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Zusammenfassung

Gegenstand dieser Arbeit ist die Sensitivitdtsanalyse und die spezialisierte adaptive Diskre-
tisierung fiir die modellpradiktive Regelung von Optimalsteuerungsproblemen mit partiellen
Differentialgleichungen. In jedem Schritt eines modellpradiktiven Reglers wird ein Optimal-
steuerungsproblem auf einem moglicherweise langen Zeithorizont gelost. Nur ein Anfangsteil
der optimalen Losung wird als Regelung fiir das zu steuernde System verwendet. Dies motiviert
die Verwendung von effizienten Diskretisierungsschemata, die genau auf dieses Vorgehen zuge-
schnitten sind, die also Orts- und Zeitgitter verwenden, welche am Anfang des Zeithorizonts fein
sind und gegen Ende immer grober werden.

In dieser Arbeit wird eine umfangreiche Sensitivitdtsanalyse durchgefiihrt, um den Einfluss
von Storungen, die in ferner Zukunft auftreten, auf die Riickkopplung des modellpradiktiven
Reglers, also die optimale Steuerung auf einem Anfangsteil des Losungshorizonts, abzuschéitzen.
Es wird unter Stabilisierbarkeitsannahmen an die zugrundeliegenden Operatoren gezeigt, dass
der Einfluss von Stérungen lokaler Natur ist, d.h., dass Diskretisierungsfehler, die in ferner Zu-
kunft auftreten, einen vernachléssigbaren Einfluss auf die Riickkopplung der modellpriadiktiven
Regelung haben. Diese Eigenschaft wird fiir eine Vielzahl von Problemklassen bewiesen, darun-
ter Probleme, deren Dynamik durch eine stark stetige Halbgruppe, durch eine nichtautonome
parabolische Gleichung oder durch eine semilineare parabolische Gleichung beschrieben wird.
Weiterhin wird gezeigt, dass dieses Abklingen von Stérungen im Falle eines autonomen Pro-
blems sehr nah mit der Turnpike Eigenschaft verwandt ist — einer strukturellen Eigenschaft von
optimalen Losungen, die sich dadurch auszeichnet, dass die Losungen von Optimalsteuerungs-
problemen auf langen Zeithorizonten die meiste Zeit nahe eines Gleichgewichts verweilen. In
diesem Kontext werden neue Turnpike Resultate gezeigt.

Diese theoretische Analyse bietet die Grundlage fiir effiziente Diskretisierungsverfahren fiir die
modellprédiktive Regelung. Wir schlagen dazu verschiedene Methoden zur a-priori-Diskretisie-
rung in Ort und Zeit vor. Weiter analysieren wir die zielorientierte a-posteriori-Fehlerschiatzung
mit einer bestimmten Interessensfunktion, die nur einen Anfangsteil des Horizonts mit einbe-
zieht, als wirksames Werkzeug fiir die adaptive modellpriadiktive Regelung. Dazu werden wir
unter Stabilisierbarkeitsannahmen beweisen, dass die Fehlerindikatoren auflerhalb des Trégers
dieser spezialisierten Interessensfunktion exponentiell abfallen. Wir werden das Verhalten und
die Performanz dieser adaptiven Diskretisierungsmethoden im Kontext der modellpriadiktiven
Regelung an einer Vielzahl von numerischen Beispielen testen, darunter Probleme mit linearen,
semilinearen und quasilinearen Dynamiken unter verteilter Steuerung sowie Randsteuerung.






Abstract

Subject of this thesis is the sensitivity analysis and the specialized adaptive discretization for the
Model Predictive Control (MPC) of optimal control problems with partial differential equations.
In every iteration of an MPC controller, an optimal control problem on a possibly long time
horizon is solved. Only an initial part of the optimal solution is used as a feedback for the
system to be controlled. This motivates the use of efficient discretization schemes tailored to
this approach, i.e., space and time grids, which are fine at the beginning of the time interval
and become coarser towards the end.

In this work, a comprehensive sensitivity analysis is performed to estimate the influence of
perturbations that occur in the far future on the MPC feedback, i.e., the optimal control on an
initial part. Under stabilizability conditions on the involved operators it will be shown that the
influence of perturbations is of local nature, meaning that discretization errors that occur in the
far future only have a negligible effect on the MPC feedback. This property will be proven for
various problem classes, covering problems governed by strongly continuous semigroups, by non-
autonomous parabolic equations or by semilinear parabolic equations. It is further shown that,
in case of an autonomous problem, the exponential decay of perturbations is strongly connected
to the turnpike property—a structural feature of optimal solutions stating that solutions of
autonomous optimal control problems on a long time horizon reside close to a steady state for
the majority of the time. In that context, novel turnpike results for optimal control problems
are given.

The theoretical analysis serves as a foundation for efficient discretization methods for MPC.
Thus, we propose several a priori space and time discretization schemes. Further, we analyze
goal oriented a posteriori error estimation with a specialized objective for refinement, which only
incorporates an initial part of the horizon, as a powerful tool for adaptive MPC. We will prove
under stabilizability assumptions that the error indicators decay exponentially outside the sup-
port of this specialized quantity of interest. Finally, we illustrate the behavior and performance
of these specialized discretization algorithms in an MPC context by various numerical examples,
including problems governed by linear, semilinear, and quasilinear dynamics with distributed
and with boundary control.
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Chapter 1

Introduction

Model Predictive Control (MPC) is a control technique which is widely used in many appli-
cations, such as chemical process engineering, electrical engineering, aerospace engineering or
automotive engineering, cf. [26, 115]. It represents an optimization-based feedback controller, in
which the solution of an optimal control problem (OCP) on an indefinite or infinite horizon is
split into the successive solution of problems on a finite but possibly long horizon 7" > 0. Only
an initial part up to a time 7 > 0, where often 7 < T, is implemented in the system under
control. The resulting state is then measured or estimated and set as an initial condition, and
the process is repeated. This procedure is depicted in Algorithm 1.

Algorithm 1 Standard MPC Algorithm

1: Given: Prediction horizon T" > 0, implementation horizon 0 < 7 < T, initial state xg
2: k=0

3: while controller active do

4:  Solve OCP on [k1,T + k7| with initial state zj, save optimal control in u

5

6

7

Implement u as feedback, measure/estimate resulting state and save in xp4q

|7, (k1))
k=k+1
: end while

The resulting trajectories arising from an MPC algorithm can, in many applications, be
proven to be quasi-optimal for the original problem on the infinite horizon. For this and many
other aspects, we refer the interested reader to the paper [61] and the books [66, 118] which pro-
vide a mathematical foundation by covering topics including approximation properties, stability
analysis, feasibility, robustness and efficient numerical implementation.

A rigorous stability analysis and performance estimates for MPC without terminal constraints
or terminal cost can be concluded if a turnpike property is present, cf. [61]. The turnpike property
is a feature of solutions to optimal control problems and, qualitatively speaking, states that the
solution trajectory of an autonomous OCP on a long time horizon subject to an evolution
equation resides close to an optimal steady state for the majority of the time. This behavior is



depicted by the green trajectory in Figure 1.1. Loosely speaking, the turnpike property allows to
replace the infinite horizon in the optimal control problem by a finite but large horizon without
significantly changing the behavior of optimal solutions at small time instances. Also outside
an MPC context, the turnpike property is a useful tool to understand and capture the structure
and main features of solutions to problems on large time intervals.

After having been observed in the midst of the last century in the context of economics
analysis, cf. [43], the turnpike property has since received interest in various fields of mathematics
and economics, cf.,e.g., [7, 43, 53, 65, 75, 76, 79, 112, 134, 156, 157]. A particular kind of
turnpike behavior is the so called exponential turnpike property, where the convergence of the
dynamic problem’s solution to the optimal steady state is exponential, cf. the recent works
[24, 36, 62, 63, 113, 114, 123, 135, 136]. Recently, turnpike properties for non-observable systems
[51, 111], for problems arising in deep learning [47] and for fractional parabolic problems [142]
were presented.

As can be observed in Algorithm 1, an important feature of MPC is that only a first part
on [0, 7] of the optimal control is used as a feedback and thus, only the solution on this part
has to be computed accurately. This motivates the use of discretizations in space and time
that are fine on [0, 7] and coarse on the remainder. In optimal control of dynamical systems,
however, the optimal solution is subject to an adjoint equation which is formulated backwards in
time. Hence, the optimal solution is subject to a fully coupled system of forward and backward
equations and it is not clear a priori, that discretization errors stay local in time. However, if a
turnpike property is present, it seems intuitively clear that perturbations of the system (e.g. by
discretization errors) that occur in the far future will only marginally affect the optimal control
at present time, cf. Figure 1.1.

=== cxact solution
=== perturbed solution
........ turnpike

—_—
Implemented as MPC feedback

Figure 1.1: Depiction of steady state turnpike behavior and sketch of a solution being accurate
only on an initial part.



CHAPTER 1. INTRODUCTION

One main goal of this thesis is to prove this property of exponential decay of perturbations
under suitable stabilizability assumptions. We will analyze this topic in a very broad framework
by means of sensitivity analysis and we will see that this property is very closely connected
with the turnpike property, which can be interpreted as a property of exponential decay of
perturbations of initial (and terminal) values. In that context, the abstract analysis presented
in this thesis enables us to provide novel results in turnpike theory. Outside the context of MPC
and turnpike theory, this property of decay of perturbations can also be used for efficient domain
decomposition methods, cf. [105].

The stability and sensitivity analysis in this work will be carried out for problems governed
by general evolution equations with bounded and unbounded control or observation and purely
initial or initial and terminal condition. Moreover, we consider the case of OCPs governed by
non-autonomous parabolic equations under a particular stabilizability condition. Further, we
utilize the linear analysis to derive a local nonlinear result for semilinear parabolic equations.
Eventually, we will show how the theoretical results lead to very efficient MPC schemes using
goal oriented error estimation. We will present a particular objective for refinement that is
tailored to an MPC context. Due to the exponential decay of perturbations shown before, we
show for various examples that the controller performance is significantly increased when using
this specialized refinement objective.

1.1 Contributions and outline

This work is organized as follows.

Chapter 1 - Introduction. The remainder of this chapter will consist of introducing the
notation used in this work.

Chapter 2 - Sensitivity and turnpike analysis for linear quadratic optimal control
of general evolution equations. We show for optimal control problems governed by strongly
continuous semigroups that the influence of perturbations of the extremal equations decays ex-
ponentially in time if the operators satisfy a stabilizability and detectability assumption. Under
the same assumptions, we provide a turnpike result. We prove these results for bounded control
and observation operators in Theorem 2.27 and Theorem 2.30, unbounded but admissible con-
trol or observation in Theorem 2.48 and Theorem 2.49, and, under a controllability assumption,
for problems including terminal conditions on the state in Theorem 2.55 and Theorem 2.56.
We further provide sharper estimates for the particular case of a parabolic equation by a boot-
strapping argument in Section 2.6.1 and by maximal parabolic regularity in Section 2.6.2. We
accompany the theoretical results by various examples including heat and wave equations.



1.1. CONTRIBUTIONS AND OUTLINE

Chapter 3 - Sensitivity analysis for linear quadratic optimal control of non-
autonomous parabolic equations. In this chapter we show in Theorem 3.14 for non-
autonomous problems satisfying a particular stabilizability notion that perturbations of the
optimality conditions decay exponentially in time. Moreover, assuming that the problem is au-
tonomous, we derive a turnpike result in Sobolev norms in Theorem 3.16. Finally, in Section 3.3,
we numerically illustrate the turnpike property for optimal control of a heat equation. Addi-
tionally, we put forward a priori time and space grid generation techniques specialized for MPC
and evaluate their performance by means of examples with distributed and boundary control of
a heat equation.

Chapter 4 - Sensitivity and turnpike analysis for nonlinear optimal control prob-
lems. We analyze nonlinear problems by formulating the extremal equations as a nonlinear
operator equation. We first present an abstract implicit function theorem with scaled norms,
which enables us to extend the sensitivity and turnpike results from the linear quadratic setting
to a nonlinear setting. A central assumption in this result is a T-independent bound on the
solution operator corresponding to the linearized system as well as T-uniform differentiability
of the corresponding nonlinearities. We will present two applications of this abstract analysis
and provide a turnpike and sensitivity result for finite dimensional problems in Corollary 4.18
and Corollary 4.19 and for semilinear parabolic problems in Corollary 4.30 and Corollary 4.31,
respectively. Further, in Section 4.5, we illustrate the turnpike property by means of numerical
examples of distributed control of a semilinear and boundary control of a quasilinear equation
and evaluate the performance of different a priori grid generation techniques.

Chapter 5 - Goal oriented error estimation for Model Predictive Control. We
utilize goal oriented a posteriori error estimation to efficiently and adaptively solve optimal
control problems arising in a Model Predictive Controller. To this end, we formulate a particular
functional for refinement tailored to MPC. We evaluate the space and time grids resulting
from refinement via this specialized objective and compare it to classical a posteriori error
estimation with respect to the cost functional. We prove in Theorem 5.2 and Theorem 5.6 under
stabilizability conditions that if one uses a localized objective for refinement, the error indicators
decay exponentially outside the support of this functional. Finally, we inspect the behavior
and the performance gain from using this specialized goal oriented error estimator in an MPC
loop. Thus, in Section 5.3, we present examples including autonomous and non-autonomous
optimal control of linear, semilinear and quasilinear parabolic equations with distributed or
boundary control and a domain with a reentrant corner. We conclude the chapter by providing
implementation details for efficient adaptive nonlinear MPC algorithms covering topics such as
parallelization, grid warm starts and solution warm starts.



CHAPTER 1. INTRODUCTION

1.2 Notation

Throughout this thesis 2 C R", n € {2,3} is considered to be a bounded domain with Lip-
schitz boundary 99 in the sense of [50, Definition 4.4] and [60]. If (X,| -|x) is a Banach
space, we denote the topological dual space by X* and the duality product by (-, ) x+xx, where
(p,v)x*xx = p(v) for ¢ € X*, v € X. By L,(Q), 1 < p < oo (and analogously for the
boundary 9f2), we denote the standard Lebesgue spaces of measurable functions v:  — R for
which

1
||U||LP(Q) = </Q lv(w)|P dw) ’ < 00 for 1 < p < o,

[V £oqy = esssup |v(w)] < oco.
we

By 0;v we mean the (weak) derivative of a space dependent function v with respect to the
i-th spatial variable. Vv is the (weak) gradient of v and Av := Y ", % the Laplacian. For
integers m, p we denote by WP () the usual Sobolev space endowed with the norm

p

olwesey = [ 3 u@HDWWwWPwu ,

0<|a|<m

where o = (a1,..., o), |af = > | o; and D® denotes the mixed (weak) partial derivative. We
adopt the usual notation and write H™(2) = W™2(Q). We will denote by tr : H(Q2) — L2(09)
the Dirichlet trace operator, cf. [138, Theorem 2.1] or [107, Section 2]. By H} (), we mean all
functions in H'() that are zero a.e. on the boundary. By H~!(Q) we denote the topological
dual of H}(2). For a precise definition of these Sobolev spaces the reader is referred to [1,
Chapter 3]. For a Lebesgue exponent 1 < p < oo, we will write p’ for the dual exponent, i.e.,
% + ﬁ = 1, where we use the convention é =0.

Let [0, 7] a bounded proper interval. If (X, ||| x) is a Banach space, we denote by L, (0,T; X)
for 1 < p < oo the space of (Bochner)-measurable functions v : (0,7) — X for which we have

1
T P
||UHLP(O,T;X) = <A H’U(t)”& dt) < 0 lfp < 00,

V1| £.oe (0,7:3) = esssup |Jv(t) [ x < oo.
te[0,T]

C(0,T; X) denotes the space of all continuous functions v : [0,7] — X with norm

v .x) = max [|[v(t)]|-

lollctor = s oo
For a precise definition of Bochner spaces of vector-valued functions, the reader is referred to
[158, Section 23.2] and [138, Section 3.4]. We will gather a few important properties of these
spaces.



1.2. NOTATION

C(0,T;X) and L,(0,7; X) together with the respective norms form Banach spaces, in case
of L,(0,T; X) after forming equivalence classes of functions who are equal a.e.. If X is a Hilbert
space with scalar product (-,-) x, then Lo(0,T; X) is, with the scalar product

T
<wvnQ@Tx>=1£ (ult), () x dt.

If (Y,||-|ly) is a Banach space and if the embedding X < Y is continuous, then L,(0,T; X ) —
L,(0,7;Y) continuously for 1 < p < co. Moreover we have that L,(0,7; X)* = L, (0,7; X™).
Analogously, for any measurable subset S C R", n € N we denote by L,(S;X) the space of
functions v : S — X such that

1
p .
Hﬂ%wxw=<AW@M§%> coo ifp<os,

V]| oo (5:x) 7= esssup [lv(s)||x < oo.
seS

Eventually, we will denote the space of infinitely differentiable test functions ¢ : [0,7] — X
by C*([0,T]; X) and if X = R, we may write C*(0,7") = C*([0,7]; X). For a function
v:[0,7] — X we mean by v’ or 4o the (distributional) time derivative of v.

If (X,||-]lx) and (Y,|| - |ly) are Banach spaces we denote by L(X,Y’) the space of linear
bounded operators from X to Y endowed with the usual norm

Mx Y
Ml = sup 12221
lelx0 l7llx

and we may abbreviate L(X) = L(X, X).



Chapter 2

Sensitivity and turnpike analysis for
linear quadratic optimal control of
general evolution equations

In this chapter, we will analyze the sensitivity of general optimal control problems that are
subject to dynamics governed by a strongly continuous semigroup. Strongly continuous semi-
groups are a very powerful tool for studying linear dynamical systems and their properties,
cf. [44, 109, 133, 153]. The case of (optimal) control of dynamical systems using a semigroup
approach is extensively treated in, e.g., [19, 35, 90, 91, 95, 132, 139, 154]. We will utilize this
theory to obtain sensitivity results in a very general setting. Additionally, we will make use
of the concept of admissible control and observation operators and well-posed linear systems
as introduced in the seminal papers [124, 125, 145], the monographs [132, 139] and the survey
articles [140, 146] in order to cover the case of unbounded observation or control operators. Such
unboundedness can occur when the control or observation acts on the boundary or at isolated
points. Semigroup theory and admissibility can be seen as the most general framework to obtain
trajectories that are continuous in time, which itself is crucial to make sense of initial conditions.

The analysis presented here is based on investigating the first-order necessary optimality
conditions (sometimes also referred to as extremal equations) of the optimal control problem
and characterizing their stability via bounds of the corresponding solution operator that are
independent of the time horizon T. The key to establishing these uniform operator bounds
are stabilizability and detectability assumptions and the main step is to consider special test
functions, similar to [113] and [135], that decay exponentially. Consequently, we will be able
to show that perturbations of the extremal equations’ dynamics decay exponentially in time.
Concerning temporal regularity, we show uniform estimates as well as Ls-type estimates for
perturbations of Lo and L; temporal integrability. As described in Chapter 1, an important
motivation for our sensitivity analysis is Model Predictive Control (MPC). The analysis in this
part shows that even in a very general setting, under appropriate stability assumptions, it
can be shown that perturbations occurring towards the end of the optimization horizon only



have negligible influence on the MPC feedback, if the optimization horizon is large. As stated
in Chapter 1, this particular feature will allow for a very efficient adaptive discretization of
optimal control problems governed by PDEs in a Model Predictive Controller, i.e., only refining
the spatial and temporal grid on the initial part.

As a second result, we show an exponential turnpike property as depicted in Figure 1.1. The
proofs establishing the turnpike property in recent works [24, 135] are based on a stabilizability
and detectability assumption on the system. We will also depend on these assumptions, however
under significantly weaker structural assumptions on the semigroup, which allows us to extend
the existing results to a very general setting. In particular, turnpike theorems in Hilbert spaces
were given in [135] for general strongly continuous semigroups with bounded control and obser-
vation operators as well as for boundary controlled parabolic equations. The proofs in [135],
however, make use of the Algebraic Riccati Equation—a theory that is well established for ad-
missible boundary control of parabolic equations but not for general evolution equations. Here,
we will show a turnpike result for unbounded but admissible control of non-parabolic equations
that has not been available until now. This is possible, as we avoid using Riccati theory in our
approach. Moreover, we present results in the case of initial and terminal conditions on the
state under a controllability condition. To the authors’ best knowledge, such a result was also
not available in a general Hilbert space setting.

Additionally, the analysis sheds light on the close connection of exponential sensitivity anal-
ysis and the turnpike property, both emerging from the T-uniform boundedness of the operator
corresponding to the extremal equations. This becomes clear by comparing the abstract scaling
results in Theorem 2.27 and Theorem 2.30.

Finally, we will see two approaches for refining the sensitivity estimates if one assumes addi-
tional structure on the system, i.e., that the underlying semigroup is analytic. For the turnpike
case, this relates to the analysis performed in [24], where the authors deduce a turnpike property
for analytic semigroups in Sobolev norms.

We will accompany all theoretical considerations by various examples of parabolic and hy-
perbolic systems with boundary or distributed control and observation.

Structure. First, in Section 2.1 we present our theoretical framework, the optimal control
problem and optimality conditions. In the first part of Section 2.2, namely Section 2.2.1, we
derive a general result on the propagation of perturbations over time in Theorem 2.27, under the
assumption that various norms of the extremal equations’ solution operator, which itself may
indeed depend on the horizon T', can be bounded independently of T'. Further, in Section 2.2.2,
under the same assumptions of T-independent bounds on several solution operator’s norms,
we show a turnpike result in Theorem 2.30 for general evolution equations. In Section 2.2.3
we show that the T-independent bounds on these operator norms hold, if the dynamics are
exponentially stabilizable and detectable. In Section 2.3, we will extend the results to unbounded
but admissible control operators and discuss the necessary modifications to the proofs. Then,
in Section 2.4, under an exact controllability assumption, we extend our results to the case of a
terminal condition on the state. We then present two examples that fulfill the assumptions of

8



CHAPTER 2. SENSITIVITY AND TURNPIKE ANALYSIS FOR LINEAR QUADRATIC
OPTIMAL CONTROL OF GENERAL EVOLUTION EQUATIONS

our analysis, namely the interior control of a heat equation and the Dirichlet boundary control
of a wave equation, in Section 2.5. Eventually, in Section 2.6, we discuss the case of an analytic
semigroup and present two approaches to obtain stronger estimates. Finally, we will illustrate
these refined results by means of an example with a heat equation.

This chapter comprises the results of [71]. In Section 2.6, we present previously unpublished
results considering the particular case of an analytic semigroup.

2.1 Setting and preliminaries

In this section, we will introduce the solution concept for the dynamics we will consider, namely
the mild solution defined by a strongly continuous semigroup. In the first part we will cover
homogeneous equations, whereas in the second, we will include nonzero right hand sides. Last,
we will move to optimal control problems involving strongly continuous semigroups and recall
known results concerning existence of minimizers and optimality conditions. The majority of
this introduction is based on the books [35, 44, 109].

