Z with norm || - ||z the space Z* := £(Z,R) is called dual space and is equipped
with the norm

ut,u AN
etz == sup W20z
ozucz  ullz

where (u*,u)z~ z is the duality pairing of Z* and Z which is given by
(u* u)z+,z = u*(u).

Let Z; and Z3 be Banach spaces. For an operator T € L(Z1,Z5) we define its dual operator
T* € L(Z2,Z7) by

<T*U,u>zl*7z1 = <Tu,’U>Z§)Zz, Yu € Zl,Vv S ZQ.

Let Th, Ty € L(Z1, Z7) be two self-adjoint operators, i.e., T} = T7 and Ty = T5. Then T} and T5 are
called spectrally equivalent, in notation T7 ~ T5, if and only if

ATou,u) zz 7z, < (Thu,u)zz 7z, < &Tou,u)zx z,, Yu € 7y,

with constants ¢,¢ > 0.

Lebesgue and Sobolev spaces The Lebesgue space LP(2) for p € [1,00] is defined as follows
LP(Q) := {u : Q — R Lebesgue measurable : ||ul|rr» < o0},
with the norm

(Jo [u() P dfv)l/p for p € [1,00),

ess sup|u(z)] for p = oo.
€N

[ullze ==

In the case p = 2 this is a Hilbert space with inner product

(U, 0) 2y = /Qu(:c)v(ﬂc) dx.
In order to define the notion of weak derivatives, we need the space of locally integrable functions

LP

loc

() :={u: Q = R Lebesgue measurable : u € LP(K), VK C Q, K compact},
and the notion of the |a|-th order partial derivative D® of a function w for a multi-index a =

d
(a1, g, ...,aq) € N& with order |af == 3" oy
i=1

dlaly
D“ =
(@) Ozt - - Oxy?
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1

1o (£2) is now defined as follows: if there exists a function

The a-th weak derivative of a function u € L
v € Li (Q) such that

loc

[ v@i@) o= (1) [ u@D*o(a) dz, Vo€ O (2
Q Q

then D®u := v is called the a-th weak derivative of u. Here C§°(€2) denotes the space of infinitely
differentiable functions on 2 which have compact support in €.

The Sobolev space W () for k € Ny and p € [1, 00] is now defined as

WE(Q) == {u € LP(Q) : D*u € LP(Q), V|a| < k},

equipped with the following norm

1/p
> [ID*ullZ, for p € [1, 00),
[ullwy == q \Jal<x
|I(£1\3<D1(c [|D*ul| for p = 0.

The Sobolev seminorm |U|WII; is given by

ulwp := ¢ \Jal=k

max || D%u|| e for p = oo,
|| =k

1/p
( > D“u||1£,,> for p € [1,00),

i.e., the LP norms of the highest derivatives. For the case p = 2 the space W¥(Q) is a Hilbert space,
also denoted by H*(£2), with inner product

(,0) g =D (DU, D) g -

lal<k

Among the whole family of spaces introduced, the Hilbert spaces L?(2) and H'(2) are of particular
importance in the thesis.
In order to incorporate homogeneous boundary conditions in the function space H'(Q) we define

the space H}(Q) = Cg"(Q)”'HHim, i.e., the closure of C§°(€2) in H'(f2). Using the trace operator
Yo : HY() — HY?(T') , where Q denotes the closure of  and, for 0 < s < 1, H*(T) is defined by

H3(T) :={u e L*(T) : ||ullgr=(ry < 00},

with

1/2
u(x) — u(y)|?
-y = (Ralazcr + [ [ 00, )

o=yl
the following characterization holds
Hy(Q) = {ue H(Q) : you := up =0} .
This is again a Hilbert space and equipped with the inner product
(UaU)Hg(sz) = (VuaV“)Lz(Q) )

and the associated norm |[uf g1(q) = |u|m1(e)- This norm is spectrally equivalent to the standard
Sobolev norm | - || gr1(q). The dual space of Hj(f2) is denoted by H ().
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For vector-valued functions u : Q@ — R u = (uy,-- ,uq)”, the Hilbert space L2(Q)¢ is equipped
with the inner product

d

(Uav)m(g) = Z (ui, ’Ui)L2(Q) )

i=1

and the associated norm ||u(|z2(q) = (u,u)LZ(Q). Note that, for ease of notation, here and in the
sequel we use the symbols (-,-)r2¢q) and || - [|12(q) not only for scalar functions but also for vector-
valued functions and, in addition, also for matrix-valued functions: for two matrices o, 7 € L?(£2)4*?
with components o;; and 7;; the inner product is given by

d
(0,7)12(0) = Z (0ij: Tij)L2(9)

ij=1

with associated norm ||o||z2) = /(0o, a)LQ(Q).
The Hilbert space H'(Q)? is equipped with the inner product

(u, U)Hl(Q) = (Vu, Vo) 2(0) + <u7U)L2(Q) )

and with the seminorm |u|z1 () and norm |lu|| 51 (o) given by
|uﬁ'{1(ﬂ) = (Vu, Vu)r2(q), Hu”%il(ﬂ) = |U|§Il(sz) + ||U||%2(Q)a

where, as for L?(f2), we use the symbols (-, VE (@) |- |H1 () and || - || g1(q) also for the vector-valued
case. In order to incorporate homogeneous boundary conditions in the function space H'(Q)? we
define the Hilbert space H}(€2)? as vector-valued version of the space H}(€2) in the scalar case. Its
dual space is denoted by H—1(€2)¢. For the norm in H~!(Q)? we use the same symbol as in the scalar
case, i.e., || - [[g-1(0)-

We end this section with two important inequalities, that are essential for the analysis of the varia-
tional problems later on: the Friedrichs’ inequality and the Lemma of Necas.

Lemma 2.1 (Friedrichs’ inequality). Let Q be a bounded Lipschitz domain and let Tp C T' with
positive surface measure. Then there exists a constant cp > 0 such that

||’LL||%2(Q) S CF|U|§{1(Q)7 Vu S Hl(Q)d wzth U\FD = 0 (21)
Proof. See [39, 95]. O

Lemma 2.2 (Necas). Let Q be a bounded Lipschitz domain. Then there exists a constant ¢y > 0
such that

enlpllzz@) < Ipla-1(0) + IVPlla-10), VP € L*(9). (2.2)
Proof. See [73], under stronger assumptions also [34]. O
Now we have the following consequence of Lemma 2.2:

Theorem 2.3. Let Q be a bounded Lipschitz domain. Then there exists a constant cg > 0 such that

cxllplizae) < IVPllr-1(), VP € L), (2:3)
where the space LE(Q) is defined as

L2(Q) = {pEL2(Q):/Qp(w) dx:O}.

Proof. See [34]. O
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2.3 Variational methods

The main purpose of this section is to provide existence and uniqueness results for abstract variational
problems.

2.3.1 General setting and existence results

Let X be a real Hilbert space with inner product (-,-)x and associated norm || - || x = /(-,-)x. We
consider the following abstract variational problem on X x X: find € X such that

B(z,y) = F(y), VyeX, (2.4)

with a bilinear form B : X x X — R and a linear form F € X*. We associate a linear operator
A€ L(X,X*) to the bilinear form B, given by

(Az,y)x- x = B(z,y). (2.5)
Then problem (2.4) reads in operator notation
Ax=F, in X*. (2.6)

The following result is due to Babugka and Aziz and guarantees existence and uniqueness of a solution
of (2.6) and, consequently, (2.4):

Theorem 2.4 (Babuska and Aziz). Let X be a real Hilbert space, A € L(X,X™*) be a linear operator
and F € X* be a linear form. Assume that there exist constants ¢, ¢ > 0 such that the following
condition is satisfied

dlzllx < [Azllx- <7llzlx, VzeX. (2.7)
Additionally, assume that
Ker A* = {0}, (2.8)

where Ker A* := {y € X : A*y =0}. Then the problem (2.6) has a unique solution x € X and the
following estimate holds

1 1
“IIFlx- < llollx < <P )x- (2.9)

Proof. See [3, 4]. O

Condition (2.7) is equivalent to the following two conditions: the inf-sup condition

. <.AZ,y>X*,X
inf  sup ——————
0#£2€X 0£yeX 2l x lyll x

- =

and the sup-sup condition

<AZ,y>X*,X =
sup sup —————20 <
0#£2€X 0£yEX 2l x |yl x

In the case that the bilinear form B is symmetric, i.e.,
B(z,y) = B(y,x), Vx,ye€ X,

Theorem 2.4 reads:
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Corollary 2.5 (Babuska and Aziz in the symmetric case). Let X be a real Hilbert space, A €
L(X, X*) be a self-adjoint linear operator and F € X* be a linear form. Assume that there exist
constants ¢, ¢ > 0 such that the inf-sup condition and the sup-sup condition are satisfied, i.e.,

dlzllx < | Azllx- <lzllx, VzeX. (2.10)

Then the problem (2.6) has a unique solution x € X and the following estimate holds

—_

1
IFlx < llellx < Z[1Fllx- (2.11)

e}

Proof. Follows immediately from Theorem 2.4. O

So far, we considered general variational problems. Now we turn to symmetric mixed variational
problems. Therefore, let V' and @ be Hilbert spaces with inner products (-,-)y and (-,-)g and
associated norms | - ||[v = +/(-,-)v and || - [ = \/(*,-)g. Consider the following mixed variational
problem: find v € V and p € @ such that

{ a(u,v) + b(v,p) = f(v), Yo eV, (2.12)

b(u,q) —clp,q) = glq), Vqe€Q,

where a(+,-) : V xV =R, b(-,-): V x Q = Rand c(+,-) : Q@ x Q@ — R are bilinear forms and f € V*
and g € Q* are linear forms. Additionally, we assume a(-,-) and ¢(+,-) to be non-negative, i.e.,

‘)
a(v,v) 20, Yo eV, c(q,q) 20, VgeQ,
and symmetric.

Remark 2.6. Due to the assumption that a(-,-) and c(-,-) are symmetric and non-negative, the mized
variational problem (2.12) can be formulated as a saddle point problem: find (u,p) € V x Q such that

L(u,q) < L(u,p) < L(v, p),

with the saddle function

Lelg.a) - F0) — ga(0)-

L(v,q) = ya(v,0) +bv,q) — 5

Now, the mixed variational problem (2.12) can be reformulated as a non-mixed variational problem
as follows: let X be the product space X =V xQ equipped With the inner product ((u,p), (v,q))x

(u,v)v + (p, q)g and the associated norm ||(u, p)||x = +/((u,p), (u,p)) 5. Then the non-mixed varia-
tional problem reads: find x = (u,p) € X such that

B(z,y) = F(y), Vy=(v,q) € X, (2.13)
with
B(z,y) = a(w,v) +b(v,r) + b(w,q) — c(r,q), F(y) = f(v)+g(q), (2.14)

for y = (v,q) and z = (w,r). As in (2.5) we associate a linear operator A € L(X,X*) to the
bilinear form B and, therefore, (2.13) can be rewritten in operator notation as in (2.6). For variational
problems of this form, the following result due to Zulehner provides necessary and sufficient conditions
for (2.10):

Theorem 2.7 (Zulehner). Assume that there exist constants c,, y, ¢

2 b 2
ﬁm%<sw‘ﬁﬁ”+sw“f)<ﬁm@,Vwmc (2.15)
v

0£vEV 0#£¢€Q ||CI||Q

Cq» Cq > 0 such that
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and

c(r, q)? b(v, 7)?

201112
clrllp < sup + sup
ainle 0#£¢€Q ||Q\?g ozvev  |[v]3

<zlrlly, vreq. (2.16)

Then (2.10) is satisfied with constants ¢, © > 0 that depend only on ¢,, Ty, ¢

=q’
3 —+/5min{c, 2}
4 max{c,, ¢}’

Cq-

¢ = V2max{c,,c,}. (2.17)

Q:

And, wvice versa, if (2.10) is satisfied with constants ¢, ¢ > 0, then the estimates (2.15) and (2.16)

are satisfied with constants c,, €y, ¢,, ¢q > 0 that depend only on c, ¢:

C,=c,=¢ Cy=0q=C. (2.18)

Proof. See [99]. O

The existence and uniqueness of a solution of variational problems of the form (2.13) is an immediate
consequence of Theorem 2.7 and Corollary 2.5 and is summarized in the following corollary:

Corollary 2.8. Let V and Q be real Hilbert spaces and let X be the product space X =V x Q.
Furthermore, let B(-,-) : X x X = R and F € X* be as in (2.14). Let A € L(X,X*) be the
associated linear operator to the bilinear form B. Assume that there exist constants c,, ¢y, ¢,, ¢q >0
such that (2.15) and (2.16) are satisfied. Then (2.13) and, consequently, (2.12) has a unique solution
x = (u,p) € X and the estimate (2.11) holds.

Proof. The result is an immediate consequence of Theorem 2.7 and Corollary 2.5. O

The following lemma shows that the conditions (2.15) and (2.16) of Theorem 2.7 are equivalent to
two other conditions:

Lemma 2.9. 1. If there are constants y , 7, > 0 such that

<Allwli, YweV, (2.19)

b(w, q)?
v Jwl? < a(w,w)+ sup 2220
0#£g€Q ||Q||Q

then (2.15) is satisfied with constants ¢,, ¢, > 0 that depend only on Yy Y-

1
212} - min {71)7 2}71)7 612) = Inax {7’07 1}71} (220)

And, vice versa, if there are constants c,, ¢, > 0 such that (2.15) is satisfied, then (2.19) is
satisfied with constants Yy Yo >0 that depend only on ¢, Cy:

1 1
'yvmin{l,c}cg, %:EﬁJFZ. (2.21)

2. If there are constants 2y Vg > 0 such that

b(v,r)?
7 Il < cfrur) + sup A7)

<7,lrlg, Vreaq, (2.22)
0#£veV HU||\2/ ainie

then (2.16) is satisfied with constants c,, ¢, > 0 that depend only on Yy Vo'

q’

. 1 _ 1=
¢ = min {'yq,2}'yq, c2 =max {7,,1}7,. (2.23)
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And, wvice versa, if there are constants c,, ¢, > 0 such that (2.16) is satisfied, then (2.22) is
satisfied with constants Yy V4 > 0 that depend only on c,, ¢4:

1 1
quin{l,c}cg, To=C+7 (2.24)
q

Proof. See [99]. O

As stated in [99, Remark 2], for the special case ¢(-,-) = 0, Theorem 2.7 simplifies to the classical
Theorem of Brezzi:

Theorem 2.10 (Brezzi). Assume that there exist constants oy, as, B1, B2 > 0 such that the following
conditions are satisfied:

1. Boundedness of a(-,):
a(w,v) < asllw|v|vllv, Yw,veV. (2.25)
2. Boundedness of b(-,-):
b(v,q) < Balvllvllalle, VveV,VqeQ. (2.26)
3. Ellipticity of a(-,-) on the kernel of b(-,):
a(v,v) > aq |||}, Yo €Kerb={veV:blv,q)=0,Yg€Q}. (2.27)
4. Inf-sup condition of b(-,-):

b
inf  sup G > P (2.28)
0£4€Q ozvev [V]lv]allQ

Then (2.10) is satisfied with constants ¢, © > 0 that depend only on ay, as, B1, Pa:

a1 a9 + /a2 + 453 (2.20)

c=———3, ©= 5
1+ (%)

Proof. See 24, 25] for the classical result; the stated improved estimates have been derived in [63]. O

The existence and uniqueness of a solution of variational problems of the form (2.13) with ¢(-,-) =0 is
now an immediate consequence of Theorem 2.10 and Corollary 2.5 and is summarized in the following
corollary:

Corollary 2.11. Let V and Q be real Hilbert spaces and let X be the product space X =V x Q.
Furthermore, let B(-,+) : X x X - R and F € X* be as in (2.14) with c(-,-) =0. Let A € L(X, X*)
be the associated linear operator to the bilinear form B. Assume that there exist constants ay, «a,
B1, B2 > 0 such that (2.25)-(2.28) is satisfied. Then (2.13) and, consequently, (2.12) has a unique
solution x = (u,p) € X and the estimate (2.11) holds.

Proof. The result is an immediate consequence of Theorem 2.10 and Corollary 2.5. O

2.3.2 Examples

In this subsection we discuss the existence and uniqueness of a solution for three different problem
classes: an elliptic problem, a multiharmonic-parabolic problem and the Stokes problem. Those three
act as state equations in the considered optimal control model problems later on.
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The elliptic problem We consider the Poisson equation in the domain €2 with homogeneous
Dirichlet boundary conditions, which is given by

{ —Ay = u, in Q,

y—0  onl (2.30)

with y : € — R and given right hand side u : 2 — R.

The variational formulation (or weak formulation) is obtained by multiplying the first equation in
(2.30) with a test function z :  — R, integrating over the domain  and applying Gauss’ Theorem.
The resulting variational problem reads: find y € H}(Q2) such that for given u € L?(12)

aly,z) = f(2), Vze€ HH}Q), (2.31)
with the symmetric bilinear form
a(y, z) = (Vy, Vz)r2(q),
and the linear form
f(2) = (u, 2) L2 ().

Now we have the following result, see, e.g., [17]. Note that, for later reference, we also present its
proof.

Lemma 2.12. Problem (2.86) has a unique solution that depends continuously on the data.

Proof. We have
ay,y) = HyH?{g(sz)’
and, by Cauchy’s inequality,
a(y, 2) < |yl 121z -
Additionally, by Cauchy’s inequality and Friedrichs’ inequality we have

F(z) < Verllullz @2l 0)-

Now the result follows with Corollary 2.5. O

The multiharmonic-parabolic problem We consider the following time-periodic parabolic prob-
lem in the space-time domain € x (0,7) with homogeneous Dirichlet boundary conditions

U%y — div (wVy) = u, in Qx(0,7),
y =0, on I' x (0,7, (2.32)

y(0) =y(T), i,

with time period T' > 0, y :  x (0,7) — R and given right hand side u : 2 x (0,7) — R.
Additionally, the two time-independent coefficients v € L>®(Q2) and o € L*° () fulfill

0< Vmin S v S Vmax; 0 S g S Omax; a.e. in .

In practical applications, e.g., for 2D eddy current problems in computational electromagnetics,
cf. [5, 6], o(+) is the conductivity, v(-) is the reluctivity, y represents the magnetic field in some
domain and u the given impressed current.
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Now we make the very crucial assumption that the right hand side is multiharmonic, i.e., it has the
form

N
u= Z ug, cos(kwt) + ug, sin(kwt),
k=0

with some given N € N, frequency w = 2% and given amplitudes uf,uj, : @ — R. We seek y of the

same form, i.e., we make the ansatz

N

y= Z yi cos(kwt) + yp sin(kwt),
k=0

with the unknowns y7,y; : @ — R. Note that this multiharmonic representation guarantees the
time-periodicity of y.

We mention that the assumption that the right hand side is multiharmonic is very reasonable in
practical applications, e.g., in electromagnetics, and has been used by many authors in different
applications for time-periodic problems , see, e.g., [5, 6, 46, 60, 62, 61, 81, 98].

Now, the variational formulation of (2.32) is obtained by inserting the multiharmonic ansatz for y
and u, multiplying the first equation by a test function z of the form

N
z= Z 2y, cos(kwt) + z§ sin(kwt),
k=0

with zf, 27 : @ — R and integrating over the space-time domain © x (0,7"). Then we make use of
the fact that the functions cos(kwt) and sin(kwt) are orthogonal with respect to the scalar product
(*s-)£2((0,1))> Which yields a decoupling with respect to the modes k. After applying Gauss’ Theorem,

we end up with the following variational formulation: for each mode k& = 1,2,--- N find y; =
(ye,y3)T € HE ()% such that for given uy = (ug,uf)T € L*(2)?
ar (yus z6) = fi (21) s Vo = (25, 20)" € Hy ()%, (2.33)

with the bilinear form
ar (Yx, k) := (VVy, Vi) 12 () + kw(oyi, 21) 12 ()
and the linear form
fr (21) == (uks 21) L2(0)-

where we use the notation ykl = (y;, —yy5.). Additionally, for the mode k£ = 0 we obtain the following
variational formulation: find y§ € H{ () such that for given u§ € L?()

ao (y5,25) = fo (26), ¥z € Ho (%), (2.34)
with the symmetric bilinear form
ao (Y6, 26) = (vVyg, Vz5) L2(0),
and the linear form
Jo (26) == (ug, 26) L2(0)-
Now we have the following result:

Lemma 2.13. Problems (2.33) and (2.34) have unique solutions that depend continuously on the
data.
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Proof. We have
ar (Yrs ye) = (VYR V) L2(0) > Vminllka?{é(Q)a
and similarly
a0 (95 96) > Vminll96 233 -
By Cauchy’s inequality and Friedrichs’ inequality we get
ak (Yks 2k) < Vmaxl| Ykl g1 @) 26152 (@) + kwomax| Ykl L2 () |25 ]| 220
< max {Vmax, crkwomax } || Vel a2 @)l 25l 22 ()
and
ao(Y: 20) < Vmax Yol 2 )26l 2 (2)-

Additionally, by Cauchy’s inequality and Friedrichs’ inequality we have

fie (z1) < Ver|lullLz@llzell m @)
and similarly

fo (25) < VerllugllLz @)l 26 mp o) -
Now the results for (2.33) and (2.34) follow with Theorem 2.4 and Corollary 2.5, respectively. O

The Stokes problem The Stokes equations for stationary and highly viscous flows of incompress-
ible media in the domain 2 with homogeneous Dirichlet boundary conditions are given by

—Au+Vp=f, in Q,
div u =0, in Q, (2.35)
u =0, on I
Here, u : © — R? denotes the velocity vector, p : @ — R the pressure and f : © — R the given
external force vector.
The mixed variational formulation is obtained by multiplying the first line of (2.35) with a test
function v : Q — RY, the second line with a test function ¢ : @ — R, integrating over the domain

and applying Gauss’ Theorem. The resulting mixed variational problem reads: find u € Hg(Q)? and
p € L3(9) such that for given f € L*(Q)?

{ a(u,v) +b(v,p) = F(v),  Yve Hy(2)", (2.36)

b(u, q) =0, Vg € L§(Q),
with the bilinear forms
a(u,v) == (Vu, V) r2(q),
b(v,q) == —(q,div v)2(q),
and the linear form
F(v) = (f,v)r2(0)-

Or, written as a non-mixed variational problem: find (u,p) € H} ()4 x LZ(Q) such that for given
fer* (@)

B((u,p), (v,q)) = F(v), V(v,q) € Hy(2)? x L§(%), (2.37)
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with the bilinear form

B((u,p), (v, q)) := au,v) + b(v, p) + b(u, ).

Now we have the following result, see, e.g., [25]. Note that, for later reference, we also present its
proof.

Lemma 2.14. Problem (2.37), and consequently (2.36), has a unique solution that depends contin-
uwously on the data.

Proof. In order to proof this result, we use Corollary 2.11 and check conditions (2.25)-(2.28) (the
conditions of Brezzi):
The boundedness of the bilinear forms a(-,-) and b(-, -) follows by Cauchy’s inequality:

a(u,v) < Jull gy @) llvll # )

and

b(v,9) < llgllLz@ [div vll2) < llgllz@ [0l g @)

Since
_ 2
a(u,u) = Hu”Hé(Q)a

it follows that a(-,-) is coercive on H{(€2)? and, therefore, also coercive on Ker b C H}(Q)¢. The
inf-sup condition of b(-,-) follows with Theorem 2.3:

b(v,p
sip 2P Ol 2 exlpll.
0#£vEH ()4 HUHHg(Q)

Additionally, by Cauchy’s inequality and Friedrichs’ inequality we have

F(v) < Ver[lfllzz@) vl g @)

2.4 Discretization

2.4.1 'Triangulation

Recall that Q C RY, d € {1,2,3}, is assumed to be an open and bounded domain with Lipschitz
continuous boundary I'. For simplicity, we additionally assume 2 to be polygonal.

A triangulation T is a subdivision of the domain 2 into finitely many, non-overlapping elements 7.
These elements are assumed to be line segments in the case d = 1, triangles in the case d = 2 and
tetrahedra in the case d = 3. For an element T' € T, we define its diameter by hr :=diam T. The

mesh size of the triangulation 7}, is then defined as h := %na%( hr. Furthermore, we assume 7, to be
€Th

admissible, shape-regular and quasi-uniform, see [28].

2.4.2 The finite element method

The aim of this subsection is to give a brief introduction to the Galerkin finite element method. For
more details see, e.g., [17, 23, 28§].
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General variational problems Recall the general variational problem (2.4): find z € X such
that

B(xz,y) = Fly), VyeX.

The Galerkin method for discretization works as follows: first one has to choose an appropriate finite-
dimensional subspace X;, C X. Then one computes an approximate solution z; € X as the solution
of the following finite-dimensional variational problem

B(xn,yn) = F(yn)s Vyn € Xn. (2.38)

The next step is to choose appropriate basis functions ¢; for the finite-dimensional subspace X, i.e.,
Xp =span{¢; : i =1,--- ,n} where n denotes the dimension of the space. This basis allows a one-to-
n
one map between a finite element function x, = > xp ¢ € Xj and the vector z;, = (xh’i);l:l e R,
i=1
which is called the Ritz isomorphism. Using the previous representation of xj; and testing (2.38)
with the basis functions of X, (this is sufficient due to linearity), we end up with the following linear

system of equations, the so-called Galerkin system

Bhlh = zh’ (239)
with

By = (B(¢i, 95)); j—1 -
Iy = (—7:(@))?:1 :

The linear system (2.39) is equivalent to the discrete variational problem (2.38). The existence
and uniqueness of a solution of the discrete problem (2.38) is, as for the continuous problem (2.4),
guaranteed, if the conditions of Theorem 2.4 are satisfied. Note that, due to the choice X, C X,
the sup-sup condition in (2.7) for the finite-dimensional problem follows from the sup-sup condition
for the infinite-dimensional problem. In general this does not hold for the inf-sup condition. This
condition has to be explicitly verified for the particular choice of the finite-dimensional subspace.
Note that, in the case that the bilinear form 5 is symmetric, the corresponding matrix By, is also
symmetric.

Mixed variational problems Recall the symmetric mixed variational problem (2.12): find u € V
and p € @ such that

a(u,v) +b(v,p) = f(v), YveV,

b(u,q) — c(p,q) = 9(q), VYqe€@.
As before we use Galerkin’s principle for discretization and choose appropriate finite-dimensional

subspaces V;, C V and @)y, C ). Then the approximate solutions u;, € V;, and p, € @} solve the
finite-dimensional mixed variational problem

{a(uhyvh) +b(vh,pn) = f(vn), Vvn € Vi, (2.40)

b(un, qn) — c(pn, qn) = 9(qn), Van € Qn.
Choosing a basis (¢;)7—, of V3, and a basis ()72, of @), and using the representations u, = > up i9;
i=1

m
and pp = > pn,:¥; yields the following linear system of equations

(5 4)Go) = (2) o)



18 CHAPTER 2. PRELIMINARIES

with
up (uh,z)z 1 ph = (ph,i);il ;
Ah = ( (¢u ¢J))Zj 15 By, = (b(¢ia 1/]]))7;21 , Ch= (6(1/)1', 7!@'))?3:1 )
= (f(di)izy 5 = (9(¥i))isy s

and B denotlng the transpose of Bh. Due to the symmetry and non-negativity of the bilinear forms
a(-,-) and c(-,-), the matrices A;, and C}, are symmetric and positive semidefinite. Therefore, the
system matrix in (2.41) is of saddle point structure, it is symmetric and indefinite. As before, the
linear system (2.41) and the discrete variational problem (2.40) are equivalent.

The existence and uniqueness analysis of the discrete problem (2.40) is done analogously to the
continuous problem (2.12), i.e., using Corollary 2.8. Note that the validity of the conditions (2.15)
and (2.16) for the continuous problem in general do not imply their validity for the discrete problem.
They have to be explicitly verified for the particular choice of the finite-dimensional subspaces.

In the sequel, we will only consider finite-dimensional subspaces that are build of functions which are
continuous and piecewise polynomial with respect to a given triangulation 7y, i.e., spaces of the form

SE(Th) == {v e C(Q): v € Pe, VT € Ty},

where, for £k € N, P;, denotes the set of polynomials up to order k. Additionally, for incorporating
homogeneous boundary conditions, we define the finite element space S}]f’o(ﬁ) given by

SOT) ={veCo(Q):vr € Py, VT € Th},

where Cp(Q) denotes the space of continuous functions on € that vanish at the boundary. Each finite
element function is well-defined by its values at some nodes, whose distribution have to guarantee the
continuity of the finite element function. As a basis of these finite-dimensional spaces we always use
the standard nodal basis: for each node a unique basis function is defined by prescribing the value 1
at this node and the value 0 at all other nodes.

2.4.3 Examples

In this subsection we apply the finite element method to the three problems discussed in Subsec-
tion 2.3.2.

The elliptic problem Recall the variational formulation (2.31) of the Poisson problem (2.30):
Find y € X such that

a(y,z) = f(z), VzeX,
with

a(y,z) = (Vy, V2)r2(q),

f(z) = (U7Z)L2(sz)~
and X = H}(Q). Choosing the finite-dimensional space X} as X, = S}L’O(’Th), also called Courant
finite element space, we arrive at the following discrete problem: find y, € 8,1;0(72) such that
a(yn, zn) = f(zn), Vzp € 8}11’0(7}). (2.42)

A finite element function v, € S}IL’O('E) is uniquely determined by its values on the vertices of the
elements. Indeed, it can be shown that Sp°(75,) C HA(Q) and we have the following lemma:

Lemma 2.15. The discrete problem (2.42) is stable, i.e., has a unique solution that depends contin-
uously on the data with constants independent of the mesh size h.

Proof. The proof is done by repeating the proof of Lemma 2.12 step by step for the finite element
functions. O
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The multiharmonic-parabolic problem Recall the variational formulations (2.33) and (2.34) for
the time-periodic parabolic problem (2.32): for each mode k = 1,2,--- , N find yx = (y§,43)T € X1
such that

ar, (e, 21) = fe (21) s Vae = (25, 20)7 € X,
with
ar Yk, z1) = WV, Vi) 12(0) + kw(oyi, z1) 12 (o),
fi (26) = (ug, 26) 2(0),
and for the mode k = 0 find y§ € X2 such that
ao (45, 26) = fo (26), V25 € Xa,
with
ao (¥5, 26) = (VVyg, V25) L2(0),
Jo (26) = (ug, 26) 2(0)-

and X; = X3 with Xy = H}(Q). Using again the finite-dimensional space S, °(73) (now as X 5,) we
arrive at the following discrete problems: find yy j € 8}11’0(771)2 such that

ar We,hs 2in) = fr (zin) s Voun = (25 2in) " € Sy (Th)?, (2.43)
and, find y§ € S;°(T5) such that

ao (Y5 - 26.0) = fo (260) » V26, € Sy (Th)- (2.44)
Now we have the following result:
Lemma 2.16. The discrete problems (2.43) and (2.44) are stable.

Proof. The proof is done by repeating the proof of Lemma 2.13 step by step for the finite element
functions. O

The Stokes problem Recall the mixed variational formulation (2.36) of the Stokes problem (2.35):
find w € V and p € @ such that

a(u,v) +b(v,p) = F(v), YveV,
b(u,q) =0, VgeQ,
with
a(u,v) = (Vu, Vo) 2 (),
b(U, Q) = 7(q7 div U)LQ(Q)v
F(v) = (f,v)r2(0),

and V = H(Q)? and Q = LZ(Q). As before, we are looking for appropriate finite-dimensional
subspaces V;, C V and @}, C @ such that the discrete problem

{a(uh, vp) +b(vn,pr) = F(vy), Yo, € Vi, (2.45)

b(’LLh, Qh) = 07 VQh S Qha
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is stable. In Lemma 2.14 the conditions of Brezzi (2.25)-(2.28) are shown for the continuous case.
The boundedness of the bilinear forms a(-, -) and b(-, -) carries over to the discrete case with the same
constants. Since it was shown that the bilinear form a(-,-) is coercive on the whole space V', the
discrete kernel ellipticity of a(-,-) holds with the same h-independent constant. It remains to show
the discrete inf-sup condition of b(-,-) with an h-independent constant. This is subject to discussion
in many articles, see, e.g., [25, 30, 40].

We briefly present one example of a stable element for the Stokes equations: the Taylor-Hood element.
For a given triangulation 7} of the domain €, the finite-dimensional subspaces V}, and @} are given
by

Vi = Sp0(Th)?, (2.46)
and
Qn = Sp0(Th) == S, (Tn) N L(2). (2.47)

A finite element function v, € V3 is uniquely determined by its values on the vertices and on the
midpoints of the edges of the elements and a finite element function ¢, € @, is uniquely determined
by its values on the vertices of the elements.

Indeed, it can be shown that V}, C V and @, C Q. Now, the discrete inf-sup condition is summarized
in the following theorem:

Theorem 2.17. Let Ty, be a triangulation of Q with the property that each element T € Ty, has at
least two internal edges (in the case d = 2) or at least three internal faces (in the case d = 3). Then
there exists a constant cp independent of h such that

b(vn, pn)
sup  ————— > cplprllL2(e)-
0#vnEVy, ”h||H3(Q)

Proof. See [25]. O
Therefore, we have the following lemma:
Lemma 2.18. The discrete problem (2.45) is stable for Vi, and Qp as in (2.46) and (2.47).

Proof. The proof follows from the considerations above and with Theorem 2.17 and Corollary 2.11.
O

2.5 Optimal control problems

This section is devoted to general linear-quadratic optimal control problems. Results for the existence
of an optimal solution and for the first-order optimality conditions are presented. Additionally, we
introduce the primal-dual active set method as a method for linearizing nonlinear optimality systems.
A detailed analysis of optimal control problems can be found, e.g., in [54, 66, 96].

We examine the following general linear-quadratic optimal control problem on the domain

1 «
1 J = —||EFy — 2 - 2
i 1000) = 1B vl + Gl

subject to Dy —Tu=g, u€ U, y € Yaq,

(2.48)

where H and U are Hilbert spaces, Y and Z are Banach spaces, a > 0 is a cost or regularization
parameter and yq € H, g€ Z, D € L(Y,Z), T € L(U,Z), E € L(Y, H). Here, y denotes the state
variable, u the control variable and y4 the desired state. The operator equation Dy —Tu = g is called
state equation and represents a PDE or a system of coupled PDEs.

The existence and uniqueness of an optimal solution is covered by the following theorem:
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Theorem 2.19. Let Uyg C U and Yoq CY be nonempty, convex and closed, such that (2.48) has a
feasible point. Assume that D € L(Y,Z) has a bounded inverse. Then problem (2.48) has a unique
optimal solution (Y, ).

Proof. See [54]. O

The conditions u € Uyq and y € Y4 in problem (2.48) act as a constraint on the control w and the
state y, respectively. In the case U,q = U and Y,; = Y we speak about the unconstrained case.

We will focus on problems, where either pure control constraints (Y = Y,4) or pure state constraints
(U = Uga) are imposed.

Control constraints For the case of pure control constraints the following theorem provides the
first-order optimality conditions for (2.48):

Theorem 2.20. Let U,q C U be nonempty, convex and closed and assume that D € L(Y,Z) has a
bounded inverse. Then (§,u) is an optimal solution of (2.48) if and only if there exists an adjoint
state (or Lagrange multiplier) p € P = Z* such that the following conditions are satisfied

Dy—-Tu=y, (2.49a)

D*p = —E*(Ej — ya), (2.49b)

U € Uy, (au—T'pu—u)y >0, Yu€ Uy (2.49c¢)

Proof. See [54]. O

Observe that the conditions (2.49) are necessary and sufficient for optimality.
Remark 2.21. In the unconstrained case, i.e., Uyq = U, condition (2.49¢) reduces to
au—T"p=0. (2.50)
Our focus is on problems where U = L?(Q) and U,q has the following special structure
Usa ={v €U :u, <u<u, almost everywhere (a.e.) in O}, (2.51)

where ug,, up € L?(Q) and u, < up a.e. in Q. For such inequality constraints, condition (2.49¢) can
be expressed in a more convenient form and the resulting optimality conditions are summarized in
the following theorem:

Theorem 2.22. Let U = L*(Q), Uyq be as in (2.51) and assume that D € L(Y,Z) has a bounded
inverse. Then (g, ) is an optimal solution of (2.48) if and only if there exists an adjoint state (or
Lagrange multiplier) p € P = Z* and Lagrange multipliers &,, & € U* = L*(Q) such that the
following conditions

Dy —Tu=g, (2.52a)

D*p = —E"(Ey — yq), (2.52b)

ot —Tp+E=0, (2.52¢)

& —max {0, + c(@—up)} —min {0,§ — c(uq — )} =0, (2.52d)

are satisfied for any ¢ > 0 where & = & — &,.

Proof. See [54]. O
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State constraints In the pure state constrained case we focus on optimal control problems with
inequality constraints

yagygyba

that are regularized by the Moreau-Yosida penalty function (cf. [56]). The necessity to regularize
problems with state constraints is due to the fact that they admit Lagrange multipliers with very low
function space regularity, see [27].

Our focus is on problems where Y C L?(Q) is a Hilbert space, U = H = L?(2) and the Moreau-Yosida
penalty function has the form

1 1 .
Pary(y) = 5l max {0, By — 2y + 5| min {0, By — v} 320y, (2:53)

with a penalization parameter € > 0 and ¥y, y, € L*(2). Therefore we face the following regularized
version of (2.48)

min  Jay (y, u),
()€Y xU (2.54)

subject to Dy —Tu =g.

with Jary (y,u) = J(y,u) + Pryy (y). For this setting, the following theorem covers the existence and
uniqueness of an optimal solution of (2.54) and provides the first-order optimality conditions:

Theorem 2.23. Assume that D € L(Y, Z) has a bounded inverse. Then problem (2.54) has a unique
optimal solution (§,w). Moreover, (§,u) is an optimal solution of (2.54) if and only if there exists an
adjoint state (or Lagrange multiplier) p € P = Z* such that the following conditions are satisfied

Dy—-Tu=y, (2.55a)
D'p=-E"(Ey—ya+(), (2.55b)
ot —T'p=0, (2.55¢)

where ¢ = L max {0, By — y»} + L min {0, EY — y,}.
Proof. As stated in [32], the proof is similar to the proof of the pure control constrained case, therefore
see [54]. O

Observe that the conditions (2.55) are necessary and sufficient for optimality.

The primal-dual active set method In both cases, the inequality constrained control and the
Moreau-Yosida regularized state constrained case, the resulting first-order optimality conditions are
nonlinear. In order to linearize these problems, a primal-dual active set method as introduced in [11] is
used. Under certain conditions, this method is equivalent to a semi-smooth Newton method (cf. [53]).
Note that the optimality system in the unconstrained case is linear right from the beginning.

The basic idea of the primal-dual active set method is as follows: first, an index set is prescribed
for which it is assumed that the inequality constraints are active. Then the corresponding equality
constrained optimality system is solved and, if necessary, the active set is updated. This procedure
is repeated until some appropriate convergence criterion is met.

The primal-dual active set algorithm applied to the optimality system of the inequality constrained
control case, i.e., applied to (2.52), is given in Algorithm 1. Similarly, the primal-dual active set
algorithm applied to the optimality system of the Moreau-Yosida regularized state constrained case,
i.e., applied to (2.55), is given in Algorithm 2.
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Input: ¢ > 0, initial guess yo, ug, po and &p.
Output: solution of (2.52).

for 7 = 0 until convergence do
- Determine the active sets

EF ={rx e Q: & (@) + c(uj(x) —up(x)) > 0}, (2.56)
& ={r €Q:&(x) — c(ualz) —u;(z)) <0}, .
and the inactive set
I, = O\ (&fugy), (2.57)
- Compute ¥y;11, Ujt1, pj+1 and 41 as the solution of
D*pjy1 = —E*(Eyj+1 — ya),
aujp1 = Tpjp1 + &1 =0,
(2.58)

Dyjr1 —Tujr =g,
CXEg;Uj+1 T ijfj+1 =c (Xg;rub + ng— ua) )

where X+, X¢-, Xg; and xz, denote the characteristic functions of 5]7*', Ej_, & = S;F U 5]»_
J J
and Z;, respectively,
- Test for convergence,
end
Algorithm 1: The primal-dual active set method for the inequality constrained control case.

Input: initial guess yo, up and po.
Output: solution of (2.55).

for j = 0 until convergence do

- Determine the active sets

EF={zeQ:y;(x)—y(x) >0},
; { i(x) —yp(x) > 0} (2.59)
& = {r € Q:y,(x) —ya(x) <0},
- Compute ¥;4+1, uj+1 and p;y;1 as the solution of
. . 1
D*pjy1=—E"( Eyj41 —ya+ - (ij Eyji1 — Xet¥o = Xer ya) )
(2.60)

aujp; — T pjp1 =0,
Dyji1 —Tuj =g,

where Xets Xe- and xg; denote the characteristic functions of EJ‘-", & and &5 = 5;' Ue&r,

respectively,
- Test for convergence,
end
Algorithm 2: The primal-dual active set method for the Moreau-Yosida regularized state con-
strained case.
The following theorem states a convergence result for Algorithm 1 and Algorithm 2:

Theorem 2.24. 1. If there exists j € N such that £j41 = &; in Algorithm 1, then the algorithm
stops and the last iterate is the solution of (2.52).

2. If there exists j € N such that £;41 = &; in Algorithm 2, then the algorithm stops and the last
iterate is the solution of (2.55).
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Proof. See [11] and [56] for Algorithm 1 and Algorithm 2, respectively. O

In the model problems later on, we always reduce the linearized optimality systems (2.58) and (2.60)
such that the only unknowns left are the state variable y and the adjoint state variable p, i.e., all the
other unknowns (the control u and the additional Lagrange parameter £) are eliminated.

In the control constrained case this is done by first eliminating the control « using the second equation
in (2.58). Then the Lagrange multiplier £ is eliminated using the last equation in (2.58) and we end
up with the following system

D —1Txz,T*) \pjs g+ T (Xg;f‘ub + Xe ua)

In the Moreau-Yosida regularized state constrained case we use the second equation in (2.60) to
eliminate the control u and arrive at the following reduced system

(E* (1+ixe)E D ) (ym) _ (E (@/d +< (XSJ% + Xf{”“))) : (2.62)

D —éTT* Dj+1 g

The problems (2.61) and (2.62) (in the variational sense) are of the form (2.12), i.e., of saddle point
structure.

As already stated, the optimality system in the unconstrained case, given by (2.49a), (2.49b) and
(2.50), is linear right from the beginning. Similar as in the constrained cases, we derive the reduced

optimality system given by
E*E  D* Yj+1 E*yaq
* = . 2.63
( D —irT ) <pj+1 g (263)

Also this problem has a saddle point structure.
The next chapter discusses solution methods for the discretized version of such general saddle point
problems.



Chapter 3

Iterative methods and preconditioning

As we have seen at the end of the last chapter, the reduced linear(ized) optimality systems of optimal
control problems are mixed variational problems. As discussed in Subsection 2.4.2, the discretization
of such mixed problems leads to linear saddle point systems: for given f € R*, find z € R¥ such that

Az = f, (3.1)

with the nonsingular system matrix

_ A BT kxk
A—(B _C,)GR ,

where A and C' are symmetric and positive semidefinite matrices, which makes A a symmetric and
indefinite matrix, i.e., it has both positive and negative eigenvalues. In this chapter we discuss so-
lution methods for such general saddle point problems. First, in Section 3.1, we discuss the need of
preconditioning and its basic idea. Therein we introduce the notion of parameter-robust precondi-
tioning. In Section 3.2 we give a brief introduction to preconditioned Krylov subspace methods and
discuss their applicability as iterative solvers for saddle point systems. Additionally, we present our
method of choice, the minimal residual method. Finally, Section 3.3 is devoted to the construction
of preconditioners for saddle point systems of the form (3.1). Constructing efficient preconditioners
for such systems is the subject of discussion in many papers, see, e.g., the survey paper [8] (and
the many references therein) for a detailed discussion of available methods. We focus on symmet-
ric and positive definite block-diagonal preconditioners and discuss how their construction can be
traced back to the well-posedness result (2.10) with appropriately chosen norms. Among the large
class of strategies available for choosing these norms, we consider the following three approaches: the
operator preconditioning technique, the Schur complement technique and the operator interpolation
technique.

3.1 Preconditioning

Let us first define the spectral condition number of a matrix: let ¥ € R¥** be symmetric and positive
definite in order to define an inner product as follows

(‘ray)E = (2x7y>12 ) any S Rkv

with the corresponding norm
[zlle =/ (2, )5

25
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Then the spectral condition number of A € R¥** with respect to ¥ is defined as
ks (A) = Al A s, (3.2)

where for a matrix M € R*** the matrix norm || M||s, is defined by

M
M5 = sup Mzl

ozzerr lz

Note that the condition number of a matrix depends on the used norm, i.e., on the choice of the
matrix 3. If ¥ = I, where I denotes the identity matrix, we neglect the subscript ¥ and just write
K(+).

Usually, problems of the form (3.1) are ill-conditioned, i.e., the condition number of the system matrix
A is very high, i.e.,

kn(A) > 1.

This ill-conditionedness results in a very high number of iterations of iterative methods used for the
solution of (3.1). Therefore, preconditioning, as a technique of improving the spectral properties of
the matrix and, consequently, improving the convergence rate of iterative methods, is an important
issue.

3.1.1 Basic idea

The idea of preconditioning is to construct a nonsingular matrix P € R¥**_called the preconditioner,
such that the following two conditions are satisfied:

e The condition number of the preconditioned system matrix P~'A is small, i.e., as close as
possible to 1.

e The application of P~! to a vector is inexpensive, i.e., of optimal complexity O(k).

The construction of preconditioners is always based on making a compromise between these two
conditions.

When a preconditioner P is chosen, the iterative method is applied to the following preconditioned
system

PrAz =P, (3.3)

instead of the original system (3.1).

3.1.2 The concept of parameter-robust preconditioning

As already stated, the system matrix A in (3.1) is ill-conditioned. This is due to the dependence on
the discretization parameter A coming from the discretization process. However, in addition to that,
the matrix may also depend on other parameters appearing in the underlying model problem (like the
cost parameter «, the penalization parameter € and the active set £ as introduced in Subsection 2.5).
This additional parameters can strengthen the ill-conditionedness, i.e., the condition number of A
grows with respect to these parameters. Therefore, appropriate preconditioners are needed, that
improve the spectral properties of the system matrix with respect to these parameter-dependencies.
This is where parameter-robust preconditioning comes into play:

Definition 3.1. Let the system matriz A depend on some parameters. A preconditioner P for A is
called parameter-robust (with respect to these parameters) if the condition number of the preconditioned
matriz P~YA can be bounded from above by a constant that is independent of these parameters.
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3.2 Preconditioned Krylov subspace methods

Preconditioned Krylov subspace methods are considered to be the most important techniques for
solving large scale linear systems. A comprehensive introduction to Krylov subspace methods and
their preconditioned versions can be found, e.g., in [86].

We motivate preconditioned Krylov subspace methods using a simple fixed point iteration: for solving
the preconditioned equation (3.3) we first transform it into fixed point form

z=(I—-7P 'A)z+7P'f,
with some relaxation parameter 7 > 0 and then apply the fixed point iteration
Tjt1 = (I — TlpilA) Zj + Tlpilf, (34)

with some initial guess x¢. Using the j-th preconditioned residual r; = PL(f - Az;) we can rewrite
(3.4) as follows

Tjt1 = Ty +7’7’j. (35)

Multiplying (3.5) by —P~ 1A from the left and adding P~'f on both sides we obtain the following
recursion for the preconditioned residual

Tjp1 =715 — TPflArj.
From this we get by induction
r; € span {ro,PflAro, (7371./4)2 o, (7771./4)'7' ro} .
Due to (3.5) it follows that
zj € xg + K,
where K; denotes the j-th Krylov subspace defined by
K; = K; (P~ A, 1) := span {ro,PflAro, (7771./4)2 ro, -, (PflA)j_l 'ro} )

The aim of Krylov subspace methods is to find a better choice for x; in the affine space x¢ + K; than
the one generated by the fixed point iteration (3.4), where better means that for a j < k a good
approximation of the exact solution is found. One of the most popular Krylov subspace methods is
the conjugate gradient method, cf. [50], which is applicable for problems with symmetric and positive
definite system matrix. There are generalizations of CG, like the Bramble Pasciak CG, cf. [20], and
the variants introduced in [90] and [84], designed for symmetric and indefinite problems, where a
symmetric and indefinite preconditioner and appropriate inner products have to be constructed such
that the preconditioned matrix P~ A is self-adjoint and positive definite with respect to this inner
product. Alternative Krylov subspace methods are the minimal residual method, cf. [80], which
works for symmetric and nonsingular problems and the generalized minimal residual method, cf. [87],
designed for general nonsingular problems.

Due to the symmetry and indefiniteness of the matrix A in (3.1) and the fact that additional scaling
conditions have to be ensured in the mentioned generalizations of CG, the preconditioned MinRes
method is our method of choice.

The preconditioned minimal residual method The preconditioned MinRes method is designed
for symmetric and nonsingular problems and requires a preconditioner that is symmetric and positive
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definite. Therefore, let P be symmetric and positive definite. Note that the preconditioned matrix
P! A is self-adjoint with respect to the P-inner product, i.e.,

(Pfle,y)P = (x,PflAy)P, Vz,y € RF.

In the preconditioned MinRes method the approximate solution x; € xg + K; is chosen such that it
minimizes the P-norm of the preconditioned residual r;, i.e.,
_ ; 2
2, = arg minllr; |3,
yExo+IC;
This minimization problem is solved by constructing an orthonormal basis for the Krylov subspace
using the Lanczos method. The solution can be calculated by a three-term recurrence relation. The

algorithm for the preconditioned MinRes method is given in Algorithm 3 (cf. [37, Algorithm 6.1]).

REXE symmetric and positive definite, right

Input: A € R¥** symmetric and nonsingular, P €
hand side f € R”, initial guess zo € R¥.

Output: approximate solution x;.

'00207w0:07w1:07’yo:1a

- Compute v1 = f — Axy,

- Solve Pz = vy, set 11 = /{21, v1),

-Setn=v,s0=5=0,cg=c1 =1,

for j = 1 until convergence do

- 2 = 2 /%5

- 0; = (Azj, 25),

- Vi1 = Azj = (6;/75)v; — (vi/v-1)vi-1,

- Solve PZjJrl = ’Uj+17

- Y+ = V{241, V1),

- ag = ¢j0j = ¢j-1857j

-ay =y /ag + 974,

- Qg = 80 + €167,

- Q3 = S55—17j,

- Cit+1 = ag/oq, Sj+1 = 7j+1/0417

- wiy1 = (2 — azwj 1 — agwy) /an,

S U= Uj—1 F CNWt,

- N = =S5+,

- Test for convergence,

end

Algorithm 3: The preconditioned MinRes method.
A convergence result for the preconditioned MinRes method is summarized in the following theorem:

Theorem 3.2. The preconditioned MinRes method applied to the preconditioned system P~'Ax =
P~Lf with symmetric and nonsingular matriz A and symmetric and positive definite preconditioner
P, converges to the solution of this system for an arbitrary initial guess xo. More precisely, the
preconditioned residual rj = P~Y(f — Az;) after j iterations can be estimated by the preconditioned
initial residual ro as follows:

HP(P_lA) -1

2¢° .
N < —2 th ¢=—0F5—=H"—T7 3.6
Ir25llp < 1+ q% Irollp, with q kp(P-1A) + 1 (3.6)

Proof. See [42]. O

3.3 Block-diagonal preconditioners for saddle point systems

In order to construct symmetric and positive definite block-diagonal preconditioners for saddle point
problems of the form (3.1), we recall the corresponding mixed finite-dimensional variational problem
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(2.40): find up, € V3, and pp, € Qp, such that

a(up,vp) + b(vn,pn) = f(on), Yoy € Vi,
b(un, qn) — c(pn, an) = 9(an), Van € Qn,

with finite-dimensional Hilbert spaces V}, and Q. Or, in operator notation: find z;, = (up,pp) €
X =V X Qp such that

Az, = F, in X}, (3.7)
with A € £(Xp,, X)) and F € X} given by
(Azn, yn) x; x,, = a(wn, vp) + b(vn, ) + b(wn, qn) — c(Thyqn),  Fyn) = f(vn) + g(qn),

for y, = (v, qn) and z, = (wp, 7). Note that we use the same notation for the operator as for the
corresponding matrix in the linear system. Problem (3.7) is said to be well-posed if the inf-sup and
the sup-sup condition of the Theorem of Babuska and Aziz, cf. Corollary 2.5 for the symmetric case,
are satisfied, i.e., if there exist constants ¢, ¢ > 0 such that

cllznllx, < Aznllx; <©lznllx,, VYzn € X (3.8)

n m

Using the representations wy, = > wy, ;¢; and rp = > rp, ;4; with respect to the bases (¢;)_; of V,
i=1 i=1

and (¢;)", of Qp, equation (3.8) reads

clzllp < [lAz]lp-1 <2l2llp, VzeR™™, (3.9)

with

and the symmetric and positive definite block-diagonal matrix

(@i d)v); = 0
P= ( 0 1 ((wi’wj)Q)ZlJ:l) '

This can be seen as follows: since the inner product of X}, is defined as ((u,p), (v,q))x, = (u,v)v; +

(p, 9)q,, we have
2l x, = 1/ (P2, 2),,,

- (Azn, yn)x; x, (Azy),
||-Azh||X; = sup ——(F —————— = Ssup ————— =
otynex,  Ilynllx, oyern+m  ||yllp

and

(P~1Az, Az),

-
An immediate consequence of (3.9) is the following bound on the condition number xp(P~1A)

rp(P1A) <

o 1ol

since

[P Al = sup 1P

<c
0#£zERn+mM HZHP
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and

A-LP z
”Afer”P _ sup ” y”P _ su H ||’P
Az||p—

1
vieioin Tolp opicin ¢

where in the last equation we used z = A~ !Py.

Therefore, the norm for the Hilbert space X}, for satisfying the well-posedness result (3.8) immedi-
ately yields a preconditioner P for the corresponding discrete linear system. If the matrix A4 depends
on some parameters and the constants in (3.8) are independent of these parameters, then the corre-
sponding preconditioner is parameter-robust (with respect to these parameters).

Consecutively, we discuss the operator preconditioning technique, the Schur complement technique
and the interpolation technique as approaches for choosing these norms.

Note that the conditions (2.15) and (2.16) of Theorem 2.7 are characterizing conditions for such norms,
i.e., they can be used to check whether a particular norm is parameter-robust. However, the resolving
of these conditions, i.e., how to find norms that satisfy (2.15) and (2.16) with parameter-independent
constants, is a much harder problem.

3.3.1 Operator preconditioning technique

The operator preconditioning technique as discussed in [55] and used in, e.g., [6, 49, 74, 88], is a
method for choosing the norms in the Hilbert space X, for satisfying the well-posedness result (3.8),
that is based on exploiting the mapping properties of the involved operators.

Acting on the continuous level it yields a norm in the infinite-dimensional Hilbert space X. Note
that, beside using the standard norm also non-standard norms can be used. Now, one way to obtain a
norm in the finite-dimensional case is to use the norm in X also in X}. The other way is to use mesh-
dependent norms in X} whose construction is conducted by the norms in the infinite-dimensional
setting.

3.3.2 Schur complement preconditioners

The Schur complement technique is a widespread approach for the construction of block-diagonal
preconditioners for saddle point problems that can be applied completely on the algebraic level.
Under the additional assumption that A and/or C in (3.1) is positive definite, one forms the negative
Schur complement

S=C+BA'BT, (3.10)
and/or

R=A+B"C'B. (3.11)
Then we have the following result:

Theorem 3.3. Let A be as in (3.1).

1. Assume that A is positive definite. Then the negative Schur complement S as defined in (3.10)
is symmetric and positive definite. Additionally, the inequality

cllzllpy < |zl o1 <ell2lp,,

is valid for all z € R*, with ¢ = @ and ¢ = @ where Py denotes the Schur complement

preconditioner given by
A 0
Py = (0 S) . (3.12)
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2. Assume that C is positive definite. Then the negative Schur complement R as defined in (3.11)
is symmetric and positive definite. Additionally, the inequality

cllzllp < Azllpr <ellzlp,,

is valid for all z € RF, with ¢ = @ and ¢ = @ where Py denotes the Schur complement

preconditioner given by
R 0
P = (0 C’) . (3.13)

Proof. See [65, 72]. O

Note that the preconditioners can easily be reinterpreted as norms in the finite-dimensional Hilbert
space Xp,. Therefore, this technique can be seen as an approach for the construction of appropriate
norms for X}, for the well-posedness result (3.8).

Due to Theorem 3.3, using Schur complement preconditioners, the following quantitative bound on
the condition number is achieved

Vb 41

kp, (P TA) < i 1

~262, je{0,1},

i.e., they are parameter-robust.

3.3.3 Preconditioners based on interpolation

The interpolation technique as used in [70] and [99] is another strategy for constructing precondition-
ers for saddle point systems. Here the idea is as follows: if there are two preconditioners available
then the interpolation between these two yields a family of preconditioners, where within this family
one may be able to find a particular one, that fits best with respect to some certain criteria.

For doing this interpolation we use the space respectively operator interpolation technique that can
be found, e.g., in [1, 9].

Definition 3.4. For i € {0,1} let X; = Y; = R* with norms || - ||x, = /(M; )y, and || - ly, =
/(NG ~)12 given by symmetric positive definite matrices M;, N; € RFXF  respectively.
Then the norms || - 1x, = [ - x| - IxaJo and [y, = - o, I - 1], with 0 € [0, 1] are defined as

1
2

_1 _1\0 1

I+ lxe = /(Mo )y, with Mo = [Mo, MiJo = Mg (Mg * MiMg *) My,
1 _1 _1\0 1
I llvy = \/(Now, ) with No = [No, Nalo = Nt (Ng *NaNg #) " N

where for a symmetric and positive definite matriz M its root Mz is defined as M = M3M3.

The following theorem presents a matrix version of the interpolation that follows easily from the
general operator interpolation theory:

Theorem 3.5. a) Let A € R¥** be nonsingular with
collzllxo < IA2lly, < etllzllx,, and collzllx, < | Azllv; < esll2llx,, ¥z €RE.
Then, for || - |lx, = [Il - Ixo, | - 1x,]g and [ - llvy = [Il - [Ivo, I - lv: ]y with 6 € [0,1], we have
A lzlx, < [Azlly, < A0llzlx,, Yz € RE. (3.14)
b) The following relations hold true

- lxos I o = F- Hxcas [F- lixcodimg s - Mo I Divale = T - llvas - lve]i—g -
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Proof. See [1]. O

This interpolation technique can, e.g., be applied to the Schur complement preconditioners from the
last subsection. Therefore, let A be as in (3.1) with A and C positive definite, in order to guarantee
the well-definedness of the Schur complement preconditioners Py and P;. Using the interpolation
technique we can construct a family of preconditioners Py = [Py, P1]s for 8 € [0,1]. Within this
family one may be able to find a particular 6 such that the interpolation can be computed efficiently
and the resulting preconditioner fits best with respect to some certain criteria.

Note that the preconditioner constructed according to this method can easily be reinterpreted as a
norm in the finite-dimensional Hilbert space X},. Therefore, this technique can be seen as an approach
for the construction of appropriate norms for X;, for the well-posedness result (3.8).

3.3.4 Realization of the diagonal blocks

The application of the constructed preconditioners requires a robust and efficient evaluation of the
inverses of the diagonal blocks applied to a given vector. Usually, these inverses are not computed
exactly but the diagonal blocks are replaced by appropriate and easily realizable preconditioners.

Therefore, let
(P 0
P=(% n)

be a symmetric and positive definite block-diagonal preconditioner for the saddle point matrix A
from (3.1). The aim is to replace the symmetric and positive definite matrices P; and P, by more
cost efficient symmetric and positive definite matrices P; and P, that are spectrally equivalent to P;
and Ps, i.e.,

cp, (w,w)p < (w,w)p <Tp (w,w)lg1 , Yw e R",
and
cp, (1r)p, < (r,1)p, <Cp, (1,7)p,, VreR™,

with constants cp ,¢p,,cp,,Cp,- Then the practical block-diagonal preconditioner given by
~ (P 0
P="1 |,
0 P

min {QP17QP2} (2,2)5 < (2,2)p <max{Cp,,Cp,}(2,2)5, Vz€ R k=n+m.

is spectrally equivalent to P, i.e.,

Hence, the condition number of the preconditioned system can be estimated by

~ maxicp,,C

ip (B14) < ki (P10) max {Cp,,Cp, }

min {QP17QP2}

In the case that the matrix A depends on some parameters and the constants cp ,¢p,,cp,,Cp, are

independent of these parameters, the preconditioner P is parameter-robust (with respect to these
parameters) if the preconditioner P is.



Chapter 4

Optimal control of elliptic equations

This chapter is devoted to the development of efficient block-diagonal preconditioners for the following
distributed elliptic optimal control problem: find the state y € HE () and the control u € L?(Q) that
minimize the cost functional

1 «@
J(y,u) = 5”3! —YallT2(0) + 5”“”%2(9)’ (4.1)
subject to the elliptic state equation
—Ay =wu, in{,
y=0, onT,

or, more precisely, subject to the state equation in its variational form, given by
(Vy,V2)r2(0) = (u,2)2(0), Yz € Hy ().

Here yg € L2(f2) is the given desired state and a > 0 is a cost parameter. Recall that Q C R?, d €
{1, 2,3}, is assumed to be an open and bounded polygonal domain with Lipschitz continuous boundary
I'.  Additionally, pointwise inequality constraints on the control u or Moreau-Yosida regularized
constraints on the state y are imposed.

Problems of this form typically arise in the field of optimal stationary heating. There, the state
corresponds to the temperature distribution in some domain, the desired state to some given (desired)
temperature distribution and the control to the heat source distributed over the domain. In optimal
stationary heating problems, the aim is to determine the optimal heat source in order to reach the
desired temperature distribution. Such problems are of prime importance in practice and, therefore,
also their efficient solving.

While the construction of efficient solvers for the distributed elliptic optimal control problem (4.1)
without additional constraints on the control or state is well-understood meanwhile, see [83, 90, 99],
the case of control and/or state constraints is still a topic of ongoing research. Preconditioners for
control constraints and Moreau-Yosida regularized state constraints, that are based on operator pre-
conditioning with standard norms, are constructed in [49]. In [82] a preconditioner for Moreau-Yosida
regularized state constraints is proposed based on an efficient approximation of the Schur complement.
This preconditioner fits into the general framework proposed in [88], where preconditioners for prob-
lems with pointwise inequality constraints on the control and Moreau-Yosida regularized constraints
on the state are presented.