2.1.1 Strongly continuous semigroups and their generators

We are interested in solutions of an abstract dynamical system described by
r' = Az, z(0) = o, (ACP)

where A: D(A) C X — X is a possibly unbounded but closed operator, ¢ € X is an initial
datum and X is a Hilbert space with scalar product and induced norm denoted by (-,-) and
|| - ||, respectively. This initial value problem is often referred to as an abstract Cauchy problem
(ACP). To facilitate notation, we will indicate the operator norm by the same norm symbol,
ie., for T € L(X, X) =: L(X) we set ||T|| = ||T||1(x) if no ambiguity is possible.

In order to discuss the existence of solutions, a very powerful concept is to characterize the
solutions of the system above via a family of linear operators, parameterized by time, mapping
initial values to the state at the current time. Three important features are demanded from
this family: First, a semigroup property, second, that the operator corresponding to time zero
is the identity on X, and third, a strong continuity property, i.e., continuity in time at time
zero for all initial values. This family of operators is called a strongly continuous semigroup
or Cp-semigroup, denoted by (7 (t))i>0. We will only consider semigroups that are strongly
continuous. Thus, for the sake of brevity, we will sometimes not explicitly annotate the strong
continuity and only write semigroup.

Definition 2.1 (Strongly continuous semigroup). An operator valued map T : R>q — L(X) is
called a strongly continuous semigroup if the following conditions are satisfied:

i) TO)T(s)=T(t+s) Vt,s>0,
i) T(0) =1,
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iii) ||T(t)zo — ol 270 for all zp € X.
A direct consequence of this definition is continuity of trajectories x(t) = T (t)xo.

Theorem 2.2. Consider a strongly continuous semigroup (T (t))¢>0. Then the map t — T (t)xg
is continuous for all t > 0 and zg € X.

Proof. See [109, Corollary 2.3]. O

In order to establish a connection between the abstract Cauchy problem (ACP) and a strongly
continuous semigroup, we define the infinitesimal generator.

Definition 2.3 (Infinitesimal generator). A linear operator A: D(A) C X — X is called the
infinitesimal generator of a strongly continuous semigroup (T (t))i>0 if

T(t).ro — X0
t

Azy = lim Vzg € D(A),
t—0

where D(A) := {$0 € X | limy w em’sts} is called the domain of A.

Remark 2.4. Another class of operator semigroups is formed by uniformly continuous semi-
groups, which can be defined via continuity at zero in the uniform operator topology, i.e.,
IT(t) = IllLx) =00 as opposed to the strong operator topology in Definition 2.1 iii). It can be
shown that every uniformly continuous semigroup is of the form

. th Ak
Tt)=e"=) — (2.1)
k=0

where A € L(X) [44, Chapter I, Theorem 3.7]. Moreover, boundedness of the generator on
X, closedness of D(A) in X and uniform continuity of the semigroup are equivalent, cf. [109,
Theorem 1.2] or [44, Chapter II, Corollary 1.5]. In this case, t — T (t)xo is continuously
differentiable in t, cf. [44, p.48f] or [109, Corollary 1.4]. However, demanding A to be bounded
on X is too restrictive in terms of applications, e.g., if A is the Laplace operator and X = La(Q).

The definition of the generator can also be interpreted as the derivative of the orbit map
t — T(t)zo at time t = 0. The following theorem shows that if zp € D(A), then the orbit
maps are differentiable for ¢ > 0. In this case semigroup and generator commute. It additionally
shows that not only the generator and its domain are defined uniquely by the strongly continuous
semigroup, but that the converse is also true.

Theorem 2.5. Let A with corresponding domain D(A) be the generator of a strongly continuous
semigroup (T (t))e>0. Then, the following properties hold:

i) A: D(A) C X — X is a linear operator.

it) A is a closed and densely defined operator that defines the strongly continuous semigroup
(T(t))tzo uniquely.

10
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iii) If xog € D(A), then T (t)xg € D(A) for allt > 0 and
%T(t)xo =T(t)Azg = AT (t)zg  Vt > 0.

Proof. See [44, Chapter II, Lemma 1.3 and Theorem 1.4] or [109, Theorem 2.4 and Corollary
2.5 0

We can now define mild and classical solutions to the abstract problem (ACP).

Definition 2.6 (Solution concepts, homogeneous case). Consider (ACP) and let A generate a
strongly continuous semigroup (T (t))>0.

i) For z9 € X, we call z(t) := T(t)zg € C(0,T;X) the mild solution of the initial value
problem (ACP).

ii) A function x: R>og — X is called a classical solution of (ACP) if it satisfies (ACP) in the
classical sense, i.e.,
(a) 2'(t) € X, 2(t) € D(A) and 2'(t) = Ax(t) in X Vt >0,
(b) x(0) = xg.
While the classical solution is defined via the initial value problem (ACP), the mild solution
is defined via the strongly continuous semigroup (7 (t));>0. However, the two solution concepts
are strongly connected, with mild solutions being a generalization of classical solutions, as the

following theorem shows. For a further discussion on the topic of well-posedness and existence
of particular types of solutions, the interested reader is referred to [44, Section II.6].

Theorem 2.7 (Relation of classical and mild solution). A classical solution to (ACP) exists if
and only if xo € D(A). In this case, the mild solution and the classical solution coincide.

Proof. The proof follows directly from the definition of mild and classical solutions and Theo-
rem 2.5. O

Up to now, we introduced the semigroup and its infinitesimal generator. In many theoretical
considerations, a third component comes into play: the resolvent operator. This operator will
play a role when we investigate a particular class of semigroups, namely analytic semigroups, at
the end of this chapter, cf. Section 2.6.

Definition 2.8 (Resolvent operator). The set
p(A) :={A e C|\[ — A: D(A) — X is bijective}

is called the resolvent set of A. By the closed graph theorem [84, Theorem 5.20], for any X € p(A),
the operator

R\ A) := (M — A)!

is a bounded linear operator in X, called the resolvent operator. The complement of p(A) in C
is called the spectrum of A which we will denote by o(A).

11
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Remark 2.9. [t is common to define the semigroup first and then the generator as the right
derivative of the orbit maps in zero. In certain cases, there are also ways to define the semigroup
by the generator or the resolvent. A strongly continuous semigroup can sometimes be defined via
a Cauchy integral formula T (t) := 5[5 eMR(), A) d\ where U C C is an open neighborhood
of o(A) with smooth positively oriented boundary OU (cf. [44, Section II.4.a]), an analogon to
Eulers formula T (t) := limy, oo (3 R(%, A))" ([44, Chapter III, Corollary 5.5]), or by approwi-
mating the unbounded generator A by a sequence of bounded operators (Ay)nen and defining the
semigroup via T (t) := lim,, o0 et with the exponential defined in (2.1) (A, are called Yosida

approximations, cf. [44, Chapter II, Theorem 3.5]).

In concrete applications, the semigroup (7 (£))¢>0 is unknown, whereas the operator A resp.
the initial value problem (ACP) is known. In this case, it is necessary to show that A indeed
is the generator of a strongly continuous semigroup. We shortly present the most important
theorems that establish such a result. The most general theorem is the Hille- Yosida theorem,
see [44, Chapter II, Theorem 3.8] and [35, Theorem 2.1.12]. The second one is the Lumer-
Phillips theorem for dissipative operators A, i.e., operators such that ||[(A — A)z|| > A||z|| for all
x € D(A) and A\ > 0, which, under additional assumptions, generate a contraction semigroup,
i.e., a semigroup such that ||7(¢)|] <1 cf. [109, Theorem 4.3]. In a Hilbert space setting, Stone’s
theorem states that any densely defined skew adjoint operator A* = —A generates a unitary
group, i.e., ||[T(t)|| =1 for all t € R, see, e.g., [44, Chapter II, Theorem 3.24].

In the following, we will discuss the asymptotic behavior of || 7 (¢)|| for t — oo.

Definition 2.10 (Type). The number wo(T) := infisq Llog||7(t)|| is called the type of a
strongly continuous semigroup (T (t))e>0.

Theorem 2.11. Let (T (t))i>0 be a strongly continuous semigroup. Then
i) wo(T) is finite or —oo.
i1) For every w > wo(T), there exists M, > 1 such that

[T < Mye*  Vt>0.

Proof. For i) see [19, Part II-1, Proposition 2.2] and for ii) see [19, Part II-1, Corollary 2.1]. [

Definition 2.12 (Exponential stability). A strongly continuous semigroup (T (t))¢>o0 is called
exponentially stable if there exists o > 0 and M > 1 such that

T < Me™™ vt >0.

The following theorem is a slightly modified version of [19, Part II-1, Theorem 2.2] and sheds
light on the connection of stability of a strongly continuous semigroup and its type. Additionally,
it shows that whenever the operator norm of a strongly continuous semigroup decays to zero for
t — oo, then it decays exponentially.

12
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Theorem 2.13 (Characterizations of exponential stability). Let (T (t))i>0 be a strongly contin-
uwous semigroup with generator A and 1 < p < co. Then the following are equivalent:

l) wo(’T) < 0.

it) There is a constant ¢ > 0 such that

o0
/ IT@olP < PllwolP Vao € X.
0

iii) (T(t))e=0 is exponentially stable in the sense of Definition 2.12.
i) (T(t))i>0 is asymptotically stable in L(X), i.e.,
T ()] —0 for t — oo.
In particular, for all w > wo(T) the operator A—wl generates an exponentially stable semigroup
(Te(#))e=0 with
T.(t) =e“'T(t)  Vt>0.
Proof. See [19, Part II-1, Theorem 2.2] and [19, Part II-1, Corollary 2.2] O

Remark 2.14. The equivalence of Theorem 2.13 ii) and exponential stability is also known as
the Datko-Pazy theorem, cf. [109, Theorem 4.1]. The characterization Theorem 2.13 i) can also
be interpreted as T-uniform boundedness of the solution operator S: xo — T (t)xo to the abstract
Cauchy problem as a map from X to Ly(0,T;X), i.e., S € L(X,Ly(0,T;X)) for 1 <p < o0
with operator norm independent of the time horizon T'. This interpretation will be useful in the
next section, where we will establish T-independent bounds on solution operator norms under
stabilizability conditions.

2.1.2 Inhomogeneous equations

While we only considered homogeneous initial value problems in the previous subsection, we
will discuss the solutions to inhomogeneous equations in this part. To this end we replace the
problem of interest (ACP) by the inhomogeneous abstract Cauchy problem

¥ = Ar + f, z(0) = o, (1ACP)
where again 29 € X and A: D(A) C X — X is a possibly unbounded but closed operator.

Definition 2.15 (Mild solution, inhomogeneous case). Let A generate a strongly continuous
semigroup (T (t))e>0 and consider xo € X and f € L1(0,T;X). The function

x(t) =T (t)xo + /0 T(t—s)f(s)ds (2.2)

is called the mild solution of the inhomogeneous initial value problem (1IACP).

13
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The formula (2.2) is sometimes referred to as the variation of constants formula. By the
definition above, the mild solution exists, it is continuous in time and depends continuously on
the problem data. The following lemma shows that the mild solution is the unique solution of
(iIACP). We again refer to classical solutions, being defined completely analogous to classical
solutions of homogeneous equations, cf. Definition 2.6.

Lemma 2.16 (Uniqueness of solutions, [109, Chapter 4, Corollary 2.2]). Let f € L1(0,T;X)
and xg € X. Then (IACP) has at most one classical solution which is a mild solution in the
sense of Definition 2.15.

Definition 2.17 (Weak solution). Let g € X. A function z € C(0,T;X) is called a weak
solution of the inhomogeneous initial value problem (iACP) if

i) 2(0) = xo,
it) t — (x(t),v) is absolutely continuous for v € D(A*),
iii) L(x(t),v) = (x(t), A*v) + (f(t),v) for v € D(A*) and a.e. t € [0,T].

Theorem 2.18 (Equivalence of weak and mild solution [9]). Let g € X and f € L1(0,T; X).
There exists a unique weak solution of (1ACP) if and only if A generates a strongly continuous
semigroup on X, and in this case the weak solution is the mild solution, i.e., satisfies (2.15).

Remark 2.19. In the inhomogeneous case, one can define further meaningful solution concepts
than the mild, weak and classical solutions presented here. In particular, we refer to the notion
of strict and strong solutions, cf. [19, Part II-1, Definition 3.1].

In view of optimal control, we will need the definition of an adjoint semigroup. The following
theorem shows that, in a Hilbert space, the semigroup consisting of the adjoint operators is
generated by the adjoint of the generator.

Theorem 2.20 (Dual semigroup, [35, Theorem 2.2.6]). If A with domain D(A) generates a
strongly continuous semigroup (T (t))i>0 on a Hilbert space X, then A* with domain D(A*)
generates the dual semigroup (T (t)*)i>0 on X.

Remark 2.21 (Backwards-in-time equations). Let A generate a strongly continuous semigroup
(T(t))e=0 and consider a backwards differential equation

—2' = Az + f, z(T) = zr

with terminal condition xr € X. By a simple time transformation t — T —t, it can be seen that
the unique mild solution is given by

T
x(t) =TT —t)er + /t T(s—1t)f(s)ds.

14
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We furthermore recall a well-known scaling argument, of which we will make use in the
sensitivity analysis. Whenever we refer to the solution of an abstract Cauchy problem, it is
meant in the sense of the mild solution, cf. Definition 2.6 i) resp. Definition 2.15.

Lemma 2.22. Let A generate a strongly continuous semigroup (T (t))i>0 on X, fi, fo € L1(0,T; X)
and xo,xp € X. Assume x1,z9 € C(0,T; X) solve the abstract Cauchy problems

xllelil‘{'fl? IEl(O):xO,
—$/2 = A*zy + fo, xg(T) = x7.
Then for any p € R :
i) T1(t) == e My (t) and To(t) := e Haq(t) solve

By = (A—p)T +e M fr, 71(0) = o,
—Th = (A+pl)*To + e M fy, To(T) = e .

ii) For all0<s<t<T,
(@1(t), 22(t)) — (21(s), 22(s)) = /:<<w2<7),f1(7)> = (fa(7), 21(7))) dr.
Proof. For i), we multiply the variation of constants formula for x(t) by e #* and get
F(t) =e M <T(t)x0 + /0 t T(t — s)fi(s) ds> = e 1T (t)xo + / t eTME=)T (£ — s)e ™1 f1(s) ds.

0

Moreover, if a semigroup (7 (t)):>o has generator A, the scaled semigroup (e T (t))¢>0 has
generator A — pl [44, p.60] with the same domain as A, as the domain does not change under
bounded perturbations, cf. [44, Chapter III]. The result for Z, follows analogously. For ii), see
[95, Proposition 5.7]. O

2.1.3 Optimal control with bounded control and observation

In this part, we will consider the case of optimal control of dynamics governed by the generator
of a strongly continuous semigroup. Two further ingredients will come into play: On the one
hand an input operator B, which allows us to influence the dynamics via, e.g., actuators, and
on the other hand an output operator C, that could model, e.g., sensors.

Problem 2.23.

1 T
min 2/0 1O (@(t) = za)I + [ R(u(t) — ua(®)|7 dt

s.t. ' = Az + Bu + f,

o0 —ne (2.3)

with the following standing assumptions:

15
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i) T >0 is a fizred time horizon,

it) X is a real Hilbert space and A: D(A) C X — X is a (possibly unbounded) generator of a
strongly continuous semigroup (T (t))e=0 on X, f € L1(0,T;X) and zp € X,

iii) U is a real Hilbert space with scalar product (-, )y and induced norm || - ||lu, B € L(U, X),
Uq € LQ(Oa T7 U)7

w) R € L(U,U) with |Rul|? > a|lul|} for o >0 and all u € U,

v) Y is a real Hilbert space with scalar product (-,-)y and induced norm || - ||y, C € L(X,Y),
24 € Lo(0,T; X).

Theorem 2.24 (Existence of optimal solution and optimality conditions). There ezists a unique
minimizer (z,u) € C(0,T;X) x La(0,T;U) to Problem 2.23. Further, there is an adjoint state
A€ C(0,T;X) such that
C*Cx — N — A*\ = C*Cxy,
R*Ru— B*\ = R*Ruy, (2.4)
2 — Az — Bu = f,

MT) =0 and z(0) = xy. The second equation is to be understood in U* =2 U for a.e. t € [0,T]
and the first and third in a mild sense along [0,T].

Proof. First, observe that the control-to-state map S: Ly(0,7;U) — C(0,T; X) is given by

t
z(t) = (Su)(t) := T (t)xo —i—/ T(t —s)(Bu(s) + f(s))ds. (2.5)
0
Inserting this into the cost functional yields the reduced cost functional
1 (T
J(u) = 2/0 IC((Su)(t) = za)F + [ R(u(t) — ua(t))|[ dt,

where J: Ly(0,7;U) — R is radially unbounded, i.e., J(u) — oo if ||ul|p,0,rv) — oo due to
|Rully > allu||ly Yu € U, cf. Assumption iv) in Problem 2.23. By standard arguments, this
yields the existence of an optimal control, cf. [138, Theorem 2.14]. In order to derive optimality
conditions, we take the derivative of J at the optimal control u € L9(0,7;U) in direction
du € Ly(0,T;U):

T t
J (u)du = /0 (C((Su)(t) — xq(t)), C(/ T(t — s)Bou(s)ds))y + (R(u(t) — ua(t)), Rou(t))y dt.
The adjoint of L5u fo (t — s)Bdu(s) ds as a mapping from L9(0,T;U) to La(0,T; X) is

given by (L*d) ft B*T* (s — t)d(s) ds, cf. [90, Section 0.4]. Further, requiring J'(u)du =0
for all ou € LQ(O T;U) yields

T T
/0 ( /t BT*(s — )C*C((Su)(s) — za(s)) ds, Su(t))y + (R* R(u(t) — ua(t)), su(t))y di = 0.
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As this equation needs to be fulfilled for all du(t) € La(0,T;U), we get
T
B* / T (s —t)C*C((Su)(s) — za(s))ds + R*R(u(t) — uq(t)) =0
t

for a.e. t € [0,T]. Defining A(t) = —ftT T*(s — t)C*C((Su)(s) — za(s)) ds together with (2.5)
yields the system (2.4). O

Remark 2.25. A different and more involved proof of existence of a solution and optimality
conditions for bounded control and observation in a nonlinear setting is given in [95, Chapter
3 and 4J. However, in this linear-quadratic setting, we presented a simpler proof, as this yields
the possibility to be extended to the unbounded control case, cf. the discussion in Remark 2.44.

In order to simplify notation and for a clear presentation, we will rewrite the optimality
system as a linear operator equation.

Definition 2.26 (Time evaluation operator). Fort € [0,T], we define a linear bounded operator
E,:C0,T;X) = X by Eyw :=x(t) forz e C(0,T;X).

Defining Q := R*R and eliminating the control via the second equation with u = Q™' B* A\ 4-uq
leads to the linear system of equations

crCc -4 A C*Czq
0 ET x 0
— . 2.6
4 _ A -BQ'B* ()\) Bug + f (26)
Ey 0 o
=M

The operator M corresponds to the two abstract inhomogeneous evolution equations (2.4) with
initial and terminal condition after elimination of the control, i.e., the adjoint equation in the
first two rows and the state equation in the last two rows, and allows for a brief notation. The
solution operator of this system, which we denote by M ~!, maps initial values and source terms
for the state and the adjoint equation to the solution. A central question in the following will
be the dependence of the norm of M~! on the time 7. Here we recall Remark 2.14, where we
observed that for strongly continuous semigroups the solution operator has an T-independent
bound as operator from X to L,(0,7;X) with 1 < p < oo if and only if the semigroup is
exponentially stable. In the optimal control setting, instead of assuming exponential stability of
the strongly continuous semigroup generated by A, a weaker notion, namely stabilizability and
detectability of (A, B) resp. (A, C) will suffice to derive T-independent bounds for the solution
operator M~

2.2 The case of bounded control and observation

This section is split up into three major parts. The first two subsections give two preliminary
results, the first stating that perturbations of the right hand side stay local in time, whereas the
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second yields an exponential turnpike result. They are preliminary in the sense that they include
assumptions on T-independent bounds on M ~! as defined in (2.6). Under a stabilizability and
detectability assumption, these bounds will be derived in the third part of this section.

2.2.1 An abstract exponential sensitivity result

We will refer to the solution (z,\) € C(0,T; X)? of (2.6) as the ezact solution and assume that
there is a second pair of variables (Z,\) € C(0,T; X)? that satisfies the perturbed system

crCc -4 A C*Cxq €1
0 Er i 0 er

g 2.7

4 A -BQ'B* (A) Bug+f| " | e (2.7)
Ey 0 Zo €0

for perturbations (e1,e2) € L1(0,T; X)? and (eg,e7) € X2. The solution (Z, ) will be referred
to as the perturbed solution. The terms €1 and e are perturbations of the dynamics which
could be caused by discretization errors in time or space over the time interval [0,T], whereas
g9 and er resemble perturbations from space discretization errors in the initial and terminal
datum, respectively. The question we want to answer is the following: How does (g9, er) and
the behavior of the perturbation of the dynamics £; and &9 over time influence the temporal
behavior of 6z := & — x and 6\ := XA — A\? To answer this question, we subtract (2.6) from (2.7)
and conclude by linearity

cc -4 A €1
0 ET ox i er .

4_ 4 —BQ'B* <5)\> HEY (28)
EO 0 o

Directly from the solvability of the extremal equations, one would obtain the estimates

| (d, 5/\)\\0(0,7’;)()2 < CHEH(L1(O,T;X)><X)27
(6, OM) ||, 0.1:x)2 < cllell(zy0,7:x)xx)2+

for any 1 < p < oo, meaning the absolute error will be small if the perturbation is small.
However, there are two downsides of this estimate. First, we do not know how the constant
¢ > 0 depends on T and second, motivated by the particular application to MPC, we would
like (€1,e2) to be increasing towards 7', modeling grids that coarsen up exponentially. In that
case, this estimate would yield no useful information. It turns out that the key towards deriving
local-in-time estimates for the absolute error (dz,d\) is a scaling argument combined with 7-
independent bounds on the solution operator M !, as stated in the following theorem.