After formulating the problem, we compute the first-order optimality conditions, apply a primal-dual
active set method and derive the reduced (discretized) linear saddle point systems. We propose block-
diagonal preconditioners, based on the mapping properties of the involved operators in Sobolev spaces
equipped with non-standard norms. We compare them with preconditioners resulting from the oper-
ator preconditioning technique with standard norms and with the Schur complement approximation
preconditioners from [88]. Additionally, we discuss their efficient practical realization.

33
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4.1 Control constraints

4.1.1 Problem formulation

We consider the distributed elliptic optimal control problem (4.1) with pointwise inequality constraints
on the control, i.e., we consider the problem: find the state y € HJ(Q2) and the control u € L*(Q)
that minimize the cost functional

1 «
J(y,u) = §||y_yd”%2(ﬂ)+§||UH%2(Q)7 (4.2)
subject to
—Ay=wu, in{,
y=0, onT,

U <u<u, a.e. in €,

where u,, up € L2(£2) are the lower and upper bounds for the control variable u, respectively.

This optimal control problem is of the general form (2.48) with H = U = L?(Q), Y = H}(Q),
Z =Y*=H*Q), D e L(Y,Z) given by (Dy,z)y-y = (Vy,Vz)r2q), T € L(U,Z) given by
(Tu,z)y-y = (u,2)r2(0), B € L(Y,H) given by By =y, Usa = {u € U : uq <u < up ace. in Q},
Y.a=Y and g = 0.

Due to Theorem 2.19, problem (4.2) admits a unique solution.

4.1.2 Discrete optimality conditions

Optimality conditions According to Theorem 2.22; the first-order optimality conditions of (4.2)
can be expressed as follows: find y € Y = H}(Q), u € U = L*(Q), p € P = H}(Q) and & € L?(Q)
such that the system

—Ay=u, inQ, y=0, onT, (4.3a)

—-Ap=—(y—wyq), inQ, p=0, onT, (4.3b)

ou—p+E&=0, ae inQ, (4.3c)

¢ —max {0, +c(u—up)} —min{0,& — c(ug —u)} =0, ae. inQ, (4.3d)

holds for any ¢ > 0. Note that the conditions (4.3a) and (4.3b) have to be understood in the
variational sense.

As stated in Section 2.5, we apply the primal-dual active set strategy as given in Algorithm 1 in
order to linearize (4.3). For this particular problem, the strategy reads as follows: given an iterate
(yj,uj,pj,&;), the active sets are determined by

5;' ={zxeQ:§(z)+c(yj(r) —up(x)) >0},
& = {x € Q:&(x) — c(ua(z) —uj(x)) <0},

and the inactive set is
Ij = N,
where &5 = S;r U &, . The next iterate is given as the solution of the following system (cf. (2.58))

—Apjy1 = —(Yj+1 —¥a), nQ, pj1=0, onl,
oujt1 — Pij+1 +E&41 =0, a.e in Q,

—Ayjt1 =ujr1, nQ, yj1=0, onT, (4.4)

exe; i1 + X1;6541 =€ (Xg]‘_*'ub + Xe- ua) , a.e. in (.
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As also stated in Section 2.5, we reduce the linearized optimality systems (4.4) such that the only
unknowns left are the state variable y and the adjoint state variable p (cf. (2.61)). Since we focus
on the efficient solution of the linearized systems in each step of the primal-dual active set method,
we drop the iteration index j from now on and arrive at the following variational problem: find
y € HY(Q) and p € H(Q) such that

{a(yyz) +b(z,p) = f(2),  Vze Hy(9), (4.5)

b(y,q) — c(p,q) = g(q), Vg€ Hy(),
with
1
= E(Pa Q)LZ(I)7
Yd, 2)r2)s  9(q) = (up, @) r2et+) + (U, @) r2(e-)-

a(y:9) = (1)@ W 0) = (V2 Vi), clp.a): o)
=

Y,z
f(2)

The variational problem (4.5) fits into the abstract framework (2.12) of mixed variational problems
with V. = Q = H}(Q), a(-,-) being symmetric and positive and c(-,-) being symmetric and non-
negative. It can be reformulated as a non-mixed problem (cf. (2.13)): find (y,p) € X =Y x P =
H}(2) x H}(Q) such that

B((y,p), (z,9)) = F ((2,9)), V(z,q) € X, (4.7)
with

B((w,r),(2,9) = a(w,z) +b(z,7) + b(w,q) —c(r,q),  F((2,9) = f(2) +9(q)-

Discretization We use a Galerkin finite element method as introduced in Subsection 2.4.2 for
discretization. Therefore, let 7;, be a triangulation of the domain 2 with mesh size h. We choose the
finite-dimensional subspace S;°(T5) of H{ () with the standard nodal basis (¢;)7 ;.

Now, the variational formulation (4.5) on X, = 8,1’0(771) X 8}11’0(771) yields the following linear system:

find (g) € R?” such that

M K ¥\ Myd
(K —iMI> (P> - <M5+ub+Msua ’ (4.8)
—_——
=A

where y and p denote the unknown coeflicient vectors of the finite element solutions relative to the
nodal basis.

Here the mass matrix M, the mass matrix Mz (related to the inactive set), the mass matrices Mg+
and Mg- (related to the active sets) and the stiffness matrix K correspond to the bilinear forms

()2, G)rxays )y, (e and (V- V)2, (4.9)

respectively. Due to the symmetry and non-negativity properties of the bilinear forms all these
matrices are symmetric and positive semidefinite. Since the bilinear forms (-,-)2(q) and (V-,V:) 2(q)
are even positive, the matrices M and K are positive definite.

The system matrix A fits into the general saddle point form (3.1) with A = M, B = BT = K
and C' = éMI. Its dependence on the mesh size h, the inactive set Z and the cost parameter a
affects the condition number in a very bad way. Hence, the convergence rate of iterative methods,
like the MinRes method, applied to the unpreconditioned system deteriorates with respect to these
parameters. Therefore, appropriate preconditioning is an important issue.
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4.1.3 Block-diagonal preconditioning

This subsection is devoted to the construction and analysis of symmetric and positive definite block-
diagonal preconditioners for the saddle point matrix A in (4.8). Indeed, we propose and analyze
a preconditioner constructed based on the mapping properties of the involved operators in Sobolev
spaces equipped with non-standard norms and compare it with two other preconditioners: the first one
is a preconditioner constructed according to the operator preconditioning technique with standard
norms like in [49]. The second one is a Schur complement approximation preconditioner that is
presented and analyzed in [88]. Common to all of the presented preconditioners is their robustness
with respect to the mesh size h and the inactive set Z. All three are not robust with respect to the
cost parameter «, but they have a different asymptotic behavior.

As stated in Section 3.3, the construction of symmetric and positive definite block-diagonal precon-
ditioners can be traced back to the choice of the norm for satisfying the inf-sup and the sup-sup
condition of Corollary 2.5. This is how we proceed in order to analyze the preconditioners.

Preconditioner based on operator preconditioning with non-standard norms For a dis-
tributed elliptic optimal control problem without constraints on the control and state, i.e., for the
case £ = (), the following preconditioner is constructed in [90]

M+ /aK 0
73_< 0 iM_’_\}aK). (4.10)

It was shown that this preconditioner is robust with respect to the mesh size h and the cost parameter
« in this case. It corresponds to the following non-standard norm in the Hilbert space X

1y, D)% = lylly + llpll%, (4.11)
with
Y115 = lylZ2 () + Velyllin o)
and
1
2 . 2
||P||P- aHp”Y'

Now we modify this norm as follows: we replace ||p|z2(q) by [[pllz2(z) in [[p|lp and arrive at the
following non-standard norm

1y, 2) 1% == llyll3 + lIpll%, (4.12)
with
Y113 = lylZ2 () + Velyllin @)
and
1 1
Ipll% = EHPH%Z(I) + ﬁHPH%{g(Q)'

Using this norm, we can show the following result:

Lemma 4.1. Let the norm in X be given by (4.12). Then we have

B ) s (% —
dwplx < sup SWPLED) gy
0#(z,9)€X H(AQ)HX
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for all (y,p) € X with constants given by
3 — \/5 Cp >1 _
c= — 4 1 R c=2. 413
- 8v/2 (\/a (4.13)

Here cp denotes the constant from the Friedrichs inequality (2.1). (Observe that the constants ¢ and
¢ are independent of the inactive set T.)

Proof. Due to Theorem 2.7, it is necessary and sufficient to prove

2 b 2
Al < sp A0 gy MODT e vy e @), (4.14)
0#2€HL(Q) HZHY 0#£gEHL (D) ||CIHP
and
c(r,q)? b(z,r)?

glrlp < suwp +  sup <allrlp,  vre Hy(Q). (4.15)

0#gEHL () ||q||§; 0#£2€H} (Q) ||z||§,

with constants ¢, €1, ¢y, C2 independent of the inactive set.
Using Cauchy’s inequality we get

w z
ap WD) gy Mol Ele) 0
o£zei@) 2y T oreeni() 121l £2(02)
and
b(w, q lwll a2 o llall 72 @
sup ( ) < 10( ) ol = %||W||H6(Q),
0#£g€HL () llqll» 0#gEHL () T\/EHQHH(}(Q)
which, by squaring and adding, gives the upper bound in (4.14) with
@ =1
Again using Cauchy’s inequality we get
sp S0 alirllzz@llall ez . Irllpllalle Irlp
o2qeri@) 19lP ™ oxqeni () gl " oxqent) lallp ’
and
w0 bz,r) _ 120 r12 ) Il 212 ) Izl llrlle Irlle
0£zemi(@) 12y 7 ozzeni(a) (E2P% T ozzeHi 2y
which gives the upper bound in (4.15) with
o =2
The special choices z = w and ¢ = w yield
w7
sup a(w, z) > L@ (4.16)
oxzemi() 1Zly [[wlly

and

2 2
sup b(w7q) ||w||Hé(Q) S \/a”wHHé(Q)

> > : (4.17)
oxqerr) lldllp [l p lwlly



38 CHAPTER 4. OPTIMAL CONTROL OF ELLIPTIC EQUATIONS

where in the last line we used
1
[w][p < EHWHY, (4.18)

which follows from the definition of the norms. Combining (4.16) and (4.17) and using the basic
inequality (a? +b?) > 1 (a+ b)? for
B w720 _ \/an”irg(Q)
lwlly [[wlly

gives the lower bound in (4.14) with

21:5

Using the special choices ¢ = r and z = r we get

L 22
wp ) lrliz @ (4.19)

0#£gEHL () lqllp Irllp

and

2 _ 1 2
b(z, 1) S ||T||H%(Q) < (cF 1) 1/2 ﬁ”THHé(Q)

Va l7(l

sup

> (4.20)
ozzemi() lIzlly Iy

where in the last line we used

It < (S5 +1) a)w Il (121)

which follows by using Friedrichs’ inequality

1/2
1/2 1/2 cr
I < (er 4@ g < ((er +v8) Il + 1) < (S5 +1) @) e

Combining (4.19) and (4.20) and using the basic inequality (a? +b?) > 1 (a + b)* for

L ()2
B éHT”%P(I) B WHT”H(%(Q)
Irllp 7]l

)

gives the lower bound in (4.15) with

1 Cr -1
2
— (£ 41) .
= 2(\/a+>

Using Theorem 2.7, the constants ¢ and ¢ are then given by (4.13). O
An analog statement holds in the discrete setting and is given in the following lemma:

Lemma 4.2. Let the norm in X}, be given by (4.12). Then we have

cl[(yn,pn)llx < sup B ((yn,pn) s (2n: 1))

< E”(yhnph)HXv
0#(2h,qn)EXp ||(Zh7Qh)HX

for all (yn,pr) € X with ¢ and € given by (4.13). (Observe that the constants are independent of the
inactive set T and the mesh size h.)
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Proof. The proof is done by repeating the proof of Lemma 4.1 step by step for the finite element
functions. O]

The norm in (4.12) is represented by the following symmetric and positive definite block-diagonal
matrix

M +\/aK 0
Py = ( 0 ;Mz+jaK)' (4.22)

Due to Lemma 4.2, this matrix yields the following preconditioning result (cf. Section 3.3):

Proposition 4.3. The spectral condition number of the preconditioned system PflA 1s bounded by
a constant that is independent of the inactive set I and the mesh size h and scales like ﬁ for small
a:

Rp, (’PflA) S

1ol

)

with ¢ and T given by (4.13).

Remark 4.4. Note that for the preconditioner (4.10) constructed in [90] one can also prove robustness
with respect to the mesh size h and the inactive set T if used in the control constrained case. However,
the upper bound on the condition number scales like é for small o (which is indeed worse than
the scaling ﬁ for the preconditioner Py ). Additionally, numerical experiments confirmed its worse

behavior compared to the preconditioner P .

Preconditioner based on operator preconditioning with standard norms Here we use the
standard norm in the Hilbert space X, i.e., the norm

1 )% = Nyl T ) + 1Pl - (4.23)
Using this norm, we can show the following result:

Lemma 4.5. Let the norm in X be given by (4.23). Then we have

B ) s (% —
dwplx < sup SWLED) g oy
0#(z,9)€X H(Z,Q)HX

for all (y,p) € X with constants given by

_ 2 1/2
Q:g 4\/5g’ c_\@max{(;—i-l) ,(CQF+1)1/2}. (4.24)

(Observe that the constants are independent of the inactive set T.)

Proof. As in the proof of Lemma 4.1 we use Theorem 2.7 and prove the conditions (4.14) and (4.15)
with [ [ly =1l llp = I - |z (o)-

We first show (4.14):

Using Cauchy’s inequality and Friedrichs’ inequality we get

sup a(w, z) < ||TU||L2(Q)||Z||L2(Q)S sup \/CF||w|\Hg(Q)\/CF\|Z\\Hg(Q)
0#2€HL(Q) HZHHg(Q) 0#2€HL(Q) HZHH[}(Q) 0#£2€HL(Q) HZHH(}(Q)

= CFHU’HH(}(Q),
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and (by Cauchy’s inequality)

b(w, q lwll m o) lall 2 )
swp 0D gy oD o] g
0#£qE€H (2) ||Q||H3(Q) 0#q€HL () ||Q||H3(Q)

which, by combination, gives the upper bound in (4.14) with

& =cr+ 1.
With the special choice ¢ = w we get
2
b(w,q) _ [0
sup Z : = ||w||H5(Q)7
0#£gE€HL(Q) ||Q||Hg(Q) ||’w||Hg(Q)
and, since
i
0#£2€H}(Q) ||Z||H5(Q)
the lower bound in (4.14) follows with
a=1.
In a similar way (using the fact that || - ||z2(z) < || - [|£2(q)) one can show (4.15) with
2
2 _ 2 _ CF
Co = 1, Cy = ? + 1.
Using Theorem 2.7, the constants ¢ and ¢ are then given by (4.24). O

Now we again have an analog statement in the discrete setting:

Lemma 4.6. Let the norm in X, be given by (4.23). Then we have

B YhsPh) s \Zhs 4h
cll(ynpn)llx < sup ((yn:pn) (21 1))
07#(2h,qn)€Xn ||(Zhaqh)HX

<l|(yn, pn)llx,
for all (yn,pp) € Xy with ¢ and € given by (4.24). (Observe that the constants are independent of the
inactive set T and the mesh size h.)

Proof. The proof is done by repeating the proof of Lemma 4.5 step by step for the finite element
functions. [

The norm in (4.23) is represented by the following symmetric and positive definite block-diagonal

matrix
K 0
Py = (0 K) , (4.25)

and we have the following preconditioning result:

Proposition 4.7. The spectral condition number of the preconditioned system P{lA s bounded by
a constant that is independent of the inactive set T and the mesh size h and scales like é for small
a:

kp, (PytA) <

)

o 1ol

with ¢ and © given by (4.24).
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Schur complement approximation preconditioner Since the matrix M in (4.8) is positive
definite, we can form the Schur complement (cf. (3.10))

1
S=—-M;+KM 'K,
(0%

and therefore the symmetric and positive definite Schur complement preconditioner

Py = (]‘04 g) , (4.26)

as defined in Subsection 3.3.2. Note that the second Schur complement (cf. (3.11)) is not well-
defined due to the semidefiniteness of the matrix Mz. The Schur complement preconditioner (4.26)
corresponds to the following mesh-dependent norm in the finite-dimensional space X,

1Cym, )%, = lynllZ2 () + llpnls,

with the Schur complement norm

2

1 (pn, Qh)Hl(Q)

lpnllS = =~ lIpalliazy +  sup W
@ o#anes, () 119hlL2(0)
However, in practice, it is hard to work with this Schur complement since it is not efficiently invertible.
Therefore we mention an approach presented in [83] for the unconstrained case and developed further
in [88] for the constrained case, where the following approximation of the Schur complement S is
performed
S=(K+ )M (K v =m
- Va ot Va )

Due to its product form, the matrix S allows a factor-wise inversion. Now, the preconditioner (4.26)
with S replaced by S corresponds to the following norm in X3,

1Cym, )%, = lynllZ2 () + llpnly, (4.27)
with
2
2 ((phmqh)Hé(Q) + ﬁ (ph7Qh)L2(I))
Ipnlle:==  sup A :
0£an €S, (Th) iz (@)
and the following result is shown in [88]:
Theorem 4.8. We have
1 3cp
ol <llanll < (24 3 ) Nl van € 5117, (4.25)

Proof. In [88], the result is proven in the infinite-dimensional setting and it is stated that it remains
true for the finite element functions. O

From the last theorem we can derive the following result:

Lemma 4.9. Let the norm in X, be given by (4.27). Then we have

B ,  (2n,
cllynpn)llx, < sup ((yn, 1) 5 (21, qn))

< l|(yn, pn)ll x, »
0#(zn,qn)E€Xn | (zh, an) |l x, ’ h

for all (yn,pn) € Xp, with constants given by

V-1 3er \ VB +1
, c=(2+
4 2/ 2

(Observe that the constants are independent of the inactive set T and the mesh size h.)

. (4.29)

Q:
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Proof. Theorem 4.8 in combination with Theorem 3.3 immediately gives the result. O

Therefore, the symmetric and positive definite block-diagonal matrix (representing the norm (4.27))
given by

M 0
Ps = _ , 4.30
3 <0 (K + Johz) M 1(K+\/1&MI)> (4.30)
yields the following preconditioning result:

Proposition 4.10. The spectral condition number of the preconditioned system 733:1.,4 is bounded by
a constant that is independent of the inactive set T and the mesh size h and scales like ﬁ for small
a:

Rpy (7);1./4) <

o 1ol

i

with ¢ and T given by (4.29).

Remark 4.11. As stated in [88], the constant for the upper bound in (4.28) can be improved to

24 23\?1/% if the boundary between the active and inactive set satisfies additional regularity assumptions
(see [88, Assumption 6.1]).

Summary All the presented preconditioners are robust with respect to the mesh size h and the
inactive set Z but not with respect to the cost parameter «: the upper bound on the condition number
for Py scales like % for small o, whereas it scales like % for P; and P3. As stated in Remark 4.11,
the upper bound on the condition number for preconditioner P3 can be improved to a dependence of
%a if additional assumptions are satisfied.

How these behaviors of the proven upper bounds are reflected in numerical experiments will be shown
in Subsection 7.1.1.

4.2 State constraints

4.2.1 Problem formulation

Now we consider the elliptic optimal control problem (4.1) with Moreau-Yosida penalized constraints
on the state, i.e., we consider the problem: find the state y € H}(Q) and the control u € L?(Q2) that
minimize the cost functional

1 a 1
J(y,u) = 5”3/ — YallT2(0) + §\|U||2L2(Q) + 2” max {0, — .} [ 72(q) (4.31)
1 .
+ 2*|| min {0,y — ya} |72(q);
€
subject to

—Ay=wu, in{,
y=0, onT,

with a penalization parameter ¢ > 0 and y,, y» € L?(2) being the lower and upper bounds for the
state variable y, respectively.

With the same setting for the spaces H, U, Y and Z and the operators D, T and F as in the control
constrained case, this optimal control problem is now of the general form (2.54) and admits a unique
solution due to Theorem 2.23.
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4.2.2 Discrete optimality conditions

Optimality conditions Using Theorem 2.23, the first-order optimality conditions of (4.31) are
given by: findy € Y = H}(Q), u € U = L?(2) and p € P = H}(Q2) such that the following system is
satisfied

—Ay=u, inQ, y=0, onTl, (4.32a)

1 1
—Ap=—(y—ya) - —max {0,y —p} - —min {0,y —ye}, nQ p=0, onl,  (432b)
ou—p=0, ae. in (4.32¢)

Note that the conditions (4.32a) and (4.32b) have to be understood in the variational sense.
Applying the primal-dual active set method as given in Algorithm 2 for linearization results in the
following strategy: given an iterate (y;,u;,p;), the active sets are determined by

& = {r € Q1 y,(@) — () > 0},
& ={r €Q:y;(z) —yalz) <0},
and the next iterate is given as the solution of the following system (cf. (2.60))

1 .
_Apj-i-l = _(yj+1 - yd) + B (_ngyj+1 + Xg;ryb + ng*ya) ; in € pj+1 =0, onT,
0Uj41 = pj+1, a.e. in €, (4.33)
—ij+1 = Uj+1, in Q, Yj+1 = 0, on I

As in the control constrained case, we drop the iteration index j and reduce the linearized optimality
system (4.33) such that the only unknowns left are the state variable y and the adjoint state variable
p. Then the variational problem to be solved in each step of the active set method reads: find
y € H}(Q) and p € H} () such that

{ a(y, Z) + b(va) = f(z)7 Vz € Hé(Q)v (4.34)

with
1 1
a(y, z) = (y,2)r2(q) + E(yvz)Lz(Sﬁ c(p,q) = a(p, q)L2(Q)>
1
f(2) := (Ya, 2) 2 () + - (s 2) L2084y + Ya» 2) 12(2-)) 5
and b(-,-) as in the control constrained case (cf. (4.6)), i.e.,

b(z,9) = (Vz,Vq)L2(q)-

This variational problem fits into the abstract framework (2.12) of mixed variational problems with
V =Q = H}(Q) and a(-,-) and c(-,-) both being symmetric and positive and can be reformulated
(analogously to the control constrained case) as a non-mixed variational problem: find (y,p) € X =
Y x P = H}Q) x H} () such that

B((y;p), (z,0)) = F((2,9)), V(z,q) € X, (4.35)
with

B((y;p), (2:9)) = a(w,2) + b(z,7) + b(w,q) — c(r,q),  F((2,9)) = f(2).
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Discretization The discretization is done as in Subsection 4.1.2 using the finite element subspace
Sy0(Th) of HY(Q) with the standard nodal basis (¢;)7 ;.
Now, the variational formulation (4.34) on X;, = S}°(T5) xS, °(Ts) yields the following linear system:

find (i) € R2?” guch that

M+%Mg K v\ _ Mder%(Mnggb*FMé‘*ﬂa) (4.36)
K —3M)\p 0 ' '

=A
The involved matrices are defined similarly as in (4.9).
With the setting A = M + %Mg, B=B" =K and C = éM, the system matrix A fits into the
general saddle point form (3.1). As in the control constrained case, the matrix depends on the mesh
size h, the active set £ and the cost parameter a. In addition to that, the matrix here also depends
on the penalization parameter e.

4.2.3 Block-diagonal preconditioning

This subsection is devoted to the construction and analysis of symmetric and positive definite block-
diagonal preconditioners for the saddle point matrix .4 in (4.36). As in Subsection 4.1.3, we propose
and analyze a preconditioner based on non-standard norms and compare it with a preconditioner
constructed according to the operator preconditioning technique with standard norms and a Schur
complement approximation preconditioner from [88]. All the presented preconditioners are robust
with respect to the mesh size h and the active set £. Additionally, our proposed preconditioner is
robust with respect to the cost parameter a.

As in Subsection 4.1.3, the preconditioners are analyzed by using the corresponding norm for satisfying
the inf-sup and the sup-sup condition of Corollary 2.5.

Preconditioner based on operator preconditioning with non-standard norms As in the
control constrained case, we propose a modification of the norm (4.11) constructed in [90] for a
distributed elliptic optimal control problem without constraints on the control and state.

We replace Hy||2L2(Q) by ||yH2L2(Q)+% ||yH2L2(£) in ||y|ly in (4.11) and arrive at the following non-standard
norm in the Hilbert space X

1y D% = Iyl3 + [Pl (4.37)
with
1
1yl3 = vl 72y + EHyH%?(S) + \/a||y||irg(n),
and
1 1
Ipll? = aHPHQL?(Q) + ﬁHpH%Ié(Q)'
Now we can show the following result:
Lemma 4.12. Let the norm in X be given by (4.37). Then we have

lwplx < sup WP (40)

S 6H(yap)”X?
0#(z,9)€X H(qu)”X

for all (y,p) € X with constants given by

c= 3*8\/5 (1+ 1)1 =2 (4.38)

(Observe that the constants are independent of the active set £ and the cost parameter «.)
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Proof. As in the proof of Lemma 4.1 we use Theorem 2.7 and prove the conditions (4.14) and (4.15)

with a(-,+), b(,), ¢(-,-) and || - ||y, || - ||p as in (4.34) and (4.37), respectively.
Using Cauchy’s inequality we get

1 1/2 1 1/2
ow.2) < (Jolla + 10l ) (1ol + Flalae)

and, since

1 1/2
ot > (el + Flelae )
we have

1/2
a(w, z) 1
sup < (1ol + Hule ) -

0#2€H}(Q) l2lly

Again using Cauchy’s inequality we get

s b(w.q) _ 1wl 2 o llall 1 ) _ Yalwlme
o2qeri@) lallP ™ ozqemni(o) %\/gHCJHHg(Q) 0

Combining (4.39) and (4.40) gives the upper bound in (4.14) with
& =1

In a similar way one can show the upper bound in (4.15) with

=1
The special choices z = w and ¢ = w yield
a(w, z) ||w||2L2(Q) + %HWH%Z(E)
sup > )
0#£2z€HL(Q) (E2P% wlly
and
bw,q) _ @l Vallwliye
sup 2 >
oxqemi() llallp [[w]| p [[wlly

where in the last line we used

1
fulle < =iy,

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

which follows from the definition of the norms. Combining (4.41) and (4.42) and using the basic

inequality (a2 + b2) > % (a + b)2 for

wliZeg) + lwllZz e B \/a||wH12qg(Q)

[wlly ’ lwlly

gives the lower bound in (4.14) with
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Using the special choices ¢ = and z = r we get

c(r, q) é”TH%%Q)

sup > , (4.44)
0#£gEHL (D) llallp Eg(y2
and
b 7112 1 12 o |lrll %,
sp ) S M) ( +1) Valllmg@) (4.45)
oxzemi() 12y Iy € 7]l

where in the last line we used

e (2o 1) ) it (1.46)

which follows from the definition of the norms. Combining (4.44) and (4.45) and using the basic
inequality (a? +b?) > 1 (a+ b)* for

1 2
B i||7"||%2(9) B ﬁ”r”Hg(Q)
Il I7{l.p

, 1/1 !
a=3\ ")

Using Theorem 2.7, the constants ¢ and ¢ are then given by (4.38). O

gives the lower bound in (4.15) with

An analog statement holds in the discrete setting:

Lemma 4.13. Let the norm in Xj, be given by (4.37). Then we have

B ) s \(Zhy
llympn)llx < sup ((yn:pn) » (21, 4n))
0#(2h,9n)€Xp ||(Zhth)HX

< €|l(yn,pr)llx,

for all (yn,pr) € X with ¢ and € given by (4.38). (Observe that the constants are independent of the
active set €, the cost parameter o and the mesh size h.)

Proof. The proof is done by repeating the proof of Lemma 4.12 step by step for the finite element
functions. [

The norm in (4.37) is now represented by the following symmetric and positive definite block-diagonal
matrix

0
0 Lara 1K) ) (4.47)

and we have the following preconditioning result:

Proposition 4.14. The spectral condition number of the preconditioned system PflA is bounded
by a constant that is independent of the active set £, the cost parameter a and the mesh size h and
scales like % for small e:

kp, (P7A) <

i

o 1ol

with ¢ and T given by (4.38).

Remark 4.15. As in the control constrained case, one could use the preconditioner (4.10) from [90]
also in this case. As for the preconditioner Py, robustness with respect to the mesh size h, the active set
& and the cost parameter o can be shown. However, the upper bound on the condition number scales
like }2 for small € (which is indeed worse than the scaling % for the preconditioner Py ). Additionally,

numerical experiments confirmed its worse behavior compared to the preconditioner Py.
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Preconditioner based on operator interpolation with standard norms Here we again use
the standard norm in the Hilbert space X, i.e., the norm given by (4.23):

121 = 1920y + 12203 0 (4.48)
Using this norm, we can show the following result:

Lemma 4.16. Let the norm in X be given by (4.48). Then we have

B((y,p),(%,q _
dwplx < sup SWRLED) gy
0#4(z,9)€X H(Z,Q)HX

for all (y,p) € X with constants given by

1/2
3— V542 2 Yz 1\
c= fg, ¢ =v2max C—F—i—l JAl1+=) &+1 . (4.49)
4 c a? €
(Observe that the constants are independent of the active set £.)
Proof. Analogous to the proof of Lemma 4.5. O

We again have an analog statement in the discrete setting:

Lemma 4.17. Let the norm in X}, be given by (4.48). Then we have

lmpllx < sup  DAWwPr) (Zhydn))

<ell(yn,pr)llx,
0#(2h,qn)€Xp ||(Z}L7qh)HX

for all (yn,pr) € X with ¢ and T given by (4.49). (Observe that the constants are independent of the
active set £ and the mesh size h.)

Proof. The proof is done by repeating the proof of Lemma 4.16 (cf. proof of Lemma 4.5) step by step
for the finite element functions. O

The norm in (4.48) is represented by the following symmetric and positive definite block-diagonal

matrix (cf. (4.25))
Py = (Ig IO{) , (4.50)

and we have the following preconditioning result:

Proposition 4.18. The spectral condition number of the preconditioned system P{lA s bounded by
a constant that is independent of the active set £ and the mesh size h and scales like

max{%, (1 + %)2}

Rp, (P{lfo S

o 1ol

)

with ¢ and € given by (4.49).
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Schur complement approximation preconditioner As in the case with control constraints, we
form the Schur complement (cf. (3.10))

—1
1 1
S:M—l—K(M—l—Mg) K,
8% €

and the symmetric and positive definite Schur complement preconditioner

M+LiM: 0
po_( + oMe 5), (451)

as defined in Subsection 3.3.2. The Schur complement preconditioner (4.51) corresponds to the
following mesh-dependent norm in the finite-dimensional space X},

1
H(yhaph)H%(h = Hth%z(sz) + ;Hyh”%zw) + HPhH%»
with the Schur complement norm

2
(Ph, Qh)Hg(Q)

Ipnllz = ol + sup .
@ 0#qn €S, (Th) ||qh||L2(Q) + Z”%HLZ(g)
As before, it is hard to work with this Schur complement in practice. Therefore, we introduce the
following product form approximation that is proposed in [88]

-1
A 1 1 1
S=(K+ —=M, M+ =M K+—My|.
(10 o) (e 2] (7 )
where M, is the matrix arising from the finite element discretization of the bilinear form (\/E, ) L2(0)’
with ¢ =1+ % Xe. Now, the preconditioner (4.51) with S replaced by S corresponds to the following
norm in Xj

1
1(n, o) %, = lunlliz(q) + E||Z/h||%2(g) + llpnll3, (4.52)
with
2
1
- ((phth)Hé(Q) + 7 (\/@ph,Qh)Lz(Q))
Ipallg = sup T o & TTan 2
0#£qn €S, (Th) Grllz2() T e lldrliT2(g)

and the following result is shown in [88]:

Theorem 4.19. We have

1 3cF 1/2 1,0

lanl <llanl < (24 2200120 ) lanll Van € ST (@53)
Proof. In [88], the result is proven in the infinite-dimensional setting and it is stated that it remains
true for the finite element functions. O

From the last theorem we can derive the following result:

Lemma 4.20. Let the norm in X, be given by (4.52). Then we have

B , (2h,
QH(yh?ph)HXh S sup ((yh ph) (Zh qh))

<2l (yn, pn)llx
0#(2zn,qn)EXn ||(Zh7qh)||Xh "

for all (yn,pn) € Xy with constants given by

V5 —1 — 2+3CF|W”1/2 V541
4 7 2/a =) 4

(4.54)

g:

(Observe that the constants are independent of the active set € and the mesh size h.)
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Proof. Analogous to the proof of Lemma 4.9. O

Therefore, the symmetric and positive definite block-diagonal matrix (representing the norm (4.52))
given by

M + 1M 0 )
Psi=| (K + J0a,) (v + 20e) ™ (K + ) ) (4.55)
yields the following preconditioning result:

Proposition 4.21. The spectral condition number of the preconditioned system 773_1.14 is bounded by
a constant that is independent of the active set £ and the mesh size h and scales like \/% for small
Q, €:

kp, (P31A) <

)

o 1ol

with ¢ and € given by (4.54).

Remark 4.22. As stated in [88], similar to the control constrained problem, the constant for the
upper bound in (4.58) can be improved to 2 + 23?‘7%”1/}”26(9) if the boundary between the active and
inactive set satisfies additional reqularity assumptions (see [88, Assumption 6.1]).

Summary All the presented preconditioners are robust with respect to the mesh size h and the
active set £ but not with respect to the penalty parameter e: the upper bound on the condition
number for Py scales like E% for small e, whereas it scales like ﬁ for Pz and like % for P;. As stated
in Remark 4.22, the upper bound on the condition number for preconditioner P3 can be improved
to a dependence of %6 if additional assumptions are satisfied. Note that the preconditioner P; is
additionally robust with respect to the cost parameter o, while Py and Ps are not.

How these behaviors of the proven upper bounds are reflected in numerical experiments will be shown

in Subsection 7.1.2.

4.3 Practical realization of the preconditioners

As already stated, the improvement of the spectral properties is not the only criterion a preconditioner
has to satisfy, efficiency in practical realization is just as important. Therefore, this section is devoted
to the practical realization of the stated preconditioners.

We first recall and summarize the diagonal blocks that appear in the presented preconditioners. We
divide them into the blocks that correspond to zero order differential operators, the ones corresponding
to second order differential operators and the ones corresponding to fourth order differential operators.

e zero order differential operators:
- M
- M+ %Mg
e second order differential operators:
- K
- M+ /aK
- Mz + /oK
M + 1 Mg + /oK

e fourth order differential operators:
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(K + i) M (K + )
- (K + ﬁMw) (M + 1)~ (K n ﬁMw)

The application of the preconditioners would require the multiplication of vectors from the left by
the inverses of these matrices. Now the aim is to replace those actions by more cost efficient ones
such that the behavior of the proven upper bounds on the condition numbers is preserved, i.e., we
are looking for spectrally equivalent actions (as discussed in Subsection 3.3.4) where the equivalence
constants are independent of h, a, € and £.

Partial results for parameter-robust (with respect to h, «, € and &) replacements of the inverses of
the above stated matrices are known. In detail, the replacement of the inverse of the mass matrix
M by a symmetric Gauss-Seidel iteration is parameter-robust. Due to the analysis in [47] and [77],
the inverses of the matrices K and M + /aK corresponding to second order differential operators
can be parameter-robustly replaced by a V-cycle multigrid iteration with a symmetric Gauss-Seidel
iteration as smoother. Also for the fourth order operators, partial results are known (for the case
&€ =10). In order to discuss this, we need the following theorem:

Theorem 4.23. Let M and K be two symmetric and positive definite matrices. Assume that there
exists another symmetric and positive definite matriz K and g € R, ¢ < 1, such that

HI—IZ*ICHM <q (4.56)
with I denoting the identity matriz, then
KM™'K ~ KM™'K, (4.57)
with constants that depend only on q.
Proof. See [18]. O

In the case £ = () the above stated matrices corresponding to fourth order operators both read

<K + %M) Mt (K + %M) . (4.58)

Now we apply Theorem 4.23 for M = M and K = K + ﬁM Due to the analysis in [47] and [77],

W-cycle multigrid methods as -1 satisfy condition (4.56) in this case. Note that this is not known
for V-cycle multigrid methods. Now, the inverse of the matrix in (4.58) can be parameter-robustly
replaced by acting out the following steps: first, a W-cycle multigrid iteration with a symmetric
Gauss-Seidel iteration as smoother as parameter-robust replacement of the action of the inverse of
the second order matrix K + %XM applied to a vector is performed. Then the resulting vector is
multiplied by the mass matrix M and finally, again a W-cycle multigrid iteration is applied.

To the best of our knowledge, parameter-robust replacements for the other matrices listed above
are not know. However, we use the replacements stated for zero order, second order and fourth
order matrices also for the remaining matrices in these classes. In detail, for the matrix M + %Mg
corresponding to a zero order operator we use a symmetric Gauss-Seidel iteration. For the matrices
Mz++/aK and M + %Mg ++/aK corresponding to second order operators we use a V-cycle multigrid
iteration with a symmetric Gauss-Seidel iteration as smoother. And finally for the fourth order
matrices (K + ﬁMI> M1 (K + %MI) and (K + ﬁMw) (M + %Mg)_l (K + ﬁMw) we use
a W-cycle multigrid iteration with a symmetric Gauss-Seidel iteration as smoother for the involved
second order parts K + ﬁMI and K + ﬁva respectively.

Table 4.1 gives a summarized overview of the practical realization of the diagonal blocks appearing
in the presented preconditioners.
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M symmetric Gauss-Seidel iteration

M + 1M
K

M + \JaK V-cycle with symmetric Gauss-Seidel as pre-

My + JaK and post-smoothing

7
M+ 1 Mg + /oK
(K + ﬁMI) M-t (K + ﬁMI) W-cycle with symmetric Gauss-Seidel as pre-
o and post-smoothing for each of the second
(K+ ﬁMw) (M + LM;) <K+ ﬁMw) order terms

Table 4.1: Practical realization of the diagonal blocks.

Now, by comparing the preconditioners with respect to their efficiency in practical realization we
can conclude the following: the realization of our proposed preconditioners (4.22) and (4.47) and the
one constructed according to the operator preconditioning technique with standard norms ((4.25)
and (4.50)) require two V-cycles each. Therefore, their realization is equally expensive. However,
the realization of the Schur complement approximation preconditioners (4.30) and (4.55) is more
costly since it requires two W-cycles, which are indeed more expensive than V-cycles. Additionally,
Gauss-Seidel iterations are involved for the zero order terms, but those do not effect the costs at all.
As discussed above, some of the replacements do not influence the behavior of the proven upper
bounds on the condition number (due to spectral equivalence with constants independent of the
mentioned parameters) but some others may do. This will be subject to further discussion in the
numerical experiments later on (see Section 7.1).
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Chapter 5

Optimal control of
multiharmonic-parabolic equations

This chapter is devoted to the development of efficient block-diagonal preconditioners for the following
distributed time-periodic parabolic optimal control problem: find the state y : 2 x (0,7) — R and
the control @ : 2 x (0,7) — R that minimize the cost functional

- 1 o, _
J(y,w) = §||y — vallF2ax 0,y + §|\u||%2(szx(o,T))»

subject to the time-periodic parabolic equation

E%y — div (#Vy) =7, inQx (0,7),

y=0, onI x(0,7),
y(0) =y(T), in,
where yq : Q x (0,7) — R is some given desired state, @ > 0 is the cost parameter and 7' > 0 is the
time period. Recall that Q C R, d € {1,2,3}, is assumed to be an open and bounded polygonal

domain with Lipschitz continuous boundary T.
Additionally, the two time-independent coeflicients 7 € L>°(2) and & € L>°(Q) fulfill

0< Umin SV < Vmax; 0<7 < Omax; a.€. in 2.

By a simple scaling argument it can always be achleved that the lower bound for v is equal to 1:
for arbitrary 7 we scale the state equation with 7, ; to obtain the equivalent minimization problem:
find the state y : Q x (0,7) — R and the control = 52— : Q% (0,7) — R that minimize the cost
functional

1 @
J(y,u) = §||y — vallZ2ax 0,1 + §|\u||%2(nx(o,T))» (5.1)

subject to the state equation

a%y — div wVy) =wu, inQx(0,7),

y=0, onI x(0,7),
y(0) =y(T), in,

with the new parameters o = = v = and o = av2;,. In the remainder of this chapter we
consider the scaled optimal control problem (5 1) with

1<v<Vnax, 0<0 < 0omax, ae in 2

93
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where

o Vmax o O max
Vmax = — ’ Omax — — .
Vmin Vmin

As already mentioned in Subsection 2.3.2 (for the state equation), problems of the form (5.1) typically
arise in the field of electromagnetics. Recall that there the coefficients o(-) and v(-) correspond to the
conductivity and reluctivity, respectively, the state y represents the magnetic field in some domain and
the control u the impressed current. The desired state yq represents some given (desired) magnetic
field in the domain. In such problems, the aim is to determine the optimal current in order to reach
the desired magnetic field.

As in Subsection 2.3.2, we use a multiharmonic ansatz, i.e., we assume that the desired state has the
form

N

b= 3 i cos(het) + i sin(het),
k=0
with some given N € N, frequency w = 2% and given amplitudes yg ., yg ;. Q — R and, we seek y
and u of the same form, i.e.,

N N
y = Z yi cos(kwt) + yp sin(kwt), u= Z uj, cos(kwt) + uf, sin(kwt),
k=0 k=0

with the unknowns yi, v, ug, uy, : @ = R.

Now, these multiharmonic representations yield a decoupling (with respect to the modes k) of the cost
functional and, as already shown in Subsection 2.3.2, of the state equation. Therefore, we end up with
the following decoupled time-independent optimal control problems: for each mode k = 1,2,--- | N
find v = (y5,93)T € HF(Q)? and uy, = (u§,u;)T € L?(2)? that minimize the cost functional

1 o
Ty, ur) = 5 llyr — Yarl720) + §||uk||i2(9)v (5.2)
subject to the state equation

kwoyir — div (vVyg) = ug, in Q,
yr =0, onTI.

or, more precisely, subject to the state equation in its variational form, given by
(VVyk, Vi) r2(0) + kw(oyic, 2e)r2) = (k, 2k) 120y, Vae = (25, 25)T € HY(Q)?,

where yq 1, = (yg’k,yjyk)T € L2(2)? and yi- = (y§, —v§). Additionally, for the mode k = 0 we obtain
the following problem: find y§ € Hg(Q2) and u§ € L?(2) that minimize the cost functional

1 o
Tolus u8) = 31195 — ol Bacay + 316613, (53)
subject to the state equation

— div (vVy§) = ug, in Q,
yo =0, onT.

or, again more precisely, subject to the state equation in its variational form, given by

(uVyg, VZS)L2(Q) = (U(C), ZS)LQ(Q)7 VZS c Hé(Q)
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In this chapter we concentrate on the optimal control problem (5.2) for one fixed mode k # 0 and
therefore omit the subindex k. In contrast to the model problem from the last chapter where the
state equation was a scalar second order term, here the state equation is a system of two second
order equations that are coupled through a non-symmetric zero order term. Also note that the state
equation of consideration in this chapter depends on additional parameters (the mode number k, the
frequency w, the conductivity o and the reluctivity v).

We first consider the case without additional constraints and then add pointwise inequality constraints
on the control coefficients u®, u® or Moreau-Yosida regularized constraints on the state coeflicients
y°,y°. In all the problems, we compute the first-order optimality conditions, apply a primal-dual
active set method (in the nonlinear case) and derive the reduced (discretized) linear saddle point
system.

In the case without additional constraints we propose a block-diagonal preconditioner that is based
on operator interpolation. As in the previous chapter, we propose block-diagonal preconditioners
that are based on the mapping properties of the involved operators in Sobolev spaces equipped with
non-standard norms for the linearized systems in the control and Moreau-Yosida regularized state
constrained cases. We compare them with preconditioners resulting from the operator preconditioning
technique with standard norms and discuss their efficient practical realization.

The (1,1)-block of the resulting saddle point systems in the control constrained and in the Moreau-
Yosida regularized state constrained case is positive definite and therefore, the Schur complement
preconditioner as defined in (3.12) is well-defined. Additionally, in the Moreau-Yosida case, the
(2,2)-block is also positive definite, so the second Schur complement preconditioner as in (3.13) is
well-defined, too. However, as far as we know, there is no literature available discussing efficient
approximations of these Schur complements. Therefore we will not discuss such preconditioners in
this chapter.

Note that the problem for the mode k£ = 0 is almost identical to the distributed elliptic optimal con-
trol problem (4.1). The only difference is, that instead of the bilinear form (V-, V-) the v-dependent
bilinear form (v¥V-,V-) appears. However, taking a closer look to the analysis in [99] yields, that
the proofs therein can be repeated step by step with (V-,V:) replaced by (vV-,V:). Therefore, a
parameter-robust preconditioner for this problem is available. Additionally, if constraints on the con-
trol or state coefficients are imposed, the analysis in [88] and all the proofs from the Subsections 4.1.3
and 4.2.3 can also be repeated step by step with (V-,V-) replaced by (vV-,V:). Therefore, the
optimal control problem for the mode k£ = 0 needs no further investigation.

5.1 The case without additional constraints

5.1.1 Problem formulation
We consider the optimal control problem (5.2): find y = (y¢,%*)T € H}(Q)? and v = (u®,u*)T €

L?(Q)? that minimize the cost functional

1 @
J(y,u) = 5”3! —YallT2(0) + 5”“”%2(9)’ (5.4)
subject to

kwoyt — div (vVy) =wu, in Q,
y=0, onl.

This optimal control problem is of the general form (2.48) with H = U = L?(Q)%, Y = H}(Q)?, Z =
Y*=H1(Q)? D e L(Y,Z) given by (Dy,2)y-y = (vVy, Vz)r2 ) + kw(oyt, 2)r2), T € L(U, Z)
given by (T'u, z)y~y = (u,2)2(q), B € L(Y,H) given by By =y, Usa = U, Yoqg =Y and g = 0. It
admits a unique solution due to Theorem 2.19.
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5.1.2 Discrete optimality conditions

According to Theorem 2.20 and Remark 2.21, the first-order optimality conditions of (5.4) can be
expressed as follows: find y = (y%,4°)T € Y = HYQ)?, u = (v%u®)T € U = L*(Q)? and p =
(p¢,p*)T € P = H}(Q)? such that the following system is satisfied

—kwopt — div (vVp) = —(y—yq), inQ, p=0, onl, (5.5a)
kwoyt — div (vVy) =u, inQ, y=0, onT, (5.5b)
au—p=0, ae. infd. (5.5¢)

Note that the conditions (5.5a) and (5.5b) have to be understood in the variational sense.

As stated in Section 2.5, we reduce the linear optimality system (5.5) such that the only unknowns
left are the state coefficients y¢, y® and the adjoint state coefficients p©, p°. Therefore, we arrive at
the following variational problem: find y € H}(Q)? and p € H}(Q)? such that

a(y,z)+b(zp) =f(z), Vz=(2%2")" € Hj(Q),
- s (5.6)
b(yvq)fc(pacD :07 VQ: (qc’qs) GHO(Q) )
with
a(y,z) =y, 212, b(2,q) = V2, V)20 + kw02, q) r2(0), 5
5.7

e.0) = (D@ )= (a2,

The variational problem (5.6) fits into the abstract framework (2.12) of mixed variational problems
with V = Q = H}(Q)? and a(-, ) and c(-, ) both being symmetric and positive. It can be reformulated
as a non-mixed problem (cf. (2.13)): find (y,p) € X =Y x P = H}(2)? x H}(Q)? such that

B((y,p),(2,9) = F ((2,9)), V(z,9) € X, (5.8)
with

B((w,r),(2,9)) = a(w, 2) + b(z,7) + b(w, q) = c(r,q),  F((2,9)) = f(2).

Discretization As in the last chapter, we use a Galerkin finite element method for discretization
and choose the finite-dimensional subspace S}IL’O(E) of H}(Q) with the standard nodal basis (¢;)?_;.
Now, the variational formulation (5.6) on X, = Sy %(75)% x Sy°(75)? yields the following linear

(v}

Y
system: find %G € R*" such that

és
M 0 K, —kwM,\ [y My
0 M kwM, K, y° Mgz (5.9)
K, koM, —iM 0 2 0o |’ '

—kwM, K, 0 -1ym p° 0
=:A

where 3¢, y°, p® and p® denote the unknown coefficient vectors of the finite element solutions relative
to the nodal basis. Here the mass matrix M (defined similarly as in (4.9)), the weighted mass matrix
M, and the weighted stiffness matrix K, correspond to the bilinear forms

('a')LZ(Q)a (0'7')L2(Q) and (VVWV‘)H(Q), (5.10)

respectively. Due to the symmetry and non-negativity properties of the bilinear forms all these ma-
trices are symmetric and positive semidefinite. Since the bilinear forms (-,-)z2(q) and (vV-,V:)12(q)
are even positive, the matrices M and K, are positive definite.
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The system matrix A fits into the general saddle point form (3.1) with

M 0 K, koM, 1
A_(o M)’ B_<—kwMa KV>’ C=a4

Its dependence on the mesh size h, the mode frequency kw, the conductivity o, the reluctivity v
and the cost parameter « affects the condition number in a very bad way, therefore appropriate
preconditioning is an important issue.

5.1.3 Block-diagonal preconditioning

This subsection is devoted to the construction and analysis of a symmetric and positive definite
block-diagonal preconditioner for the saddle point matrix A in (5.9). We start with a special case
and therefore assume the conductivity o to be constant. In this case, we construct a preconditioner
that is robust with respect to all mentioned parameters. This is done by applying the operator
interpolation technique to the Schur complement preconditioners. However, in practical applications,
the conductivity is usually piecewise constant due to different materials of which electrical devices
are made of. Therefore, we present a parameter-robust preconditioner also in the case of general o.

Case of constant ¢ Assuming the conductivity ¢ to be constant yields
M, =ocM.

Since the matrix M in (5.9) is positive definite, we can form both Schur complements (cf. (3.10) and
(3.11))

S=C+BA BT = ((i+k2w202)M+KuM1Ku 0 )

0 (£ +kw?0?) M + K,M 'K,
R=A+BTC'B=asS,

and therefore the symmetric and positive definite Schur complement preconditioners

A 0 R 0
7DO_<0 S>a Pl_(o C>a

as defined in Subsection 3.3.2. As already stated in the last chapter, it is hard to work with these Schur
complements in practice. Therefore, we use the operator interpolation strategy from Subsection 3.3.3
in order to construct a preconditioner, that can be inverted more efficiently. We apply Theorem 3.5
with My = Py, M1 = Py, Ng = 730_17 N; = ’Pfl and the choice 8 = % to obtain the symmetric and
positive definite block-diagonal preconditioner

= (0 say)

with the block-diagonal matrices

[A,R], = A} (A*ERAﬁ)% A% (8,0

2

Using the spectral inequality

% (113 o), < (@ mbon) < ((1+12)0s)  wer

holding for arbitrary symmetric and positive definite matrices H € R"*™, for

«

:WMiéKVMilKVMié, y:M%fE7
AR“W*0O

H
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(11

the diagonal entries [A, R] ) = [A, R] (12’2) can be estimated as follows
2

Nl

1
2

N

([A,R](l’l)x,x) Lo (M

1
2

((1+ak??0®) T+ a3 K, M K, M) Mha, a:>

l2

1 1 % 1
—Vtak2o? (M3 (1+—& M SK,M 'K,M~ %) Mz x
1+ ak2w20? l
2

1
< ((\/aM% (M—%KUM*KVM—%) M+ 1 ak2w202M> xx)
l2

= ((\/&K,j—l— 1+ak2w202M) x,x)l , VxeR™,

2
%
[AvR](ll’l)l“,l‘ =1+ ak?w?0? | M= ( 1+ LM_%KUMAKVM_% Mizs
: 2 1+ ak?w?o? l
2

2
1

2

1 1
> ( (\/&M5 (M*%KVM*K,/M*%) *ME 41+ ak%?a?M) x;l:)
( (\/aKl, +V1+ ak2w202M) x, :c) , VzeR™

l2

R and C = L A, we have

T«

1 1
([S’, C](2’2)x,x)l = ([S, C](;’l)x,x)l = ([R, A](l’l)x,x) = ([A,R](l’l)x,x>
2 2 2 Iy 2 Iy

Analogously, since S =

1 1
2 (0% 2

1
< (2 (var, + VivaRi) ) | VeeR”
[0

l2

and
(1,1) > 1 1 2,292 n
([S,C]% x,x)b_\/i(a (\/aKqu\/lJrakwaM):c,:c L Vo € R™.

Therefore, defining the preconditioner

with

~ aK, + V1 4+ ak?2w?c2M
o
Py = 0

0
VaK, +v1+ ak2w202M> » Pri= &PY’
yields the following result:

Lemma 5.1. The spectral condition number of the preconditioned system P~1A is bounded by a
constant that is independent of the mesh size h, the mode frequency kw, the conductivity o, the
reluctivity v and the cost parameter a:

K (7571./4) < \/§£+ 1

Proof. Follows immediately from the Theorems 3.3 and 3.5 and the considerations above. O
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Remark 5.2. Using the basic inequality % (14++/a) <V1+a < (14 +/a), holding for non-negative
a € R, for a = ak®>w?0?, it follows that

%P <P <P,
where
P = <Poy POP) , (5.11)
with
Py <\/aKV + (1 + Vakwo) M 0 ) Py e lpy'
0 VaK, + (1+/akwo) M)’ a

Therefore, also this preconditioner is parameter-robust.

In fact, the introduction of the preconditioner P is irrelevant in the case of constant conductivity o,
however, P allows an extension to a parameter-robust preconditioner in the case of general o as can
be seen in the next paragraph.

Case of general ¢ We now consider the case of general conductivity o, e.g., o vanishes in some
regions of the computational domain €2, which is a typical situation in electromagnetics in non-
conducting regions. Since now M, # oM, it is not easy to compute the interpolated matrices
[A, R 1 and [S,C] 1 explicitly. However, we get an inspiration for choosing a suitable block-diagonal
preconditioner according to the block-diagonal preconditioner P from Remark 5.2. Replacing c M by
M, in (5.11), we arrive at the new preconditioner

P <7’0Y POP) , (5.12)

Dy VoK, + oakwM, + M 0 D lp
oo 0 VoK, +akwMy,+M) TP T mY

As in the previous chapter, we analyze the preconditioner by using the corresponding norm for satis-
fying the inf-sup and the sup-sup condition of Corollary 2.5. Therefore, we return to the variational
formulation (5.8) and define the following norm in the Hilbert space X

with

1ty p)I% = llyll3 + I3, (5.13)
with
Iy = ValviVylliz ) + Vake[Voyl 2z + 1vll72q):

and

1

lpll% = = llpl¥

a

for y = (y¢,y*)” and p = (p¢,p*)T. Using this norm, we can show the following result:

Lemma 5.3. Let the norm in X be given by (5.13). Then we have

lwp)lx < sup P (20)

< 6”(yap)HX7
0#(z,9)€X H(Z,Q)”X

for all (y,p) € X with constants given by

E

3_
16

(Observe that the constants are parameter-independent.)

=2 (5.14)

Q:
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Proof. Due to Theorem 2.7 it is necessary and sufficient to prove

2 b 2
Sofp < sp 0, @.0° 2y, vweHIQ?  (5.5)
0#z€HL(Q)?2 2113 0£qEHL ()2 llqll%
and
2 b 2
A< sp DL g BT e wem@2  (5.16)

0#£g€H} ()2 ||Q||?> 0#£2€H} (Q)? ||Z||2y
with parameter-independent constants ¢,, ¢y, ¢y, ¢2 where z = (2¢,2%)T, ¢ = (¢%,¢*)T, w = (w®, w*)T
and r = (r¢,r*)T.
We first show (5.15):

Using Cauchy’s inequality we get

1/2 1/2
b(w,q) < (VoV} + klVowliag ) (IVoValieg +kolvodie)
and, since
1 9 9 1/2
lale 2 5= (IV7Valiz@ + kellvoaliam)
we have
b(w, q 1/2
sup M) < 5 (Vg + kolVEwlag) (5.17)
0#£q€HE ()2 ||(J||P
Again using Cauchy’s inequality we get
a(w, z w2 |2l 20
sup (w, 2) < () @ = lwl|z2(q)- (5.18)
0#2€HL(Q)2 2]l 0#z€HL ()2 ||Z||L2(Q)

Combining (5.18) and (5.17) gives the upper bound in (5.15) with
& =1

With the special choices z = w and ¢ = w + w’ we get

2
w
sup a(w, z) > [ ||L2(Q)7 (5.19)
ozzemi@? llzlly l[wlly
and

bw,q) _ IVVVw[[T2 0y + kwllVowlie gy 1 Va (||ﬁvw||2Lz(Q) + kw||\/5w||%2(fz)>
sup > =— .

ozqeni()z llallp V2|jwl[p V2 [wlly

(5.20)

Combining (5.19) and (5.20) and using the basic inequality (a? +b?) > 3 (a + b)* for

ol VAWVl + Vi)

)

)

[[wlly [wlly

gives the lower bound in (5.15) with
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Completely analogous, one can show (5.16) with

1
2 —2
22 4 9 C2
Using Theorem 2.7, the constants ¢ and ¢ are then given by (5.14). O
An analog statement holds in the discrete setting and is given in the following lemma:

Lemma 5.4. Let the norm in X, be given by (5.13). Then we have

cll(yn,pn)llx < sup B ((yn:pn) , (2h: qn))

<|(yn, pn) | x,
0%(21,qn) EXn | (zn, an) |l x

for all (yn,pr) Xp with ¢ and ¢ given by (5.14). (Observe that the constants are parameter - indepen-
dent.)

Proof. The proof is done by repeating the proof of Lemma 5.3 step by step for the finite element
functions. O]

From the considerations made in Section 3.3 we conclude that the symmetric and positive definite
block-diagonal matrix P (representing the norm (5.13)) as defined in (5.12) yields the following
preconditioning result:

Proposition 5.5. The spectral condition number of the preconditioned system P~1A is bounded by
a constant that is independent of the mesh size h, the mode frequency kw, the conductivity o, the
reluctivity v and the cost parameter oc:

Kp (P*IA) <

i

o 1ol

with ¢ and € given by (5.14).

5.2 Control constraints

5.2.1 Problem formulation
Now we consider the optimal control problem (5.2) with pointwise inequality constraints on the control

coefficients u¢, u®, i.e., we consider the problem: find y = (v¢,y*)7 € H}(Q)? and u = (u¢,u®)T €
L?(2)? that minimize the cost functional

1 o
J(y,u) = iHy — yall72(q) + 5”“”%2(9)7 (5.21)
subject to

kwoyt — div (vVy) =u, inQ,
y=0, onl,

Ug <u<u, a.e. in

where ug = (uS,us)T, up = (uf,ui) € L*(Q)? are the lower and upper bounds for the control variable
u, respectively.

With the same setting for the spaces H, U, Y and Z and the operators D, T and F as in the
unconstrained case and with Ugg = {u = (uS, uS)T cU:u, <u<upa.e. in Q} and Y,q = Y, this
optimal control problem is of the general form (2.48) and, due to Theorem 2.19, admits a unique
solution.
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5.2.2 Discrete optimality conditions

Optimality conditions According to Theorem 2.22 (in the vector-valued case), the first-order
optimality conditions of (5.21) can be expressed as follows: find y = (y¢,y%)7 € Y = H}(Q)?,
u=(u,u*)T e U=L%Q)?% p= (p%p°)T € P=H}Q)? and & = (¢°,¢°)T € L?3(Q)? such that the
system

kwoyt — div (vVy) =u, inQ, y=0, onT, (5.22a)

—kwopt — div (Vp) = —(y —yq), inQ, p=0, onl, (5.22b)

au—p+&=0, ae. inQ, (5.22¢)

& —max {0, + c(u—up)} —min{0,& — c(ug —u)} =0, a.e. in (5.22d)

holds for any ¢ > 0. Note that the conditions (5.22a) and (5.22b) have to be understood in the
variational sense.

Similar as in Subsection 4.1.2 for the elliptic optimal control problem with control constraints, we
apply the primal-dual active set strategy as given in Algorithm 1 for linearization and reduce the
resulting linearized optimality systems such that the only unknowns left are the state coefficients
4°,y° and the adjoint state coefficients p©, p°. Then the variational problem to be solved in each step
of the active set method reads: find y € H}(Q)? and p € H{(2)? such that

{ a(y,2) +b(zp) = f(2),  Vz=(22")" € Hy()?, (5.23)

b(y,q) —c(p,q) = gla), Va=(¢°q")" € H)(Q)?,

with

1 . )
c(pq) ==Y PR OIZICE
j€{e;s}
9() == > (W, q)paesr) + (Wl ¢ )2,
j€{c,s}

and a(-,-), b(-,-) and f(-) as in the unconstrained case (cf. (5.7)), i.e.,

a(y,z) = (y,2)12(), b(2,9) = (vV2z,Vq)r20) + kw(oz, @) r20),  [(2) = Ya, 2)r2(0)-

The active and inactive sets for the control coefficients u¢ and u® are defined similarly as in Subsec-
tion 4.1.2.

Note that, besides the fact that here we cope with vector valued quantities, the only difference between
this variational problem and the variational problem (4.5) which we derived for the elliptic optimal
control problem with control constraints is the bilinear form b(-,-) coming from the state equation.
Here, the state equation is non-symmetric, whereas it was symmetric in the other problem. Another
difference is the dependence on additional parameters.

The variational problem (5.23) fits into the abstract framework (2.12) of mixed variational problems
with V = Q = H}(Q)?, a(-,-) being symmetric and positive and ¢(-,-) being symmetric and non-
negative and can be reformulated (analogously to the unconstrained case) as a non-mixed problem
(cf. (2.13)): find (y,p) € X =Y x P = H}(Q)? x HE(£2)? such that

B((y,p),(2,9)) = F ((2,9)), V(z,q) € X, (5.24)
with

B((w,r),(2,9) = a(w,z) +b(z,7) + b(w,q) — c(r,q),  F((2,9) = f(2) + 9(0)-
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Discretization The discretization is done as in Subsection 5.1.2 using the finite element subspace
Sy0(Th) of H(Q) with the standard nodal basis (¢;)7 ;.
Now, the variational formulation (5.23) on X} = 8,11’0(771)2 X 8,11’0(7})2 yields the following linear

Y
system: find %c € R such that
és
M 0 K, —kwM, y° My
0 M kcluMc, K, gc _ My, (5.25)
KV IfCUMG- 7EMIC 0 B Mgc,Jrgg + Mgc,fgg
—kwM, K, 0 —LMz. ) \p* Mo vuy + Mge,-u§
=:A

The involved matrices are defined similarly as in (4.9) and (5.10).
With the setting

M 0 K, kwM, (=M 0
A‘(o M)’ B_(—kwMg KV)’ C‘( “0 éMﬁ)’
the system matrix 4 fits into the general saddle point form (3.1).
As in the elliptic optimal control problem with control constraints from the previous chapter, the

matrix depends on the mesh size h, the cost parameter o and the inactive sets Z¢, Z°. In addition to
that, the matrix here depends on the mode frequency kw, the conductivity ¢ and the reluctivity v.