Theorem 2.27. Let (6z,0)\) € C(0,T; X)? solve (2.8), where e1,62 € L1(0,T; X) and £g,e1 €

X. Moreover, let bu = Q 'B*6\. Assume the solution operator’s norms

1M 7 12 (0.7 % X)2,0(0.7:X)2) IM 7 (L (0.7 % X)2,C(0.7:X)2) (2.9)

1M 7 (2 (0.7 % X)2,L0 (0.7:)2) M 7 (L (0.7:X) % X)2 L (0.7:X)2)
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can be bounded independently of T'. Then there is a scaling factor p > 0 satisfying
1

M1 ”L((LQ(O,T;X)XX)Z,LQ (0,7:X)2)

<

and a constant ¢ > 0, both independent of T, such that, defining
pi=|le™er(®)]|g + le™ er|| + [leea()]| s + leoll

for S:=Li(0,T;X) or S := Ly(0,T; X), we have

||€7“t5$(t)HL2(0,T;X) + HeimM(t)Hbz((%T;X) < < (2.10)
He_“t<5u(t)HL2(0,T;U) s cp
and
le™ 0zl corx) + e 0AD o) < P (2.11)
Hé’_“t5u HLOO o0,r50) < P

Proof. For 1 > 0 arbitrary we introduce scaled variables &E(t) = e Hox(t), E\X(t) = e HEIN(1),
1(t) := e Mgy (t) and £2(t) := e Hleo(t) and apply Lemma 2.22 i). This yields

crc -4 - A 0 —I N e Mley
0 Er 0 0 ox e Ter
2. | =
( 8) <~ % — A _BQ—lB* + 2 I 0 <5}\> e_Mt62
Ey 0 0 O €0
=:P

Introducing 7 := (5.%‘, 6)\> and £ := (e Mgy, e Tep, e Mey, g0), we compute
(M +puP)Z=2 = ([I+pPM YMZ=¢ = Z=M'(I+pPMYH 1z (212

Next, we expand (I +uPM~1)~! into a Neumann series, cf. [85, Theorem 2.14]. In the following,
denote E = (L2(0,T;X) x X)2. While the previous computation is valid for all u € R, we
now choose p > 0 small enough such that g := ,LL||M_1||L(E’L2(07T;X)2) < 1. By assumption,
HM*1||L(E’L2(O7T;X)2) is bounded independently of T', so we can choose p > 0 independently of
T. Since ) <1, it follows that ||uPM ™! g e < B < 1. A Neumann series
expansion of (I + pPM~1)7! yields

[e.e]

(1 + uPM Y)Yy < ) I((wPM Y e Zﬁ’ (2.13)
=0

Hence, we obtain the desired Lo-estimate on state and adjoint for the case S = L2(0,7T; X):
HEH%Q(O,T;X) <M Y peLorxll+pPM ) e mlEle
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To prove the remaining pointwise estimates or the case S = L1(0,7; X), we use the following
alternative representation, which can be verified by premultiplication with (I + pPM™!):

(I4+puPM Yt =1— T+ pPM Y uPM—L.
Now, we estimate the operator norm for Z = C(0,T; X)? or Z = Ls(0,T; X)? via
(M~ + pPM Y psxx)zz) = (M7= M7+ pPM™Y) ™ uPM | sxx)2,2)

< [IM M psxxzz) + 1M o,z 1T+ pPM )7 e m) [0PM 7 sxx)2,m)
wlI M L, 2) M I L s x02, Lo (0,7:)2)

1-p5
using || P||5(zy0,7,x)2,) < 1 and (2.13). Thus, by (2.12) it follows with taking norms that

< [IM Ml psxxy2.z) +

MM o,z |M L% x)2,La0,7:X)2)

1]z < <||M_1||L((S><X)2,Z) + ) Ellsz,  (2.14)

1-p
for Z = C(0,T;X)? or Z = Ly(0,T; X)?. Using the assumption on the T-independent bound
on the operator norms and the definition p := [|€]|(gx x)2, we obtain the result for the state and

the adjoint by going back to the original variables via 2 = (e #'dz, e #'6\). For the control, we
conclude

le " u() | Lo0.0) = lle Q™ B*6A| 1y 0.7.07) < ||Q_1B*||L(X,U)HB\)‘/HLQ(O,T;X) < cp,

! (2.15)
le=#su(t)|lv = [le Q" B*oA®)|lv < QB l|rcx.on loA®) | < cp

for a.e. t € [0,T], where we used the bound on [|e™# A/, 7,x) and [le #dX||c(o.r;,x) and the
fact that B and @ are local in time. This yields (2.10) and (2.11). O

Remark 2.28. We will briefly comment on the Neumann series occurring in (2.13). The
operator (I + uPM~1)~1 can be represented by its Neumann series, i.e., (I + uPM~1)"! =
S 2o (—uPM =Yk see [85, Theorem 2.14]. We provide an illustration for the summand for
k=2, ie, (uWPM~1)? = uPM~'uPM~'. The application of this operator can be interpreted
as the following. M~ solves the corresponding Cauchy problems with right hand side including
initial and terminal condition. Afterwards, the operator uP maps the solutions to source terms
scaled by p, i.e., uP(6x,0\) = (—udN,0, uéx,0). This right hand side then enters M—' again,
the Cauchy problems are solved with zero initial data and source terms —ud\ and pdx and the
process s repeated.

The crucial assumption in Theorem 2.27 is that the operator norms in (2.9) can be bounded
independently of T'. This ensures that the scaling factor and the constants in the upper bound
do not deteriorate for T' — oo. In Section 2.2.3, we will show that these T-independent bounds
can be derived if the dynamics are exponentially stabilizable and detectable. It will turn out
that all bounds in (2.9) can be shown simultaneously. Yet before, we will present another
scaling theorem which, again under T-independent boundedness of M ~!, provides an exponential
turnpike property. The approach will be very closely connected to the proof of Theorem 2.27.
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2.2.2 An exponential turnpike result

In this section, we modify the scaling approach employed in Theorem 2.27 to deduce a turnpike
result for the optimal solution of Problem 2.23 and the corresponding adjoint state. In the case
of optimal control problems governed by general evolution equations in Hilbert spaces, turnpike
theorems were given for dynamics governed by a strongly continuous semigroup with bounded
control and observation operators as well as for boundary controlled parabolic equations in
[135]. We give an alternative proof for the case of bounded control and observation that can be
generalized to unbounded control or observation, see Section 2.3, and a terminal condition on the
state, see Section 2.4. First, we introduce the steady state optimization problem corresponding
to Problem 2.23. To this end, we assume that x4, ug and f are independent of time, i.e.,
Tg=Tq € X, ug=1g € U and f = f € X. The steady state control problem then reads

1

. L Lo,
min 5\\C(ﬂf—xd)\@/+QIIR(U—Ud)IP

v (2.16)

st. —Az —Bu=f.
We tacitly assume that A is continuously invertible to ensure the existence of a control-to-state
map. In the case of parabolic PDEs where A is a differential operator of second order, this could,
e.g., be achieved by assuming coercivity of the bilinear form induced by A via the Lax-Milgram
lemma. By coercivity of R, cf. Problem 2.23 iv), the problem is convex and (,\) solves the
corresponding necessary and sufficient first-order conditions

c*C —A* T\ [ C*Czq
(—A —BQ—lB*> <)\> - <Bud+f> ’ (2.17)

where Q = R*R and where we eliminated the control via @ = Q™' B*\ + 4.

Lemma 2.29. Let (x,u,)\) solve Problem 2.23 with f = 0. Moreover, let (Z,u,)\) solve the
corresponding steady state problem (2.16). Then (6x,0)) := (x — T, A — \) solves

crCc -4 A 0
0 ET ox o —5\

£—A —-BQ7'B* <5)\> I U (2.18)
Ey 0 ro— T

where Su :=u — 1 = Q" B*6\ and E; for t € [0,T] is defined in Definition 2.26.

Proof. Using (2.17) and %i‘ = %5\ = 0 yields that (z, \) satisfies

cc -4 A C*CZq
0 Er (x) A
o T RO 2.19
4 A —BQ'B*| \\ Big + f (2.19)
Ey 0 T
We conclude the result by subtracting (2.19) from (2.6). O
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2.2. THE CASE OF BOUNDED CONTROL AND OBSERVATION

Theorem 2.30. Let (x,u, \) solve Problem 2.23 and let (T, 1, \) solve the corresponding steady
state problem (2.16). Assume the solution operator’s norms

IM 7 (o010 % x02.007:x)2)  and M7 L(1a(0.7:) % X)2,L(0.7:)2) (2.20)

can be bounded independently of T. Then, defining (6x,du, ) = (x — T,u — u, A — \), there
exist a scaling factor p > 0 satisfying

1

M = L((La0,7:5) % X)2, Lo (0,7:X)2)

and a constant ¢ > 0, both independent of T, such that

P i—u(Tft) 0x(t) Lorx) | e+ i*u(Tft) ou(?) L3(0,T30) (2.21)
+ e—Ht i*M(T*t) OA(t) L2(0,T:X) = (”330 el HXH) , |

e—ht 1 i—u(T t) dx(t) corx) e+ ifﬂ(T*t) ou(t) Leo(0,T5U) (2.22)
N W@A@ vomy 56 (lzo — Il + A -

Proof. We proceed similarly to the proof of Theorem 2.27 and introduce a scaling factor

0 1 and scaled variables 6z = —— L 5z and 6\ :
SHs M= L (L 0.7330) % )2, Lo 0.7:)2) e ktpemm(T=1)
1

W6A7 and Compute

c*C -4 - A 0 F N 0
0 Er 0 0 ox 1 -
2.18 > =
(2.18) % - A -BQ'B* t# —F 0 (5/\> 14+ e #T 0
Ey 0 0 O ro— T
=M =:P
where F' := % and the factor —L_+ arises due to the scaling of the initial values.

The proof for the estimate of the state and the adjoint 1n (2.21) and (2.22) is analogous to the

one of Theorem 2.27. Defining Z := (535 5)\) and 7 := 1+e ——(0, =X, 0,70 — ), we get

(M +uP)z=7% = ([I+pPM YWMz=7 = ZzZ=M'IT+pPM Y7  (2.23)

We observe that || F|| (L, (0.1,x),L,(0.1;,x)) < 1 and thus [ P|[1(z,0,7,x)2,(L,(0.7:x)x x)2) < 1. Thus,
as in the proof of Theorem 2.27, by a standard Neumann series argument, cf. [85, Theorem
2.14] and by choosing p such that g := MHMAHL((LQ(O,T;X)xX)2,L2(0,T;X)2) < 1, the mapping
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(I + uPM~1) is continuously invertible. Therefore, using the Neumann series representation of
(I + pPM~1)~! yields that

(I + P M) " (L 0,73 % X2, (L2 (0,7:X) x X)2)

o oy <1 (2.24)
< Z [(uPM™) | L((£2(0,7:) x X)2,(La (0,T:X) x X)2) < Zﬁ 15
=0 =0
Hence, we conclude with (2.23) and (2.24)
- 1M M L2 (0.7:X) x X)2,La(015X)2) -
12l aco,rxp2 < R T e 4 DA SIRR
(2.25)

3 M Li(ra07:)x X)2,0001:%)2) |, -
12]lc0,m;x)2 < - 17l (Lo 0,7:) % )2

Finally, [|7(|(z,0,7;x)xx)2 < 7o — Z|| + H;\H and going back to the original variables yields the

result for the state and adjoint. We set du := du and from boundedness of B, we

1
e_NtJ,»e_#(T_t)

compute
15l 00 = || g @ B 0N
et ek La(0,T3U)
<O B |, oA Ly r:x) < €llFll a3 % x)2 (2.26)
lsu®)lly = || — +2_M(T_t) QlB*SX(t)H
<1Q7'B* | XD < ellllraomx)xe  for ae t €[0,7],
which completes the estimate (2.22). O

We give a short interpretation of the two estimates given in Theorem 2.30. For the first
inequality (2.21) consider a fixed € € (0, 3). For t € [eT, (1 —¢)T] and if T — oo, the two scaling
terms e and e *(T—1) approach zero exponentially fast and we estimate

1 1 1
> = .
e—Ht L e=m(T—t) = g—pel 4 o—p(T—(1-2)T) 2e—HeT

Hence, e.g., for the difference of state x and its turnpike Zz,

T 2 (1-e)T 2 1 (1-e)T
/ dt > / dt > / |z(t) — z|* dt
0 eT eT

— fe—2peT
which, using (2.21) of Theorem 2.30, implies that

x(t) — %
e Mt e—m(T-1)

x(t) — %
e~ Mt e—m(T-1)

(1—-e)T S
/ |z(t) — z||*dt < ce2meT (on — | + H)\H) )
eT
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Proceeding analogously for the adjoint and the control, we get
||SU - EHLQ(ST,(I—E)T;X)7 HU - IELHLQ(ET,(I—E)T;U)’ H)‘ o 5\HLg(z-:T,(lfz-:)T;X) —0 if T — oo

i.e., L2(0,T; X )-convergence on a part I. = [T, (1 — )T of the whole time interval [0,T]. The
convergence rate is exponential and the size of I. grows linearly in 7', as its length is (1 — 2¢)T.
Hence, the share of I. of the whole interval is constant because (1 — 2¢)T/T = 1 — 2¢. Thus, on
a fixed percentage of the interval [0, 7], the state, the control and the adjoint converge to the
turnpike in the Lo norm, as the horizon 1" goes to infinity.

For the second inequality, i.e., (2.22), rewriting the pointwise estimate, we have

() — Z|| + [|A(t) = Al| < cle™# + ~H(T1)

for every ¢ € [0, T]. Therefore, if we fix ¢ € (0, ) and take the maximum over all ¢ € [T, (1—¢)T],
we get

lz = Zlloer,a—amx) + A = S‘HC(ET,(l—a)T;X) < 2ceT

The right hand side approaches zero exponentially fast as ' — co. Hence, for each € € (0, %),
we obtain uniform exponential convergence on the interval [¢T, (1 —)T] of x and A to  and A,
respectively, as T' — oo. Again, as (1—2¢)T'/T = (1—2¢), we conclude that on a fixed fraction of
the whole interval [0, T], the state and adjoint converge to the turnpike in the maximum norm.

Under the assumption of T-independent bounds on various solution operator’s norms, we
have deduced two results: First, we proved that perturbations of the right hand side stay local
in time, cf. Theorem 2.27 and second, we obtained a turnpike result, cf. Theorem 2.30. In
the following, we will show that these T-independent bounds indeed hold, provided that the

dynamics are stabilizable and detectable.

2.2.3 T-independent bounds for the solution operator

In this section, we will derive T-independent bounds on the norm of the solution operator M1,
which is a central assumption in the abstract scaling result of Theorem 2.27 and Theorem 2.30.
Since [0, 7] is bounded, we have the continuous embeddings

C(0,T; X) — Ly(0,T; X) < L1(0,T; X).
Hence, we may denote

[v]l1ve == min{HUHL1(O,T;X)7 HUHLQ(QT,X)}
for v € L1(0,T; X) (setting ||v||1,(0,1;x) = o0 if v & L2(0,T; X)), where

. 1
win {1, ol o0 < ollve < ol

Likewise, we write

[vl[2n00 = maX{HUHLz(O,T;X)v HUHC’(O,T;X)}a
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for v € C(0,T; X) satisfying
Illoorx) < Illznee < max {1, VT } [ollcrs).

We note that || - |20 induces an equivalent norm on C(0,7; X) where the constants in
the equivalence of norms deteriorate for T — oo. This is not the case for || - ||1v2, which does
not satisfy a triangle inequality. For brevity of notation, for z := (v1,v9) € L1(0,T; X)?, we
will write ||z||3,5 := [[v1]/29 + ||va]/3o. Similarly for z = (v1,v2) € C(0,T; X)? we abbreviate
1203000 = lV1l13r00 + [[V1][3000- In the following, ¢ > 0 denotes a generic constant and will be
renamed accordingly over the course of a proof. It is very important, however, that the constants
in the proofs will never depend on the horizon T'. Also, we tacitly use equivalence of norms in

R?%: max{|al, |b]} ~ \/]a|> + |b]2 ~ |a| + |b| for all a,b € R2.

We first present a Holder-like inequality for the notions introduced above.

Lemma 2.31. Let v € C(0,7; X) and w € L1(0,T;X). Then,

T
/0 (0(s),w(s)) ds < [o]}anoowllrve.
Proof.

T
/0 (0(s), w(s)) ds < min{||o]l ooz 00z, 10l a0 [0l Lo}

< min{|[vfl2ncol[wll L, (0,7:x) s [[0l[2n00 [0l Ly(0,7:) } < Ml0ll2n00][0]1v2-

The main result of this section will be a T-independent bound for

1M 7 (20 025X rva) % X)2ACOTX) Hlanoe)?) -

This implies all desired T-independent bounds required by Theorem 2.27 and Theorem 2.30. To
this end, consider the mild solution (z, \) of the system

crc -4 A I
0 Er x AT
= 2.2
£—A —-BQ7'B* (A) Iy (2.27)
EO 0 To

in [0, 7], where l1,1y € L1(0,T;X) and zg, \r € X are given. Again, we abbreviate z = M~ r
with z = (z, ) and r = (I3, A\, l2, T0)-

Next, we introduce the main assumption that ensures a T-independent bound. Recall from
Definition 2.12 that a strongly continuous semigroup (7 (¢)):>0 is called exponentially stable if
there exist M, pu > 0 such that ||7(t)||5x) < Me# for all t > 0.

Assumption 2.32.
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i) (A, Q) is exponentially detectable, i.e., there exists a feedback operator Ko € L(Y, X) such
that the semigroup generated by A* + C*K{, is exponentially stable.

ii) (A, B) is exponentially stabilizable, i.e., there exists a feedback operator Kg € L(X,U) such
that the strongly continuous semigroup generated by A+ BKp is exponentially stable.

By the norm identity of an operator and its adjoint, i.e., for a semigroup (7 (t))¢>o0, |7*(t)|| =
|7 (#)|l, detectability can equivalently be formulated by exponential stability of the semigroup
generated by A + KoC.

The assumption above relates to Remark 2.14, where a T-independent bound for the solution
operator of a Cauchy problem can be shown if (and only if) the underlying semigroup is expo-
nentially stable. In the case of optimal control, we are able to replace exponential stability by
mere stabilizability and detectability. This weaker assumption allows to include unstable or con-
servative systems, e.g., the undamped wave equation, where the corresponding (uncontrolled)
semigroup is a group of isometries, i.e., |T(¢)|| =1 for all t € R.

Using the stabilizability and detectability assumption, we first define suitable exponentially
stable test functions. The approach in Lemma 2.33 and Lemma 2.34 is inspired by the stability
estimates in [135, Lemma 2| and [113, Lemma 3.5].

Lemma 2.33. Consider x € C(0,T;X), t € [0,T] and let p € C(0,t; X) solve
= (A"+C"Ke)p  in [0,1],
p(t) = x(b),

where K}, is a stabilizing feedback for (A*,C*). Then, there are constants My, k, > 0 such that

for test functions v € La(0,t; X):
\// |lv(s)]|2e ke (t=5) ds. (2.29)

(2.28)

/| s)ds < ||z(t)

Additionally, consider A € C(0,T;X), t € [0,T] and let » € C(t,T; X) solve

' = (A+ BKg)y in [t, T,
Y(t) = A(t),

where Kp is a stabilizing feedback for (A, B). Then, there are constants My, ky, > 0 such that
for test functions v € Lo(t,T; X):

T M¢ T — s—t
/t |<v(s),w(s)>\dséHM&HM\/ / lo(s)|[2e ke ds, (2.31)

Proof. We will first prove (2.29). By exponential stability of the strongly continuous semigroup,
there exist M, k, > 0, such that

(2.30)

lo(s)]| < Mpe™® )| z(t)|  VO<s<t.
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Using this exponential stability, we get

t V(s S S t V(s S S x t V(s e_k‘P(t_S) S.
/0’< (), p(s))] d s/o lo(s) () ds < | <t>u/0 los) 1M, d

For v € Ly(0,t; X), the integral term can be estimated via:

t n .
/ lo(s) | Mpe =) ds = / lo(s) | Mpe™ £ . =505 g
0 0

¢ t
< \// [o(s)[[2M2e=Fe(t=9) ds~\// e—ko(t—5) ds .
0 0
< 1

NG

The estimate (2.31) follows analogously. O

By using ¢ and 1 from (2.28) and (2.30) as test functions for (2.27), respectively, we obtain
the following pointwise-in-time identities:

Lemma 2.34. Let (z,\) solve (2.27). If ¢ solves (2.28), then
IICU(t)HQZ/O<90(S),KCCJ/‘(S)H(R_*B*SD(S)’R_*B*)\(S)>U+<90(S),lz(8)>d8+<wo,¢(0)> (2.32)
for all 0 <t < T. If ¢ solves (2.30), then
T
||>\(t)||2=/t —(KpB*A(s), ¢(s)) = (Ca(s), Cp(s))y + (l(s), ¥ (s)) ds + (4(T), Ar) (2.33)

forall0 <t <T.

Proof. We begin with the proof of (2.32). Testing the state equation with ¢ solving (2.28),
integration over [0,¢] and integration by parts in the sense of Lemma 2.22 ii) on [0,¢] with
r1 =, fi = BQT'B*A+ 1y, 10 = ¢, and fo = C* K yields

{@(t), () = (£(0), p(0)) = /0 (p(s), BQT'B*X(s) + la(s)) — (C*Kgp(s), a(s)) ds.

Rearranging the terms, using the terminal condition ¢(¢) = z(t) and Q~! = (R*R)~! = R"'R™*,
we get

l(t)1? :/0 —(p(s), KoCu(s)) + (R B ¢(s), RB A(s))u + (#(s), l2(5)) ds + (0, ¢(0))-

Formula (2.33) follows analogously by testing the adjoint equation with v solving (2.30). O
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Based on (2.32) and (2.33), we will derive norm estimates for M~! as a mapping into
L2(0,7;X)? and C(0,T;X)?. While the latter turns out to be rather straightforward, the
Lo-estimate requires integrating (2.32) and (2.33) over [0,7]. The crucial observation is that
the integrals on the right hand side of (2.32) and (2.33) can be converted into convolutions
with exponentially decaying functions. This will allow us to derive an Lo-estimate without any
constants depending on the time T" with the help of the following general lemma:

Lemma 2.35. For w € L1(0,7;(0,00)), consider
t
hi(t) == / w(s)e e (=5) ds. where ky, >0,
0

T
ha(t) ::/ w(s)e F ) ds, where ky > 0.
t

Then, there is a constant ¢ > 0 independent of T', such that
hillz,0,r) < clwllp,or) fori=1,2 and1<p < oo.

Proof. Extending w by 0 from [0, 7] to R and defining g;(7) := e~*¢7 for 7 > 0 and g1(7) = 0
otherwise, we can write hy as the convolution

ha(t) = (g1 w)(t) = / g1t — s)w(s) ds

R
and apply Young’s inequality, cf. [147, Theorem 11.4.4] to obtain
1hallz, 0 = llgr * wllz, @) < il @l @ < clwl o

from HngLp(R) = ”efk“’tHLp(RjL) < ¢(ky). For hg, the estimate follows in the same way, setting
g2(1) = ek for 7 < 0 and 0 otherwise. =

Using these convolution estimates, we can conclude:

Lemma 2.36. Let Assumption 2.32 hold and let (z, X) solve (2.27). Then there exists a constant
¢ > 0 independent of T, such that

lolrse + IMBnse < € (IC2I3 020y + IR B AR om0y + Irhv) s (234)

where 1 = (I, Ar,l2,y0) and [[r|2, = 113z + IATI2 + 2y + ol

Proof. Our first step will be to derive an estimate for ||z(¢)|| from (2.32). By Lemma 2.33, we
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estimate the terms occurring in (2.32) as follows:

t M| Kellvx [ [
/0 [(KcCa(s), p(s))]ds < a(t)|— ) /0 |Cx(s) e ket=9)ds, (2.35)

NG

t M,|BR '
[ 1B, BBl ds < ool AT 00, f [k as,
0 /Qp 0
(2.36)
t M t
| ) plen s < e Ty [ e)e k- as, (2.37)
©

or alternatively that

/(lz(é’),w(é‘»dsé/ 112()[[le(s)] ds < Hw(t)HM@/ lEz(s)[le™ ") ds, (2.38)
0 0 0
and finally that

(0, 0(0)) < llwollllx(t)| Mpe ™" < |lzoll (1) ]| My v ehet. (2.39)

Now we substitute all estimates (2.35)-(2.39) into (2.32) while taking the minimum over (2.37)
and (2.38) and cancel ||z(t)|| on both sides. Taking squares on both sides and using the simple
inequality

(a+b+c+d)? <4(a®+ b+ +d?),

for a,b,c,d > 0, we obtain the following pointwise estimate for x:

t
lz(@)I* < c (/0 (IC2()IF + IR BA(s)lI)e ™= dt + ||| Pe "

t t 2
—i—cmin{/ lla(s)|2e =) g, (/ ng(s)He_k“’(t_s)ds) }
0 0

To derive an estimate for HxH%(O 7,x)» We estimate all exponential functions by 1, extend the
domains of integration from [0, ¢] to [0, 7], and take the maximum over all ¢t € [0, 7]

(2.40)

||fU”20(o,T;X) < (2.41)

c(IC2 13 02wy + 1B B A 0.1, + min{ 2l 0.2, W2, o0} + wol?).
Similarly via (2.33) we get:

INIE07;x) < (2.42)

e(IC12 0y + IR B M, 0.1, + min{ a0 7)0 1113 0200} + IATI?)-
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To derive an estimate for ||wH%2(0 7.x)» We have to integrate (2.40) over [0, T] and apply Lemma 2.35

to the integral terms in (2.40). Setting w(s) := ||l2(s)||? in Lemma 2.35, we obtain

t
() = / s (s) |29 ds
0
and we conclude that
T t 2 ko (t 2
/0 /0 lia(s) |26~ ds dt = [ha |y orm) < ellwll oz = ellall?, 05

with Lemma 2.35 and similarly that

T t
/ / (IC2()IZ + IR B ()3 )e - ds di
0 0
< ¢ (IC26) 3 00) + 1B B NG 001
If we set w(s) := ||la(s)|| Lemma 2.35, then
t
ha(t) = / la(s)lle™*#=) ds,
0

and we obtain that
2

T t
/ ( / le(s)He’““"‘”)> dsdt = M2, 07 < clwl?, o = clbl2, o).

This yields the desired Lo-estimate:

||33”%2(0,T;X) <
2 —x % 2 : 2 2 2 (243)
c (ch”Lg(O,T;Y) + R B A(S)||1,0,m0) + min{|[l2l|7, 0,7:x): 2112, 07,0} + [[zoll ) -
In the same way we compute
N7 0730) <
(2.44)

¢ (1017 0m0) + 1B BX) om0y + mindI0 10 7,000 111, om0} + A7)

Now, we take the maximum of (2.41) and (2.43) and add it to the maximum of (2.42) and
(2.44). Using the definition

HngAoo = maX{HUH%Q(o,T;X), HU”%‘(O,T;X)}v HwH%vz = min{Hw”%l(O,T;X)v |’wH%2(o,T;X)}a
our result follows. I

The first two terms on the right hand side of (2.34) still depend on the state and the adjoint.

We therefore present the following representation formula, motivated by [135, Proof of Theorem
1].
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Lemma 2.37. Let (z,\) solve (2.27). Then
”0x||%,2(0,T;Y)+HR_*B*)‘”%Q(O,T;U)
= —(Ar, 2(T)) + {x0, M0)) + /0T<l2(8), A(s)) = (l1(s), z(s)) ds (2.45)
< ¢ (Al (D) + ol AN + ll2llivalMl2ace + ([T l[1vallzll2nce) -

Proof. We apply Lemma 2.22 ii) to the state and adjoint equation, which yields

T
(A, z(T)) = (0, A(0)) :/0 (I2(5), A(5)) = {la(s), 2(5)) = |Cx(s)I3 — | R B*A(s)|{; ds.
Rearranging the terms and the Cauchy-Schwarz inequality yields the result. O

Theorem 2.38. Let Assumption 2.32 hold. Then there is ¢ > 0 independent of T such that

1M 7 LG 05X 1v2) % X)2(COTX) [ laroe)?) < €

Proof. Consider z := (x,\) € C(0,T;X)? and 7 := (I3, A\r,l2,20) € (L1(0,T;X) x X)? that
satisfy (2.27). Thus, as shown in Lemma 2.36, the estimate (2.34) applies. We substitute (2.45)
into (2.34) and apply the Holder-like inequality of Lemma 2.31 to the integral terms to obtain
that

12l15A00 = lZl5n00 + IAlI3700
< e ([IMlllz(T) + lzolllIAO) + [l2llivallXll2nce + 1 llvallzlzace + [7[I7ve)
< c (Ml + Iallwv2) lzll2nce + (ol + li2llva) [ AMl2nce + [I7117va)
<c

(Irllvalizllznce + lIrlive) -

The application of the simple estimate c||r|[1ve|z]l2ace < 2(2[I7[122 + 12[3100) implies the
estimate
1M~ 7ll2n00 = ll2ll2n00 < cllrllive

and hence the desired result. O

2.3 The case of unbounded control or observation

In this section, we extend the results of Section 2.2 to the case of a control operator B that is
unbounded as a mapping into X but admissible for the strongly continuous semigroup generated
by A in the sense of [139, Chapter 4]. The reader is referred to [139] for an in-depth introduction
to this topic. An unbounded control operator often arises in the case of boundary control. As
a consequence, the operator norm ||B|| @ x) = |B*||r(x,v) is no longer finite. Additionally,
we will allow for a state feedback operator Kp in Assumption 2.32 that is unbounded but
admissible. Inspection of the proofs in Sections 2.2.1 and 2.2.3 yields that norms of the control
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resp. observation operator are only used in inequality (2.36) and the dual version of (2.35).
In addition, the estimate of the control in Theorem 2.27 is performed via R*Ru = B*)\ using
|B*|| (x,py in (2.15). All remaining estimates and constants do not involve norms of B or Kp.

The goal of this section is to replace boundedness of B and the feedback operator Kp in
Assumption 2.32 by a weaker property, which is known as admissibility while maintaining the
stability result of Lemma 2.36. Our strategy of proof will be to show surrogates for (2.36)
and the dual version of (2.35) involving Kp that allow us to generalize our main results to
the case of admissible control and feedback operators. All further steps of the proofs remain
unchanged. The sensitivity results in Theorem 2.27 for the state and adjoint directly carry over
as stated in Theorem 2.48, whereas the estimate for the control in the proof of Theorem 2.27
involves the norm of the control operator. We therefore modify the proof to obtain the results in
Theorem 2.48 below. However, we only obtain an integral estimate but no uniform estimate of
the control in Theorem 2.27. This is the only price to pay for going from bounded to unbounded
but admissible control operators.

2.3.1 Well-posed linear systems and admissibility

We recall the definition of admissible control and observation operators. Let A: D(A) C X — X
be the generator of a strongly continuous semigroup (7 (¢)):>0 on X. Moreover, let A* be the
adjoint operator of A with domain D(A*). Let X; be D(A) equipped with the norm || - ||; :=
|(BI — A) - || for 5 € p(A), where p(A) := {8 € C|BI — A is continuously invertible and (81 —
A)~!t € L(X)} is the resolvent set of A as defined in Definition 2.8. Second, again for 3 € p(A),

we define X_; to be the completion of X with respect to the norm | - ||-1 := H(ﬁ[ - A)_l-H.
We note that the norms || - ||; for different 5 are equivalent, see [139, Proposition 2.10.1], and
the same also holds true for || - ||—1, see [139, Proposition 2.10.2]. Furthermore, by, e.g., [139,

Proposition 2.10.4], the strongly continuous semigroup (7 (¢)):>0 can be extended to a strongly
continuous semigroup on X_j, which we will denote by the same symbol (7 (¢))>0.

Definition 2.39. ([139, Definition 4.2.1, Definition 4.3.1])

i) B € L(U,X_1) is called an admissible control operator for the strongly continuous semi-
group (T (t))i>o if for some 7> 0, ran®, C X, where

O u = /0 T(r — s)Bu(s)ds

foruw € La(0,00;U).

it) C € L(X1,Y) is called an admissible observation operator for the strongly continuous semi-
group (T (t))e>o if for some ™ >0, ¥, € L(X1,L2(0,00,Y)) has a continuous extension to
X, where

CT(t)zo fort € |0,7]
0 fort>rT

(W, 20)(1) = {
for zg € X1.
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Note that if i) and ii) in Definition 2.39 are satisfied for one 7 > 0, they hold for all 7 > 0,
see [139, Proposition 4.2.2, Proposition 4.3.2].

We briefly recall some properties of admissible control operators that will be important in
the remainder of this section.

Proposition 2.40. Let B be an admissible control operator for the strongly continuous semi-
group (T (t))i>0. Then,

i) B* is an admissible observation operator for the adjoint semigroup (T*(t))t>0-

ii) For allt >0 and z(t) € D(A*), there exists a constant K; > 0 such that

/0 IBT(t — $)a(t)|[3 ds < K2[x(0)]. (2.46)

iii) If (T*(t))i>0 is exponentially stable, the constant K; can be chosen independently of t.

Proof. Part i) follows from the duality result [139, Theorem 4.4.3]. For ii), see [139, Definition
4.3.1]. The fact that the bound can be chosen independently of ¢, as stated in iii), follows from
[139, Remark 4.3.5]. O

Remark 2.41. We briefly comment on the inequality (2.46).

e As the norm in the upper bound is the norm in X, this estimate can be extended to all
x(t) € X by density of D(A*) in X.

o A very prominent example, where an estimate like (2.46) holds for an unbounded control
operator is in the case of the wave equation with B* = 8% = (V-,v), where v is the outer
unit normal, cf. [139, Section 7.1]. This feature is often referred to as hidden reqularity.
It can be shown that the estimate (2.46) holds for solutions of the wave equation even for
initial displacements in H}(Q) and U = Lo(9SY). This is not obvious, as due to the lack of
a smoothing property of the wave equation, the displacements are in H&(Q) for every time
point and B* is not bounded from H}(Q) to La(0Q). For a proof of this hidden regularity

property, the reader is referred to [89] or [139, Theorem 7.1.5].

In addition to the concept of admissible control and observation operators, we will make use
of the notion of well-posed linear systems, for which certain desirable properties hold. Besides
continuity of the state trajectory, these systems enjoy boundedness of input-to-state, state-to-
output and input-to-output maps, as partly defined in Definition 2.39, although the generating
operators can be unbounded. For an in-depth treatment of this topic, the interested reader is
referred to the seminal papers [124, 125, 145], to the monograph [132], and the survey articles
[140, 146].

A possible approach of defining well-posed linear systems is to require particular properties of
the maps mentioned above, cf. [140, Definition 3.1], which is very similarly to the way strongly
continuous semigroups were introduced in Definition 2.1. In the context of well-posed linear
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systems these properties include, e.g., that the initial-value-to-state map is given by a strongly
continuous semigroup, that the state does not depend on the future input and that the past
output does not depend on the future input, the latter two often being called causality. In
order to keep the presentation concise, the reader is referred to [140, Definition 3.1] for a precise
definition of the properties mentioned above. An important fact in our context is that the class
of operators (A, B, C) generating such well-posed linear systems are precisely characterized by
A generating a strongly continuous semigroup, admissibility of B and C with respect to the
strongly continuous semigroup, and a condition on the transfer function, assuring boundedness
of the input-output map, cf. [140, Proposition 4.9] and [132, Theorem 4.2.1, Theorem 4.4.2].

Proposition 2.42. (/140, Proposition 4.9])
A triple of operators (A, B, C) is well-posed on (U, X,Y") if and only if the following conditions
hold:

e A generates a strongly continuous semigroup (T (t))i>0 on X,
e B e L(U,X_1) is an admissible control operator for (T (t))i>0,
o C e L(X1,Y) is an admissible observation operator for (T (t))i>0,

e some (hence every) transfer function associated with (A, B,C) is proper,

where the transfer function is characterized by G(s1)—G(s2) = C ((s1] — A)™' — (s2l — A)™1) B
for every s1,s2 € {s € C|R(s) > wo(T)} and wo(T) is the type of the strongly continuous
semigroup, cf. Definition 2.10. An analytic function with a domain in some right half plane is
called proper if it is bounded on some right half plane [140, p.8].

The optimality conditions (2.6) are derived assuming boundedness of the control and obser-
vation operator. For specific cases, i.e., e.g., boundary controlled wave equations, optimality
conditions are given in, e.g., [96] using functional analytic methods. However, to the author’s
best knowledge, optimality conditions in the abstract setting with unbounded control and ob-
servation as presented here are not yet available. Thus, in the remainder, we will assume that
(z,u,\) solves the extremal equations, rather than that (z,u) solve the optimal control prob-
lem. Then, of course, the question of solvability of the extremal equation arises, i.e., existence
and uniqueness of solutions. The solution operators norm that we will derive in Theorem 2.47
implies that if a solution to the extremal equations exists, it is unique. The following theorem
gives a partial answer to the question of existence.

Theorem 2.43. Let (A, B,C) form a well-posed system and I resp. Q' be admissible feedback
* *
operators in the sense of [145, Definition 3.5]. Then the operator <CAC BQAIB*> in (2.6)

with domain D(A+ BKC), where

0 A* 0 c 0 B I 0
=)o ) e (e 0) e oh)

generates a strongly continuous semigroup on X x X.

34



CHAPTER 2. SENSITIVITY AND TURNPIKE ANALYSIS FOR LINEAR QUADRATIC
OPTIMAL CONTROL OF GENERAL EVOLUTION EQUATIONS

Proof. By the the well-posedness of (A4, B, C), it follows that (A, B,C) form a well-posed system
I 0

on X x X. Choosing the admissible feedback operator K = < 0 Q!

), the closed-loop system

(A+BKC,B,C) with A+BKC = (CAC BQXL}*B*> forms another well-posed system, cf. [132,
Theorem 7.1.2] or [145]. In particular, the operator A 4+ BKC generates a strongly continuous

0
C 0
by A+ BKC. O

*
semigroup and C = ( > is an admissible observation operator for the semigroup generated

Remark 2.44. Theorem 2.43 shows that, even in the unbounded setting, assuming a well-posed
system, the operator occurring in the extremal equations (2.27) generates a semigroup on X x X.
Howewver, it is not clear how this corresponds to solvability of a forward-backward systems of the

type

x'(t) 2 x(t) z(0)\ (o

N T\ A1)~ \\r )
here Ag = e - Th ' blem is the terminal condition \(T)) = Ap. O
where Aq = ( BO—B*) e main problem is the terminal condition = Ar. One

strategy for showing solvability could be to substitute p(t) = AT — t), which yields

(ir o) =2 Gay) Go)=(o):

where now the temporal argument has changed in the second equation. Moreover, even though
A generates a semigroup, the solutions are only defined for t € [0,T], not, as by the definition
of a semigroup, for t > 0.

Assumption 2.45. Let A generate a semigroup (T (t))t>0 on X, C € L(X,Y) and B €
L(U,X_1) be an admissible control operator for (T (t))i>0. Further, assume that

i) (A,C) is exponentially detectable, i.e., there exists Ko € L(Y,X) such that the semigroup
generated by A* + C* K[, is exponentially stable.

it) (A, B) is exponentially stabilizable, i.e., there exists Kp € L(Xy,U) such that

e (A, B, Kpg) is well-posed on (U, X,U) and
e A+ BKp with domain D(A + BKp) generates an exponentially stable semigroup.

Remark 2.46. In a similar fashion, one could allow for unbounded but admissible C and K¢
when assuming B and Kp to be bounded. The case where all of the operators C, B, Ko and
Kp are unbounded but admissible cannot be included in all generality. This is due to the non-
existence of perturbation results for this case, i.e., not every admissible observation operator C
for A is admissible for A+ BK if B is an unbounded but admissible control operator and K is an
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unbounded but admissible feedback operator. Mized perturbation results of this kind are a very
delicate matter and the reader is referred to [139, Proposition 5.5.2, Example 5.5.3, Proposition
10.1.10] and the discussion after [139, Corollary 5.5.1]. In particular, such a perturbation result
is obtained in the example in [139, Section 10.8]. Finally, for the particular case of K = LC
with L € L(Y,U), such perturbation results are established in [132, Theorem 7.1.2] or [145].

The strategy we will pursue in the following will be to apply the admissibility estimate of
Proposition 2.40 to ¢ and ¥ in Lemma 2.33. As the underlying semigroups in Lemma 2.33
are exponentially stable, we may apply the estimate (2.46) to the respective admissible control
operators with K; independent of . This will turn out to be an appropriate replacement for
assuming finiteness of || B*||1(x vy and || KBl|Lx,v)-

2.3.2 Scaling results and T-independent bounds

With the help of the concept of admissible operators as defined in the previous section, we now
present all necessary modifications of the proofs of Section 2.2 to the case of an unbounded but
admissible control and feedback operator.

Theorem 2.47. Consider M defined in (2.6) and let Assumption 2.45 hold. Then there is ¢ > 0
independent of T such that

1M M (L .70 rv2) X X)2(COT X 2noe)?) < €

Proof. As already noted, the only step in the proof of Theorem 2.38 where the operator norm of
B and Kp is needed, is the proof of (2.36) and (2.35) with their respective dual counterparts. It
is thus sufficient to show a modification of this inequality that circumvents this operator norm
estimate by using exponential stability of the test functions and the fact that B is an admissible
control operator. We will sketch the proof for the estimate (2.36) and the estimate including
Kp in the dual counterpart of (2.35) follows completely analogously.

Let ¢ solve (2.28), i.e., ¢(s) = T;(t — s)x(t), where (7;(t))i>0 is the strongly continuous
semigroup generated by (A* 4+ C*Kf). By assumption, B is an admissible control operator for
the semigroup generated by A and KoC € L(X, X). We obtain that B is an admissible control
operator for (A + KcC') by a perturbation result, cf. [139, Theorem 5.4.2]. Hence B* is an
admissible observation operator for the adjoint semigroup generated by (A + KcC)*. We show
that the critical estimate (2.36) still holds with different constants, which do not involve the
operator norm of B. First, a simple calculation using the fact that R~ is bounded from U to
U and applying the Cauchy-Schwarz inequality twice yields

U

t t 2
<o [[eenmemrgan [ 5t ea0] s
0 0

! —% % —% % ! —k—“’(t—s) —% % ki(t—)
/0|<R B*\(s),R B¢(3)>U]ds§c/0 e 2 IR B)\(S)HUHB*ez Sgp(s)” ds

(2.47)
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k
By the exponential stability || 7 (t—s)|| < Mye *¢(#=5) the scaled semigroup (e%(tfs)ﬂ‘f(t)) .
t=>

is still exponentially stable, cf. Definition 2.12. Hence we employ Proposition 2.40 ii) and iii)
and obtain

t % 2 t k 2
\//0 HB*e%(t—shp(s) ds = \//0 HB*e%@—smf(t—s)x(t)H ds < K||z(t)||

with K being independent of ¢. Inserting this into (2.47), we conclude that

/\ R B*\(s), R~ B(s)) | ds < clla(?) !\// e keI R BrA(s) | ds,

which yields the desired replacement for (2.36) with a different constant independent of the
norm of B. As the remaining results in Section 2.2.3, namely Lemma 2.36, Lemma 2.37 and
Theorem 2.38 do not hinge on boundedness, we can conclude the result analogously to the
bounded case. O

As a consequence of Theorem 2.47, the estimates in Theorem 2.27 also hold true in the case of
unbounded control and feedback operators with constants independent of the horizon T, except
for the uniform estimate for the control. This is the statement of the following theorem.

Theorem 2.48. Let Assumption 2.45 hold. Assume (6x,0)\) € C(0,T;X)? solve (2.8) with
€1,62 € L1(0,T; X). Let du = Q= B*6\. Then there is a scaling factor u > 0 satisfying

1

M= L((La(0,1:%) % X)2, Lo (0,7:X)2)

and a constant ¢ > 0, both independent of T, such that defining
pe= e e (@) + e~ exl + e es(o) + leol

for 8 = L1(0,T; X) or S := Ly(0,T; X), it holds that
e ot

)T l|le #oult) + |le Nt

+ He “té)\

)<Cp,

HLQ(O,TU HL2 0,7:X

e *ox(t)

)HLQ(O,T;X

< cp.

HC(D,TX Hc (0,T;X)

Proof. First, choosing u, such that ,uHM_lHL((L2(07T;X)XX)2,L2(O7T;X)2) < 1, by the same reason-
ing as in the proof of Theorem 2.27 we conclude the estimates for the state and adjoint
+ He_ ESN(t) < cp,

THESA(L)

He_“tém(t) HLQ(O,T X) HL2(0 T;X)

He_“téac(t) (2.48)

< cp,

HC(O,T;X) +|le HC(O T:X)
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with ¢, u > 0 independent of T" as the occurring operator ‘norms can be bounded independently
of T by Theorem 2.47. To estimate the control, we set dz(t) := e #dx(t), dA(t) := e " IA(t)
and du(t) := e M §u and compute that

. T N T N
18ull7, 0707y = /0 lo= B*ax)ll; dt < e /0 lesz@ly + IR=Bsx®l; dt.

Similarly to Lemma 2.37 we obtain that

T
]/ lcsz@)|” + |R— o)) at
0
o~ —~ o~ —~ T —~— o~ o~ —~
= (0x(T), 6A\(T)) — (62(0), <5A(0)>/O —(E1(1), 0x(t)) + (E2(t), OA(1)) — 2u(d2(t), OA(t)) dt

< (llE1]live + lle”Ter|| + lleoll + 2]l 1v2) (H%Hw\oo + HgXHQAoo) + QMHZSEHLQ(O,T;X)HaHLg(o,T;X)
2
cp?,

IA

where we used Lemma 2.22 ii) for the state and adjoint equation, with &;(t) = e~ #lg;(t), i = 1,2
and the Holder inequality of Lemma 2.31. In the last estimate we used the bounds on the scaled

right-hand side and the estimate on the state and the adjoint (2.48). Taking the square root
yields the result for the control. O

As a second consequence of the T-independent bound of Theorem 2.47, we obtain a general-
ization of the turnpike result of Theorem 2.30 to the case of unbounded control.