5.2.3 Block-diagonal preconditioning

This subsection is devoted to the construction and analysis of symmetric and positive definite block-
diagonal preconditioners for the saddle point matrix A in (5.25). We propose and analyze a precon-
ditioner constructed based on the mapping properties of the involved operators in Sobolev spaces
equipped with non-standard norms and compare it with a preconditioner constructed according to
the operator preconditioning technique with standard norms.

As in the elliptic optimal control problem with control constraints, both preconditioners are robust
with respect to the mesh size h and the inactive sets Z¢, Z%. Additionally, our proposed preconditioner
is robust with respect to the mode frequency kw, the conductivity o and the reluctivity v in this case.
Asin Subsection 5.1.3, the preconditioners are analyzed by using the corresponding norm for satisfying
the inf-sup and the sup-sup condition of Corollary 2.5.

Preconditioner based on operator preconditioning with non-standard norms As in the
elliptic case, we propose a modification of the non-standard norm (5.13) stated in the unconstrained
case. In detail, we replace ||p||2L2(Q) by > ||pj||%2(zj) in ||p||p in (5.13) and arrive at the following

je{e,s}
non-standard norm in the Hilbert space X
Iy o)l = lyll¥ + lpllB, (5.26)
with
yll5- := VallVrVylie ) + Vakol|Voyliaq) + vl 2 ()
and
2 1 2 1 2 1 5112
Pl 2= = VPRl Ea) + S kollVapltam + 5 Y0 I,

j€{e,s}

for y = (y¢,3°)T and p = (p°,p*)T. Using this norm we can show the following result:
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Lemma 5.6. Let the norm in X be given by (5.26). Then we have

B )p 9 Z? —_—
dwpllx < sup SWPLED g
ity S Tpopny I8

for all (y,p) € X with constants given by

c= 316\/\/5 (\C/% + 1> - . =2 (5.27)

Here cp denotes the constant from the Friedrichs inequality. (Observe that the constants ¢ and € are
independent of the mode frequency kw, the conductivity o, the reluctivity v and the inactive sets I¢,

7°.)

Proof. As in the proof of Lemma 5.3 we use Theorem 2.7 and prove the conditions (5.15) and (5.16)
with a(-,-), b(,), ¢(-,-) and || - |ly, || - ||p as in (5.23) and (5.26), respectively.
The upper bounds for (5.15) and (5.16) are satisfied with

2 2
ci=1, ©¢5=2

which can be shown completely analogous as in the proof of Lemma 4.1 (using Cauchy’s inequality).
The lower bounds for the sup-expression involving the bilinear form a(-,-) and the sup-expression
involving the bilinear form ¢(+, ) can also be derived completely analogous to the proof of Lemma 4.1
(using the special choices z = w and g = ).

In order to show the lower bounds for the sup-expressions involving b(-,-) we use the special choices
g=w+w and z =7+ r* to get

b(w, q) > H‘/;vaQL%Q) +kw||\/5w”2L2(Q)
ozqeni()z lallp — V2||wl|p ’

and

sup b(z,r) VoV 20) + kwllvVor|za g,
o£ecui@ l2lly — V2|ry '

Due to the fact that v > 1, the inequalities

1
[w][p < ﬁ”wHyv

1/2
cr
Ity < (% +1)a) el

also hold true here (cf. (4.18) and (4.21)). Therefore, the rest of the proof completely follows the
proof of Lemma 4.1 and results in the following constants

1 1( cr !
-y 4-5(E)

Using Theorem 2.7, the constants ¢ and ¢ are then given by (5.27). O

and

An analog statement holds in the discrete setting:
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Lemma 5.7. Let the norm in X, be given by (5.26). Then we have

B ((yh,pn) ;s (2h, aqn
lmpn)llx < sup ((yn:pn) , (21, 4n))
0%(2n,an)EX, | (zn qn) |l x

S EH(yh7ph)HX7

for all (yn,pr) € Xp with ¢ and € given by (5.27). (Observe that the constants are independent of the
mode frequency kw, the conductivity o, the reluctivity v, the inactive sets ¢, I° and the mesh size

h.)

Proof. The proof is done by repeating the proof of Lemma 5.6 step by step for the finite element
functions. O

The norm in (5.26) is represented by the following symmetric and positive definite block-diagonal
matrix

_(Py 0
he (7 2). 529

with

Py, . (\/EKV + akwM, + M 0 )
Y -— )

0 JaK, + JakwM, + M
1 1 1
PP — ﬁKV + ﬁkWMO- =+ EMIC . . O ) '
0 ﬁKU + ﬁkUJMO— + EMIS

and we have the following preconditioning result:
Proposition 5.8. The spectral condition number of the preconditioned system 791_1./4 is bounded by

a constant that is independent of the mesh size h, the mode frequency kw, the conductivity o, the
reluctivity v and the inactive sets I¢, I° and scales like % for small a:

ke, (P7A) <

o1l

)

with ¢ and T given by (5.27).

Remark 5.9. One can show that the preconditioner (5.12) is also robust with respect to h, kw, o, v
and Z¢, % in this case with an upper bound on the condition number scaling like é for small o (which
is indeed worse than the scaling % for the preconditioner Py ). Additionally, numerical experiments
confirmed its worse behavior compared to the preconditioner P .

Remark 5.10. Note that the preconditioner (5.28) differs from the one we analyzed in [57]. Therein
we presented the following preconditioner for the system matriz A in (5.25)

K, + kwM, 0 0 0

b 0 K, + koM, 0 0
0 0 K, + kwM, 0 7
0 0 0 K, + kwM,

and proved its robustness with respect to h, kw, o, v and Z¢, Z°. However, the therein shown upper
bound on the condition number scales like % for small a (which is indeed worse than the scaling
ﬁ for the preconditioner Py). Additionally, numerical experiments confirmed its worse behavior
compared to the preconditioner P .
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Preconditioner based on operator preconditioning with standard norms Here we use the
standard norm in the Hilbert space X, i.e., the norm

1) = 193 0y + 1030 0 (5.29)

for y = (y°,4°)" and p = (p°, p*)T. Using this norm, we can show the following result:

Lemma 5.11. Let the norm in X be given by (5.29). Then we have

dl(y;p)llx < sup B((y.p).(2,9))

S EH(yap)”Xa
o£zpex 1z d)llx

for all (y,p) € X with constants given by

2 (5.30)

1/2 1/2
¢ = v2max { (CI; + (Vmax + Cpkwo'max)Z) , (c% + (Vmax + chwgmax)2) } .
«

(Observe that the constants are independent of the inactive sets Z¢, I°.)

Proof. As in the proof of Lemma 5.3 we use Theorem 2.7 and prove the conditions (5.15) and (5.16)
with (-, ), b(-,-) and e(-,-) as in (5.23) and || - |y = | |» = |- | 130y

The upper and lower bounds for the sup-expression involving the bilinear form a(-,-) and the sup-
expression involving the bilinear form c(+, -) as well as the lower bound for the sup-expression involving
the bilinear form b(-,-) can be derived completely analogous to the proof of Lemma 4.5 (using the
fact that v > 1).

In order to show the upper bound for the sup-expression involving b(-, -) we use Cauchy’s inequality
and Friedrichs’ inequality to get

b(w,q) < VmaXHWHHg(Q)HQHHg(Q) + kwamaXHMHLZ(Q)”(I”LZ(Q)
< Vmax|\w||H(}(Q)||Q||H5(Q) + kwamax\/CF||w||H3(Q)\/CF||Q||H3(Q)
= (Vmax + CFhWOmax) ”w”H(}(Q)HQHH[}(Q)v

and therefore,

b(w
sup 0D ko) [l ).
0£qeH} ()2 ||Q||H5(Q)

The rest completely follows the proof of Lemma 4.5 and the resulting constants are given by

i 2
Q% = ]-7 C% = C%‘ + (Vmax + Ckaamax) ;
2
c
Qg = 17 Eg = ;g + (Vmax + CFk'WO'max)2 .
Using Theorem 2.7, the constants ¢ and ¢ are then given by (5.30). O

Now we again have an analog statement in the discrete setting:

Lemma 5.12. Let the norm in Xj, be given by (5.29). Then we have

cll(yn,pn)llx < sup B ((yn,pn) » (2n:qn))

< ¢|[(yn,pn)llx
0% (2h,an) € X | (zn, an) I x :

for all (yn,pr) € X with ¢ and € given by (5.830). (Observe that the constants are independent of the
inactive sets ¢, T° and the mesh size h.)
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Proof. The proof is done by repeating the proof of Lemma 5.11 step by step for the finite element
functions. O]

The norm in (5.29) is represented by the following symmetric and positive definite block-diagonal
matrix

Pz = (531)

cocoo X
co X o

0
0
0
K

oXoo

and we have the following preconditioning result:

Proposition 5.13. The spectral condition number of the preconditioned system P{lA is bounded by
a constant that is independent of the mesh size h and the inactive sets Z¢, I° and scales like
(Vmax + CrkwOmax)” + % max {%,1}:

Rp, (P£1A> S

)

1ol

with ¢ and € given by (5.30).

Summary Both presented preconditioners are robust with respect to the mesh size h and the
inactive sets Z¢, Z° but not with respect to the cost parameter a: the upper bound on the condition
number for P, scales like % for small «v, whereas it scales like % for P;. Note that the preconditioner
P, is additionally robust with respect to the mode frequency kw, the conductivity o and the reluctivity
v, while P is not.

How these behaviors of the proven upper bounds are reflected in numerical experiments will be shown
in Subsection 7.2.1.

5.3 State constraints

5.3.1 Problem formulation

Now we consider the optimal control problem (5.2) with Moreau-Yosida penalized constraints on
the state coefficients y¢,y*, i.e., we consider the problem: find y = (y¢,v*)T € H}(Q)? and u =
(uf,u®)T € L?(2)? that minimize the cost functional

1 a 1
J(y,u) = §||y — YallZ2(0) + 5”“”%2(9) + 2:” max {0,y — 4} |72(0) (5.32)
1 .
F o min (0,5~ va) 320
subject to

kwoyt — div (vVy) =u, inQ,
y=0, onT,

with the penalization parameter € > 0 and y, = (v, 93)7, vo = (¢, y;) € L?(2)? being the lower and
upper bounds for the state variable y, respectively.

With the same setting for the spaces H, U, Y and Z and the operators D, T and F as in the
unconstrained case, this optimal control problem is now of the general form (2.54) and admits a
unique solution due to Theorem 2.23 (in the vector-valued case).
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5.3.2 Discrete optimality conditions

Optimality conditions Using Theorem 2.23, the first-order optimality conditions of (5.32) are
given by: find y = (y¢,y°)T € Y = H}(Q)?, u = (u%,u*)T € U = L*(Q)? and p = (p°,p*)T € P =
H}(Q)? such that the following system is satisfied

kwoyt — div (vVy) =u, in Q, (5.33a)
y=0, onlT,

1 1
—kwop® — div (vVp) = —(y — ya) — - max {0,y —uy} — - min {0,y —y.}, inQ, (5.33b)

p=0, onl,
oau—p=0, a.e. in§, (5.33¢)

Note that the conditions (5.33a) and (5.33b) have to be understood in the variational sense.

Similar as in Subsection 4.2.2 for the elliptic optimal control problem with Moreau-Yosida penalized
state constraints, we apply the primal-dual active set strategy as given in Algorithm 2 for linearization
and reduce the resulting linearized optimality systems such that the only unknowns left are the state
coefficients y¢, y® and the adjoint state coefficients p®, p°. Then the variational problem to be solved
in each step of the active set method reads: find y € H(2)? and p € H(Q2)? such that

{ a(y,2) +b(zp) = f(2), Vz=(2")" € HY(Q)?, (5.34)

b(y,q) —c(p,q) =0, Vg = (¢°,¢°)" € Hy(Q)?,

with

1 o
a(y, z) == (y,2)2() + - Z (W, 27) 12(e9,
j€{ec,s}

1 o o
f(2) = (Ya, 2) 2 + - z Wi, 2 ) 2ty + (W2, 27 ) 2 (i),

j€{c,s}

and b(-,-) and c(-,-) as in the unconstrained case (cf. (5.7)), i.e.,

1
b (Za q) = (sza VQ)L2(Q) + kw(ng—7Q)L2(Q)7 C(p7 Q) = a(p7 q)LQ(Q)'

The active sets for the state coefficients y¢ and y*® are defined similarly as in Subsection 4.2.2. As
in the control constrained case, the only difference between this variational problem and the varia-
tional problem (4.34) which we derived for the elliptic optimal control problem with Moreau-Yosida
penalized state constraints is the bilinear form b(-,-) coming from the state equation.

The variational problem (5.34) fits into the abstract framework (2.12) of mixed variational problems
with V = Q = H}(Q)? and a(-,-) and c(-,-) both being symmetric and positive and can be refor-
mulated (analogously to the unconstrained or control constrained case) as a non-mixed problem (cf.
(2.13)): find (y,p) € X =Y x P = H}(Q)? x H}(Q)? such that

B((y,p), (2,9)) = F ((2,9)), V(z,q) € X, (5.35)
with

B((w,r),(2,9)) = a(w, z) + b(z,7) + b(w, q) = c(r,q),  F((2,9)) = [(2).

Discretization The discretization is done as in Subsection 5.1.2 using the finite element subspace
5,11’0(771) of H} () with the standard nodal basis (¢;)™ ;.
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Now, the variational formulation (5.34) on X;, = S°(7,)? x Sp°(7h)? yields the following linear

(6]

Y
system: find %z € R*" such that
]Es
M+ LM 0 K, —koM,\ (y° My + ¢ (Mo yy + Mee-y;
]?U Mkz ]l\j\fg liwé\]{; lgu ]yg _ | Mys+1 Mgs,ggz + Mga-y®
—kwM, K, 0 —im ) \p 0

=:A
(5.36)

The involved matrices are defined similarly as in (4.9) and (5.10).
The system matrix A fits into the general saddle point form (3.1) with

10/ _1
e M + - M¢ 01 . B= K, kwM, o= M ? 7
0 M + - Mg —kwM, K, 0 -=M
As in the elliptic optimal control problem with Moreau-Yosida penalized state constraints from the
previous chapter, the matrix depends on the mesh size h, the cost parameter «, the penalization

parameter € and the active sets £¢, £°. In addition to that, it depends on the mode frequency kw,
the conductivity o and the reluctivity v.

5.3.3 Block-diagonal preconditioning

This subsection is devoted to the construction and analysis of symmetric and positive definite block-
diagonal preconditioners for the saddle point matrix 4 in (5.36). As in Subsection 5.2.3, we propose
and analyze a preconditioner based on non-standard norms and compare it with a preconditioner
constructed according to the operator preconditioning technique with standard norms.

As in the elliptic optimal control problem with Moreau-Yosida penalized constraints, both presented
preconditioners are robust with respect to the mesh size h and the active sets £¢, £%. Additionally,
our proposed preconditioner is robust with respect to the mode frequency kw, the conductivity o,
the reluctivity v and the cost parameter a.

As in Subsection 5.1.3, the preconditioners are analyzed by using the corresponding norm for satisfying
the inf-sup and the sup-sup condition of Corollary 2.5.

Preconditioner based on operator preconditioning with non-standard norms As before,
we propose a modification of the non-standard norm (5.13) stated in the unconstrained case. In detail,
we replace Hy||2L2(Q) by Hy||2L2(Q) +1 ¥ ||y3||i2(£j) in |ly|]ly in (5.13) and arrive at the following

j€{c,s}
non-standard norm in the Hilbert space X

1y P)I% = lyll3 + oIl (5.37)
with

1 .
19113 := VallvVeVylli ) + VakollVoyl 7z + 19172 + - D7 [y
j€{e,s}

and

1 1 1
Ilpl% = EH\/ZVPH%Z(Q) + ﬁkwllﬁp\liz@ + —lpllZz )

for y = (y¢,y°)T and p = (p¢,p*)T. Now we can show the following result:
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Lemma 5.14. Let the norm in X be given by (5.37). Then we have

B b 727 -_—
dwplx < sup SWPLED) g oy
0#(z,9)€X H(AQ)HX

for all (y,p) € X with constants given by

023_\@(1“)—1’ =2 (5.38)

16

(Observe that the constants are independent of the mode frequency kw, the conductivity o, the reluc-
tivity v, the active sets £¢, £% and the cost parameter «.)

Proof. As in the proof of Lemma 5.3 we use Theorem 2.7 and prove the conditions (5.15) and (5.16)
with a(-,-), b(,), ¢(-,-) and || - |lyv, || - ||p as in (5.34) and (5.37), respectively.
The upper bounds for (5.15) and (5.16) are satisfied with

#=1 c=1,
which can be shown completely analogous as in the proof of Lemma 4.12 (using Cauchy’s inequality).
The lower bounds for the sup-expression involving the bilinear form a(-,-) and the sup-expression
involving the bilinear form ¢(+, -) can also be derived completely analogous to the proof of Lemma 4.12
(using the special choices z = w and g = 7).

In order to show the lower bounds for the sup-expressions involving b(, -) we use the special choices
¢g=w+w and z =r +r* to get

b(w, q) S ||ﬁvw||2L2(Q) Jrk‘*"H\E’WHQB(Q)

sup

ozqeri? lallp — V2wl p ,
and
sup b(z,m) IVYVT||T2 o) + kwllVor|lz g,
u > .
0#£2€H} (Q) Izlly \/§||7’HY

Since the inequalities

1
lwllr < —=lwly,

1/2
1
Ity < (($+1)a) 1ol

also hold true here (cf. (4.43) and (4.46)), the rest of the proof completely follows the proof of
Lemma 4.12 and results in the following constants

-1
1 1/1

2 2

a=yp & 4<e+ )

Using Theorem 2.7, the constants ¢ and ¢ are then given by (5.38). O

and

An analog statement holds in the discrete setting:
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Lemma 5.15. Let the norm in X, be given by (5.37). Then we have

lmpllx < sup DLW Pr), (Zhydn))

<¢[(yn,pn)llx
0#(zh,qn)EXh ||<Zh’ qh)HX ’ ’

for all (yn,pr) € X with ¢ and T given by (5.38). (Observe that the constants are independent of the
mode frequency kw, the conductivity o, the reluctivity v, the active sets £¢, £°, the cost parameter o
and the mesh size h.)

Proof. The proof is done by repeating the proof of Lemma 5.14 step by step for the finite element
functions. O

The norm in (5.37) is now represented by the following symmetric and positive definite block-diagonal
matrix

_(Py 0
Py = ( 0 Pp) , (5.39)
with
P (VK + VakoMg + M + 1 M. 0
v 0 VoK, + akwM, + M + 1 Mg )’
1 1 1
P \/EKV + \/ak‘wMg +M 1 1 0 1 7
O ﬁKy + ﬁkwMa + EM

and we have the following preconditioning result:

Proposition 5.16. The spectral condition number of the preconditioned system ’Pl_l.A is bounded by
a constant that is independent of the mesh size h, the mode frequency kw, the conductivity o, the
reluctivity v, the cost parameter o and the active sets £¢, £° and scales like % for small e:

Kpy (Pl_lA) <

)

o 1ol

with ¢ and T given by (5.38).

Remark 5.17. As in the control constrained case, one could use the preconditioner (5.12) also here.
As for the preconditioner P1, one can prove its robustness with respect to mesh size h, the mode
frequency kw, the conductivity o, the reluctivity v, the cost parameter « and the active sets £¢, E°.
However, the upper bound on the condition number scales like 6% for small € (which is indeed worse
than the scaling % for the preconditioner Py). Additionally, numerical experiments confirmed its
worse behavior compared to the preconditioner P .

Preconditioner based on operator preconditioning with standard norms Here we again
use the standard norm in the Hilbert space X, i.e., the norm given by (5.29):

1@ = 1930 + 1020 0 (5.40)

for y = (y°,4°)T and p = (p°, p*)T. Using this norm, we can show the following result:

Lemma 5.18. Let the norm in X be given by (5.40). Then we have

B ) s (%) —
dwplx < sup SWLED) g oy
0#(z,9)€X H(%Q)”X
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for all (y,p) € X with constants given by

3—\/5@

g:

4 c
2 1/2 1\ 2 1/2
¢ =v2max <F2 + (Vmax + chwamax)2> , <<1 + > % + (Vmax + chwamax)2>
@ €
(5.41)
(Observe that the constants are independent of the active sets £, £°.)
Proof. Analogous to the proof of Lemma 5.11. O

We again have an analog statement in the discrete setting:

Lemma 5.19. Let the norm in X, be given by (5.40). Then we have

lwmp)lx < sup  BLWnpn), nidn))

<ell(yn, pn)llx,

0£CGmanex,  1(zran)llx
for all (yn,pr) € Xp with ¢ and € given by (5.41). (Observe that the constants are independent of the
active sets £, £° and the mesh size h.)

Proof. The proof is done by repeating the proof of Lemma 5.18 (cf. proof of Lemma 5.11) step by
step for the finite element functions. O

The norm in (5.40) is represented by the following symmetric and positive definite block-diagonal
matrix (cf. (5.31))

Py =

K

0
0 (5.42)
0

co X o

0
0
O )
K

oXNoo

and we have the following preconditioning result:

Proposition 5.20. The spectral condition number of the preconditioned system PQ_I.A is bound-
ed by a constant that is independent of the mesh size h and the active sets £, £° and scales like

(Vmax + chwamaX)2 + 2 max{ L (1 + %)2}

a2

Kpy (7)2*1./4) <

o 1ol

)

with ¢ and T given by (5.41).

Summary Both presented preconditioners are robust with respect to the mesh size h and the active
sets £¢, £° but not with respect to the penalization parameter e: the upper bound on the condition
number for P scales like E% for small e, whereas it scales like % for P;. Note that the preconditioner
P, is additionally robust with respect to the mode frequency kw, the conductivity o, the reluctivity
v and the cost parameter «, while Py is not.

How these behaviors of the proven upper bounds are reflected in numerical experiments will be shown
in Subsection 7.2.2.
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5.4 Practical realization of the preconditioners

This section is devoted to the practical realization of the stated preconditioners.
As in Section 4.3, we first recall and summarize the diagonal blocks that appear in the presented
preconditioners. The blocks are

o K

VoK, +v/akwM, + M

VaK, + akwM, + Mz,

e VaK, + akwM, + M + 1 Mg,

with j € {¢,s}. Note that all these blocks correspond to second order differential operators. Again,
we are looking for cost efficient and spectrally equivalent replacements of the inverses of these matrices
(as discussed in Subsection 3.3.4), where the equivalence constants are independent of h, «, €, kw, o,
v and &7.

As already stated in Section 4.3, the inverse of the stiffness matrix K can be parameter-robustly
(with respect to h, a, €, kw, o, v and £7) replaced by a V-cycle multigrid iteration with a symmetric
Gauss-Seidel iteration as smoother. To the best of our knowledge, parameter-robust replacements for
the other matrices listed above are not know. However, we use a V-cycle multigrid iteration with a
symmetric Gauss-Seidel iteration as smoother also for them.

Table 5.1 gives a summarized overview of the practical realization of the diagonal blocks appearing
in the presented preconditioners.

K
VakK, + akwM, + M V-cycle with a symmetric Gauss-Seidel
JaK, + JakwM, + M iteration as pre- and post-smoothing
v o zi
VaK, + akwM, + M + L Mg,

Table 5.1: Practical realization of the diagonal blocks.

Now, by comparing the preconditioners with respect to their efficiency in practical realization we can
conclude the following: the realization of our proposed preconditioners (5.12), (5.28) and (5.39) and
the one constructed according to the operator preconditioning technique with standard norms ((5.31)
and (5.42)) require four V-cycles each. Therefore, their realization is equally expensive.

As discussed above, some of the replacements do not influence the behavior of the proven upper
bounds on the condition number (due to spectral equivalence with constants independent of the
mentioned parameters) but some others may do. This will be subject to further discussion in the
numerical experiments later on (see Section 7.2).
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Chapter 6

Optimal control of Stokes equations

This chapter is devoted to the development of efficient block-diagonal preconditioners for the following
distributed optimal control problem for the Stokes equations: find the velocity u € HZ ()4, the
pressure p € L3() and the force f € L?(2)? that minimize the cost functional

1 o
J(u, f) = §||u_ud”%2(9)+§||f‘|%2(9)7 (6.1)
subject to the state equations

—Au+Vp=f, inQ,
divu =0, in (),

u=0, onT,
or, more precisely, subject to the state equations in its variational form, given by

(Vu7 V’U)L2(Q) — (p, div U)Lz(g) = (f, U)Lz(Q), Yv € H&(Q)d,
_(qulv u)LQ(Q) = 07 VQ € L?)(Q)

Here ug € L?(Q)? is the given desired velocity and a > 0 is the cost parameter. Recall that
Q Cc RY d € {1,2,3}, is assumed to be an open and bounded polygonal domain with Lipschitz
continuous boundary I'. Additionally, pointwise inequality constraints on the force f or Moreau-
Yosida regularized constraints on the velocity u are imposed.

Problems of this form are called velocity tracking problems and typically arise in the field of flow
control with stationary and highly viscous flows of incompressible media that are modeled by the
Stokes equations. The aim is to determine the optimal force in order to steer the velocity to the desired
or target velocity distribution. Such problems are of particular interest in relation to electrically
conducting fluids that can be influenced by magnetic fields.

While the construction of efficient solvers for the distributed optimal control problem for the Stokes
equations (6.1) without additional constraints is well-understood meanwhile, see [99], the case with
additional constraints on the force and/or the velocity is still a topic of ongoing research.

In this chapter we concentrate on the distributed optimal control problem for the Stokes equations
(6.1) with pointwise inequality constraints on the force or Moreau-Yosida regularized constraints on
the velocity. In contrast to the model problems from the previous two chapters where the state
equations were coercive, here we face an optimal control problem where the state equation has a
saddle point form and therefore is not coercive.

After formulating the problem, we compute the first-order optimality conditions, apply a primal-
dual active set method and derive the reduced (discretized) linear saddle point system. As in the
previous chapters, we propose block-diagonal preconditioners, based on the mapping properties of
the involved operators in Sobolev spaces equipped with non-standard norms and compare them

(6]
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with preconditioners resulting from the operator preconditioning technique with standard norms.
Additionally, we discuss their efficient practical realization.

Note that the Schur complement preconditioners as defined in Subsection 3.3.2 do not exist for the
problems studied in this chapter since in both cases, the control constrained and the Moreau-Yosida
regularized state constrained case, the (1,1)- and the (2, 2)-block of the resulting saddle point matrix
are singular.

6.1 Control constraints

6.1.1 Problem formulation

We consider the distributed optimal control problem (6.1) with pointwise inequality constraints on
the force, i.e., we consider the problem: find the velocity u € H}(Q)?, the pressure p € L3(f) and
the force f € L?(2)? that minimize the cost functional

1 o
J(u, f) = §|\U—Ud\|%2(9)+§||f||%2(9)a (6.2)
subject to

—Au+Vp=f, inQ,

divu =0, inQ,

u=0, onl,
fa<f<f ae inQ

where f,, f, € L?(2)? are the lower and upper bounds for the force variable f, respectively.

This optimal control problem is of the general form (2.48) with f € U = L%(Q)% being the control
variable, (u,p) € Y = H}(Q)? x L3(2) being the state variables, u; € H = L?(2)¢ being the desired
state (for u), Z =Y* = H-1(Q)? x L3(Q), D € L(Y, Z) given by

(D(u,p), (v,q))v+y = (Vu, Vo) 2(0) — (p, div v) 12(q) — (¢, div u)2(q),

T € L(U, Z) given by (Tf,(v,9))y+y = ((f,v)12(0),0), E € L(Y, H) given by E(u,p) = u,
Uws ={f€U: fo<f<frae inQ}, Yog =Y and g = 0. It admits a unique solution due to
Theorem 2.19.

6.1.2 Discrete optimality conditions

Optimality conditions According to Theorem 2.22 (in the vector-valued case), the first-order
optimality conditions of (6.2) can be expressed as follows: find (u,p) € Y = H}(Q)? x LE(Q),
feU=L?0)4 (4,p) € P=HLQ)? x LE(Q) and ¢ € L?(Q)9 such that the system

—Au+Vp=f, inQ, u=0 onl, (6.3a)

divu =0, inQ, (6.3b)

—At+Vp=—(u—ug), inf, a&=0, onl, (6.3¢c)

divi=0, inQ, (6.3d)

af —u+&=0, a.e. inQ, (6.3e)

& —max{0,{ + c(u —up)} —min{0,& — c(uqg —u)} =0, ae. in €, (6.3f)

holds for any ¢ > 0. Note that the conditions (6.3a)-(6.3d) have to be understood in the variational
sense.

Similar as in the previous chapters, we apply the primal-dual active set strategy as given in Algo-
rithm 1 for linearization and reduce the resulting linearized optimality systems such that the only
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unknowns left are the state variables (u, p) and the adjoint state variables (4, p). Then the variational
problem to be solved in each step of the active set method reads: find (u,p) € H} ()¢ x L3(2) and
(i, p) € HF ()% x L3(Q) such that

{a«u,p,v,q>>+b<<v,q>,<a,za>>:f«v,q», W(v,q) € HY(Q) x L3(%), 6.
b((u,p). (0,9)) — e((@,), (0,0) = 9((6,0)).  V(0,q) € HY(Q)* x L3(%),
with 1

al(w,p), (v,9)) = (wV)ra(), ((@5), (0,) = ~(@9) 1),

b((v,q). (8,9)) := (Yo, V) 120 — (div ©,8) 20 — (div 8, 4) (0, (6.5)

f((v,q)) = (ug,v )Lz(Q)a 9((9,9)) == (fp, )2 s+)+(fa, )L2(£ )

The active and inactive sets for the control f are defined similarly as in Subsection 4.1.2.

Now we have the following differences between this variational problem and the variational problems
(4.5) and (5.23) derived in the elliptic case and the multiharmonic-parabolic case, respectively. Firstly,
the bilinear form a(-, -) is non-negative whereas it was positive in the other two problems and, secondly,
the bilinear form b(-, -) coming from the state equation is of saddle point form, whereas it was coercive
there.

The variational problem (6.4) fits into the abstract framework (2.12) of mixed variational problems
with V = Q = H}(Q)? x L3(R2) and a(-,-) and c(-,-) being symmetric and non-negative. It can be
reformulated as a non-mixed problem (cf. (2.13)): find (u,p,4,p) € X =Y x P = H}(Q)? x L3(Q) x
H ()4 x L3(Q) such that

B ((u,p,4,p), (v,q,9,9)) = F ((v,q,9,9)), V(v,q,9,q) € X, (6.6)

with

B((w,r,w,7), (v,4,9,4)) = a((w,r),

w,r), (v,q)) +b((v,q), (0, 7)) + b((w, 1), (9,q)) — c((w,7), (9, q)),
F((v,4,0,9)) = f((v,q)) + g(

(9, 4))-

Discretization As in the previous chapters, we use a Galerkin finite element method for dis-
cretization and choose the Taylor-Hood element as defined in (2.46) and (2.47). Therefore we use
the finite-dimensional subspace Sp°(Ty) of Hg(§2) with the standard nodal basis (¢;)7_, and the
finite-dimensional subspace S;, ,(7n) of L§(€2) with the standard nodal basis (1), .