Theorem 2.49. Let Assumption 2.45 hold. Assume (x,u, \) solves (2.4). Moreover, let (Z,1, \)
solve the corresponding steady state problem (2.16) and set (6, 0u,0N) i= (v — T, u — U, A — \).
Then, there exist p satisfying 0 < p <

independent of T', such that

27T and a constant ¢ > 0, both
[ HL((LQ(O,T,X)><X)2,L2(O,T,X)2)

1 1
dx(t) du(t)
e—#t + e—#(T—t) L(0,T;X) e_#t + e—N(T_t) L2(0.T5U)
1 ~ _
e—Ht 4 e—u(T—t) IA(t) La(0.T:X) ¢ (on -7+ H)‘H) )
1 1 - -
ekt + e—mT—t) ox(t) corx) leht +enT=t) OA(®) SOTX) ¢ (llzo =2 + [IA]]) -

Proof. Again, choosing u, such that g := /LHM_I”L((LQ(&T;X)XX)27L2(07T;X)2) < 1 and completely
analogous to the proof of Theorem 2.30, we conclude the estimates for state and adjoint, i.e.,
Wlth Z = W((SZU 5)\) we have

MM 4L (0,7:X) % X)2, Lo (0,7:X)2 )17

121l 2o 0,7:3)2 < (Lo 0,7:%)x X)25

1-5 (2.49)
3 M L((La(0,7:) % X)2,0(0.75X)2)
12l cgo,rx)2 < 1_3 (71l (Lo 0,7:x) x )2
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with 7 := 1+€#,NT(O, —X, 0,29 — ), cf. (2.25). The remainder of this proof consists of estimat-
ing the control to conclude (2. 21) To this end, we recall the approach taken in the proof of
Theorem 2.48, set du := du and obtain that

—ut+e u(T—t)

. T
H&m;mjﬂ,:/’qugmA H(h<c/"ucm;>»+HR*BmA ol da. (250

Again, similarly to Lemma 2.37, using Lemma 2.22 ii) for the scaled state and adjoint equation
of system, we obtain that

T . 2 — 2
/0 lcsz@)s + B axll}, at

—_— —~ —_— —_— T —_— —_— —_— —~
= (0x(T),dN(T)) — (d2(0),A(0)) + u/ (Fox(t),dA(t)) + (0x(t), FOA(t)) dt
0
< lsz@llllox)ll + llsz ) [Iex©) [ + 2ellozll 1, 0.7,3) I6M £ 0,7:x)
< (15l + 1551 (150 + IR + 1 (1521 e, + 153 r0)
(2.51)
where we used that || F| 1z, 0,7:x),0.(0,7;x)) < 1. In order to estimate the end time value of the
state and the initial value of the adjoint, we compute that
1

< ||M~ 1”L (L2(0,T:X)x X)2,0(0,T;X )2 (on —z| + H)\H)

l62:(1) ]| + llox(0)

162(T) [ + 10AO)]) < [l6xllc(o,rx) + [16Alcomix)

Inserting this into (2.51) and (2.50) and using the estimate for the state and adjoint (2.25), we
obtain that

—~ 2 _
H5UHL2(0,T;U) < C<”M_1”% L(0,T:X) x X)2,C(0,T;X)2) <||$0 —z|* + H)‘H2>

HM 1HL (L2(0,T;X)xX)2,L2(0,T;X = 3
o S T >>Mm—xW+Hw3)7

where taking the square root and using [L||M_1||L((L2(O7T;X)XX)27L2(07T;X)2) < 1 yields

[6ull Ly 010y < C<|M_lHL((LQ(O,T;X)XX)Q,C(O,T;X)Q)

M M L((La(0.75) % X)2, Lo (0,7 X)2
+ T 1) (o = ol + 13-

By Theorem 2.47 we obtain the T-independent bounds for the operator norms. Together with
(2.25), the estimate (2.21) follows. O
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2.4 The case of a terminal condition on the state

In this part, we will conclude another generalization of the approach taken in Section 2.2. More
specifically, in addition to the initial condition, we will allow for a terminal condition on the state
in Problem 2.23. In order to not hide the main ideas behind technical details, we will assume
bounded control and feedback operators and discuss the case of an unbounded but admissible
control operator in Remark 2.53. Intuitively, it is clear that in order to satisfy this constraint,
the set of prescribed terminal values needs to be reachable in the sense that there is a control
that steers the initial state to the specified terminal state. This concept is called controllability
and we will briefly introduce it in the following subsection.

2.4.1 Observability and controllability

For an overview of controllability and observability of finite dimensional systems the interested
reader is referred to the overview given in [83, Chapters 2-4] and [159, Chapter 2] or [130].
There exist many characterizations for controllability and observability, e.g., the Kalman rank
condition, the Hautus test or observability estimates. A very important property is the duality
of observability and controllability, similarly to the duality of detectability and stabilizability,
cf. Assumption 2.32 or Assumption 2.45. Some concepts and properties of a finite dimensional
setting carry over to an infinite dimensional setting; in particular, observability estimates or the
duality mentioned above remain a very useful tool in the study of controllability and observability
in infinite dimensions. However, as can be expected, there are some major differences in the
infinite dimensional setting. First, there are several different concepts of controllability resp.
observability, namely approximate and exact controllability resp. observability and additionally
the notion of null controllability. For linear, time reversible systems, null controllability and exact
controllability are equivalent, cf. [159, Remark 3.1 b)] or [139, Remark 6.1.2]. Moreover, other
than in finite dimensions, controllability resp. observability at some time t. > 0 does not imply
controllability resp. observability for all times ¢t > 0. The reader is referred to [34, 35, 139, 159]
for an in-depth introduction to controllability and observability of infinite dimensional systems.
For any 7 € [0, T, let us recall the input map ¢,: Lo(0,T;U) — X with

dru = /0 T (1 — s)Bu(s) ds,

as defined in Definition 2.39 i). In the following, we will assume (7 (¢)):>0 to always be the
semigroup generated by A: D(A) C X — X.

Definition 2.50. (Ezact and approzimate controllability) We call (A, B) exactly controllable in
time t. > 0 if ran¢,, = X. Similarly, we call (A, B) approzimately controllable in time t. if
ran ¢, = X.

It is clear that exact and approximate controllability coincide in finite dimensions. More-
over, it is obvious that exact controllability implies exponential stabilizability as defined in
Assumption 2.32. An important characterization of controllability is the following observability
inequality, which was proven first in the seminal paper [97] by the Hilbert Uniqueness Method.
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Theorem 2.51 ([35, Theorem 4.1.7]). (A, B) is exactly controllable in time t. > 0 if and only
if there is oy, > 0 such that

te
/0 IB*T*(s)zol% ds > ay, ||z’ Vo € X.
Using substitution in the previous estimate we immediately obtain that

T
/ IB*T*(T — s)Az|% ds > ar || Vs € X. (2.52)
T—tc

2.4.2 Scaling results and T-independent bounds

In this section, we discuss an extension of our result to optimal control problems with a condition
on the terminal state, i.e., adding a terminal condition z(7T") = 7y € X in Problem 2.23. In the
finite dimensional case, turnpike results for linear and nonlinear initial and terminal conditions
were proven in [136]. In the Hilbert space setting, this problem was discussed in [135, Section
2.6], where, however, the lack of invertibility of the Lyapunov operator prohibited the derivation
of a result for a terminal condition. To ensure existence of an optimal solution for arbitrary initial
and terminal data, we assume (A, B) to be exactly controllable in time ¢, where 0 < t. < T,
i.e., for any initial datum zg € X and terminal state z7 € X, we can find a control that drives
the state from zg to x7 in any time 7' > t.. This assumption excludes parabolic equations with
control that does not act on the whole domain. The assumption is, however, fulfilled by many
hyperbolic systems, cf. Section 2.5. For a discussion of controllability issues for PDEs, the reader
is referred to the overview article [159].

Another crucial point in deriving Pontryagin Maximum Principles for problems including
both initial and terminal conditions on the state in infinite dimensions is a codimensionality
condition of the reachable set in X, cf. [95, Chapter 4]. This assumption is automatically
satisfied if one assumes exact controllability, as the reachable set is the whole space X. For
bounded control and observation operators, the optimal solutions satisfy the dynamics (2.4)
with 2(0) = 29 and z(T) = 7, where no terminal condition on the adjoint is imposed [95,
Theorem 1.6]. Again, by eliminating the control, we obtain the extremal equations

crCc -4 A C*Czq
Er 0 T T
- : 2.53
4 _A —-BQ'B* ()\) Bug + f (2.58)
Eg 0 i)
T

We observe that in contrast to the initial condition on the state and the terminal condition on
the adjoint equation in (2.27), the system (2.53) is subject to an initial and terminal condition
on the state and no condition on the adjoint. As a consequence, the estimate presented in
Lemma 2.36 contains the unknown value A(7T'). In order to bound this unknown quantity by the
right hand side of (2.53), we will utilize the following observability estimate.

41



2.4. THE CASE OF A TERMINAL CONDITION ON THE STATE

Proposition 2.52. Let (x,\) € C(0,T; X)? solve

c*C -4 - A I
ET 0 <.CC> xrrT
= 2.54
4 A -BQ'B*| \\ Iy (2:54)
EO 0 o

and (A, B) be exactly controllable in time t.. Then there is ¢ > 0 independent of T', such that
2 T 2 2 2
IMD)II7 < C/T t IB"A($)ITr + ICz(s)lly + 11 (s) ]| ds.

Proof. The proof of this estimate is inspired by [113, Proof of Remark 2.1], where the finite
dimensional case is considered. We decompose A = A1 + Ao, where

=\ = A"\, M(T) = \NT),
—)\,2 = A"y — C*Czx + 14, )\Q(T) =0

and apply the observability estimate (2.52) to Ai(t) = T*(T' — t)\(T'), which yields
T

T
awMﬂWSAwHBWmM%MS/ 1B A2+ 1B Aa(s)|[? ds

and we conclude that

T T
/'HFM@%ﬁs/
T—te T—t.

T
< c(te) /T_t IC(s) I3 + 112 (s)|* ds.

2

ds

T
B*/ T*(r—s)(C*Cx(1) + li(1))dT ,

O]

Similar to [113, Proof of Remark 2.1], it is important that we use integrals over time periods
of length ., which yields the constants in the proof of Proposition 2.52, in particular oy, and
c(t.), independent of T'.

Having derived the desired estimate for the terminal state on the adjoint, we briefly comment
on a possible extension to the unbounded case.

Remark 2.53. Controllability or observability with an unbounded but admissible control resp.
observation operator is discussed in, e.q., [34, Chapter 2] or [139, Chapter 6]. In that context,
(2.52) is required for all xg € D(A*), similarly to the admissibility inequality (2.46), cf. [34,
Theorem 2.4.2] or [139, Definition 6.1.1]. In the above analysis, we observe that in the last
estimate of the proof of Proposition 2.52, only an admissibility-like estimate of B is needed.

Now, similarly to Theorem 2.38 and Theorem 2.47, we obtain a T-independent bound under
an exact controllability assumption.
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Theorem 2.54. Let (A, B) be exactly controllable in time 0 < t. < T and (A, C) be exponentially
detectable. Then

HM_lHL((LQ(O,T;X)><X)2,(C(O,T;X),||-||2/\OO)2) <c
where ¢ > 0 is independent of T.

Proof. We proceed analogously to Section 2.2.3. In order to estimate the unknown A\(7") that
appears on the right hand side of (2.42) and (2.44), we use the estimate obtained in Propo-
sition 2.52. Thus, the statement (2.34) of Lemma 2.36 holds with an upper bound depending
only on (||l1[|3 + [|12]|3y5 + llzol|?). Using Lemma 2.37 and the fact that z(T) = z7 is a datum,
a straightforward adaption of the proof of Theorem 2.38, where x7 plays the role of Ap, yields
the result. O

Completely analogously to Theorem 2.27, we can derive an estimate on the propagation of
perturbations.

Theorem 2.55. Let (A, B) be exactly controllable in time 0 < t. < T and (A, C) be exponentially
detectable. Let (e1,€2) € Lo(0,T; X)? and (eo,e7) € X2. Assume (6x,0)) € C(0,T; X)? solve

crc -4 A €1
ET 0 ox ET
- , 2.
4 A —-BQ'B* <5)\> £ (2:55)
EO 0 €0

Then there is a scaling factor pu > 0 satisfying
1

< =
[ HL((LQ(O,T;X)><X)2,L2(0,T;X)2)

and a constant ¢ > 0, both independent of T', such that, defining

p=le™ e 0. + e el + lle ™ e2(O 1,0 2.5) + llall,
we have
le™ 020}l 0, + ™ A y0.7,3) < P (2.56)
Hef“téu(t)HLQ(O,T;U) <cp
and
_ut —pt
le™02()|| oo ) + Hi jéA(t)HC(O’T;X) - (2.57)
le™* 0wl 1. o207y < -

Moreover, the corresponding counterpart of the turnpike result Theorem 2.30 in case of
terminal conditions reads:
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Theorem 2.56. Let (x,)\) € C(0,T;X)? solve (2.53) and (z,\) € X? solve the correspond-
ing steady state problem and set u(t) = Q7 'B*A(t) for a.e. t € [0,T], & = Q 'B*\ and
(0x,0u,0)) := (x — Z,u — 4, A — \). Then, if (A, B) is exactly controllable and (A,C) is expo-
nentially detectable, there exists a scaling factor p > 0 satisfying

1

H< =7
|7~ HL((LQ(O,T;X)><X)2,L2(O,T;X)2)

and a constant ¢ > 0, both independent of T, such that

1

e Mt 4 e*N(T*t)
1

e Mt 4 e*N(T*t)
1

e Mt 4 e*N(T*t)

1
e Mt 4 e—N(T_t)

! s (t)

e Mt 4 e*N(T*t) . +

Lo (07T7X)

du(t)

L2 (07T7U)

GA(t) < c(llwo — z[| + [lzr — Z[])
L2(0,T;X)

+

du(t)

C(0,7:X) Loo (0,T50)

GA(1) < c(llzo — Z[| + [lzr — Z]) -
C(0,T;X)

+

We conclude this part with a remark.

Remark 2.57. Similarly to Section 2.3, a possible extension would be the case of an unbounded
but admissible control operator, cf. Remark 2.53, analogously to Theorem 2.47 and Theorem 2.48.
As in Section 2.3, the price to pay will be the loss of the Loo-estimate on the control in (2.57).
Secondly, we only considered Lo-perturbations in this part for the sake of simplicity of exposition.
All results, in particular Proposition 2.52 also hold with and Li-norm on the perturbations. This
can be proven using a straightforward adaption of the convolution inequality of Lemma 2.35 in
the last estimate of the proof of Proposition 2.52. Note that here the semigroup is not assumed
to be exponentially stable, however, the interval is bounded independently of T'. This renders all
constants independent of T'.

2.5 Examples

Finally, examples are provided to illustrate the sensitivity and turnpike results for bounded resp.
unbounded control and observation with initial condition on the state, cf. Theorems 2.27, 2.30,
2.48 and 2.49, and for bounded control and observation with initial and terminal condition on
the state, cf. Theorems 2.55 and 2.56. First, we consider the interior control of a heat equation
and second, the boundary control of a wave equation.

Example 2.58. (Interior control of an unstable heat equation) Let Q@ C R™, n € {2,3} be
bounded, open and non-empty with smooth boundary and w. C €} be non-empty. For T > 0, we

44



CHAPTER 2. SENSITIVITY AND TURNPIKE ANALYSIS FOR LINEAR QUADRATIC
OPTIMAL CONTROL OF GENERAL EVOLUTION EQUATIONS

consider the heat equation

gf—(A—i—czl)a;—i—chu in Q x (0,7),
=0 in 92 x (0,T),
1’(0) =20 in Qa

where X, 1S the characteristic function of the control domain w., U = La(w.) and xo € L2(Q2).
Moreover, we consider an observation operator C' = x, for non-empty w, C Q. As A generates
a strongly continuous semigroup on X = Lo(Q) with domain D(A) = H*(Q)NHE(Q), (A+ %)
generates a strongly continuous semigroup with the same domain as A by classical perturbation
results, cf. [{4, Chapter III, Theorem 1.3]. If ¢> > \1, where 1 is the smallest eigenvalue of the
negative Dirichlet Laplacian, the uncontrolled system is unstable. Defining B: La(w.) — L2(Q2)
via Bu := x,u, the pair (A, B) is null controllable [12, 5] and hence exponentially stabilizable,
cf. [154, Theorem 3.3]. Analogously, it follows that (A, C) is exponentially detectable. As B €
L(U, X), one could apply the sensitivity result Theorem 2.27 or the turnpike result Theorem 2.30
to the prototypical optimal control problem Problem 2.23 governed by the operators defined above.
Concerning the case of terminal constraints it is well known that, whenever w. # ), the system
s not exactly controllable and the results of Section 2.4, in particular Theorems 2.55 and 2.56
can not be applied. This is due to the smoothing effect of the heat equation. For a discussion of
this topic, the reader is referred to [159, Chapter 3].

Example 2.59 (Dirichlet control of a wave equation). Second, we provide an example of a
hyperbolic PDE with unbounded but admissible control operator along the lines of [139, Section
10.9]. We consider the model of a vibrating membrane on  C R%, where 2 is a bounded, non-
empty and open domain with C?-boundary. Further suppose that we can take action through
Dirichlet boundary control on a part I'. C 0Q of the boundary. Moreover, we assume that
(Q, T, T) fulfills the Geometric Control Condition (GCC), which ensures that all geometric
optics have to enter the control domain in a time smaller thanT'. A consequence of this condition
is exact controllability in time T, see [13, 117]. We consider the wave equation

0%z .
ﬁ:Ax Z?’LQX(O,T),
x = in 0Q\T.x(0,T),
T=u in e x (0,7),
Ox
=f —(0)= in )
H0)=f, S0)=g n 0,

where f € La(Q),g € H Q) and U := Lo(T.). It was shown in [189, Proposition 10.9.1] that
one can deduce a corresponding well-posed boundary control system on X = Ly(2) x H-Y(Q)

0 I), D(A) = H}(Q) x La(Q), where Ag is the Dirichlet Laplacian

with generator A = <—A0 0
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and a control operator B defined by

Bv:< 0 ) Vo € U = Lo(T),

V(p,v) € D(4),

where D 1is the Dirichlet map and 8% the outward normal derivative. The reader is referred
to [139, Section 10.6, Section 10.9] for details. In particular, the operator B is an admissible
control operator for the semigroup generated by A. Moreover, as the GCC is satisfied, the pair
(A, B) is exponentially stabilizable. If we now consider any observation region Q, C  such that
(Q,Q,,T) satisfy the GCC, then the pair (A, C) is exponentially detectable. As in this example
the control operator is unbounded on X, one cannot apply Theorem 2.27. However, Theorem 2.48
and Theorem 2.30 are applicable to the optimal control problems governed by this equation. In
order to consider the case of a terminal condition on the state, we replace the boundary control by
a distributed control on a subset w. C Q, analogously to Example 2.58. Assuming that (2, we, T')
satisfy the GCC-condition, we obtain that the system is exactly controllable by distributed control
on we, see [159, Chapter 3]. Hence, we can impose a terminal condition on the state and the
sensitivity and turnpike results of Theorems 2.55 and 2.56 apply.

2.6 The particular case of a parabolic equation

In the previous chapters, all estimates were posed in terms of integral or pointwise norms in
X, i.e., the function space that the initial conditions belongs to. This is due to the fact that
higher regularity can not be expected in this very general setting; in particular, only continuity
in time with values in X is ensured by the definition of the semigroup, cf. Definition 2.1. In this
chapter, we will present improved estimates by assuming more regularity of the solutions via
analyticity of the underlying semigroup. The corresponding equations are often called parabolic,
including the prominent example of the heat equation. For an in-depth treatment of analytic
semigroups, the interested reader is referred to, e.g., [44, Section II.4.a], [109, Section 2.5] and
[19, Part II-1, Section 2.7]. This class of semigroups shares favorable properties, i.e., e.g., that
solutions satisfy the differential equation in an a.e. (temporal) sense in X. Recall that for
general semigroups, differentiability of solutions in time is only given in a very weak sense in
D(A)*, cf. Definition 2.17. Before we head to the formal definition of analytic semigroups, we
present a straightforward approach to refine the estimates of Theorem 2.38 and Theorem 2.47 a
posteriori by bootstrapping arguments. We will discuss the connection to analytic semigroups
in Remark 2.62.

2.6.1 Sharper estimates via direct bootstrapping

The bootstrapping analysis presented in this part uses the parabolic variational theory, cf.
[49, 127, 138, 150]. We will thoroughly discuss this setting for non-autonomous systems in
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Chapter 3. In this part, in order to keep the presentation concise, we will not delve into details
and refer the interested reader to Section 3.1 or the literature cited above. Assume, there is an
additional, more regular reflexive Banach space V with the continuous dense embedding V «— X
such that A can be extended to an operator A € L(V,V*) and we have a Garding inequality for
x € La(0,T;V):

T
JweRa>0:  alel, o < /0 (An(t), o) v dt+ w2l oy (258)

By classical variational theory, cf. the references above, the state and adjoint equation yield
the regularities x, A € L2(0,T;V), 2/, N € Lo(0,T;V*) and the state and adjoint equation in
(2.27) are satisfied in an Ly(0,T; V*)-sense. Testing the second row of the optimality system
(2.27) with x, using integration by parts on (z/, x)y=xv, (2.45), and assuming boundedness of
| B*|| v,y (which is weaker than boundedness of || B*||.(x 7)), we compute that

T T
/0 —(Aa(t), () vy dt = /0 (! (8), 2())vexv + {Ia(t) + B(RR) ™ BA(®), (1)) dt

1 —x % —% %
<3 (2> = [l2(T)*) + [li2llivallzll2nce + 1R B*All oo IR B | Lyo,r50)

A

AN

1 —% *
< Sllzoll® + Irlhvallzllanse + ellirllive + zll2ns) 1R B[l v 12 aoiv)-

where z = (x,\) and r = (I3, Ap,l2,29). By Theorem 2.27 we may bound ||z||2rce by [|7]/1v2
and substitute the result into (2.58). A short computation yields ||z||r,o,7:v) < cllr|liv2 and
similarly [|A[|z,(0,7;v) < cl|r[l1ve. Hence, there is a T-independent bound ¢ > 0 such that

-1
M L2 (0,753, l1ve x X)2 L (0,757)2) < €.

This is a refined version of Theorem 2.38, as || - || usually is stronger than || - || x, for example
V could be a Sobolev space, whereas X is an Lo-space. By further bootstrapping via

2’ = Az + B(R*R)"'B*)\ + Iy in L2(0,T; V"),

we obtain [|2'[|z,07,v+) < c(l|7ll1va + [|i2]| L, 0.7,x)) and similarly an estimate for [|N[[, o 7,y +)-
Thus, also for the parabolic space W ([0, 7)) := {v: [0,T] = V |v € Lo(0,T;V),v" € Lo(0,T;V*)}
equipped with the norm ||v|[woz)) = [vllLo0.1v) + 1Vl 1y 0,751+), We get the T-independent
bound ¢ > 0 such that

1M Lo (0,75 x )2, (0,17)2) < € (2.59)

These additional estimates can be used to obtain results in Theorem 2.27 and Theorem 2.48 and
also in Theorem 2.30 and Theorem 2.49 in stronger norms. However, despite the equation being
well-posed for l1,ls € La(0,T; V*), the arguments presented here only allow for right hand sides
bounded in Lo(0,T; X), see (2.59). This means that we do not obtain stability estimates in the
strongest possible norms in view of mere well-posedness. In order to get rid of this assumption
on the perturbations, we will fully exploit the regularity theory of parabolic equations, or, in
other words, the smoothing properties of analytic semigroups in the following part.
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2.6.2 Sharper estimates via maximal parabolic regularity

As stated in the introduction of this part, analytic semigroups represent a very important sub-
class of strongly continuous semigroups. For example, the Laplace operator on Ly(2) gives
rise to such an analytic semigroup. For further reading, the interested reader is referred to the
respective parts of the monographs [19, Part II, Chapter 1], [133, Section 3.3] and [44, Section
I1.4.a]. The solutions described by analytic semigroups share very favorable properties, e.g., if
the initial value lies in some interpolation space between D(A) and X and if right-hand sides be-
long to L2(0,T'; X), the solution lies in D(A) for almost every point in time and a time derivative
exists in Lo(0,7T; X), allowing the differential equation

¥ =Ax+ f

to be understood in an L9(0,7T; X)-sense. Note that compared to the previous subsection,
L9(0,T; X) takes the role of Ly(0,T; V™).

We first define analytic semigroups and follow the presentation in [109, Section 2.5]. Note
that there are many equivalent ways to define analytic semigroups, cf. [139, Definition 5.4.5],
[19, Part II-1, Theorem 2.11] or [44, Definition 4.5].

Definition 2.60 ([109, Definition 5.1]). Let ¢1,¢92 € R such that o1 < 0 < 2 and consider
the sector S :={z € C|¢1 < argz < @a}. Let T(z) be a bounded linear operator for all z € S.
Then we call (T (z))zes an analytic semigroup if

i) z+— T(z) is analytic in S,
ii) T(0) =1 and lim,_,0.es T (2)x =z, for allz € X,
iii) T(z1 4+ 2z2) = T (21)T (22) for all z1,z2 € S.

We observe that ii) and iii) are very similar to the properties of a strongly continuous semi-
group, cf. Definition 2.1. However analytic semigroups can be evaluated for elements of a sector
around the positive real axis and the map z — 7 (z) is analytic. It can be shown that analytic
semigroups are generated by sectorial operators, as stated in the following theorem. As common
in the literature, we will assume 0 € p(A), which can always be achieved by scaling the semi-
group with e~ @0 (A+e) where wy(A) is the type of the semigroup and & > 0, cf. the discussion
in [109, p.61].

Theorem 2.61 ([109, Theorem 5.2]). Let (T (t))t>0 be a strongly continuous semigroup with
T ()| <1, the operator A be its generator and 0 € p(A). Then the following statements are
equivalent:

i) (T(t))i>0 can be extended to an analytic semigroup on the sector Sy := {z € C||argz| < ¢}
and ||T(2)| is uniformly bounded on Ss for all &' < §.
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i) There is 0 <0 < T and M > 0 such that
T
Z::{O}U{A€C||arg)\\<§+(5}Cp(A)
and

M

iii) (T (t))e>0 is differentiable for allt > 0 and there is C > 0 such that

AT (t)]] < % fort > 0.

Remark 2.62. Any operator that satisfies the Garding inequality (2.58) generates an analytic
semigroup, cf. [19, Part II-1, Theorem 2.12] or [133, Section 3.6]. In particular, the Laplacian
with Dirichlet or Neumann boundary conditions generates an analytic semigroup in, e.g., Lo(£2).

After having defined analytic semigroups and obtaining a characterization of their generators,
we would like to fully exploit maximal parabolic regularity to derive fine stability estimates.

Definition 2.63. Let A: D(A) C X — X be the generator of a semigroup and denote
Wh2(0,T,D(A), X) := {v € Ly(0,T; D(A)) | v € Ly(0,T; X)},
lvllwrzo,mpe4),x) = 10l Lo0,75004)) + 1V | Lo(0,7;%) -

Note that if A generates an exponentially stable analytic semigroup, then A is an isomorphism
from D(A) onto X and the norm ||Az|| is equivalent to the graph norm ||z|| + ||Az|| on D(A),
cf. [19, Part II-1, Section 3.6.2]. Moreover, by [19, Part II-1, Remark 4.2], we have the T-
independent embedding W2(0, T, D(A), X) < C(0,T; (D(A), X)%), where (D(A), X)% denotes
a real interpolation space as defined in [19, Part II-1, Section 4.3]. Note that in the Hilbert space
setting and as D(A) C X, the complex and real interpolation spaces with exponent 2 coincide,
[19, Part II-1, Section 4.7] and [137, Remark 3 and Remark 4|. Interpolation spaces are a very
involved subject and for the sake of clarity of presentation, we will not define them here. The
interested reader is referred to the literature cited above, in particular to the monographs [137]
and [152]. As we will see later, interpolation spaces between D(A) and X can, in some cases, be
shown to be isomorphic to domains of fractional powers of A, cf. Example 2.71 and [90, Section
0.2.1].

Lemma 2.64. Let A, generate an exponentially stable analytic semigroup on X and xg €
(D(Acz),X)% and f € La(0,T;X). Then, if x € C(0,T; X) is the mild solution of

$/:Aclx+f7 x(O) = Xy,

we have the improved regularity x € W42(0, T, D(A.), X). Moreover, for ¢ > 0 independent of
T, we have

HI'HWLQ(O,T,D(ACZ),X) <c <||f||L2(o,T;X) + HxOH(D(ACl),X)%> .
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Proof. See [19, Part II-1, Theorem 3.1]. O

The main assumption in this part is the following.

Assumption 2.65 (Standing assumptions). Let X7 be the space introduced in the beginning of
Section 2.3.1, i.e. D(A) equipped with the norm || - ||y := ||(BI — A) - || for B € p(A). Moreover,
assume that

i) A generates an analytic semigroup on X,
ii) B e LU, X), CeL(X,Y),
iit) (A, B) is exponentially stabilizable and (A, C) is exponentially detectable.

Proposition 2.66. Let (A, B,C) satisfy Assumption 2.65 and consider K¢ and Kp to be sta-
bilizing feedback operators. Then

i) A+ KcC and A* + KjB* generate analytic semigroups on X.
it) The graph norms of A+ KcC and A, resp. A* + K5;B* and A*, are equivalent.

Proof. Boundedness of B, C' and the feedback operators immediately implies A-boundedness of
the perturbations, cf. [44, Chapter III, Lemma 2.16]. This in turn ensures the analyticity of the
perturbed semigroup, cf. [44, Chapter III, Theorem 2.10]. For ii), see [44, Chapter III, Lemma
2.4]. O

Theorem 2.67. Let Assumption 2.65 hold and (0x,0\) solve the system

cc -4 A I
0 ET <x> _ )\T
4 —A4 -BQ'B*| \\ Iy
E() 0 i)

where xg € (D(A),X)%, Ar € (D(A*),X)1 and l1,la € Lo(0,T;X). Then

1
2
1251, 2(0,T,D(A),X) = <ch||L2(0TY +[[R*B” )‘HLQ(OTU + ||fU0H 4).X)y + 12117, OTX)>

[RY 2(0,T,D(A*),X) <HC~’U||L2(0TY + [|[R7*B" )‘HLQ(OTU + ||)\T” D(4%).X); + ||ll||%2(0,T;X)> )
Proof. We add the exponentially stabilizing feedback and get
= (A+ KcCQ)z — KcCx — BQ'B* A+ 1y
and, using Proposition 2.66 and exponential stability, we conclude
HxHW172(0,T,D(A+KCC),X)

<c <|C$||L2(0TY +|R"B* )\||L2 o,;v) + ||x0|| D(A+KcC),X), T 2117, OTX))

N
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By the equivalence of the graph norms of A and A + K¢oC we obtain

[zlwr20,7,pa),x) < € <HC‘T”%2(O,T;Y) + | R*B* A2, 010 + ”xOH%D(A),X)% + HZQH%Q(O;T;X)> :
Proceeding analogously for the adjoint equation, we conclude the result. O

Theorem 2.68. Let Assumption 2.65 hold. Then, there is a constant ¢ > 0 independent of T
such that
HM_lHL((L <c

2(07T§X) X(D(A*),X)% XL2(07T;X) X (D(A)’X)%) 9(W1’2(07T7D(A)7X) XW1’2(07T7D(A*)7X)))
Proof. Analogously to the case of a general semigroup, Theorem 2.67 together with Lemma 2.37
yields the result. O

Thus, a perturbation result and turnpike result are now a direct consequence by straightfor-
ward adaptation of the proof of Theorem 2.48 and Theorem 2.30.

Corollary 2.69. Let Assumption 2.65 hold. Then there are constants c, u > 0, independent of
T, such that the perturbation estimate (2.10) of Theorem 2.27 for the case E = L2(0,T; X) and
the turnpike result (2.21) of Theorem 2.30 still hold when replacing the L2(0,T; X )-norms on the
left hand side of the estimate with the (stronger) W42(0,T, D(A), X) resp. W12(0, T, D(A*), X)-
norm and the X -norm on the initial and terminal state by the (D(A), X)1 resp. (D(A*),X)%—
norm.

1
2

We briefly discuss an extension to unbounded control or observation.

Remark 2.70. The notion of A-boundedness allows for perturbations of the semigroup by un-
bounded operators, cf. [44, Chapter III]. In case of, e.g., an unbounded observation operator,
A+ KcC still generates an analytic semigroup if KoC' is compact as linear operator from D(A)
to X.

2.6.3 Example of heat equation revisited

We will now recall the example of a heat equation and show, how the refined analysis of Sec-
tion 2.6.1 and Section 2.6.2 leads to sharper estimates.

Example 2.71 (Example 2.58 revisited). Consider the system

Z:(A—|—02I)x+chu in Qx (0,T),
JZ‘(O) =20 mn Qa

where ¢ € R, X, is the characteristic function of the control domain w. C Q, U = Lo(w.) and
zg € La(Q2). Moreover, we set the observation operator C' = X, for non-empty w, C . Not us-
ing the parabolic structure of the equation, the results of Section 2.2 would yield Lo(0,T; L2(2))-
or C(0,T; La(R2))-estimates on state and adjoint for perturbations in Lo(0,T; Lo(Q2)) and initial
values in La(€Y). However, these estimates can be improved.
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Application of direct bootstrapping (Section 2.6.1):

Choosing V = H} (), X = Ly(R2), the method presented in Section 2.6.1 yields W ([0,T]) sen-
sitivity and turnpike estimates for perturbations in Lo(0,T; Lo(2)) and initial values in Lo(S2).

Application of maximal parabolic regularity (Section 2.6.2):

We set X = Lo(Q) and hence D(A) = H*(Q)NHg(Q). In this case, (D(A), X )1 /o = D(—A%) (%)
H(Q), where w is large enough such that A, = A — wl generates a semigroup with negative
type and -2 denotes a fractional power of a positive operator, cf. [90, Section 0.2.1] or [19, Part
II-1, Section 1.4]. For the last relation (%), see [139, Section 10.7]. Thus, Corollary 2.69 yields
Wh2(0,T, H?(Q)NH} (), X)-estimates for state and adjoint for perturbations in La(0,T; Lo(12))
if xo € HI(Q) .

2.7 Outlook

We briefly present several extensions of the approach presented in this chapter.

e We assumed the state, the input and the output space to be Hilbert spaces. A natural
question that arises is if a generalization to, e.g., reflexive Banach spaces is possible. To
this end, the reader is also referred to Section 4.4, where we derive Ly, (0,7 Ly, (S))-
estimates with 2 < p1,ps for parabolic equations. Considering the semigroup on other
L,-spaces can be useful to allow for control and observation that are not admissible for
the semigroup on, e.g., L(€2) but on higher order L,(2) spaces, cf. the heat equation with
Dirichlet boundary control, cf. [129, Section 4 4].

e In Assumption 2.45 we assumed that either the control operator B or the observation
operator C' is unbounded. It would be interesting to allow for a fully unbounded but
admissible setting, i.e., control, observation and corresponding feedback operators to be
unbounded with a suitable well-posedness assumption.

e Another open problem is the rigorous derivation of the optimality conditions in case of an
unbounded control operator. An inspection of the proof of Theorem 2.24 shows that the
critical point is to interchange the application of B* and integration in time.
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Chapter 3

Sensitivity analysis for linear
quadratic optimal control of
non-autonomous parabolic equations

We now analyze how the results of the previous chapter carry over to the case of non-autonomous
parabolic equations in a variational setting. To this end, we aim to quantify how perturbations
of the right hand side of the extremal equations influence the solution if the underlying spatial
differential operator or the cost function is time-dependent. We recall that our main motivation
to consider perturbations is to estimate the influence of discretization errors, i.e., the perturba-
tions may represent the residual of a discretization scheme. Similar to the autonomous setting
considered in Chapter 2, we show that perturbations that increase exponentially in time only
influence the initial part of the solution negligibly. As indicated in the previous chapter, this
feature can be used to construct very efficient discretization schemes for MPC. Again, we stress
that locality of discretization errors is a priori unclear, as the backwards-in-time adjoint equa-
tion could propagate perturbations from close to the end time 7' to the initial part. As in the
autonomous setting of the previous chapter, we split the proof into an abstract scaling result
provided in Section 3.2.1 and the derivation of T-independent bounds on the extremal equa-
tions’ solution operator’s norm in Section 3.2.3. Additionally, we will provide a turnpike result
under the assumption that the problem is autonomous and relate the result to those obtained
in Chapter 2. Finally, we provide numerical examples and evaluate the performance of a priori
space and time grids that are specialized for MPC.

Although there exists an extension of the semigroup concept to non-autonomous Cauchy
problems—so called evolution families—their analysis in a general setting is rather involved. The
interested reader is referred to the respective parts in the monographs [44, Section VI.9], [109,
Chapter 5] or [133, Chapter 5]. Additionally, for non-autonomous equations, stability results are
difficult to establish (even in the finite dimensional case) due to the lack of a characterization of
stability via the spectrum of the (time-dependent) generator, cf. [151]. To this end, we consider a
particular notion of stability defined via an uniform ellipticity condition. Despite being stronger
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than classical exponential stability as introduced in Definition 2.12, this particular notion has
several advantages and is particularly well suited for non-autonomous parabolic equations: First
and foremost, it straightforwardly allows for stability estimates in the context of non-autonomous
equations and considerably facilitates the proof of such. Second, this particular notion of stability
allows us to derive estimates in Sobolev norms with boundary control and observation. Last,
this stabilizability assumption can very easily be verified as we will illustrate by means of several
examples.

Non-autonomous optimal control problems are an interesting subject in their own right,
however, their analysis will be particularly useful when we approach nonlinear optimal control
problems in Chapter 4, where we will linearize the nonlinear extremal equations around a time-
dependent trajectory, which directly leads to a non-autonomous system.

Structure. In Section 3.1, we introduce the function spaces involved, the weak time deriva-
tive, and the resulting formulation of the PDE. Moreover, we define a linear quadratic optimal
control problem with dynamics governed by a parabolic PDE and derive optimality condi-
tions. Section 3.2 contains two central results in view of MPC. Under the assumption of a
T-independent bound on the extremal equations’ solution operator, we obtain an estimate in
Theorem 3.14 that proves exponential decay of perturbations for non-autonomous optimal con-
trol problems. Under the same assumption and assuming that the system is autonomous, we
will draw a link to the previous chapter and present an exponential turnpike result in Theo-
rem 3.16. In Corollary 3.30, we prove that under a particular stabilizability assumption, the
extremal equations’ solution operator can indeed be bounded independently of T'.

The majority of the results in this chapter have been published in [69] and [70].

3.1 Setting and preliminaries

We will briefly introduce the generalized time derivative, the formulation of the parabolic equa-
tions and the linear quadratic optimal control problem of interest. To this end, we recall some
fundamental results on variational parabolic equations from the literature, cf. [49, 55, 96, 150,
158].

3.1.1 Gelfand triples and generalized time derivatives

Let (V,||-||v) be a separable and reflexive Banach space and H a separable and real Hilbert space
with scalar product (-,-) and induced norm || - ||. Further, assume that V < H continuously
and densely. Thus, V — H & H* — V* continuously and densely, where V* is the topological
dual of V. Such an ensemble of spaces is often called Gelfand triple or evolution triple. In the
following, we will identify H with its dual via the Riesz isomorphism.

Definition 3.1 (Generalized time derivative, [158, Definition 23.15]). Let Y and Z be Banach
spaces. Consider v € L1(0,T;Y) and w € L1(0,T;Z). Then w is called the generalized time
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derivative of x on (0,T) if

T T
/ (Dt dt = - / oty dt Ve CE(0,T), (3.1)
0 0

where C3°(0,T) = {p € C*(0,T) | ¢(0) = p(T') = 0}.

In general, the left and right hand side of (3.1) lie in different spaces, i.e., Y and Z, respec-
tively and validity of the formula implies that both lie in Y N Z. However, by density of the
embeddings in the Gelfand triple, one obtains the following characterization.

Lemma 3.2 (Characterization of the generalized time derivative, [158, Proposition 23.20]). Let
V — H <= V* form a Gelfand triple and %—i—% = 1. Then, for any x € L,(0,T;V), the function
w € Ly(0,T;V*) is the generalized time derivative of x if and only if

T T
/0 (1) (t), o) dt = — /0 PO (w(), O)yxy dt VoV, e CR0,T).

In this case, the generalized time derivative w is denoted %:17 or .
We further will need a product rule for generalized time derivatives.

Lemma 3.3 (Product rule for generalized time derivatives). Let x € Lo(0,T; V') with generalized
time derivative ' € Lo(0,T;V*) and s € C*(0,T). Then,

(sz) = s’z + s2'.

Proof. The proof follows directly from the defining equation (3.1) and the product rule for
functions in C*°(0, 7). O

We now define the space of functions in L9(0,7;V) with generalized time derivative in
Ly(0,T; V*) and recall well-known properties. From now on, we will assume that V < H — V*
form a Gelfand triple.

Lemma 3.4 (Solution space and important properties). Define the function space
W([0,T]) :={v: [0,T] = V |v € L2(0,T;V), v € La(0,T; V*)}
endowed with the norm ||v|lw o,11) = ||vllLo0.0:v) + 1V 0,4y Then,
i) W([0,T]) — C(0,T; H) continuously with embedding constant independent of T'.

it) Forv,w € W([0,T]) and 0 < s <t <T, we have the integration by parts formula
¢
(v(t), w(t)) = (v(s), w(s)) = /(U’(T),UJ(T»V*W + (w'(7),v(7))vexy dr.
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iii) (W([0,7)), || - llwosm)) is a Banach space.
i) For w e W([0,T)), it holds that

(ko (D)? = w(0)]?) -

N

(w’, w>L2(D,T;V*)><L2(O,T;V) =
Proof. See [158, Proposition 23.23, Problem 23.10d] and [127, Section 2.3]. O

3.1.2 Parabolic PDEs in variational form

In this part, we introduce a solution concept for parabolic PDEs in variational form. To this
end, after having defined the generalized time derivative, we will consider a spatial differential
operator A satisfying the following assumptions.

Assumption 3.5.

i) A€ L(Lo(0,T;V), Lo(0,T;V*)).

it) A is local in time, i.e., for any s: R — R and x € L2(0,T;V), we have A(sz) = sAx.
ii1) A satisfies the Garding inequality:

weR, a>0:  allzl}, gy < —(A%2) Lo, )Ly T @l T, 0. (3:2)

The inequality (3.2) also occurred in the bootstrapping arguments of the previous chapter,
particularly Section 2.6.1. We briefly give an example of an operator satisfying these assump-
tions.

Example 3.6. Consider k(t,w): [0,T] x Q@ — R, continuous and uniformly bounded from below
in both arguments, i.e., v - k(t,w)v > alv|? for a > 0. Moreover, let V.= H}(Q) or V =
HY(Q) and H = Ly(2). Then, for any constant ¢ € R, the linear operator A: Ly(0,T;V) —
Lo (0, T;V*) defined by

T

(AZ1,22) 1, (0,1:V*) x Lo (0,T:V) = //—Vxl(t,w) - K(t,w)Vaa(t,w) + cxy (t,w)za(t,w) dw dt
0 Q

for 1,29 € Lo(0,T;V) satisfies Assumption 3.5.

Using the time evaluation operator Eyx = x(t) for t € [0,7] and x € C(0,T'; H) as introduced
in Definition 2.26, we define an operator corresponding to a parabolic PDE in weak form via

A= <$E_0A>  W([0,T]) = (L2(0,T5 V) x H)",
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where for x € W([0,T]) and test functions (v,vg) € L2(0,T;V) x H

d
(A, (V,90)) (Lo (0,73V) x H)* x (La(0,T5V) x H) *= <<dt + A> > + (2(0), vo).
L2(0,T;V*)x L2(0,T;V)
(3.3)

A parabolic problem in variational form is to find = € W([0,T]) such that

(A, (UvU0)>(L2(0,T;V)><H)*><(L2(0,T;V)><H) = (f, v)Lg(O,T;V*)XLg(O,T;V) + (o, o) (3.4)

for all (v,vg) € La(0,T;V) x H, where f € Lo(0,T;V*) is a source term and xzg € H an initial
datum. Whenever we call a function a solution to a variational parabolic problem, we mean it
in the sense of (3.4).

Remark 3.7. Solvability of problems of type (3.4) is a classical issue and the interested reader
is referred to [49, 55, 96, 127, 150, 158]. If A satisfies Assumption 3.5, it can be shown that
A: W([0,T]) — L2(0,T;V*) x H is an isomorphism, cf. [127, Theorem 3.4]. Additionally, if
x € W([0,T]) solves (3.4), then the terms x', Ax and f share the same temporal and spatial
regularity, i.e., they belong to Ly(0,T;V*). This feature is known as mazximal parabolic reqular-
ity, cf. Section 2.6.2 where we discussed this topic in a semigroup framework. For hyperbolic
equations, where A in particular does not satisfy (3.2) due to skew-adjointness, the correspond-
ing operator A can not be shown to be an isomorphism due to lack of surjectivity, cf. [19, Part
II-1, Remark 3.5].

The following proposition is a central result in view of optimal control and characterizes the
regularity of solutions of adjoint equations with particular right hand sides.

Proposition 3.8 (Higher regularity of adjoint state, [127, Proposition 3.8]).
Let (M, Ao) € L2(0,T;V) x H be given. Then, the following assertions are equivalent:

i) There exist (I,1lo,l7) € Lo(0,T;V*) x H x H such that for all w € W([0,T]) it holds that
T
(A" O o)) oy swvormy = | (U0 w) vy dt + {fo,w(0) + (i, w(T)).
0

ii) A € W([0,T7).
If these conditions are satisfied, then A\(T) = lp and Ao — A(0) = l.

Therefore, for right hand sides of the adjoint equation in L9(0,7;V*) x H, we obtain an
adjoint state A € W ([0,T]) with a prescribed terminal value. As a consequence, the rule of
integration by parts holds for the adjoint state and the adjoint equation can be interpreted as a
backwards-in-time equation, cf. [127, Section 3.2].
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3.1.3 Optimization problems with parabolic PDEs

In this section, we will move to optimization problems governed by parabolic PDEs. In contrast
to the previous chapter, where we considered autonomous optimal control problems governed
by general semigroups in Problem 2.23, we will consider the following non-autonomous optimal
control problem governed by a parabolic PDE. In order to formulate the problem of interest, we
will consider the following standing assumptions.