Now, the variational formulation (6.4) on X;, = S2°(75)% x S o(Th) % SYOTh)® x Sp o(Th) yields the

U
following linear system: find % € R2In+2m gych that

p
M 0 K -D7T U Muy,
0 0 -D 0 | _ 0 (6.7)
K -DT -ipmz 0 a Mg iw, + Mg-u, '
-D 0 0 0 P 0

=A

where u, p, @ and p denote the unknown coefficient vectors of the finite element solutions relative to
the nodal basis. Here the vector mass matrix M, the vector mass matrix Mz (related to the inactive
set), the vector mass matrices M+ and M- (related to the active sets), the vector stiffness matrix
K and the divergence matrix D correspond to the bilinear forms

(’7’)L2(Q), ('a')Lz(I)v (‘,‘)L2(6+)» ('v')Lz(E—)a (V'av')L2(Q) and (diV‘,‘)m(Q), (6~8)
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respectively. All but the divergence matrix are symmetric and positive semidefinite due to the sym-
metry and non-negativity properties of the corresponding bilinear forms. Since the bilinear forms
(,-)r2(0) and (V-,V-)12(q) are even positive, the matrices M and K are positive definite. Addi-
tionally, the divergence matrix D is of full rank, since the Taylor-Hood element satisfies the discrete
inf-sup condition (cf. Theorem 2.17).

The system matrix A fits into the general saddle point form (3.1) with

(M 0 . (K -DT _(-iMz 0
A_(O O)’ B_B_<—D O)’ C_( 0 0)"
As in the elliptic optimal control problem with control constraints from Chapter 4, the matrix depends

on the mesh size h, the inactive set Z and the cost parameter «. Since these parameter dependencies
affect the condition number in a very bad way, appropriate preconditioning is an important issue.

6.1.3 Block-diagonal preconditioning

This subsection is devoted to the construction and analysis of symmetric and positive definite block-
diagonal preconditioners for the saddle point matrix A in (6.7). We propose and analyze a precon-
ditioner constructed based on the mapping properties of the involved operators in Sobolev spaces
equipped with non-standard norms and compare it with a preconditioner constructed according to
the operator preconditioning technique with standard norms.

As in the elliptic optimal control problem with control constraints, both preconditioners are robust
with respect to the mesh size h and the inactive set Z but not with respect to the cost parameter «,
but they have a different asymptotic behavior.

As in the last two chapters, the preconditioners are analyzed by using the corresponding norm for
satisfying the inf-sup and the sup-sup condition of Corollary 2.5.

Preconditioner based on operator preconditioning with non-standard norms As in the
previous two chapters we propose a norm that is based on a preconditioner for the optimal control
problem in the unconstrained case: For the distributed optimal control problem for the Stokes equa-
tions without constraints on the control and state, i.e., for the case £ = (J, the following preconditioner
is constructed in [99]

M + /oK 0 0 0
0 aD (M + /aK) ' DT 0 0
P = 0 M+ LK 0 (6.9)
0 0 D (M + oK) ' DT

It was shown that this preconditioner is robust with respect to h and « in this case. It corresponds
to the following non-standard norm in the Hilbert space X

I ) 2= 2D+ 8 5) (6.10)
with
) =l + ol
I = = @)1
where
ol =l oy + vallulids @

(div v, p)?
||p||€2 = sup 7;2(9)
0AvEHL(Q)d [[v]l5,
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Now we modify this norm as follows: we replace ||i||z2(q) by [|@][z2(z) in ||(Z,p)||p and arrive at the
following non-standard norm

1(w, p, @, D)% = | (w, DT + [ (@, )|, (6.11)
with
1(w, D)3 = llully + 1pll3,
(@, p)|1B == llall? + 1pI1%,
where

lull} == llull72 () + Vallullf o),

(div v,p)%z o
|3 :=a sup —0 @

0£vEHL (Q)4 ||UH%/ ’
112 12 1o
laf3 = a||u||L2(z) + ﬁ”u”Hé(Q)a
. (div f),ﬁ)%z Q
3= sup —
0#£DEHL(Q)4 915,

Using this norm, we can show the following result:

Lemma 6.1. Let the norm in X be given by (6.11). Then we have

A B ((u,p,d,p), (v,q,0,q
Q”(“vP,U,p)HX < sup (( ) ( ))

~ A~ SE”(u?pvﬁﬂﬁ)HXV
0#(v,q,0,§)€X ||(U7 q,0, Q) HX

for all (u,p, @, p) € X with constants given by

_3\/3\/§min{%,1}’ c_\@<1+(1+\/5)2<w+1>>1/2. (6.12)

¢

64 c 4 Va

Here cp denotes the constant from the Friedrichs inequality (2.1). (Observe that the constants ¢ and
¢ are independent of the inactive set T.)

Proof. Due to Theorem 2.7 it is necessary and sufficient to prove

a((w,r), (v, 9))? b((w, ), (6,4))?

2 2 2 2
S < sup WDRWON L, 00D < 2w, r)2, Ww,r) ey,
' Y 0#(v,q)€Y H(UMZ)H%/ 0#£(9,§)EP H(WJ)H?D ! Y
(6.13)
and
AUAY (A V)2 P 2
. A c w7,r7 ,Uﬂq b u)7/r7 v?q —_ A A ~ ~
Sl Ap < sup WD, MO WA oy 2, v, e P,
0#£(,§)EP ||(U7Q)Hp 0#(v,q) €Y ||(U7Q)||y
(6.14)
with constants ¢;,¢1, ¢y, C2 independent of the inactive set.
For proving (6.13) we first show
b((w,r), (v,q _
epl(w,rlly < sup XD D) ooy )y, (6.15)

o£aer 10,9 lly
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for all (w,r) € Y, by verifying the conditions of Brezzi, c¢f. Theorem 2.10, applied to the bilinear
form

b((w,r), (9,4)) = b1 (w, D) + ba(w, §) + b2 (0, 1),
where

bl(’w7@) = (Vw,V@)Lz(Q),
bg(’w, qA) = *(le w?d)L2(Q)'

The boundedness of the bilinear form by (-, -) follows with Cauchy’s inequality

X N 1 X
bi(w, ) < [lwll g0l my ) < 7 [wllv[2]v-

~~
Ele?)
Since
b2 (’11)7 (j) b2 (’Uv d) 1
by(w,q) = ||wlly === < [lwlly ~ sup  ——o= = —= [lw]lvdlle-
[wllv ozvem@e lollv v
=Pz
also the boundedness of by(-,-) follows. Using Friedrichs’ inequality we can show the coercivity of
bl(', )
1 1 1 . 1 1
bi(w, w) = [wlF o) = EHU)H%%Q) + 5wl o) = len{CF, \/a} [wlf3.
—an
Since
sp 200 _ Ly
0#VEHE(Q) [[v]lv Va ’
-

=p1

the inf-sup condition of by(,-) is satisfied. Therefore, using Theorem 2.10 for the Brezzi constants
ay, ag, f1 and By gives (6.15) with

111 1 1+45
- BT RT 2

Now, from (6.15) and the fact that the inequalities

[(w,r)][p <

%n@u,r)ny,

and

(w,lly < ((j; +1) a)w I, )l

(as in the proof of Lemma 4.1) also hold true here, we get

1min ve w. T su b((w,r), (0,9) _1++/5 o 1/2 .
puin LRl < s HGEESROL < 202 (S 1) Vil @10
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Using Cauchy’s inequality we get

a((w,r), (v, w2 v|| 2 w,r v,
W@ 0a)  leellee Mol leoly
0#(v,q) €Y H(Uvq)HY 0#(v,q)€Y ”(UvQ)”Y 0#(v,q)€Y H(U7q)||Y

which by combination with the upper bound in (6.16) gives the upper bound in (6.13) with

ERUENY

6%21-1-74 NG

Using the lower bound in (6.16) and the fact that
Gl (00
0#(v,q) €Y ”(Uv(I)”Y
the lower bound in (6.13) follows with

1 «o
2 .
= wmln{c%,l}.

In a similar way one can show (6.14) with
1 . [« } ~ (1++/5)2 ( cr )
2 2
¢ =—ming —,1p, G=14+4———"(—+1]).
2716 {cfm 2 4 NG
Using Theorem 2.7, the constants ¢ and ¢ are then given by (6.12). O

Conducted by the norm (6.11) for the infinite-dimensional case we define the following norm in the
finite-dimensional space X,

[ (wns phs ns 1) 1%, = [l (uns ) 155, + [ (@ns 1) |13, (6.17)
with
[ (un, pu)l5s, = llunllZs, + llpnll?),,
a0 3, = Nanl2, + 24l
where
[unll$, = llunllZzo) + VealunlZ o),

(div vp, ph)%z Q)

th||2 =« sup ,
@ 0£v, €870 (Th)? ||Uh||%/h
. 1. . 1 .
lanl3, = aHuhH%z(z) + ﬁIIUhllirg(m’
. 12 (diV {)haﬁh)%z(ﬂ)
Il = sup @)

£ 2
00, €570 (Th)? [on15,

In contrast to the norm (6.11) where the suprema are taken over H{ ()9, here they are taken over
the finite-dimensional space S}QL’O (Tn)4.

Using this mesh-dependent norm we have the following result in the discrete setting:

Lemma 6.2. Let the norm in X, be given by (6.17). Then we have

~ ~ B uhaphaﬁhvﬁ} ) /Uhaq}wﬁ}quh
lnprin )l < sp B0 ).l )

~ ~ S6||(uh7ph7ah7ﬁh)|‘xh7
0#(Vh,qh,On,qn)EXn H(Uh7qh7vh»(Ih)||Xh

for all (up, pn,Gn, pr) € Xy with ¢ and T given by (6.12). (Observe that the constants are independent
of the inactive set T and the mesh size h.)
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Proof. The proof is done by repeating the proof of Lemma 6.1 step by step for the finite element
functions. [

The norm in (6.17) is represented by the following symmetric and positive definite block-diagonal
matrix

M + JaK 0 0 0
0 aD (M + /aK)™ ' DT 0 0
P = 1 1 (6.18)
0 0 1Mz + = 0 -
0 0 0 D (M + /aK) ' DT

From the considerations made in Section 3.3 we conclude that this matrix yields the following pre-
conditioning result:

Proposition 6.3. The spectral condition number of the preconditioned system PflA is bounded by

a constant that is independent of the inactive set T and the mesh size h and scales like \/}73 for small

!

ke, (P1A) <

)

o 1ol

with ¢ and T given by (6.12).

Remark 6.4. In [59] we discussed efficient solution methods for the optimal control problem for the
Stokes equations with control constraints. However, therein we did not analyze the preconditioner P,
but rather the preconditioner (6.9) from [99] that was originally constructed for the unconstrained case.
In [59] we proved its robustness with respect to the mesh size h and the inactive set £ and showed
an upper bound on the condition number scaling like é for small . In contrast to the problems
with control constraints from the previous two chapters, where the scaling of the upper bound on the
condition number with the preconditioner constructed for the unconstrained case (cf. (4.10) and (5.12)
for the elliptic and multiharmonic problem, respectively) was worse than the scaling for the modified
one (cf. (4.22) and (5.28) for the elliptic and multiharmonic problem, respectively), cf. Remark 4.4
and 5.9, here the situation is the other way round. The proven upper bound for the preconditioner
Py scales like %, which is indeed worse than the scaling é for the preconditioner (6.9). However,
as we will show in the numerical experiments later on, the preconditioner Py behaves much better in
practice.

Preconditioner based on operator preconditioning with standard norms Here we use the
standard norm in the Hilbert space X, i.e., the norm

1w, p, @, D)% = (w2 + (@ D)3, (6.19)
with
1(u,p) |3 = HUH%T(}(Q) + Hp||2L2(Q)7
and
(@ DI = ll(@, D)
Using this norm, we can show the following result:

Lemma 6.5. Let the norm in X be given by (6.19). Then we have

TR B u7p7’&7ﬁ 'an7{)7qA
dwpipss  sp SLop 0L 0GR
0#(v,q,0,§)€X ||(’U7Qavaq)||X

<ell(u,p, @, p)llx,
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for all (u,p, @, p) € X with constants given by
4
3— \/5 \ﬁcﬁ
( —i—cﬁ) c

¢ = v2max (f;+(1—|-\/5)2>1/2’<c%+(1+\/5)2>1/2

c )

(6.20)
4 4

Here cg; denotes the constant from Theorem 2.3. (Observe that the constants ¢ and ¢ are independent
of the inactive set I.)

Proof. As in the proof of Lemma 6.1 we use Theorem 2.7 and prove the conditions (6.13) and (6.14)
with || - ||y and || - || p as in (6.19).

The upper and lower bounds for the sup-expression involving the bilinear form a(-,-) and the sup-
expression involving the bilinear form ¢(-,-) can be derived completely analogous to the proof of
Lemma 4.5.

In order to show the upper and lower bound for the sup-expression involving b(-, ), i.e.,

el rlly < sup oL@ (8,)

— <egl(w,r)lly, (6.21)
0#£(0,§)eP (0, @)y

for all (w,r) € Y, we verify the conditions of Brezzi (cf. Theorem 2.10). As in the proof of Lemma 6.1
we use the notation

b((w, ), (9,9)) = br(w, D) + ba(w,q) + ba(0,7),

where

b (UJ, @) = (vw7 V@)LQ(Q)a

ba(w, q) = —(div w, §) 2 (q)-
The boundedness of the bilinear forms b (-, ) and ba(+, ) follows with Cauchy’s inequality

bi(w,0) < 1 llwllmyllollmy @)
=a
and
by(w, ) < [[div wll 2@ llgll 22 ) < L_llwllmg o) 14lL2@)-
=P
Since
buw,w) = 1 JwlZs 0,
—o

the coercivity of by (-, -) is guaranteed. The inf-sup condition of bs(-,-) follows with Theorem 2.3

bg U,Cj R .
sp 20D et e > en lllz) (6.22)
0£vEHL (Q)d ||UHH3(Q) ~—~

=p1

Therefore, using Theorem 2.10 for the Brezzi constants ay, ag, $1 and B2 gives (6.21) with

A 1+45
, CB = 9 .
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The rest completely follows the proof of Lemma 4.5 and results in the following constants for the
conditions (6.13) and (6.14)

4 2
v 1++5
G=— N C§:C%+(4\f)7
(1 + c2~)
2
2 _ C?Yr -2 _ ck (1 + \/5)
G = ﬁ’ Q= 2T 4
(1 + cﬁ)
Using Theorem 2.7, the constants ¢ and ¢ are then given by (6.20). O

Now we have the following statement in the discrete setting:

Lemma 6.6. Let the norm in X}, be given by (6.19). Then we have

_ L B ((un, ph, Un, Dr) s (Vns Gny Ok, G
& p)lx < sup ( v n), (o )

- ~ Sé”(uhaphmahvﬁh)HXv
0 (vh,qn,0n,4n)€EXn | (s Grs Ony Gn) [l x

for all (up, pr, tn,Pr) € Xp with & given by

3—-vV5 \@c‘}j
4 (1—|—CQD)267

and © given by (6.20). Here cp denotes the constant of Theorem 2.17. (Observe that the constants ¢
and € are independent of the inactive set T and the mesh size h.)

é:

(6.23)

Proof. The proof of Lemma 6.5 can be repeated for the finite element functions in all but one step.
This step is (6.22) where we use Theorem 2.3. Now we use instead Theorem 2.17, which states the
discrete inf-sup condition with the h-independent constant cp. O

The norm in (6.19) is represented by the following symmetric and positive definite block-diagonal
matrix

K 0 0 0
o M 0 o0

Pr=to o K ol (6.24)
0 0 0 M,

where M,, denotes the mass matrix for the pressure element, i.e., the matrix arising from the finite
element discretization of the bilinear form (-,-)72(q) in S,;O(’Yﬁ), and we have the following precondi-
tioning result:

Proposition 6.7. The spectral condition number of the preconditioned system P{lA is bounded by
a constant that is independent of the inactive set T and the mesh size h and scales like % for small
a:

Rp, ('PEI.A) §

ol ol

with ¢ and T given by (6.23) and (6.20), respectively.

Summary Both presented preconditioners are robust with respect to the mesh size h and the
inactive set Z but not with respect to the cost parameter a: the upper bound on the condition
number for Py scales like % for small «, whereas it scales like \/% for P;.

How these behaviors of the proven upper bounds are reflected in numerical experiments will be shown
in Subsection 7.3.1.
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6.2 State constraints

6.2.1 Problem formulation

Now we consider the distributed optimal control problem for the Stokes equations (6.1) with Moreau-
Yosida penalized constraints on the velocity, i.e., we consider the problem: find the velocity u €
H} ()4, the pressure p € L3(€2) and the force f € L?(2)¢ that minimize the cost functional

1 « 1
J(u, f) = 5”“ - Ud||2L2(Q) + §||f||2L2(Q) + ;ll max {0, u — up} ||2L2(Q) (6.25)
1, .
+ Z” min {0, u — uq} “%2(9),

subject to
—Au+Vp=f, inQ,
divu =0, in (),
u=0, onl,
where € > 0 is the penalization parameter and u,, up € L?(2)¢ are the lower and upper bounds for
the velocity variable u, respectively.
With the same setting for the spaces H, U, Y and Z and the operators D, T and F as in the control

constrained case, this optimal control problem is now of the general form (2.54) and admits a unique
solution due to Theorem 2.23 (in the vector-valued case).

6.2.2 Discrete optimality conditions

Optimality conditions Using Theorem 2.23, the first-order optimality conditions of (6.25) are
given by: find (u,p) € Y = HE(Q)? x LE(Q), f € U = L}(Q)? and (4,p) € P = HE(Q)? x LE(Q) such
that the following system is satisfied

—Au+Vp=f, inQ, (6.26a)
u=0, onl,
divu=0, inQ, (6.26b)
1 1
—AG+Vp=—(u—ug) — —max{0,u —up} — —min {0, u —u,}, in Q, (6.26¢)
€ €
u=0, onl,
div =0, inQ, (6.26d)
af —a=0, ae. in . (6.26e)

Note that the conditions (6.26a)-(6.26d) have to be understood in the variational sense.

Similar as in the previous chapters, we apply the primal-dual active set strategy as given in Algo-
rithm 2 for linearization and reduce the resulting linearized optimality systems such that the only
unknowns left are the state variables (u, p) and the adjoint state variables (4, p). Then the variational
problem to be solved in each step of the active set method reads: find (u,p) € H} ()4 x L3(2) and
(4, p) € HF ()% x L3(Q) such that

{a((u,p% (v,0)) +b((v,9). (@,5)) = f((v.q)),  V(v,q) € Hy(Q)" x L§(9),
b((u, p), (8,4)) — (@), (9,4)) = 0, ¥(0,4) € Hy ()" x L§(9),

2

(6.27)

=D

with

a | =
—

a((w,p), (v,9)) := (0, ) 12(0) + Z(w,V)r2(e),  e((@,5): (0,9)) == — (&, D) r2(q),

f((v,q)) = (Ud7U)L2(Q) + % ((Ub,v)m(sﬂ + (Umv)LZ(E*)) )
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and b(-,-) as in the control constrained case (cf. (6.5)), i.e.,

b((’l}7 q), (@, Cj)) = (V’U7 V@)Lz(g) — (diV v, C])Lz(g) — (diV f), q)Lz(Q).

The active set for the velocity w is defined similarly as in Subsection 4.2.2.

We have the following differences between this variational problem and the variational problems (4.34)
and (5.34) derived in the elliptic case and the multiharmonic-parabolic case, respectively. Firstly, the
bilinear forms a(-, -) and ¢(-, -) are non-negative whereas both where positive in the other two problems
and, secondly, as in the control constrained case, the different bilinear form b(-,-) coming from the
state equation.

The variational problem (6.27) fits into the abstract framework (2.12) of mixed variational problems
with V = Q = H}(Q)? x L3(22) and a(-,-) and c(-,-) being symmetric and non-negative. It can be
reformulated as a non-mixed problem (cf. (2.13)): find (u,p,4,p) € X =Y x P = H}(Q)? x L3(Q) x
H ()4 x L3(Q) such that

B ((u,p,,p), (v,q,7,9)) = F ((v,4,9,9)), V(v,q,9,q) € X, (6.28)
with
B ((w,r,w,7),(v,q,9,q)) = a((w,7), (v,q)) + b((v,q), (0, 7)) + b((w, 1), (9,9)) — c((@,7), (9,4)),

F((v,q,9,9)) = f((v,9)).

Discretization The discretization is done as in Subsection 6.1.2 using the finite-dimensional sub-
space S}ZL’O(Th) of H}(Q) with the standard nodal basis (¢;)"_; and the finite-dimensional subspace
Sp o(Th) of Lg(€) with the standard nodal basis (1;)j2; (Taylor-Hood element).

Now, the variational formulation (6.27) on X} = Si’o(ﬁ)d X S}MO('E) X 82’0(72)‘1 X Sflb,o(ﬁz) yields

u
the following linear system: find % € R2dn+2m guch that
P
M + Mg 0 K -D7T U Mugy+ L (Mgyu, + Mg-u,)
0 0 -D 0 p| _ 0
K -DpT 1L 0 al = 0 : (6.29)
-D 0 0 0 P 0
=A

The involved matrices are defined similarly as in (6.8).
With the setting

_(M+1iIMg 0 . (K -DT (M 0O
A‘(o O)’B_B_—DO’C_OO’

the system matrix A fits into the general saddle point form (3.1). As in the elliptic optimal control
problem with Moreau-Yosida penalized state constraints from Chapter 4, the matrix depends on the
mesh size h, the active set &, the cost parameter v and the penalization parameter e.

6.2.3 Block-diagonal preconditioning

This subsection is devoted to the construction and analysis of symmetric and positive definite block-
diagonal preconditioners for the saddle point matrix A in (6.29). As in Subsection 6.1.3, we propose
and analyze a preconditioner based on non-standard norms and compare it with a preconditioner
constructed according to the operator preconditioning technique with standard norms.
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As in the elliptic optimal control problem with Moreau-Yosida penalized constraints, both precondi-
tioners are robust with respect to the mesh size h and the active set £. Additionally, our proposed
preconditioner is robust with respect to the cost parameter a.

Asin Subsection 6.1.3, the preconditioners are analyzed by using the corresponding norm for satisfying
the inf-sup and the sup-sup condition of Corollary 2.5.

Preconditioner based on operator preconditioning with non-standard norms As in the
control constrained case, we propose a modification of the norm (6.10) constructed in [99] for the
distributed optimal control problem for the Stokes equations without constraints on the control and
state.

We replace ||u||%2(9) by Hu||2L2(Q) + %HuHQLQ(E) in ||(u,p)||y in (6.10) and arrive at the following non-
standard norm in the Hilbert space X

1w, p, 6, )% = I (w, D)IF + 1@, )| (6.30)
with
1w, D)3 == [lulli + llpll2,
(@, D)% = llally, + 1813,
where
1
[ull¥ = llullZ2(q) + EHUIliz(g) +vallulF ),
1 1
c2 . a2 12
lall = &HUHLQ(Q) + ﬁ”u”Hé(Q)’
(div v,p)?
HPH%) — sup 2L2(Q)’
0£vEHL(Q)4 ||U||V
o1 (div 9, $)22 0
HPHQ ~a sup —HA 5
0£DEHY (2)4 oll%

In order to proof a result that claims that the inf-sup and the sup-sup condition of Corollary 2.5 are
fulfilled in this norm, we need the following result from [99]:

Lemma 6.8. We have

eolltw,m)3 < el(w, ), (w,r) + sup DD o w2 ) ey, (6.31)
o el

with constants c,,¢z that are independent of the cost parameter a.

Proof. In [99], a complete proof for the finite-dimensional case is presented, i.e., the following result
is shown

Eoll w3, < o(wn ), () + sup Lm0 (Onan))”

< ezl (wn, )| B,, (6.32)
0#(vh,qn)EYn a”(vh’qh)H%}L "

for all (wp,rp) € Yy = 85’0(771) X Sﬁ)o(ﬂl) with constants ¢, ¢z independent of the cost parameter
« and the mesh size h. Here || - || p, denotes the following mesh-dependent norm

Ceons il = lwnll?, + lIral, (6.33)
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with

1 1
HwhH%/h = a“whH%z(Q) + ﬁllwhllégmy
T (div o, 7))
rplls = — sup — s
! 00, €82°(Th) thHVh

However, as stated in [99, Remark 10], the same analysis can also be carried out on the continuous
level leading to the result (6.31). O

Now, we can show the following result:

Lemma 6.9. Let the norm in X be given by (6.30). Then we have

A~ ~ B u’p7ﬂ7ﬁ 9 U7q7,[)7q/\
dwpiplx< sp U ), (v.9,9,9))
0#(v,q,0,§)€X || (Ua q,, Q) ||X

S E||(u?p7aaﬁ)HX7

for all (u,p, @, p) € X with constants given by
oy s VEmin {1+ ) min {2, % omin {Legbmin {4, )
¢=V2max{1,Vz,¢z}.

Here, ¢,, ¢z denote the constants from Lemma 6.8. (Observe that the constants ¢ and € are indepen-
dent of the active set £ and the cost parameter «.)

Proof. As in the proof of Lemma 6.1 we use Theorem 2.7 and prove the conditions (6.13) and (6.14)
with a(-,-), b(,), ¢(-,-) and || - ||y, || - ||p as in (6.27) and (6.30), respectively.

We first show (6.13):

Since

1
a((w,r), (w,r)) = ac((w,r), (w,r)) + EHw”i"’(é‘)a
and
2 2 1 2
1w, )y = ell(w, M)l + —llwlzae),

we can use Lemma 6.8 to get

w,r), (9,4))?
a((w,r), (w,r)) + sup w

1
— < —|wl[F2(gy + alzl|(w, r)[p < max {1,282} ||(w, )|},
0£(6,§)eP (2, @)% € L@ F Y

(6.35)

and

a((w,r), (w,r)) + sup bl(w, ), (¢,))*

1
— > —|lwl|72(g) + aczll(w,r)][ = min {1, ¢z} [[(w, )3
0#£(6,§)€P ||(v,q)||?; € e z r z v

(6.36)

Now we can use Lemma 2.9, which states the equivalence of (6.35) and (6.36) to (6.13) with the
following constants

1
o= min{l,cZ}min{2,cZ}7 ¢} =max {1,¢5 } .



6.2. STATE CONSTRAINTS 89

For proving (6.14) we first directly apply Lemma 2.9 to (6.31) to get the following equivalent statement
2
min {3, 2} [w.r)p < sup LD

2 0#£(v,q) €Y H(U’q)HP

b((w,r), (v, q))?
¢ e M.00)
0#£(v,q)EY OéH(’U’Q)HP

(6.37)

< max {62Z,EZ} (w, )%, Y(w,7)€Y,
Due to the fact that the inequalities

l(w, P)llp < %nw,r)nm

ol < ((1+1) a)w I,

(as in the proof of Lemma 4.12) also hold true here, we get

and

wp —HODLD) L MED00) L, B0 00)
0#(v,q)EY ((14—%)@) ||(1),q)||P 0#(v,q)€EY H('U7Q)HY 0#(v,q)€Y \/a”(U:(D”P
and therefore,
AUAY (A A2 b( (4. 7 2
wp @D b(09),(0.0)
0#£(9,§)EP (0,915 0+#£(v,q) €Y (v, 9)[l5-
AUEY (A A2 PPN 2
< ap A@AGA? (@), 0.0
0#(9,§)EP (2, )% 0#£(v,q)EY all(v, 9|l
and
AaY (A A2 b( (1. 7 2
(N O ) RPN (X, HCY)
o£w.qepr 10, o£waqey @5

Z(H)< S T A )

€ 0#(9,§)EP 0#(v,q) €Y 04||(U7Q)||%>

Now using (6.37) gives (6.14) with

1\t
ggzmin{gzz,%} <1+> , 6%:111&)({522,52}.
€
Using Theorem 2.7, the constants ¢ and ¢ are then given by (6.34). O

With the following mesh-dependent norm in the finite-dimensional space X},

[y oy s D), o= 1 oINS, + [ (im0 15, » (6.38)

with
[ (un, )15, = llunllS;, + [lpnll?,
where
1

||Uh||%/h = HuhHiz(Q) + gHUhHQm(S) + \/aHUhH?H;(Q)v

|| ||2 . (diV Uh7ph)%2(g)

PrilQ, = sup —”v ”2 ,

00, €S20 (Th) rlly,

and [|(-, )3, = |- Hf/ +]|- ||2é as defined in (6.33), an analog statement holds in the discrete setting:
v h h
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Lemma 6.10. Let the norm in Xy be given by (6.38). Then we have

. . B ((uh, s Uny Dn) s (Vhs Gh, Ok, Gn
&l (s pny i, 1) 1, < sup (Can P n P, (O, G, O, )

), < & (un, pr,tn, Pr)||x, -
0% (Vh,qn,On,Gn) EXp (v, an, Ons dn) | x,

for all (up, pn,Gn, pr) € Xp with constants given by

5 5 V2min {(1+ 1) min {&, %} min {1,,} min {3,¢,} |
-4 é ’ (6.39)

Eﬁmax{l,\/éz,éz}.

Here, ¢,,¢z denote the constants mentioned in the proof of Lemma 6.8. (Observe that the constants
¢, ¢ are independent of the active set £ and the mesh size h.)

[}

Proof. As stated in the proof of Lemma 6.8, its result is also true in the discrete setting. Therefore,
the proof of Lemma 6.9 can be repeated step by step for the finite element functions. O

The norm in (6.38) is represented by the following symmetric and positive definite block-diagonal
matrix

M + Mg + /oK 0 0 0
» 0 aD (M + /oK)~ ' DT 0 0
= 1 1 9
L 0 0 M+ LK 0
0 0 0 D (M +/aK) ' DT

(6.40)
and we have the following preconditioning result:

Proposition 6.11. The spectral condition number of the preconditioned system Pfl.A is bounded
by a constant that is independent of the active set £, the cost parameter a and the mesh size h and
scales like % for small e:

Kpl (731_ ! .A)

IN
I ol

with & and ¢ given by (6.39).

Remark 6.12. As in the control constrained case, one could use the preconditioner (6.9) from [99]
also in this case. As for the preconditioner Py, robustness with respect to the mesh size h, the active set
& and the cost parameter o can be shown. However, the upper bound on the condition number scales
like 6% for small € (which is indeed worse than the scaling % for the preconditioner Py ). Additionally,
numerical experiments confirmed its worse behavior compared to the preconditioner Py.