Assumption 3.9.
i) T >0 is a fized time horizon,
ii) A satisfies Assumption 3.5, f € L2(0,T;V*) and xg € H,

iii) ug € Lo(0,T;U), U is a real Hilbert space with scalar product (-, )y and induced norm |- ||,
B € L(Ls(0,T;U), Ls(0, T; V*)),

iw) R e L(Ly(0,T;U)) with HRu||%2(O7T;U) > ozHuH%z(O,T;U) for o> 0 and all u € Ly(0,T;U),

v) xg € L2(0,T;V), Y is a real Hilbert space with scalar product (-,-)y and induced norm
I+ lly, € € L(L2(0,T5 V), L(0, T Y)),

vi) C, B, R are local in time in the sense of Assumption 3.5 ii),

vii) || Al L(ro(0,73v), 220,15 *)) s 1Bl L(L20,70), Lo 0,75 |Cll L(L20,73v), L2 0.13))» and
IR L(L20,1;0)) can be bounded independently of T'.

With these assumptions at hand, we aim to analyze solutions to the following optimal control
problem.

Problem 3.10. Find (z,u) € W([0,T]) x L2(0,T;U) solving

1T
min 2/0 IC(x(t) = za(t)IF + [ R(u(t) — ua(t))IIf dt
s.t. 2’ = Ax + Bu+ f,
! (3.5)
z(0) = xo.
Remark 3.11. We will briefly comment on this problem and Assumption 3.9.
o In the case V. = H'(Q), the above setting naturally incorporates the case of boundary

control or observation, i.e., (Bu, ) 1,0,1:v*)x Lo (0,15V) *= fOT Joqutrvdydt and Cx = trx
with Y = U = Ly(09), where tr: HY(Q) — Lo(9S) is the Dirichlet trace operator.

o Assumption 3.9 vi) is merely needed for the scaling approach applied in, e.g., Theorem 2.27,
to permute the application of the operator and the multiplication with a scalar scaling
function. In particular, existence and uniqueness of solutions can be deduced for operators
B, C, and R that are non-local time, cf. [127].
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o Assumption 3.9 vii) is crucial to derive T-independent bounds. It is, however, not too re-
strictive in terms of applications. Two examples of operators L: La(0,T;V) — La(0,T; V)
bounded independently of T are

T
— (Lo, w) Ly 0,13 *)x La(0,13v) = J (Lv, w)v=xv dt, where L € L(V,V*), as clearly

0
Ll (Lo 0,73V, L(La0,:v+Y) < LI Levivey,
T
— (Lv, w>L2(O,T;V*)><L2(O,T;V) = f<L(t)U, w)yexy dt, where L: [0,00[— L(V,V*) is con-

tinuous and sup HL(t)HL(V"O/*) < 00.
tel0,00
The analysis in this non-autonomous parabolic setting, again, is based on the characteriza-
tion of minimizers via the first-order necessary optimality conditions. Due to convexity of the
problem, these conditions are also sufficient. The following proposition states the optimality
conditions at a minimizer.

Proposition 3.12 (First order optimality conditions). Let (z,u) € W([0,T]) x L2(0,T;U) be
a minimizer of problem Problem 3.10. Then there is an adjoint state A € W ([0,T]) such that

C*Cx — (i + A*> A=C"Cxy in Lo(0,T; V™),
AT) =0 in H,
R*Ru — B*) = R*Ruy in Ly(0,T;U),
(i—A)x—Bu:f in Lo(0,T; V™),
z(0) = xo in H.
Proof. See [127, Theorem 1.1, Remark 1.2]. O

Defining @ := R*R and using coercivity of R, we can eliminate the control via u = Q 'B*\+
uq and obtain that the optimal state and corresponding adjoint satisfy

crC -4 A C*Czq
0 ET x 0
= 3.6
4 _ A -BQ'B* ()\) Bug+f |’ (3.6)
Ey 0 o
=M

where E; is time evaluation operator defined by E;xz = x(t) for ¢t € [0,7] in Definition 2.26 and
M: W([0,T))* = (L2(0,T;V*) x H)?.

In the following, we will refer to (3.6) as the extremal equations. We first formulate a scaling
result analogous to Lemma 2.22, where we proposed a similar lemma in a semigroup framework.

99



3.2. EXPONENTIAL SENSITIVITY ANALYSIS

Lemma 3.13. Let A satisfy Assumption 3.5, xo,xr € H and fi, fo € L2(0,T;V*). Assume
that z1,x9 € W([0,T]) solve

7y = Az + f1, z1(0) =
—$/2 = A*wg =+ f2, a}Q(T)

Zo,
IT.

Then, the following holds.

i) For any p € R, the operators A — pl and A + ul satisfy Assumption 3.5. Moreover,
T1(t) := e May(t) and To(t) := e Hag(t) solve

fﬁ = (A — ,U,I).Afl + e_“tfl, 1 (0) = X0, (3 7)
Ty = (A+pl)*To+e M fy,  To(T)=e *lap. '

it) For all 0 < s <t <T it holds that
¢
(1(t), 22(t)) — (21(s), w2(5)) :/ (fi(r),z2(T))vexv — (fo(7), 21(7))vexv dT.

S
Proof. 1t is easily checked that A — ul and A + ul satisfy Assumption 3.5. The second part of
i) immediately follows by the product rule for generalized time derivatives, cf. Lemma 3.3. Note
that locality of A in time as defined in Assumption 3.5 ii) is important here in order to permute
application of A and multiplication by the scaling term e™#!. The formula in ii) results from

testing the first equation with xo, the second equation with z1, subtracting both equations and
integrating by parts in time in the sense of Lemma 3.4. O

3.2 Exponential sensitivity analysis

This section constitutes the main part of this chapter. We first present two abstract scaling
results under the assumption of a T-independent bound on the solution operator of (3.6). After
that, we derive the desired bound on the solution operator under a particular stabilizability
assumption.

3.2.1 An abstract exponential sensitivity result

We will refer to the solution (x,\) € W([0,T])? of (3.6) as the exact solution. Assume that
there is a second pair of variables (#,\) € W([0,T])? solving the perturbed system

C*Cl'd €1

T 0 ErT
M=) =

</\) Bug + f + £9

Wiy} €0
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for e1,e9 € Ly(0,7;V*) and eg,er € H. This solution will be referred to as the perturbed
solution. The terms €1, e € Lo(0,T; V*) are perturbations of the state and adjoint equation that
could stem from discretization errors in time or space, whereas g, e € H describe a perturbation
of the initial and terminal condition by space discretization errors. In this subsection, we will
give an estimate on the absolute error, i.e., the difference of (Z,A) and (z,)). It follows by
linearity that this difference (6:U, (5)\) = (QE —z A — )\) between exact and perturbed solution
satisfies the system of equations

M(?i): Z . (3.8)

Analogous to the autonomous counterpart analyzed in Section 2.2, the main question here is
the following: How does the behavior of the perturbations €; and &5 over time and g resp. er
influence the behavior of the error dx and 6\? To answer this question, we adapt the scaling
approach introduced in Theorem 2.27 to the parabolic variational setting.

Theorem 3.14. Assume that (5z,5\) € W([0,T)])? solves (3.8), where e1,e2 € Lo(0,T;V*) and
co,e7 € H. Let 6u = Q7' B*S\. Suppose that ”M_l”L((LQ(O,T;V*)><H)2,W([O,T])2) can be bounded
independently of T'. Then, for any scaling factor u > 0 satisfying
< 1
u -
I M =Y L Lo (0,13v %) x )2, ([0,77)2)

there is a constant ¢ > 0 independent of T' such that defining

P = Hei”tel(t)HLg(O,T;V*) + HeiTSTH + Heiut@(t)HLQ(o,T;V*) + lleoll

we have the estimate

le™ 02 )y oz + lle™ 0w 1 0.0y + 1€ A sy go.7) < P

Proof. We proceed completely analogously to the Lg-case in the proof of Theorem 2.27. We
define scaled variables dx := e #§z € W([0,T]) and 6\ := e #*6\ € W([0,T]) and conclude

with Lemma 3.13 that (;5;, ﬁ) solves

cc  —4-A 0 —I - e Mley
0 Er n 0 0 x| e Tep

4_ g —pQ'B | "H|1 0 5 e Pley
E, 0 0 0 €0
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Setting z := (%, SX) and € := (e‘“tsl, e M emhtey, 50) we compute

(M + pP)z =
(I +uM~'P)z

g in (Lo(0,T;V*) x H)?,
M~ in W ([0, T])%

Clearly we have the bound || P (j0,77)2,(L2(0,75v*)xm)2) < 1. Thus, by choosing p > 0 such
that 5 := || M~ ||L( Lo(0,T3v*)x H)2, W ([0,7])2) < 1, we get invertibility of (I + uM~1P) as an
operator from VV([O,T])2 to W([0,T])? by a standard Neumann argument, cf. [85, Theorem
2.14]. Moreover, the Neumann series representation of (I + uM~1P)~! yields

(T + M PY M pwqomeworns < D 1M PY | Lo qomewoms < Y8 = 5
=0 =0

Hence, we conclude
Z=(I—-pM Py tM e
which implies the estimate

~ H HLL 0,T;V*)x H)2,W ([0,T])
Zllw o,y < O el 0y < b

Writing this in the original variables yields the result. For the control, we compute

le™0ul| oy = lle™ BB 0N Lo 7y = 1R B ™0 1 0 )

< IR B*|| 1(1(0.7:V), L2 (0.7:17)) P

where we used that R and B are local in time, i.e., application of the operators and multiplication
with the scaling term commute. O

Corollary 3.15. Let the assumptions of Theorem 3.14 hold. Then there exist p,c > 0 indepen-
dent of T such that

He_#té$(t)”C(0,T;H) + He MEA(t) Hc (o.13H) S €P-
IfaddztzonallyB S L(LQ(O T U) LQ(O T, H)) with <BU U>L2(OTV*)><L2 0,T;V) fO D ,U(t)>
fOT‘ E € LOO(OaTvL(Ua H)) and <Ru U L2(0,T5U) — fO = ( )>U fOT’ E € LOO(()?TaL(U))

continuously invertible, and if B and R are bounded mdependently of T, then we have

He_ut(suHLoo(O,T;U) < cp

with a constant ¢ > 0 independent of T .
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Proof. The bound on state and adjoint state follows from W ([0, T]) < C(0,T; H), cf. Lemma 3.4.
By the assumptions on B and R, we have

e Meu(t) = R (6)B(t)* e *ToN(t)

for a.e. t € [0, T]. Hence, the pointwise bound on the control follows by the pointwise bound on
the adjoint state. O

In Theorem 3.14 and Corollary 3.15, we assumed a T-independent bound on M ~!. In Sec-
tion 3.2.3 we will derive this bound under a stabilizability assumption. Before that, however,
we briefly consider the case of an autonomous system to deduce a turnpike result similar to
Theorem 2.30.

3.2.2 An exponential turnpike result

In this section, in order to define a steady state problem corresponding to Problem 3.10 we will
restrict ourselves to an autonomous version of Problem 3.10, where the involved operators are
induced by time-independent ones, e.g., (A%, v) 1, 0,1,V *)x Lo (0,73V) = fg(ﬁx(t), v(t))y=xy dt, for
A € L(V,V*). Similarly, we assume B to be given by a time-independent B, C' by C' and R
by R. Moreover, we assume constant references 4 = Zq € V and ug = g € U and a constant
source term f = f € V*. The first pair of variables (x,\) € W([0,T])? we consider is the
solution of the extremal equations (3.6). Secondly, we introduce the solution of a steady state
optimization problem, namely (Z,u) € V x U being the minimizer of

R Y Bl = V(|2
min 2O — 7a) [} + | R~ m0) [}

)

st.— Az — Bu=f.

This problem has a unique solution if, e.g., A is continuously invertible. This, for example can
be ensured by classical elliptic theory if (3.2) holds with w = 0. Then, there is an adjoint state
A € V such that (7, \) is a solution of the corresponding first-order conditions

¢ A\ (7| [ C*Ca 59)

—4 -BQ'B) \3) T \Bua+ ) |
where Q := R*R and & = Q 'B*\ + 4iq. Similar to Theorem 2.30, we present the following
turnpike result.

Theorem 3.16. Let (z,u, \) solve Problem 3.10 and let (Z,1, \) solve the corresponding steady
state problem (3.9). Assume HM*IHL((LQ(O’T;V*)XH)Q’W([(),T])Q) can be bounded independently of
T and set (§x,0u,0)) := (x — Z,u — U, A — \). Then, for any p > 0 satisfying
< 1
1 -
M= L (L0757 x Y2 W ([0.17)2)

)
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there exists a constant ¢ > 0 independent of T such that

1 1
dx(t ou(t
et 4 e—n(T—t) :E( )Hw([o;q)Jr e ut+e wT—t) ®) Lo(0.T:0) .10)
e T (R RYCV)Y
1 1 -
dx(t +|l——70A(t <c(|lxo =] +||A||]) -
e=Ht 4 e=(T—1) (*) C(0,T3H) e—hte—n(T—1) (t) C(0.T:H) (H 0 I H HD
(3.11)

Proof. First, we integrate (3.9) over [0,7], add %:ﬁ = %5\ =0, and E.Z = Z, BxA = ) and
conclude that (6x,8)) := (x — &, A — \) solves

e -4 ar 0
0 Er <5x> B )\
d - * -
4 —A —BQ'B* | \4A 0
Ey 0 Tog— T
We introduce scaled variables 0z := méw and S\ := mé)\ Then, by the

product rule for generalized time derivatives, cf. Lemma 3.3, we obtain

F 0
crCc 4y ! o B
0 0 (5.7} —W)\
0 ET — K F 0 o = 0 )
4 _ 4 _BQ-lp - oA )
dt 0 0 e (To — Z)
P

where (Fv, w)y»xy =

OHH

(e w(T—t) _o )
(

m(v(t),w(t»‘/*xv Clt Deﬁning 2 = (SE,SX) and

[ = 1+el—uT (O, e L0, 1+el—uT (o — E)), we compute that

(M —puP)z =1
if and only if
(I —pM™tP)z =M1 (3.12)

We proceed to show the bound || P| 1w ((0,17)2,(La(0,7;v+)x r)2) < 1. This follows immediately by
the definition of P and the estimate
T

e—H(T=1) _ o ut)
| it 00O at] < ooy el
0

|(Fv, w)ysxv| =

[-]<1
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Hence, we choose 1 > 0 such that g = MHM_I”L((LQ(O,T;V*)xH)2,W([0,T])2) < 1 and obtain
invertibility of (I — uM~1P) by [85, Theorem 2.14]. Using the Neumann series representation
of (I — uM~1P)~! yields

(I = uM ™ P) " powo.m2,w(o1))2 <Z||MM YPY | Low (o). w ([o.7))2 <ZBZ
=0

and together with (3.12), we get

- M Y| L((Latomivey 12w (011)2) | 7 3 _
2w o.my < LRI 0y < € (A + llzo = 21)

Writing this in the original variables yields the result. The La-estimate for the control follows
immediately analogous to the respective part of the proof of Theorem 3.14. The pointwise

bounds can be proven completely analogously to the proof of Corollary 3.15.
O

We immediately obtain the following corollary, where the bound for the control follows anal-
ogously to the proof of Corollary 3.15.

Corollary 3.17. Let the assumptions of Theorem 3.16 hold. Then there exist ¢, > 0 indepen-
dent of T such that for all t € [0,T]

() = 2| + [|A() = Al| < e + e #T=0) (Jlzg — 2| + [|A]]) -
If additionally B € L(U, H), we get following the pointwise bound on the control
lu(t) = ally < e(e™ + 7T (oo — 2 + A])

We will now show that the T-independent bounds on ||M_1||L((LQ(O,T;V*)><H)2,W([0,T})2) as-
sumed in Theorem 3.14 and Theorem 3.16 can be proven under suitable stabilizability assump-
tions.

3.2.3 T-independent bounds for the solution operator

By ¢ > 0 we will denote a generic T-independent constant, which will be redefined as necessary
in the proofs.

In order to derive the desired bound on the solution operator, let l1,ly € Lo(0,7;V*) and
2o, A7 € H, and consider the system

cxc -4-4A I
0 Er <x) AT

- _ 3.13

4+ A —BQ'B*| \\ Iy (3.13)
EO 0 )
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In the following, we will bound (z,A) by means of (I1, Ap,l2,zp) uniformly in 7. In the au-
tonomous case, we assumed exponential stabilizability and exponential detectability to derive
the desired bound, cf. Assumption 2.32. In this part, we introduce a particular notion of stabil-
ity characterized by an ellipticity condition, which is especially well-suited for non-autonomous
parabolic equations.

Definition 3.18. An operator S: L2(0,T;V) — L2(0,T; V™) is called L2(0,T;V)-elliptic if
there exists a > 0 independent of T' such that

(S0,0) Ly vy Laorsv) = @Vl Ty 00y Yo € La(0, T V). (3.14)

Remark 3.19. We briefly comment on L2(0,T;V)-ellipticity in the context of evolution equa-
tions.

e [t is clear that S is Lo(0,T;V)-elliptic if and only if S* is.

e If an operator S satisfies Assumption 3.5 and the L2(0,T;V)-ellipticity condition (3.14)
for a > 0, then it can be shown by a simple scaling argument, cf. Lemma 3.13, that the
solution of

U/ = —S’U, U(O) = Vo

with vo € H fulfills Heut’UHLQ(O,T;V) < ﬁ“voﬂ for any p < «a and also ||v(t)]| <
e~ w(0)|| for t > 0. Thus, if || - || represents an energy, the latter estimate yields imme-
diate energy dissipation.

o An ezample of an La(0,T; H} (Q))-elliptic operator is the Laplacian in weak form, i.e.,

T
(50, 0) L, (0,751 () x Lo (0,T:HL () = //Vv - k(t,w) Vo dwdt,
0 Q

where k(t,w) is a uniformly bounded measurable function from [0,T] into the set of real
matrices, satisfying the uniform ellipticity condition v - k(t,w)v > a|v|? for a > 0.

The exponential estimates in the previous remark motivate the following definition of V-
exponential stabilizability.

Definition 3.20. Let A, B,C be defined as in Assumption 3.9. We call (A, B) V -exponentially
stabilizable if there exists a feedback operator Kp € L(L2(0,T;V), Lo(0,T;U)) such that —(A +
BKp) is La(0,T; V)-elliptic, i.e., fulfills (3.14). Similarly, we call (A,C) V-exponentially sta-
bilizable if there exists Ko € L(L2(0,T;Y), L2(0,T;V*)) such that —(A+ KcC) is L2(0,T;V)-
elliptic, i.e., fulfills (3.14).

We briefly illustrate this stabilizability property by means of two examples of an unstable
heat equation with distributed control and Neumann boundary control, respectively.
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Example 3.21. Let Q C R", n € {2,3}, be a non-empty, open, bounded domain with smooth
boundary and set V.= HY(Q) and H = Ly(). For v > 0 and x,v € Ly(0,T; HY(Q2)) let A be
defined by

T
<A$7U)LQ(O,T;HI(Q)*)XLQ(O,T;Hl(Q)) = /(; /Q—Vx . H(t,W)VU + Yxv dCUdt,

where k(t,w) is a uniformly bounded measurable function from [0,T] into the set of real matrices,
satisfying the uniform ellipticity condition v - k(t,w)v > alv|? for a > 0. First, we observe that
for small ¢ > 0 (depending on the uniform ellipticity constant of k) we have the lower bound

—(Az, ) L, 0,10 @) ) x Lo, () + (V + 25 0.1:0002)) = 0,101 @)
and hence A satisfies Assumption 3.5. However, for any v > 0, the solutions of
¥ — Ax =0, z(0) = xo

are not stable. This can easily be seen by inserting a spatially constant function into the PDE.
To stabilize the system H'(Q)-exponentially, we consider a subset Q. C Q with positive
measure and set U = Lo(82.). The control operator will be given by

(BU, V) [ (0,7;H (Q)*) x Lo (0,T;H (2 / / uv dwdt.

Defining the feedback operator Kp: La(0,T; HY(Q)) — L2(0,T; La(2.)) by Kpx(t) := —Kx(t)
for K >0 and a.e. t € [0,T], we conclude

Qe

T
—((A+ BEKB)T, %) 1,(0,1;H(©)*) x L2 (0,T3HL()) = //CHV%H2 —ya? + xq Ka? dwdt
0

> C(%& K, )12, 0.1.m1 )

For given (¢,Q,Q.), positivity of C(vy,c, K,Q) can be ensured if v > 0 is small enough. This
follows by the generalized Poincaré inequality, cf. [138, Lemma 2.5]. If Q. = Q, we note that
by choosing K > ~, the feedback operator Kp defined above is H'(S))-exponentially stabilizing
for every v > 0. If we assume an observation on the whole domain, i.e., C is the embedding
of Lo(0,T; HY(Q)) into Lo(0,T;L2(Q)) and Y = La(R), we can choose Ko = —KE where
K > v and E is the embedding of L2(0,T;Lo(Q)) into L2(0,T; (H'(Q)*)), which yields the
Lo(0,T; HY(Q))-ellipticity of —(A+ KcC) for all v > 0.

Example 3.22. A similar result holds if we replace the distributed control in Example 3.21 by

Neumann boundary control of the form 8@:1; = u on a subset I'c C 0Q of positive measure. In

this case, V.= H'(Q), H = Ly(Q) and (Bu,v)1,(0.7:v*)x Lo (0,1;V) = fo fr utr(v) dsdt where
tr: HY () — Lo(0Q) is the Dirichlet trace operator. A stabzlzzmg feedback opemtor Kp can be
defined via Kpx = —K tra for K > 0, leading to Lo(0,T; HY(Q))-ellipticity of —(A + BKp) if
v is moderate. This follows by the generalized Friedrichs inequality, cf. [138, Lemma 2.5].
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Remark 3.23. In the above examples, the instability constant v has to be moderate to show
V -exponential stabilizability using the Friedrichs and Poincaré inequality if the control and ob-
servation region is not the whole domain. Classical exponential stabilizability, i.e., such that the
closed-loop solution satisfies ||z (t)|| < Me || zg|| for M > 1 and u > 0, can be shown, however,
for arbitrary v, cf. [3, Section 3.4.1]. We recall that if an operator is L2(0,T;V)-elliptic, the
solutions satisfy ||z(t)|| < Me F||xg|| with M = 1. In the case of Neumann boundary control,
it was shown that the equation is exponentially stabilizable for arbitrary v > 0 with overshoot
constant M = 1 for the case where v is smaller than the constant of the generalized Friedrichs
or Poincaré inequality and with M > 1 for arbitrary large v. For this fact, we again refer to
[3, Section 3.4.1]. This illustrates that in the case of an autonomous equation, there are cases
where classical stabilizability holds, whereas V -exponential stabilizability can not be established
via the straightforward approach of Examples 3.21 and 3.22.

The introduced stabilizability assumption will be the main tool to obtain a T-independent
bound on the solution operator.

Assumption 3.24. Let Assumption 3.9 hold and additionally assume that
i) (A, B) and (A, C) are V-exponentially stabilizable,

i1) the stabilizing feedbacks Kp and Ko can be bounded independently of T in the sense of
Assumption 3.9 vii).

Under these assumptions, we can conclude a preliminary stability estimate.