Preconditioner based on operator preconditioning with standard norms Here we again
use the standard norm in the Hilbert space X, i.e., the norm given by (6.19):

(s p, 2, D) 1% = | (u, D)3 + [ (@ D)3 (6.41)
with
1w, p)|I3 = HUH%T(}(Q) + [Pl 720
and
1@, DB = ll(@,p)3-

Using this norm, we can show the following result:
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Lemma 6.13. Let the norm in X be given by (6.41). Then we have

B A? p 7A ]

— <ell(u,p, 0, p)| x,
0+#£(v,q,9,§)€X [(v,q,2,d)lx

for all (u,p, @, p) € X with constants given by

4
3—\/5 \/Qcﬁ

c= 5
4 (1 + c%) c
(6.42)
2 (1++/5)? i 1\° (1+/5)? i
¢=+V2max{ | £ 4 — T~ A (1+=) &+ 220
a? 4 € 4
(Observe that the constants are independent of the active set E.)
Proof. Analogous to the proof of Lemma 6.5. O

Now we have the following statement in the discrete setting:

Lemma 6.14. Let the norm in X}, be given by (6.41). Then we have

C gy P B ((un, prs @n, Pn) s (Vns Gns Ons G
&l (uns pry ins pr)|| x < sup (( )5 ( )

—— < €||(un, ph, Gns Pr) |l x5
0#(vn,qn,0n,Gn)EXn ”(Uha qh s Vh, Qh) HX

for all (up, pn,tp, pn) € Xy, with ¢ given by

_3-\5 vadh

5 (6.43)
4 (1+e))e

I

and © given by (6.42). (Observe that the constants are independent of the active set £ and the mesh
size h.)

Proof. Analogous to the proof of Lemma 6.6. O

The norm in (6.41) is represented by the following symmetric and positive definite block-diagonal
matrix (cf. (6.24))

0 0
0 0 0
o o K ol (6.44)
0 0 0 M,

and we have the following preconditioning result:

Proposition 6.15. The spectral condition number of the preconditioned system ’P{lA is bounded by
a constant that is independent of the active set £ and the mesh size h and scales like

max { %, (1+1)}:

)

HPZ (P{lA) S

ol ol

with ¢ and € given by (6.43) and (6.42), respectively.
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Summary Both presented preconditioners are robust with respect to the mesh size h and the active

set £ but not with respect to the penalization parameter e: the upper bound on the condition number

for Py scales like }2 for small €, whereas it scales like % for P;. Note that the preconditioner P; is

additionally robust with respect to the cost parameter «, while Ps is not.
How these behaviors of the proven upper bounds are reflected in numerical experiments will be shown
in Subsection 7.3.2.

6.3 Practical realization of the preconditioners

This section is devoted to the practical realization of the stated preconditioners.

As in the Sections 4.3 and 5.4, we first recall and summarize the diagonal blocks that appear in the
presented preconditioners by dividing them into zero order differential operators and second order
differential operators.

e zero order differential operators:
- M,
~ D(M + aK) ' DT

e second order differential operators:
- K

M + /oK

- Mz + /oK
M + 1Mg + /oK

Again, we are looking for cost efficient and spectrally equivalent replacements of the inverses of these
matrices (as discussed in Subsection 3.3.4), where the equivalence constants are independent of h, «,
€ and €£.

First we replace the matrix D (M + \/aK)_l DT by the matrix (\/aM, ! + Kp_l)_l where K, de-
notes the stiffness matrix for the pressure element, i.e., the matrix arising from the finite element
discretization of the bilinear form (V-,V-)2(q) in S; o(74). Note that these two matrices are spec-
trally equivalent (with equivalence constants independent of h, «, € and &) due to the analysis
in [21, 26, 67, 68, 69, 76].

As already stated in Section 4.3, the inverse of the matrix M,, can be parameter-robustly (with respect
to h, a, € and &) replaced by a symmetric Gauss-Seidel iteration and the inverses of the matrices
K, K, and M + /aK by a V-cycle multigrid iteration with a symmetric Gauss-Seidel iteration as
smoother. To the best of our knowledge, parameter-robust replacements for the other second order
matrices listed above are not know. However, we use a V-cycle multigrid iteration with a symmetric
Gauss-Seidel iteration as smoother also for them.

Table 6.1 gives a summarized overview of the practical realization of the diagonal blocks appearing
in the presented preconditioners.

M, symmetric Gauss-Seidel iteration
K
Ky V-cycle with symmetric Gauss-Seidel
M +/aK iteration as pre- and post-smoothing
Mz +\/aK
M + Mg + /oK

Table 6.1: Practical realization of the diagonal blocks.
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Now, by comparing the preconditioners with respect to their efficiency in practical realization we can
conclude the following: the realization of our proposed preconditioners (6.18) and (6.40) requires four
V-cycles for the second order terms and additional Gauss-Seidel iterations for the zero order terms,
which do not effect the costs at all. The realization of the preconditioner constructed according to
the operator preconditioning technique with standard norms ((6.24) and (6.44)) requires only two
V-cycles for the second order terms and also additional Gauss-Seidel iterations for the zero order
terms.

As discussed above, some of the replacements do not influence the behavior of the proven upper
bounds on the condition number (due to spectral equivalence with constants independent of the
mentioned parameters) but some others may do. This will be subject to further discussion in the
numerical experiments later on (see Section 7.3).
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Chapter 7

Numerical experiments

In this chapter we perform several numerical experiments for the problem classes stated in the previous
three chapters and address the following two issues:

e A comparison of the proven analytic bounds for the different preconditioners for the linear(ized)
saddle point systems (in each step of the primal-dual active set method) with the practical
behavior (for a fixed active set), and

e the overall performance of the preconditioners within a primal-dual active set strategy.

In order to address the first issue, we chose typical values for the involved parameters and set up the
saddle point problem in the unconstrained case. Using its solution we determine the first saddle point
system that appears in the active set strategy used for the constrained cases, i.e., we calculate the
active set in the first step of the primal-dual active set method. Now we keep the active set fixed and
perform the parameter studies for this saddle point system. The estimation of the condition numbers
of the preconditioned systems is done by using harmonic Ritz values, see [79].

For the second issue we present examples where we use the primal-dual active set method for lin-
earization of the corresponding nonlinear optimality system (in the case of control and Moreau-Yosida
regularized state constraints) and the preconditioned MinRes method for the solution of the linearized
problems in each step of the active set method. In these examples we take the solution of the par-
ticular problems in the unconstrained case as initial guess for the primal-dual active set method.
This method is stopped whenever the active sets stay unchanged (cf. Theorem 2.24). The MinRes
method uses the preconditioner-norm of the relative preconditioned residual (10~%) as stopping cri-
terion. We report on the number of steps of the active set method, the overall number of MinRes
iterations, the average number of MinRes iterations per step of the primal-dual active set method
and the computational times for the particular problems with the different preconditioners.

All computations are carried out on a Gentoo Linux machine with Intel(R) Xeon(R) CPU W3680 @
3.33GHz.

7.1 The elliptic case

7.1.1 Numerical study for control constraints

Here we present some numerical experiments for the distributed elliptic optimal control problem with
control constraints (as given in (4.2)) on the unit square domain, i.e., Q = (0,1)? C R2. The desired
state is chosen as (cf. [14])

ya(@, y) = sin(2r) sin(ry), (7.1)
and the constraints on the control u are given by u, = —30 and w, = 30.

95
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The problem was discretized by a finite element space consisting of continuous piecewise linear poly-
nomials for the state y as well as for the adjoint state p on a triangulation of €2, see Subsection 4.1.2.
The initial mesh contains four triangles obtained by connecting the two diagonals. In all the tables
presented in this subsection, ! denotes the number of uniform refinement steps (corresponding to a
mesh size h = 27!) and N the total number of degrees of freedom.

The theoretical preconditioners P;, j € {1,2,3}, defined in (4.22), (4.25) and (4.30) are practically
realized as summarized in Table 4.1 in Section 4.3. In detail, we use 1 step of the symmetric Gauss-
Seidel iteration for the zero order terms, 1 V-cycle with 1 symmetric Gauss-Seidel iteration as pre- and
post-smoothing for the second order terms and 1 W-cycle with 1 symmetric Gauss-Seidel iteration as
pre- and post-smoothing for the second order parts appearing in the fourth order terms. Therefore,
we end up with practical preconditioners denoted by P;.

The next pictures show the desired state and solutions for the state y and the control u computed at
the finest mesh (I = 8) for & = 1075 with and without control constraints.

Figure 7.1: The desired state yq.

Figure 7.2: The state y (left) and the control u (right) at grid level [ = 8 for o = 1075 without control
constraints.
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Figure 7.3: The state y (left) and the control u (right) at grid level | = 8 for a = 1075 with control

constraints.

Now we analyze how the behaviors of the proven upper bounds on the condition numbers are reflected
in practice (using the practical preconditioners) and therefore, first recall the behavior for the three
theoretical preconditioners P;, j € {1,2,3}:

Table 7.1: Behaviour of the upper bounds on the condition numbers.

small h small o
P obust !
robu —
1 Ja
1
P> | robust —
o
P: robust L using Remark 4.11: 1
3 \/57 g M M é/a

We provide condition numbers of the preconditioned systems 73;1“47 j € {1,2,3}, where A is the
saddle point matrix (cf. (4.8)) appearing in the first step of the primal-dual active set method applied
for the control constrained problem with o = 1075 and the unconstrained solution (computed for
a = 107°) as initial guess. With the active set kept fixed, the results for various values of o and h
are given in the Tables 7.2-7.4.

o

l N le-10 le-9 le-8 le-7 1le-6 1le-5 1le4d 1le-3 1le-2 le-l 1
5 3970 252.47 7827 26.93 105 465 267 209 165 133 123 1.22
6 16130 229.51 78.4 2815 11.01 5.05 298 205 165 133 124 1.24
7 65026 | 231.09 79.7 27.92 10.71 4.97 299 2.04 164 133 125 1.25
8 261122 | 234.46 80.38 28.15 10.79 5.01 3.0 2.03 1.65 1.33 1.25 1.25

Table 7.2: Condition number of the preconditioned system 751_ LA
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!
l N le-4 le-3 le-2  le-1 1
5 3970 | 1.26e4 240.6 4.99 1.24 1.22
6 16130 | 1.05e4 254.04 5.18 125 1.24
7 65026 | 1.02¢4 257.81 5.24 1.25 1.24
8 261122 | 1.02e4 259.12 526 125 1.25
Table 7.3: Condition number of the preconditioned system 73{ LA
!
l N le-10  1e-9 le-8 le-7  le-6 1le-b 1le-4 1le-3 1le-2 le-l 1
5 3970 | 63.25 35.58 20.23 12.63 8.07 533 4.6 4.19 4.03 3.98 3.97
6 16130 | 69.11 38.64 2229 1294 7.7 49 45 414 397 393 3.93
7 65026 | 64.22 34.95 20.07 1143 6.98 4.66 4.48 4.16 3.98 3.92 391
8 261122 | 55.83 31.2 17.6 1049 6.66 4.66 4.49 4.19 3.98 3.93 3.93

Table 7.4: Condition number of the preconditioned system 73§ LA

Additionally, in the Figures 7.4-7.6, the condition numbers at grid level [ = 8 are plotted as functions
of a. The triangles sketched therein represent the behavior of the theoretical bounds as summarized
in Table 7.1, i.e., the triangle in Figure 7.4 has slope —%, the triangle in Figure 7.5 has slope —2 and
the triangle in Figure 7.6 has slope *% (the improved bound).
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Figure 7.4: Condition number of the preconditioned system ﬁf 1A at grid level [ = 8.
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Figure 7.5: Condition number of the preconditioned system 752_ 1A at grid level [ = 8.
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condition number
>

Figure 7.6: Condition number of the preconditioned system 73; ' A at grid level [ = 8.
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Now, from these results we can conclude the following. The robustness of the condition numbers with
respect to the mesh-size h for all three practical preconditioners can be seen in the Tables 7.2-7.4.
From Figure 7.4 we see that the practical preconditioner P; seems to reflect the behavior of the
theoretical preconditioner P; with respect to the cost parameter o. Figure 7.5 indicates that the
practical preconditioner Py performs better than the stated theoretical bound (with respect to «).

Finally, from Figure 7.6 we conclude that the practical preconditioner 753 seems to reflect the stated
improved a-dependent bound. o B
Now we compare the three different practical preconditioners Py, Po and P3 with respect to their
performance in the overall primal-dual active set method. The results for various values of h and «
are given in the Tables 7.5-7.10.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time

7 65026 4 74 19 8.1s

8 261122 4 74 19 44.6s
Table 7.5: Results with preconditioner P; for o = 10~4.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time

7 65026 5 132 27 13.3s

8 261122 5 128 26 75.2s
Table 7.6: Results with preconditioner ﬁl for o = 107°.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time

7 65026 4 2325 582 168.3s

8 261122 4 2287 572 917.8s
Table 7.7: Results with preconditioner ﬁQ for o = 104,

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time

7 65026 5 12469 2494 871.6s

8 261122 5 12673 2535 4659.1s

Table 7.8: Results with preconditioner 752 for o = 1075,
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l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
7 65026 4 96 24 12.7s
8 261122 4 96 24 73.28

Table 7.9: Results with preconditioner 733 for o = 1074,

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
7 65026 5 142 29 17.7s
8 261122 5 143 29 99.6s

Table 7.10: Results with preconditioner ﬁg for o = 1075.

A comparison with respect to the computational times clearly favors the preconditioner 751 in all
these test cases.

7.1.2 Numerical study for state constraints

Here we present some numerical experiments for the distributed elliptic optimal control problem with
Moreau-Yosida regularized state constraints (as given in (4.31)) on Q = (0,1)2. The desired state is
chosen as in the control constrained case, i.e., (cf. (7.1))

ya(z,y) = sin(27z) sin(my),

and the constraints on the state y are given by y, = —0.02 and y;, = 0.02.

The problem was discretized analogously to the control constrained case, see Subsection 4.2.2, and,
also as in the control constrained case, the initial mesh contains four triangles obtained by connecting
the two diagonals. Again [ denotes the number of uniform refinement steps (corresponding to a mesh
size h = 27!) and N the total number of degrees of freedom.

The theoretical preconditioners P;, j € {1,2,3}, defined in (4.47), (4.50) and (4.55) are practically
realized as summarized in Table 4.1 in Section 4.3. In detail, we use 1 step of the symmetric Gauss-
Seidel iteration for the zero order terms, 1 V-cycle with 1 symmetric Gauss-Seidel iteration as pre- and
post-smoothing for the second order terms and 1 W-cycle with 1 symmetric Gauss-Seidel iteration as
pre- and post-smoothing for the second order parts appearing in the fourth order terms. Therefore,
we end up with practical preconditioners denoted by P;.

The next pictures show solutions for the state y and the control u computed at the finest mesh (I = 8)
for & = 1072 with and without state constraints.

0.03

Figure 7.7: The state y (left) and the control u (right) at grid level [ = 8 for a = 1072 without state
constraints.
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00

Figure 7.8: The state y (left) and the control u (right) at grid level [ = 8 for @ = 1072 and € = 1075
with state constraints.

Now we analyze how the behaviors of the proven upper bounds on the condition numbers are reflected
in practice (using the practical preconditioners) and therefore, first recall the behavior for the three
theoretical preconditioners P;, j € {1,2,3}:

small h small a small e
1
P1 | robust robust -
€
1 1
PQ robust ? ?
P bust ! ing R k 4.22 ! 1 ing R k 4.22
robus ——, using Remark 4.22: —, using Remark 4.22: —
3 \/aa g % \/ga g %

Table 7.11: Behaviour of the upper bounds on the condition numbers.

We provide condition numbers of the preconditioned systems ﬁ;lA, j € {1,2,3}, where A is the
system matrix (cf. (4.36)) appearing in the first step of the primal-dual active set method applied
for the Moreau-Yosida regularized state constrained problem with o = 1072, ¢ = 1075 and the
unconstrained solution (computed for o = 1072) as initial guess. With the active set kept fixed, the
results for various values of «, € and h are given in the Tables 7.12-7.17.

o
l N le-10  1le-5 1
5 3970 1.39 1.69 1.21
6 16130 1.59 171 1.23
7 65026 1.59  1.72 1.24
8 261122 | 1.64 1.72 1.24

Table 7.12: Condition number of the preconditioned system 751_ 'A with e = 1.

€
l N le-6 le-5 le-4 le-3  1le-2 le-1 1

5 3970 1.19¢3 182.34 51.52 16.75 298 141 1.21
6 16130 1.14e3 167.14 52.15 16.76 2.99 135 1.23
7 65026 | 1.11e3 171.13 52.87 16.93 299 135 1.24
8 261122 | 1.12¢3 178.12 53.75 17.02 2.99 1.35 1.24

Table 7.13: Condition number of the preconditioned system 751_ 'A with a = 1.
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«

N le-4 le-3 le-2  le-1 1
3970 2.0le4 584.82 11.78 1.25 1.21
16130 | 2.05e4 585.86 11.8 1.25 1.23
65026 | 2.04e4 585.63 11.61 1.25 1.24

261122 | 2.18e4 585.57 11.81 1.25 1.24

o0 N O O =~

Table 7.14: Condition number of the preconditioned system ﬁ{ 1A with e = 1.

€
N le-4 le-3 le-2 le-1 1
3970 1.11e4 39047 7.11 125 1.21
16130 | 1.11e4 39234 7.13 1.25 1.23
65026 | 1.17e4 395.6 7.19 125 1.24
261122 | 1.04e4 396.54 7.2 125 1.24

0 O Ot =~

Table 7.15: Condition number of the preconditioned system Py ' A with o = 1.

«
N le-10 1e-9 1e-8 1le-7 1le-6 1le-b 1le4d 1le-3 1le-2 le-1 1
3970 236 3.04 346 3.72 425 468 4.78 4.79 4.66 4.29 4.21
16130 3.07 342 3.8 439 46 505 5.02 491 4.75 442 4.35
65026 3.47 39 443 482 491 524 512 497 4.8 453 4.49
261122 | 4.03 451 4.83 5.09 5.06 533 5.19 5.01 484 4.62 4.61

o J O O ~

Table 7.16: Condition number of the preconditioned system 753_ ' A with e = 1.

€
N le-4 le-3 le-2  le-1 1
3970 1.09e3  65.02 9.25 4.68 4.21
16130 1.3e3 108.44 12.29 5.08 4.35
65026 | 1.06e3 130.56 13.16 5.28 4.49
261122 | 1.02¢3 133.24 13.67 5.39 4.61

O O O =~

Table 7.17: Condition number of the preconditioned system 753_ 'A with a = 1.

From these tables the robustness of the condition numbers with respect to the mesh-size h for all
three practical preconditioners can be seen. The robustness of the practical preconditioner P; with
respect to o can be seen from Table 7.12. Additionally, Table 7.16 indicates that the practical
preconditioner Ps is also robust with respect to «, contrary to the shown upper bound for the
theoretical preconditioner, cf. Table 7.11.

In order to clarify the remaining parameter dependencies (as summarized in Table 7.11) we present
several additional figures. In Figure 7.9 the condition number of the preconditioned system 751_ YA at
grid level [ = 8 is plotted as a function of € where the sketched triangle has slope —1 representing the
behavior of the upper bound on the condition number for the theoretical preconditioner. Figures 7.10
and 7.11 show the condition number of P, 1 A at grid level I = 8 as a function of o and e, respectively.
The triangles therein both have slope —2. Figure 7.12 shows the condition number of 733_ ' A at grid

level [ = 8 as a function of € with a triangle indicating the non-improved bound, i.e., the slope is f%.
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Figure 7.9: Condition number of the preconditioned system ﬁf LA at grid level | = 8 with a = 1.

condition number

Figure 7.10: Condition number of the preconditioned system 735 1A at grid level | = 8 with e = 1.

condition number

Figure 7.11: Condition number of the preconditioned system 752_ ' A at grid level I = 8 with o = 1.
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Figure 7.12: Condition number of the preconditioned system ’ﬁg ' A at grid level I = 8 with o = 1.

From Figure 7.9 we see that the behavior of the practical preconditioner P, seems to be better than
the stated bound for the theoretical preconditioner P; with respect €. Figures 7.10 and 7.11 indicate
that the practical preconditioner Py performs also better than the stated theoretical bound (both,
with respect to o and €). From Figure 7.12 we see that the behavior with respect to e for the practical
preconditioner ﬁ; is worse than the stated bound for the theoretical one. In order to improve it we
increase the number of used W-cycles from 1 to 4. As before, we use 1 symmetric Gauss-Seidel
iteration as pre- and post-smoothing in each of the cycles. The obtained results are given in the
Tables 7.18 and 7.19. Additionally, Figure 7.13 shows the condition number of the preconditioned
system Pg ! A at grid level | = 8 as a function of € where the plotted triangle reflects the non-improved
bound, i.e., it has slope —%.

«
l N le-10 1e-9 1le-8 1le-7 1le-6 1le-b 1le-4 1e-3 1le-2 le-l 1

5 3970 233 3.04 346 367 385 387 39 395 359 3.1 294
6 16130 3.07 342 3.7 38 394 39 391 396 3.6 3.11 293
7 65026 3.46 3.73 385 393 397 391 391 396 3.6 3.1 2.93
8 261122 | 3.57 3.82 3.95 4.01 4.05 391 39 395 361 3.1 293

Table 7.18: Condition number of the preconditioned system ﬁg_ ' A with e = 1.

€
l N le-10 le-9 le-8 le-7 1le-6 1le-b 1le-4 1e-3 1le-2 le-1 1
5 3970 115.06 22.23 14.29 948 6.27 4.32 4.01 4.01 339 3.03 294
6 16130 112.21 23.85 15.13 9.55 6.27 4.31 4.02 4.01 3.39 3.03 2.93
7

8

65026 | 108.98 27.08 15.25 9.79 6.25 4.29 4.02 4.01 3.39 3.03 293
261122 | 110.63 29.14 1531 987 6.25 43 4.02 4.01 339 3.03 293

Table 7.19: Condition number of the preconditioned system 753_ 'A with a = 1.



7.1

THE ELLIPTIC CASE

10°

o

2103

3

c

c .

S .

S0 . e

8 \\\ L] .. . .
10°
107 10° 10°

105

Figure 7.13: Condition number of the preconditioned system ﬁg ' A at grid level I = 8 with o = 1.

Now, from Figure 7.13 it seems that the stated non-improved bound for small € is achieved with the
practical preconditioner Ps.

Now we compare the three different practical preconditioners ﬁl, P, and 753 with respect to their
performance in the overall primal-dual active set method. The results for various values of h and ¢
with o« = 1072 are given in the Tables 7.5-7.10. Note that we use the improved preconditioner Ps,
i.e., 4 W-cycles instead of 1.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time

7 65026 8 656 82 62.9s

8 261122 8 678 85 360.8s
Table 7.20: Results with preconditioner 751 for e = 107* and a = 1072,

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time

7 65026 11 1471 134 135.5s

8 261122 12 1719 144 898s
Table 7.21: Results with preconditioner ﬁ1 for e =107 and o = 1072,

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time

7 65026 8 1050 132 75.2s

8 261122 8 1065 134 428.8s
Table 7.22: Results with preconditioner Py for € = 1074 and « = 10~2.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time

7 65026 11 7310 665 498.2s

8 261122 12 7882 657 2906.3s

Table 7.23: Results with preconditioner 752 for e = 107° and a = 1072,
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l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
7 65026 8 234 30 106.0s
8 261122 8 235 30 606.4s

Table 7.24: Results with preconditioner ﬁ?, for e =107* and o = 1072.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
7 65026 11 459 42 208.6s
8 261122 12 538 45 1311.4s

Table 7.25: Results with preconditioner 733 for e=107° and o = 1072,

A comparison with respect to the computational times clearly favors the preconditioner ﬁl in these
test cases.

7.2 The parabolic case

7.2.1 Numerical study without constraints

Here we present some numerical experiments for the distributed multiharmonic-parabolic optimal
control problem (5.4) on £ = (0,1)2. The desired state is chosen as

ya(x,y) = sin(27x) sin(my) cos(t) + 10zy(1 — x)(1 — y) sin(¢), (7.2)

with k=1, w=1and T = 27.

The problem was discretized by a finite element space consisting of continuous piecewise linear poly-
nomials for the state coefficients y = (y¢,y*)7 as well as for the adjoint state coefficients p = (p¢, p*)T
on a triangulation of €2, see Subsection 5.1.2. The initial mesh contains four triangles obtained by
connecting the two diagonals. In all the tables presented in this subsection, [ denotes the number of
uniform refinement steps (corresponding to a mesh size h = 27!) and N the total number of degrees
of freedom.

The theoretical preconditioner P defined in (5.12), is practically realized as summarized in Table 5.1
in Section 5.4. In detail, we use 1 V-cycle with 1 symmetric Gauss-Seidel iteration as pre- and post-
smoothing for the second order terms. Therefore, we end up with a practical preconditioner denoted
by P.

Throughout this subsection let vy, o1 and v, o2 denote the values of the conductivity ¢ and the
reluctivity v in the domains {(z,y) :y <1—2} C Q and {(x,y) : y > 1 — x} C Q, respectively.

The next pictures show the desired state and solutions for the state y and the control u computed at
the finest mesh (I = 8) for a = 1075, v; =1, v, = 2, 01 = 0 and o2 = 10 at different time t.
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Figure 7.15: The state y at grid level [ = 8 for different time ¢ for « = 107%, vy = 1, 1, =2, 01 = 0
and oy = 10.
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Figure 7.16: The control w at grid level [ = 8 for different time t for a =107, 1 =1, =2,01 =0
and o9 = 10.

Now we analyze if the proven parameter-independent bound on the condition number with the precon-
ditioner P for the linear saddle point system in (5.9), i.e., the system resulting from the discretization
of the optimality conditions of the distributed multiharmonic-parabolic optimal control problem (5.4),
is reflected in practice. Therefore, we provide condition numbers of the preconditioned saddle point
system P~1A where A is the system matrix from (5.9). The results for various values of h, kw, a, o
and v are given in the Tables 7.26-7.29.

kw

l N 0 le-10  1e-5 1 leb 1elO
5 7940 1.22 122 122 1.25 139 1.03
6 32260 | 124 124 124 125 14 1.03
7 130052 | 1.25 1.25 1.25 1.25 1.48 1.03
8 522244 | 1.24 1.24 124 125 1.52 1.03

Table 7.26: Condition number of the preconditioned system PlAwitha=v=0=1.

o

l N le-10  1le-5 1
5 7940 1.39 151 1.25
6 32260 14 152 1.25
7

8

130052 | 1.44 1.52 1.25
522244 | 148 152 1.25

Table 7.27: Condition number of the preconditioned system PIA with kw =v =0 = 1.
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o2
N 0 le-l0 le5 1 1les  1elD
7940 | 1.23  1.23 1.23 125 142 1.2
32260 | 1.24 1.24 1.24 125 146 1.21
130052 | 1.24 1.24 124 1.25 149 1.22
522244 | 124 124 124 125 15 1.21

0 N O O =~

Table 7.28: Condition number of the preconditioned system PlAwitha=kw=v=0; =1

Z
I N 1 1leb  1elD
5 7940 | 1.25 1.22 1.22
6 32260 | 1.25 1.25 1.25
7
8

130052 | 1.25 1.26 1.26
522244 | 1.25 1.25 1.25

Table 7.29: Condition number of the preconditioned system PlAwitha=kw=0=1 =1.

Tables 7.26-7.29 seem to reflect the parameter-independent upper bound on the condition number
for the practical preconditioner P.

7.2.2 Numerical study for control constraints

Here we present some numerical experiments for the distributed multiharmonic-parabolic optimal
control problem with control constraints (as given in (5.21)) on Q = (0,1)2. The desired state is
chosen as in the unconstrained case, i.e., (cf. (7.2))

ya(z,y) = sin(27z) sin(wy) cos(t) + 10zy(1 — x)(1 — y) sin(¢),

with k = 1, w = 1 and T = 27 and the constraints on the control coefficients u¢, u® are given by
(uS,us)” = (—40,0)" and (uf,uf)” = (40,25)7.

The problem was discretized analogously to the unconstrained case, see Subsection 5.2.2, and, also
as in the unconstrained case, the initial mesh contains four triangles obtained by connecting the two
diagonals. Again | denotes the number of uniform refinement steps (corresponding to a mesh size
h =27") and N the total number of degrees of freedom.

The theoretical preconditioners P;, j € {1,2}, defined in (5.28) and (5.31) are practically realized as
summarized in Table 5.1 in Section 5.4. In detail, we use 1 V-cycle with 1 symmetric Gauss-Seidel
iteration as pre- and post-smoothing for the second order terms. Therefore, we end up with practical
preconditioners denoted by P;.

The next pictures show solutions for the state y and the control v computed at the finest mesh (I = 8)
forvy=1,vs=2,01 =0, 05 =10 and o = 107° at different time ¢ with control constraints.

Note that, as in the previous subsection, v1, o1 and vs, 05 denote the values of the conductivity o and
the reluctivity v in the domains {(z,y):y <1—z} C Q and {(z,y) : y > 1 — 2} C Q, respectively.
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Figure 7.17: The state y at grid level [ = 8 for different time ¢ for v; =1, v, =2, 01 =0, g9 = 10
and o« = 107° with control constraints.

Figure 7.18: The control u at grid level [ = 8 for different time ¢ for v; = 1, 1o =2, 01 =0, 02 = 10
and o = 10~° with control constraints.
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Now we analyze how the behaviors of the proven upper bounds on the condition numbers are reflected
in practice (using the practical preconditioners) and therefore, first recall the behavior for the two
theoretical preconditioners P;, j € {1,2}:

small h | large kw | small o | large o | large v
1

P1 | robust robust — robust | robust
Va
1

P2 | robust k2w? — Ohax | Vhax
@

Table 7.30: Behaviour of the upper bounds on the condition numbers.

We provide condition numbers of the preconditioned systems ”ﬁ; YA, j € {1,2}, where A is the system
matrix (cf. (5.25)) appearing in the first step of the primal-dual active set method applied for the
control constrained problem with v =1, 5 = 2, 01 = 0, 03 = 10, o = 10™® and the unconstrained
solution (computed for vy = 1, 5 = 2, 01 = 0, 02 = 10 and = 107°) as initial guess. With the active
set kept fixed, the results for various values of h, kw, a;, 0 and v are given in the Tables 7.31-7.38.

kw
N 0 le-10 1le-5 1 le5 1el0
7940 1.21 1.21 1.21 1.25 1.33 1.05
32260 | 1.23  1.23 1.23 1.25 141 1.05
130052 | 1.24 124 124 125 14 1.05
522244 | 1.24 124 124 1.25 1.42 1.05

0 O O =~

Table 7.31: Condition number of the preconditioned system 75f "Awitha=v=0=1.

«

l N le-10 le-9 le-8 le-7  le-6 1le-b 1le-4 1le-3 1le-2 le-1 1
5 7940 176.18 90.85 32.31 12.22 5.39 316 229 171 157 134 1.25
6 32260 253.5 8995 32.61 1239 537 3.12 227 1.71 157 1.34 1.25
7

8

130052 | 236.38 9491 33.56 12,53 538 3.1 226 1.7 157 134 1.25
522244 | 2459 94.73 33.68 1258 5.39 3.09 225 1.7 157 134 1.25

Table 7.32: Condition number of the preconditioned system Py LA with kw = v = o = 1.

02
N 0 le-10 1le-5 1 leb 1el0
7940 1.23 1.23 123 1.25 1.33 1.05
32260 | 1.24 124 124 1.25 1.44 1.05
130052 | 1.23 1.23 1.23 1.25 1.45 1.05
522244 | 1.23 1.23 1.23 1.25 146 1.05

O O O =~

Table 7.33: Condition number of the preconditioned system 751_1./4 with kw=a=v =0, =1.
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2
N 1 leb 1el0
7940 1.25 1.21 1.21
32260 | 1.25 1.23 1.23
130052 | 1.25 1.24 1.24
522244 | 1.25 1.24 1.24

0 N O O =~

Table 7.34: Condition number of the preconditioned system ’ﬁf "Awith kw=a=0=14 = 1.

kw
N 0 le-10 1le-5 1 lel le2 le3 led leb le6
7940 1.22  1.22 1.22 1.22 1.22 542 4514 440.12 4.4e3 4.4ed
32260 | 1.24 124 124 1.24 124 5.51 48.58 440.17 4.4e3 4.4ed
130052 | 1.24 1.24 1.24 124 1.25 554 4997 440.18 4.4e3 4.4ed
522244 | 1.25 1.25 1.25 1.25 1.25 5.56 50.37 440.18 4.4e3 4.4ed

o O O =~

Table 7.35: Condition number of the preconditioned system 73{ "Awitha=v=0=1.

«
N le-4 le-3 le-2  le-1 1
7940 1.96e4 654.79 19.07 1.51 1.22
32260 | 1.44e4 658.58 19.24 1.51 1.24
130052 | 1.63e4 659.66 19.29 1.51 1.24
522244 | 1.48¢4 660.14 19.31 1.51 1.25

O g O O =~

Table 7.36: Condition number of the preconditioned system 752_ '"A with kw =v =0 = 1.

g2
N 0 le-10  1le-b 1 lel 1e2 le3 led leb 1le6
7940 1.22  1.22 122 122 1.22 3.67 34.51 289.71 2.91e3 2.9led
32260 | 1.24 1.24 124 1.24 1.24 3.72 34.73 290.89 2.91e3 2.9led
130052 | 1.24 124 124 124 1.25 3.74 34.72 290.89 2.91e3 29led
522244 | 1.25 1.25 1.25 1.25 125 3.74 3483 291.0 29le3 2.9led

o N O O =~

Table 7.37: Condition number of the preconditioned system 752_1.,4 with kw =a=v =0, =1.

V2
N 1 lel le2 le3 led
7940 1.22 12.01 118.67 1.16e3 1.15e4
32260 | 1.24 12.16 119.48 1.18e3 1.22e4
130052 | 1.24 12.19 119.56 1.17e3 1.25e4
522244 | 1.25 12.23 119.64 1.18e3 1.25¢4

0 N O Ot =~

Table 7.38: Condition number of the preconditioned system P; ' A with kw = a =0 = 1y = 1.

From these tables the robustness of the condition numbers with respect to the mesh-size h for both
practical preconditioners can be seen. The robustness of the practical preconditioner P; with respect
to kw, o and v can be seen from the Tables 7.31, 7.33 and 7.34, respectively.
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In order to clarify the remaining parameter dependencies (as summarized in Table 7.30) we present
several additional figures. In Figure 7.19 the condition number of the preconditioned system ﬁf LA at
grid level [ = 8 is plotted as a function of @ where the sketched triangle has slope —% representing the
behavior of the upper bound on the condition number for the theoretical preconditioner. Figures 7.20-
7.23 show the condition number of P{lA at grid level [ = 8 as a function of kw, «a, o2 and vy,
respectively. Representing the upper bounds for the theoretical preconditioner as summarized in
Table 7.30, the triangles in the Figures 7.20, 7.22 and 7.23 have slope 2 and the triangle in Figure 7.21
has slope —2.
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Figure 7.19: Condition number of the preconditioned system ﬁf ' A at grid level | = 8 with kw = v =
o=1.
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Figure 7.20: Condition number of the preconditioned system 752_ YA at grid level | = 8 with a = v =
o=1.
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Figure 7.21: Condition number of the preconditioned system ﬁ{ ' A at grid level | = 8 with kw = v =
o=1.
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Figure 7.22: Condition number of the preconditioned system ﬁg LA at grid level | = 8 with kw =
a=v=o0 =1.
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Figure 7.23: Condition number of the preconditioned system ﬁ{ LA at grid level | = 8 with kw =
a=0c=vy=1.

From Figure 7.19 we see that the practical preconditioner P, seems to reflect the behavior of the
@eoretical preconditioner P; with respect to . The Figures 7.20-7.23 indicate that the behavior of
P2 with respect to kw, «, o and v, respectively, is also better than the stated bound for the theoretical
preconditioner. B B

Now we compare the two practical preconditioners P; and P, with respect to their performance in
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the overall primal-dual active set method. The results for various values of h and o with v, = 1,
vo =2, 01 =0 and o2 = 10 are given in the Tables 7.39-7.42.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
7 130052 4 77 20 15.4s
8 522244 4 74 19 84.6s

Table 7.39: Results with preconditioner ﬁl fora=10"% v, =1, 5 =2, 0y =0 and o5 = 10.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
7 130052 5 140 28 27.2s
8 522244 6 166 28 187.9s

Table 7.40: Results with preconditioner 751 fora=10"% v, =1, 5 =2, 01 = 0 and o5 = 10.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
7 130052 4 4876 1219 626.9s
8 522244 4 4758 1190 3582.5s

Table 7.41: Results with preconditioner 732 fora=10"% v, =1, 5 =2, 0y =0 and oy = 10.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
7 130052 5 28442 5689 3684.3s
8 522244 6 32857 5477 18925.2s

Table 7.42: Results with preconditioner 752 fora=10"% v, =1, =2, 01 =0 and o5 = 10.

A comparison with respect to the computational times clearly favors the preconditioner P, in these
test cases.

7.2.3 Numerical study for state constraints

Here we present some numerical experiments for the distributed multiharmonic-parabolic optimal
control problem with Moreau-Yosida regularized state constraints (as given in (5.32)) on Q = (0,1)2.

The desired state is chosen as in the unconstrained case, i.e., (cf. (7.2))
ya(z,y) = sin(27x) sin(ry) cos(t) + 10xy(1 — x)(1 — y) sin(t),

with £k = 1, w = 1 and T = 27 and the constraints on the state coeflficients y¢, y° are given by
(ys,y2)T = (—0.02,0)T and (v, y:)* = (0.02,0.05)7.

The problem was discretized analogously to the unconstrained case, see Subsection 5.3.2, and, also
as in the unconstrained case, the initial mesh contains four triangles obtained by connecting the two
diagonals. Again I denotes the number of uniform refinement steps (corresponding to a mesh size
h =27") and N the total number of degrees of freedom.

The theoretical preconditioners P;, j € {1,2}, defined in (5.39) and (5.42) are practically realized as
summarized in Table 5.1 in Section 5.4. In detail, we use 1 V-cycle with 1 symmetric Gauss-Seidel
iteration as pre- and post-smoothing for the second order terms. Therefore, we end up with practical
preconditioners denoted by P;.

The next pictures show solutions for the state y and the control u computed at the finest mesh
(I=8)forv; =1,v5 =2,01 =0, 02 = 10 and a = 1072 at different time ¢ with and without state
constraints.
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Note that, as in the previous subsections, v, o1 and vy, 0o denote the values of the conductivity o
and the reluctivity v in the domains {(z,y) : y < 1—2z} C Qand {(z,y) : y > 1—z} C §, respectively.

Figure 7.24: The state y at grid level [ = 8 for different time ¢t for v; =1, v =2, 07 =0, 02 = 10
and a = 102 without state constraints.
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Figure 7.25: The control u at grid level I = 8 for different time ¢ for v; =1, v, =2, 01 =0, 05 = 10
and o = 1072 without state constraints.

Figure 7.26: The state y at grid level | = 8 for different time ¢ for 1y = 1, v, = 2, 07 = 0, 09 = 10,
a=10"2 and € = 10~° with state constraints.
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Figure 7.27: The control u at grid level [ = 8 for different time ¢ for 11 =1, 15 =2, 01 =0, 09 = 10,
a=1072 and € = 10~° with state constraints.

Now we analyze how the behaviors of the proven upper bounds on the condition numbers are reflected
in practice (using the practical preconditioners) and therefore, first recall the behavior for the two
theoretical preconditioners P;, j € {1,2}:

small h | large kw | small a | small € | large o | large v
1
Py | robust robust robust - robust | robust
€
2, 2 1 1 2 2
P2 | robust k*w 2 = Omax Vinax

Table 7.43: Behaviour of the upper bounds on the condition numbers.

We provide condition numbers of the preconditioned systems 73]-_1./4, j € {1,2}, where A is the system
matrix (cf. (5.36)) appearing in the first step of the primal-dual active set method applied for the
Moreau-Yosida state constrained problem with 1 =1, 15 =2, 01 =0, 09 = 10, « = 1072, e = 107°
and the unconstrained solution (computed for v; = 1, o = 2, 07 = 0, 03 = 10 and a = 1072) as
initial guess. With the active set kept fixed, the results for various values of h, kw, «, €, o and v are
given in the Tables 7.44-7.53.
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kw
l N 0 le-10  1le-b 1 leb 1elO
5 7940 1.24 1.24 1.24 127 133 1.05
6 32260 | 124 124 124 128 1.41 1.05
7 130052 | 1.24 124 124 128 14 1.05
8 522244 | 1.24 124 124 128 1.42 1.05

Table 7.44: Condition number of the preconditioned system 73f '"Awitha=e=v=0=1.

o

l N le-10  1e-5 1
5 7940 1.39 167 1.27
6 32260 1.59 1.69 1.28
7 130052 | 1.59 1.64 1.28
8 522244 | 162 1.7 1.28

Table 7.45: Condition number of the preconditioned system Py ' A with kw = e = v = 0 = 1.

€

l N le-6 le-5 le-4 le-3  1e-2 le-1 1

5 7940 1.29e3 196.98 56.08 19.25 4.55 1.58 1.27
6 32260 | 1.22e3 198.73 61.05 19.82 4.58 1.58 1.28
7 130052 | 1.18e3 222.68 66.31 20.25 4.6 1.58 1.28
8 522244 | 1.17e3 247.05 68.86 20.43 4.61 158 1.28

Table 7.46: Condition number of the preconditioned system P; ' A with kw = a =v =0 = 1.

02
l N 0 le-10  1e-5 1 leb 1elO
5 7940 1.26 1.26 126 1.27 1.33 1.05
6 32260 | 1.26 1.26 1.26 1.28 1.45 1.05
7 130052 | 1.26 1.26 1.26 1.28 145 1.05
8 522244 | 1.26 1.26 1.26 1.28 1.46 1.05

119

Table 7.47: Condition number of the preconditioned system 751_1.,4 with kw =a=€e=v=0; = 1.

Vo
l N 1 leb 1elO
5 7940 1.27 121 1.21
6 32260 | 1.28 1.22 1.22
7 130052 | 1.28 1.23 1.23
8 522244 | 1.28 1.23 1.23

Table 7.48: Condition number of the preconditioned system ﬁl_ "Awithkw=a=e=0 =1y = 1.
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kw
l N 0 le-10  1le-5 1 lel le2 le3 led leb le6
5 7940 1.21 1.21 1.21 1.21 1.21 5.18 44.13 440.12 4.4e3 4.4e4
6 32260 | 1.23 1.23 1.23 1.23 1.22 524 47.45 440.17 4.4e3 4.4ed
7 130052 | 1.23 1.23 1.23 1.23 1.22 526 49.02 440.18 4.4e3 4.4ed
8 522244 | 1.23 1.23 123 1.23 1.22 526 49.65 440.19 4.4e3 4.4ed

Table 7.49: Condition number of the preconditioned system 73; '"Awitha=e=v=0=1.

«

l N le-4 le-3 le-2  le-1 1
5 7940 1.74e4 715.11 20.85 1.54 1.21
6 32260 | 1.86e4 715.67 20.84 1.54 1.23
7 130052 | 1.84e4 715.77 20.83 1.54 1.23
8 522244 | 1.84e4 715.83 20.83 1.54 1.23

Table 7.50: Condition number of the preconditioned system ’ﬁ{ !

Awithkw=e=v=0=1.

€

l N le-4 le-3 le-2  le-1 1
5 7940 1.26e4 452.01 11.85 1.4 1.21
6 32260 1.25e4 455.98 11.98 1.41 1.23
7 130052 | 1.25e4 457.74 12.04 141 1.23
8 522244 | 1.25e4 458.89 12.08 1.41 1.23

Table 7.51: Condition number of the preconditioned system 752_1./4 with kw =a=v=0=1.

02
l N 0 le-10  1e-5 1 lel le2 le3 led leb le6
5 7940 1.21 1.21 1.21 1.21 1.21 3.66 34.39 331.46 2.91e3 29led
6 32260 | 1.23 1.23 1.23 1.23 1.22 3.69 34.58 329.79 291e3 2.9led
7 130052 | 1.23 1.23 1.23 1.23 1.22 3.7 34.75 334.81 2.91e3 2.9led
8 522244 | 1.23 1.23 123 1.23 1.23 3.7 34.65 336.03 2.91e3 2.91e4

Table 7.52: Condition number of the preconditioned system 752_1.,4 with kw =a=e=v =01 =1.

V2
l N 1 lel le2 le3 led
5 7940 1.21 12.01 118.82 1.18e3 1.14e4
6 32260 | 1.23 12.13 119.46 1.18e3 1.16e4
7 130052 | 1.23 12.18 119.81 1.17e3 1.15e4
8 522244 | 1.23 12.2 120.09 1.17e3 1.15e4

Table 7.53: Condition number of the preconditioned system P; LA with kw =a =€ =0 =1 = 1.

From these tables the robustness of the condition numbers with respect to the mesh-size h for both
practical preconditioners can be seen. The robustness of the practical preconditioner P; with respect
to kw, a, o and v can be seen from the Tables 7.44, 7.45, 7.47 and 7.48, respectively.
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In order to clarify the remaining parameter dependencies (as summarized in Table 7.43) we present
several additional figures. In Figure 7.28 the condition number of the preconditioned system ﬁf LA at
grid level [ = 8 is plotted as a function of € where the sketched triangle has slope —1 representing the
behavior of the upper bound on the condition number for the theoretical preconditioner. Figures 7.29-
7.33 show the condition number of P{lA at grid level [ = 8 as a function of kw, a, €, g2 and vy,
respectively. Representing the upper bounds for the theoretical preconditioner as summarized in
Table 7.43, the triangles in the Figures 7.29, 7.32 and 7.33 have slope 2 and the triangles in the
Figures 7.30 and 7.31 have slope —2.

condition number
o)

Figure 7.28: Condition number of the preconditioned system ”ﬁf 1A at grid level | = 8 with kw =
a=v=o0=1.

condition number
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Figure 7.29: Condition number of the preconditioned system 732_ ' A at grid level | = 8 with a = € =
v=oc=1
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Figure 7.30: Condition number of the preconditioned system ”ﬁ{ YA at grid level | = 8 with kw = € =
v=o=1.
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Figure 7.31: Condition number of the preconditioned system 73{ YA at grid level | = 8 with kw =
a=v=o0=1.
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Figure 7.32: Condition number of the preconditioned system 752_ YA at grid level | = 8 with kw =
a=ec=v=o01 = 1.
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Figure 7.33: Condition number of the preconditioned system ”ﬁ{ 1A at grid level | = 8 with kw =
a=e=0c=v =1.

From Figure 7.28 we see that the behavior of the practical preconditioner ’ﬁl seems to be better than
the stated bound for the theoretical preconditioner Py with respect €. The Figures 7.29-7.33 indicate
that the behavior of Py with respect to kw, «, €, 0 and v, respectively, is also better than the stated
bound for the theoretical preconditioner. _ _

Now we compare the two practical preconditioners P; and P, with respect to their performance in
the overall primal-dual active set method. The results for various values of A and € with vy = 1,
vy =201 =0, 0y =10 and o = 102 are given in the Tables 7.54-7.57.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
7 130052 9 808 90 142.5s
8 522244 9 832 93 842.1s

Table 7.54: Results with preconditioner ’ﬁl fore =10"% vy =1, 15 =2, 61 =0, 05 = 10 and
a=10"2

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
7 130052 14 2051 147 354.8s
8 522244 15 2308 154 2271.6s

Table 7.55: Results with preconditioner ﬁl fore =107% vy =1, 15 =2, 61 =0, 05 = 10 and
a=10"2

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
7 130052 9 1851 206 240.6s
8 522244 9 1878 209 1409.8s

Table 7.56: Results with preconditioner ﬁg fore =107% vy =1, 15 =2, 01 =0, 05 = 10 and
a=10"2

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
7 130052 14 12558 897 1585.2s
8 522244 15 13547 904 9591.5s

Table 7.57: Results with preconditioner 752 fore =107% vy =1, 15 =2, 01 =0, 05 = 10 and
a=10"2
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A comparison with respect to the computational times clearly favors the preconditioner P, in these
test cases.

7.3 The Stokes case

7.3.1 Numerical study for control constraints

Here we present some numerical experiments for the distributed optimal control problem for the
Stokes equations with control constraints (as given in (6.2)) on Q = (0,1)2. Following Example 1

in [45] we choose the desired velocity ug(z,y) = (U(z,y), V(z,y))" as

Ul) = 105 (@()o)) and V(a.) = ~105 (6(a)6 (). (7.9

with
d(z) = (1 — cos(0.872)) (1 — 2)%.

The constraints on the force (control) f are given by f, = (—40,—40)T and f, = (40,40)”. Note
that, contrary to the problem considered here, in [45] a distributed optimal control problem for the
time-dependent Navier-Stokes equations was discussed.

The problem was discretized by the Taylor-Hood pair of finite element spaces consisting of continuous
piecewise quadratic polynomials for the velocity u (and ) and continuous piecewise linear polynomials
for the pressure p (and p) on a triangulation of €2, see Subsection 6.1.2. The initial mesh contains four
triangles obtained by connecting the two diagonals. In all the tables presented in this subsection, [
denotes the number of uniform refinement steps (corresponding to a mesh size h = 27!) and N the
total number of degrees of freedom.

The theoretical preconditioners P;, j € {1,2}, defined in (6.18) and (6.24) are practically realized
as summarized in Table 6.1 in Section 6.3. In detail, we use 1 step of the symmetric Gauss-Seidel
iteration for the zero order terms and 1 V-cycle with 1 symmetric Gauss-Seidel iteration as pre-
and post-smoothing for the second order terms. Therefore, we end up with practical preconditioners
denoted by P;.

The next pictures show the desired velocity and solutions for the velocity u, the pressure p and the
force f computed at the finest mesh (I = 7) for @ = 1075 with and without control constraints.

Figure 7.34: The desired velocity ug.

Figures 7.35 and 7.36 show the solution for the velocity u, the pressure p and the force f computed
at the finest mesh (I = 7) for o = 10~ without control constraints.
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Figure 7.35: The velocity u (left) and the pressure p (right) at grid level [ = 7 for a = 10~° without
control constraints.

Figure 7.36: The force f at grid level [ = 7 for a = 10~° without control constraints.
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Figure 7.37: The velocity u (left) and the pressure p (right) at grid level [ = 7 for a« = 107> with
control constraints.
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Figure 7.38: The force f at grid level [ = 7 for a = 10~° with control constraints.

Now we analyze how the behaviors of the proven upper bounds on the condition numbers are reflected
in practice (using the practical preconditioners) and therefore, first recall the behavior for the two
theoretical preconditioners P;, j € {1,2}:

small h | small «
P bust 1
1 robus ﬁ
1
Py | robust —
«

Table 7.58: Behaviour of the upper bounds on the condition numbers.

We provide condition numbers of the preconditioned systems ﬁj_ T4, je {1,2}, where A is the system
matrix (cf. (6.7)) appearing in the first step of the primal-dual active set method applied for the
control constrained problem with o = 107 and the unconstrained solution (computed for v = 1079)
as initial guess. With the active set kept fixed, the results for various values of h and « are given in
the Tables 7.59-7.60.

e
l N le-10 le-9 le-8 1le-7 1le-6 1le-5 1led 1le-3 1le-2 le-1 1
4 9030 184.58 39.66 16.07 7.45 5.73 6.67 7.37 805 865 917 9.51
5 36486 166.7 38.1 16.04 7.85 6.26 7.62 &8.16 876 9.26 9.68 9.97
6 146694 | 161.94 38.17 15.89 857 6.44 836 884 935 9.76 101 10.32
7 588294 | 165.82 38.15 1597 863 6.87 8.74 9.23 985 10.17 10.42 10.6

Table 7.59: Condition number of the preconditioned system ﬁf LA

o
l N le-3 le-2  le-1 1
4 9030 | 4.993 60.01 10.1 9.76
5 36486 | 4.97e3 59.82 1045 10.17
6 146694 | 5.0e3 60.18 10.71 10.49
7 588294 | 5.0le3 60.24 10.92 10.74

Table 7.60: Condition number of the preconditioned system ’ﬁ{ LA
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Additionally, in the Figures 7.39-7.40, the condition numbers at grid level [ = 7 are plotted as
functions of . The triangles sketched therein represent the behavior of the theoretical bounds as
summarized in Table 7.58, i.e., the triangle in Figure 7.39 has slope f% and the triangle in Figure 7.40
has slope —2.

10
o
e 20
2107
3
c
c
S “
S0t e e e e e
o .
(&)
10°
107 10° 10°
o

condition number
>

Figure 7.40: Condition number of the preconditioned system ﬁ{ LA at grid level [ = 7.

Now, from these results we can conclude the following. The robustness of the condition numbers
with respect to the mesh-size h for all three practical preconditioners can be seen in the Tables 7.59-
7.60. As already announced in Remark 6.4, Figure 7.39 shows that the behavior of the practical
preconditioner P; with respect to a is much better than the stated bound for the theoretical one.
Finally, from Figure 7.40 we see that the practical preconditioner Ps seems to reflect the behavior of
the theoretical preconditioner P, with respect to a.

Now we compare the two practical preconditioners ’51 and ﬁg with respect to their performance in
the overall primal-dual active set method. The results for various values of h and « are given in the
Tables 7.61-7.64.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
6 146694 2 139 70 36.9s
7 588294 2 151 76 216.2s

Table 7.61: Results with preconditioner 751 for « = 1074,
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l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
6 146694 4 269 68 69.5s
7 588294 5 335 67 448.2s

Table 7.62: Results with preconditioner ﬁl for o = 1075.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
6 146694 2 8223 4112 1326.3s
7 588294 2 8451 4226 7240.9s

Table 7.63: Results with preconditioner 752 for o = 1074

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
6 146694 4 86584 21646 9848.3s
7 588294 5 112754 22552 62253.3s

Table 7.64: Results with preconditioner ’ﬁz for a = 1075.

A comparison with respect to the computational times clearly favors the preconditioner P, in these
test cases.

7.3.2 Numerical study for state constraints

Here we present some numerical experiments for the distributed optimal control problem for the
Stokes equations with Moreau-Yosida regularized state constraints (as given in (6.25)) on Q = (0,1)2.

The desired velocity uq(z,y) = (U(z,y), V(z,y))" is chosen as in the control constrained case, i.e.,
(ct. (7.3))

Ula) = 107 (@()o)) and V(a.g) = ~105 (0(a)6().

with
$(z) = (1 — cos(0.872)) (1 — 2)?,

and the constraints on the velocity u are given by u, = (—0.025, —0.025)7 and u;, = (0.025,0.025)7.
The problem was discretized analogously to the control constrained case, see Subsection 6.2.2, and,
also as in the control constrained case, the initial mesh contains four triangles obtained by connecting
the two diagonals. Again [ denotes the number of uniform refinement steps (corresponding to a mesh
size h = 27!) and N the total number of degrees of freedom.

The theoretical preconditioners P;, j € {1,2}, defined in (6.40) and (6.44) are practically realized
as summarized in Table 6.1 in Section 6.3. In detail, we use 1 step of the symmetric Gauss-Seidel
iteration for the zero order terms and 1 V-cycle with 1 symmetric Gauss-Seidel iteration as pre-
and post-smoothing for the second order terms. Therefore, we end up with practical preconditioners
denoted by P;.

The next pictures show solutions for the velocity u, the pressure p and the force f computed at the
finest mesh (I = 7) for a = 1072 with and without state constraints.
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Figure 7.41: The velocity u (left) and the pressure p (right) at grid level [ = 7 for a = 102 without

state constraints.
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Figure 7.42: The force f at grid level [ = 7 for o = 10~2 without state constraints.
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Figure 7.43: The velocity u (left) and the pressure p (right) at grid level [ = 7 for a = 1072
€ = 107° with state constraints.
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Figure 7.44: The force f at grid level [ = 7 for & = 1072 and € = 10~° with state constraints.

Now we analyze how the behaviors of the proven upper bounds on the condition numbers are reflected
in practice (using the practical preconditioners) and therefore, first recall the behavior for the three
theoretical preconditioners P;, j € {1,2}:

small h | small « | small €
1
Py | robust | robust -
€
1 1
Py | robust pel =

Table 7.65: Behaviour of the upper bounds on the condition numbers.

We provide condition numbers of the preconditioned systems ﬁj_lA, j € {1,2}, where A is the system
matrix (cf. (6.29)) appearing in the first step of the primal-dual active set method applied for the
Moreau-Yosida state constrained problem with ov = 1072, ¢ = 10~° and the unconstrained solution
(computed for o = 1072) as initial guess. With the active set kept fixed, the results for various values

of h, o and € are given in the Tables

7.66-7.69.
o
l N le-10  1le-5 1
4 9030 3.76  4.57 9.52
5 36486 | 3.41 486 9.97
6 146694 | 3.95 4.95 10.32
7 588294 | 446 521 10.6

Table 7.66: Condition number of the preconditioned system ﬁf ' A with e = 1.

€

l N le-6 le-5 le-4 le-3 le-2 le-1 1

4 9030 | 3.76e4 3.71e3 538.82 5827 109 9.56  9.52
5 36486 | 3.6led 4.01e3 573.71 60.54 11.19 10.0 9.97
6 146694 | 3.21e4 4.07e3 573.13 60.31 11.31 10.35 10.32
7 588294 | 3.37e4 4.08¢3 572.68 62.14 11.98 10.71 10.6

Table 7.67: Condition number of the preconditioned system 751_ 'A with a = 1.



7.3. THE STOKES CASE

131

«
l N le-3 le-2 le-1 1
4 9030 6.5e3 74.71 10.19 9.76
5 36486 | 6.51e3 74.88 10.49 10.17
6 146694 | 6.51e3 74.93 10.75 10.48
7 588294 | 6.51e3 74.96 10.95 10.73

Table 7.68: Condition number of the preconditioned system ﬁ{ 1A with e = 1.

€
l N le-4 le-3 le-2 le-1 1
4 9030 2.98¢4 538.08 14.58 9.82 9.76
5 36486 | 2.94e4 567.16 15.06 10.22 10.17
6 146694 | 2.9e4 563.65 15.17 10.53 10.48
7 588294 | 2.92e4 568.49 15.31 10.76 10.73

Table 7.69: Condition number of the preconditioned system Py ' A with o = 1.

From these tables the robustness of the condition numbers with respect to the mesh-size h for both
practical preconditioners can be seen. The robustness of the practical preconditioner P; with respect
to a can be seen from Table 7.66.

In order to clarify the remaining parameter dependencies (as summarized in Table 7.65) we present
several additional figures. In Figure 7.45 the condition number of the preconditioned system ﬁf YA at
grid level [ = 7 is plotted as a function of € where the sketched triangle has slope —1 representing the
behavior of the upper bound on the condition number for the theoretical preconditioner. Figures 7.46
and 7.47 show the condition number of P, ! A at grid level I = 7 as a function of o and e, respectively.

The triangles therein both have slope —2.
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Figure 7.45: Condition number of the preconditioned system 751_ ' A at grid level I = 7 with o = 1.
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Figure 7.47: Condition number of the preconditioned system 52_ 1A at grid level I = 7 with o = 1.

From the Figures 7.45-7.47 we see that both, the practical preconditioner ’ﬁl and the practical pre-
conditioner Py, seem to reflect the behavior of the corresponding theoretical preconditioners.

Now we compare the two practical preconditioners ﬁl and ﬁg with respect to their performance in
the overall primal-dual active set method. The results for various values of h and € with v = 1072
are given in the Tables 7.70-7.72.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time

6 146694 7 2459 352 571.9s

7 588294 7 2503 358 2988.1s
Table 7.70: Results with preconditioner 51 for e = 10~% and o = 10~2.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time

6 146694 9 5234 582 987.4s

7 588294 10 5776 578 6991.6s

Table 7.71: Results with preconditioner 751 for e = 107° and a = 1072,
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l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
6 146694 7 2865 410 457.5s
7 588294 7 2947 421 2638s

Table 7.72: Results with preconditioner ﬁg for e =107* and o = 1072.

l N primal-dual steps MinRes iterations MinRes per primal-dual overall time
6 146694 9 13849 1539 2105.8s
7 588294 10 16732 1674 13825.6s

Table 7.73: Results with preconditioner 752 for e = 107° and a = 1072,

By comparing the Tables 7.70 and 7.72 with respect to the computational time we see that the
preconditioner P, is preferable to P; in the case where e = 10~%. However, a comparison of the
Tables 7.71 and 7.73 with respect to the computational time clearly favors the preconditioner P; in
the case where € = 1072,
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Chapter 8

Conclusions

In this thesis we constructed efficient solution methods for the following three optimal control
problems: the distributed optimal control of elliptic equations, the distributed optimal control of
multiharmonic-parabolic equations and the distributed optimal control of the Stokes equations. In all
these problems we additionally imposed pointwise inequality constraints on the control and Moreau-
Yosida regularized constraints on the state.

The imposition of those constraints had the affect that the resulting first-order optimality systems
gained a nonlinear structure. In order to cope with this nonlinearity, a primal-dual active set method
was applied. The resulting (discretized) linear systems to be solved in each step of this lineariza-
tion method were large scale saddle point systems that depend on various model and discretization
parameters (like o and h).

We constructed and analyzed efficient preconditioners for these saddle point systems. In detail, in all
the model problems, the constructed preconditioners are robust with respect to the mesh size h and
the involved active set £. In the Moreau-Yosida regularized cases additional robustness with respect
to the cost parameter a could be shown.

In addition to the parameters appearing in the elliptic and the Stokes case, in the optimal control of
multiharmonic-parabolic equations we had to deal with the following model parameters: the mode
frequency kw, the conductivity o and the reluctivity v. We could show robustness of our proposed
preconditioners with respect to these parameters.

Note that the proposed preconditioners in the control constrained cases are not robust with respect
to the cost parameter o and the ones proposed in the Moreau-Yosida penalized state constrained
cases not with respect to the penalization parameter e. However, we could analyze how the upper
bounds on the condition numbers of the preconditioned systems depend on these parameters.

In the multiharmonic-parabolic case without constraints on the control or state we constructed a
parameter-robust preconditioner in the case of constant conductivity ¢ by using the interpolation
technique as used in [70] and [99]. With little modification, this preconditioner could be carried over
to the case of general o and remained parameter-robust there.

The proposed preconditioners for the problems with additional constraints on the control or state
were motivated by parameter-robust preconditioners available for the unconstrained cases. In detail,
some of the mass matrices appearing in those parameter-robust preconditioners were replaced by
the occurring active or inactive mass matrices in a suitable way. We compared our constructed
preconditioners with other ones available in literature, like the Schur complement approximation
preconditioners from [88] and preconditioners constructed according to the operator preconditioning
technique with standard norms. Also these preconditioners are robust with respect to the mesh size
h and the involved active set £ in all the model problems. Additionally, the dependence of the upper
bounds on the condition numbers of the preconditioned systems on other parameters (like «, €, kw,
o and v) could be figured out or was already available from literature.

Since all these preconditioners are usually not realized exactly in practice, we also discussed their
practical realization. In the numerical experiments we compared the practical versions of the theo-
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retical preconditioners. We saw that some of the practical preconditioners reflect the behavior of the
proven upper bound on the condition number while some others do not.
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