Lemma 3.25. Assume (y,)\) € W([0,T])? solves (3.13) and let Assumption 3.24 hold. Then
there is a constant ¢ > 0 independent of T such that

l=(T)|1* + |’95H%2(0,T;V) <c <||CxH%2(O,T;Y) + HR_*B*)‘H%Q(O,T;U) + HlQH%Q(O,T;V*) + ”900”2) ,

INOIP + 1M 070y < e (IC2IE 0.1 + IR B N 020y + Ml 020y + A7)

Proof. For the result on the state, we test the state equation of (3.13) with = and get

d —1 o
<<dt B A) $x> = (BQ7'B* A+ 12, %) 1, (0.13v*) x Lo (0,T3V) -
L2(0’T;V*)XL2(O)T;V)

Let K¢ be a stabilizing feedback for (A, C') in the sense of Definition 3.20. Applying Lemma 3.4
iv) and adding —(KcC'x, ) 1,(0,1;v+)x Lo (0,7;v) 0N both sides yields

1

§|’$(T)HQ —((A+ KcC)m,2) 1, (0,1, *)x L (0,T5V)
. (3.15)

= (—=KcCx+ BQ 'B*A + 12, %) 1,01V x Lo (0.T:V) + §H~”G0H2-

Using the Lo (0,T'; V)-ellipticity of —(A + KcC), we get that

1 L 1
§H9C(T)H2 + O‘1||x||%2(0,T;V) < || = KeCax + BQ ' B*A + la| 1, 0,m:v) |12l aomv) + §||l‘0||2-
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for a > 0. The left-hand side can be bounded from below by min{1, a’}(||z(T)||> + Ha:H%Q(O 7))
Then, using the estimate

| = KcCx + BQ ' B* N+ o] 1y 0.1:v) 12| 1o 0.7
- 1 (H — KcCx + BQ_lB*)\ + l2||%2(0,T;V*)
- 2

C

+CH$\%Q(0,T;V)>

for ¢ = min{%,a} and applying the triangle inequality, we conclude the result for the state.
The result for the adjoint follows analogously, testing the first equation of (3.13) with A and
subtracting the term (BKpA, \) 1, (0,7;v+)x Ly (0,7;v) on both sides. O

Remark 3.26. If the stabilized operators are La(0,t;V')-elliptic for all t > 0, as it is the case
in Examples 3.21 and 3.22, then one could also deduce a bound on ||z||c(o r;m) + 17|y 0,7:v) 0y
deriving (3.15) on [0,t] for arbitrary t € [0,T]. Similarly, a pointwise estimate for the adjoint
follows by considering (3.15) on [t,T] for any t € [0,T]. We will conclude this estimate a
posteriori after having obtained a bound in the W ([0, T])-norm via the T-independent embedding
W ([0,T]) — C(0,T;H), cf. Lemma 3.4 i).

The bounds in Lemma 3.25 still depend on « and A. This dependence can be eliminated with
the following lemma.

Lemma 3.27. Let (z,)\) € W([0,T])? solve (3.13). Then

||Cx|‘%2(O,T;Y) + ”R_*B*)‘H%Q(O,T;U)

= —(20,A(0)) + (A1, 2(T)) — (2, T) Lo 0,75V *)x L2 (0,7:v) T (115 A) Ly 0,73V %) x Lo (0,75V)

1L, 0.mo+) R

< i(aHZH(LQ(O,T;V)XH)? a
for arbitrary a > 0, where z := (x,z(T), A\, \(0)) and  := (I3, A, l2, x0).

Proof. Testing the first equation of (3.13) with z and the third equation of (3.13) with A and
subtracting the former from the latter yields the result cf also Lemma 3.13 ii). The second
estimate follows from the classical estimate yz < ay? + = ° for all Y,z € Rand a > 0. O

Eventually, we obtain the following stability estimate.

Proposition 3.28. Assume (x,\) € W([0,T])? solves (3.13) and let Assumption 3.2/ hold.
Then, there exists a constant ¢ > 0 independent of T such that

MO + ()P + 217 0,70y + M 0.7
< (2,00 + l2lZ 00+ + lzoll” + 1Az ]?).

Proof. Adding the two stability estimates from Lemma 3.25 and using the bound of Lemma 3.27
yields the result. O
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The stability estimate for the variables in the L(0,7"; V')-norm allows for the deduction of
an estimate in the W ([0, 7])-norm.

Theorem 3.29. Assume (x,)\) € W([0,T])? solve (3.13) and let Assumption 3.2/ hold. Then,
there exists a constant ¢ > 0 independent of T such that

12y o7y + 1Mo,y < el Zy0ms) + 12lZ 0750 + laoll? + A7)
Proof. Rewriting the third equation of (3.13), i.e.,
¥’ =Ax — BQ 'B*\+1y in Ly(0,T; V%),
and taking norms on both sides implies

12" || £y 0,m5v) WAl L(Lo0.17:v), Lo (0,13 N 1] Lo 0,751)
+ 1BQ7' B*|| n(ra0.7:), 20 0.0 N I A Lo 0.7y + 2l Lo 075749

Proceeding analogously for the adjoint and using the estimate on ||z| z,0,7:v) + Al z2(0,7;v) of
Proposition 3.28 yields the result, as |[v|lywjo,77) := IVl Lo(0,r3v) + 1V | 2o (0,7v%)- O

The desired bound on the norm of the extremal equations’ solution operator now follows
immediately.

Corollary 3.30. Let Assumption 3.24 hold. Then, there is a constant ¢ > 0 independent of T
such that

IM 7 (Lo 0.0 ) x 2w ([0.17)2) < C-

To conclude this part, we recall the most important results. Using the abstract scaling result
Theorem 3.14 together with Corollary 3.30, we showed, for systems fulfilling Assumption 3.24,
and thus in particular Examples 3.21 and 3.22, that perturbations of the extremal equations’
right hand side growing exponentially in time only lead to errors in the variables that are growing
exponentially in time. In particular, perturbations that are small on the initial part of a long
time interval lead to errors in the solutions that are small on the initial part. This result is of
particular interest in the context of a Model Predictive Controller, as the MPC feedback consists
of the control on an initial part of the time interval. Moreover, in Theorem 3.16 we showed that,
if the system is indeed autonomous, the solution of the dynamic optimal control problem resides
close to the solution of the corresponding steady state problem for the majority of the time.

3.3 Numerical results

We will illustrate the theoretical results by means of two numerical examples of optimal control
with a heat equation. First, in Section 3.3.1, we will depict the turnpike property established
in Theorem 3.16 for the distributed control of an autonomous problem. Second, we will use
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the theoretical results of Theorem 3.14 to construct efficient grids that are tailored to an MPC
context. The sensitivity result of Theorem 3.14 suggests that in order to obtain a high quality
MPC feedback, i.e., the discretization error being small on [0, 7], the space and time grid should
be predominantly refined on [0, 7]. We will investigate the performance of different a priori time
discretization schemes following this idea. To this end, we consider the distributed control of an
autonomous problem in Section 3.3.1 and the boundary control of a non-autonomous problem
in Section 3.3.2. Finally, in Section 3.3.3 we will apply an extension of this approach to a
priori space refinement and discuss limitations of these techniques, motivating the use of more
sophisticated a posteriori methods, which will be discussed in Chapter 5.

The spatial discretization was performed via standard finite elements, and the temporal
discretization is (loosely speaking) an implicit Euler scheme. We will not go into detail here, as
the implementation details will be provided in Chapter 5.

A priori time discretization strategies. Motivated by the sensitivity result of Theorem 3.14,
we present two methods to generate an a priori time grid tailored to MPC. First, we suggest a
construction of an exponential grid as described in Algorithm 2, motivated by the exponential
estimates of the previous sections.

Algorithm 2 Exponential grid generation

1: Given: Rate ¢ > 0, tp =0
2: Set I := fOT e tdt = ﬁ(l — el
3. fori e {0,...,N —2} do
4
5

tiy1 = —Llog(—cl 4 %)
. end for

The algorithm above computes vertices t;, i € {0,..., N — 1} such that

tit1
/eCtdt:I Vi € {0,...,N —2}. (3.16)

t;

In our particular case, we chose ¢ = 1. As a second strategy we use the same number of grid
points in [0, 7] as in [7,T]. If 7 < T, this naturally induces a clustering of discretization points
in [0, 7]. We will compare both specialized discretization schemes with a standard uniform grid.

We briefly illustrate the three different discretization schemes for 11 time discretization points.
In all cases we ensure to have one time grid point at the implementation horizon 7.

i) Uniform:

ii) Exponential:
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iii) Piecewise uniform:

For each of these grids we run the MPC Algorithm 1, where the optimal control problem
in each step is solved on the respective a priori grid. The simulation of the model in step 5
of Algorithm 1 is always performed on a very fine temporal mesh with 51 grid points on the
interval [k, (k + 1)7] for every iteration index k. The spatial mesh was kept constant in time
and we used 768 triangles and correspondingly 417 vertices at every time step for the optimal
control problem as well as the simulation.

3.3.1 Distributed control with static reference

We first consider a linear quadratic optimal control problem with distributed control on a rect-
angular domain € := [0, 3] x [0,1]. We choose the time horizon T' = 10, Y = U = Ly(2), and
consider the cost functional

1 sta o
J(z,u) = S l(x(t) - N2 50100 () + 5”“”%2(0,T;L2(Q))’

where o > 0 is a Tikhonov parameter and z5?" is a time-independent reference defined by

3w =y Hw— w3)]):

1—
10¢' 147 1
where g(s) = { Oe o<

0 else.

10
~ 8
. 6
: ® 4
B 2
0
0 0.5 1 15 2 2.5 3
w1

Figure 3.1: Static reference trajectory x5 (wi, ws).
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As introduced in Example 3.21, we consider dynamics governed by the parabolic PDE in
classical form

¥ —0.1Az — sz = u in Q x (0,7),
=0 in 99 x (0,7T),
z(0)=0 in 0,

where s > 0 is an instability parameter. The natural space in this example is V = H} (), which
yields the equation in weak form

2 —Axr — Bu=0 in Ly(0,7; V™),
2(0) = 0 in La(Q),

where
T
(A, V) [y (0,75v*)x Lo (0,T3V) = / / —0.1Vz - Vv 4 szv dw dt,
0 Q

T
(Bu, U>L2(0,T;V*)><L2(O7T;V) 12/0 /qudwdt.

We note that for s = 0 this equation models a linear heat equation with zero initial condition
that is stable due to the ellipticity of the negative Laplacian in H}(f2). The parameter s allows
us to reduce the stability, or to render the problem unstable. It can be easily seen that (A, B) is
H{ (Q)-exponentially stabilizable for arbitrary s by choosing the feedback Kpz = —(s + 0.1)x,
leading to —((A + BKB)Z, %) 1,(0,1;v*)x Lo (0,15v) = 0-11Z 1, 0,712 (0))- Similarly, (A, C) can be
shown to be H{(Q)-exponentially stabilizable.

We apply four steps of Algorithm 1, where the MPC implementation horizon is chosen as
7 = 0.5 for two different choices of the instability parameter s. We observe that the solution
of the optimal control problem in every MPC step satisfies the turnpike property as proven in
Theorem 3.16. In both configurations the turnpike is approximately reached after one MPC
iteration. We see that the leaving arc is still present for the open-loop trajectories of MPC
iterations two to four. For the problem configuration depicted on the right, we observe that
switching off the control action towards the end of the optimization horizon leads to an increasing
norm of the state. This is due to the instability of the uncontrolled state equation. In contrast,
in the stable problem depicted on the left, switching off the control leads to a decay of the
state norm. Additionally, the leaving arc is less pronounced for smaller values of the Tikhonov
parameter o.. Loosely speaking, this occurs because the control can be held longer at the turnpike
due to the lower control costs.
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Figure 3.2: Spatial norm of open-loop control and state over time for every MPC step. Left:
Stable problem with parameters s = 0 and o = 1073, Right: Unstable problem with parameters
s=4and o =10"".

In Figure 3.3 the cost functional value of the closed-loop trajectory is depicted. The special-
ized a priori grids show a better performance than the classical uniform grid in all cases. While
the closed-loop cost is moderately lower for the stable problem shown on the left, the difference
is significant in case of unstable dynamics depicted on the right. The choice of a concentrated
time grid towards [0, 7] leads to a closed-loop cost that is lower by almost one order of magni-
tude, despite identical numerical effort. In the unstable problem setting, the closed-loop cost
of approximately 4.5 which was achieved using 21 grid points in an exponential or piecewise
uniform grid was reached not before using 101 uniformly distributed grid points. Due to our
particular choice of the scaling parameter in (3.16), on [0, 7| the exponential grid is coarser than
the piecewise uniform grid. This might serve as an explanation, why the piecewise uniform grid
performs better than the exponential grid. A more aggressive exponential refinement on [0, 7]
by increasing the parameter ¢ > 0 in (3.16) could increase the performance of the exponential
grid for these particular examples. In the nonlinear case, more precisely in Figure 4.4, we will
observe a better performance of the exponential grid compared to the piecewise uniform grid.
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Figure 3.3: Comparison of MPC closed-loop cost for an autonomous problem with different
priori time discretization schemes. Left: Stable problem with parameters s = 0 and o = 1073.

Right: Unstable problem with parameters s = 4 and o = 1071,

3.3.2 Boundary control with dynamic reference

We now consider the case of Neumann boundary control with distributed observation, cf. Ex-

ample 3.22. In this case, Y = L2(2) and U = L2(912) and the cost functional is given by

1 dvn o
J(z,u) = Q”@ - xdy )H%Q(O,T;LQ(Q)) + 5”“”%2(07T;L2(89))7

where again a > 0. The time-dependent reference trajectory :L‘gyn is defined by

10 w (t)
dyn — 1,peak
tw) =g =w-
Ta (he) =g ( 3 Hw <w2,peak(t)> H) 7
1—%32
where g(s) = {106 1 s<1

0 else

and

w2,peak(t) =

)

t
W1 peak (t) := 1.5 — cos <7r (10)) )

as depicted in Figure 3.4.

()

(3.18)

(3.19)
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Figure 3.4: Snapshots of the dynamic reference trajectory xiyn(t,wl,wg) at different time in-
stances.

The dynamics in classical form are given by

7 —0.1Ax = in Q x (0,7),
0.12; =u in 092 x (0,7),
z(0)=0 in Q.

In this case, we choose V = H'() and the equation in weak form reads

2 —Ar — Bu=0 in Lo(0,T;V™),
z(0) =0,

where

T
<AI’, U)LQ(O,T;V*)XLQ(O,T;V) = /0 /Q —Olv.’L' . Vv dw dt,

T
<BuvU)Lg(O,T;V*)ng(o,T;V) :=/ / wtr v dw dt.
0 JoQ
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Analogously to Example 3.22, H!(f)-exponential stabilizability of (A4, C) follows immediately,
whereas H'(Q)-exponential stabilizability of (4, B) can be shown with the generalized Friedrichs
inequality, cf. [138, Lemma 2.5]. We apply four steps of Algorithm 1 with the implementation
horizon 7 = 1. As the reference trajectory is time dependent, we do not have a steady state
turnpike property, cf. Figure 3.5. However, it can be observed that the open-loop trajectories for
MPC step two to four are very similar. This is due to the fact that even in a non-autonomous
setting, turnpike properties are often present, cf. [68]. In that case, the solutions to the dynamic
optimal control problem can be shown to be close to the solution of an infinite horizon optimal
control problem with free initial data for the majority of the time. In the autonomous case, this
reduces to an optimal steady state, cf. [24, Section 6].

MPC step 1 — |zl Lo
‘ ‘ ‘ — valu(®)|Ly@e) |06
of =40.4
il -10.2
ol ‘ : ‘ ! =0
MPC step 2
| | | | ‘ = 0.2
i 2L : §§ ﬁ; : §§ / : —10.1 g
o) 1E ! ‘ : : ‘ 3
i MPC step 3 /:';
5 | | | | ‘ ‘ =02 =
E i x
2 W Jo1
1t ! L ‘ : ‘ |
MPC step 4
| | | ‘ ‘ = 0.2
9l 40.1
Lr | | L . : ‘ ‘
0 2 1 6 8 10 2
time ¢

Figure 3.5: Spatial norm of open-loop state and control over time for every MPC step for
non-autonomous problem with o = 1073.

Despite the lack of a steady state turnpike, Theorem 3.14 still suggests that meshes con-
centrated on [0, 7] should perform better than uniform ones. Figure 3.6 depicts the closed-loop
performance of different a priori grids. We observe that again, the exponential and piecewise
uniform a priori grids perform better than the uniform grid.
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Figure 3.6: Comparison of cost functional values of MPC closed-loop trajectory for different a
priori space discretization schemes with Tikhonov parameter av = 1073,

3.3.3 Discussion

We will briefly discuss a possible extension of the a priori time grid generation presented above
to a priori space refinement. In this context, it is important to note that the space discretization
is allowed to be time dependent, i.e., to every time grid point, a space grid that is independent
of the neighboring space grids is assigned. This has the advantage of allowing full flexibility in
the grid refinement. The price to pay is that the implementation of the time stepping scheme
requires particular attention, as the finite element spaces can change every time discretization
point. We will discuss an efficient remedy of this in detail in Chapter 5. In this part, we compare
the MPC closed-loop performance of the following a priori space discretization schemes. For
time discretization, we use the piecewise uniform refinement as described in Section 3.3 with 11
time grid points.

A priori space discretization strategies. We will compare the performance of the following
a priori space discretization strategies:

i) Uniform: All space grids share the same number of degrees of freedom.
ii) Piecewise uniform:

(a) We apply one additional uniform refinement to the grids on [0, 7] compared to
the space grids on (7, T].

(b) We apply two additional uniform refinements to the grids on [0, 7] compared to
the space grids on (7, T].

We evaluate the performance of these approaches by means of both examples introduced in
Sections 3.3.1 and 3.3.2. We observe that in particular for a lower number of space discretization
points, the closed-loop cost achieved with the specialized grids ii)(a) and ii)(b) is better than
the closed-loop cost achieved with a uniform space discretization. However, for higher total
space grid points, a saturation effect takes place and no difference of the three approaches can
be observed.

78



CHAPTER 3. SENSITIVITY ANALYSIS FOR LINEAR QUADRATIC OPTIMAL
CONTROL OF NON-AUTONOMOUS PARABOLIC EQUATIONS

4; 25 I 9 ﬁ
s ! :
| ]
= | >
s A_ 9. 8 2
- 15 [ .’., ‘~, 7 -
ko) .’./. ./.l. =
? 1 RTINS %
B ‘. i
_8 | )t"'f“""“ulhlhm! T 7 %
102.5 103 103‘5
number of total space grid points number of total space grid points

Figure 3.7: Comparison of cost functional values of MPC closed-loop trajectory for different a
priori space discretization schemes. Left: Stable autonomous problem of Section 3.3.1 with pa-
rameters s = 0, a = 1073, and 7 = 0.5. Right: Stable non-autonomous problem of Section 3.3.2
with parameters a = 1072 and 7 = 1.

We conclude that a priori grid refinement tailored to MPC can be efficient in increasing the
closed-loop performance. In particular, ignoring the treatment of dynamic space grids for the
moment, no additional computational effort is required to perform the specialized discretization
schemes. Nonetheless, as to be expected, there are limitations to these a priori approaches.
First, no error estimator is at hand, i.e., it is not clear how much time or space grid points
are needed to ensure a particular accuracy. Thus, the suggested a priori discretization schemes
are only of qualitative nature. In particular, only uniform refinements in space were performed
without considering any structure of the optimal triple. Additionally, despite the exponential
decay of perturbations established in Theorem 3.14, it could be worth to refine the space or
time grid outside of [0, 7]. This is due to the fact that the precise decay parameter is not known
beforehand and if it is very small, large perturbations could affect the optimal triple on the initial
part. For these reasons, we will inspect a goal oriented a posteriori grid refinement technique in
Chapter 5 that is particularly well suited to address these drawbacks.

3.4 Outlook

We briefly outline possible extensions of the work presented in this chapter.

e Future research could be focused on an extension of the results of this chapter to non-
autonomous hyperbolic problems. To this end, a framework with evolution families could
turn out useful, cf. the discussion at the beginning of this chapter.

e Similar to the analysis performed in Section 3.2.2, one could try to deduce a turnpike
result for non-autonomous systems. For that matter, one could compare optimal solutions
for the problem on [0,7] with the optimal solutions for the problem on [0, 00| with free
initial data. However, the core of the analysis performed in this work is a comparison of
the optimality conditions and the derivation of such for problems on an infinite horizon is
a very delicate issue, even for finite dimensional systems.
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e Recently, an approach to deduce turnpike results for shape optimization problems was
presented in, cf. [88]. Motivated by the close connection of decay of perturbations and the
turnpike property established in this part, one could try to prove locality of discretization
errors for shape optimization problems.



Chapter 4

Sensitivity and turnpike analysis for
nonlinear optimal control problems

In this chapter, we will extend the sensitivity and turnpike analysis of Chapters 2 and 3 to
nonlinear parabolic problems. To this end, we briefly provide a different interpretation of the
sensitivity result of Theorem 3.14 and the turnpike result of Theorem 3.16: If the solution
operator of the extremal equations is bounded independently of T in unscaled spaces, then
there is a scaling parameter p > 0 independent of T such that the solution operator is also
bounded independently of T in scaled spaces with scaling function e #! for the sensitivity result
and with scaling function m for the turnpike result, respectively. The analysis in this
chapter will use this methodology to employ an implicit function theorem. We thus formulate
the nonlinear extremal equations as a nonlinear operator equation. In order to apply the implicit
function theorem, we have to perform two main steps. The first is to choose a functional analytic
framework in which we can establish continuity and differentiability of the nonlinear operator
equation. This step will heavily rely on the theory of superposition operators. As a second
step, we show a T-independent bound on the solution operator corresponding to the linearized
extremal equations, similarly to, e.g., the approach in Sections 2.2.3 and 3.2.3. In this context,
the extremal equations linearized at a solution trajectory can be non-autonomous and we benefit
from the analysis of non-autonomous problems in the previous chapter. By the nature of the
implicit function theorem, all results will be local, i.e., they hold for small perturbations of the
extremal equations. In case of the turnpike result, this means that the initial and terminal
datum of the dynamic problem need to be sufficiently close to the turnpike, and, in the case of
the sensitivity result, the perturbation of the dynamics by, e.g., discretization errors is required
to be sufficiently small.

We briefly recall existing work on nonlinear turnpike theory. Nonlinear finite dimensional
problems were considered in [136], including the case of nonlinear initial and terminal conditions.
This was extended to a Hilbert space setting in [113, 114, 135]. A turnpike result for the two-
dimensional Navier-Stokes equations was obtained in [155]. These works analyze the turnpike
property via the extremal equations and are of local nature, i.e., the initial resp. terminal datum
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for state and adjoint need to be close to the turnpike. In [110], a semi-global turnpike result for a
semilinear heat equation with initial datum of arbitrary size is given, under the assumption that
either the state reference trajectory is small or that the control acts everywhere. A geometric
approach to tackle nonlinear problems was presented in [123]. A different approach that leads to
global turnpike properties is stability analysis based on a dissipativity concept. Motivated by the
seminal papers by Willems [148, 149], a notion of dissipativity for optimal control problems can
be defined, where the supply rate is related to the cost functional. Assuming this dissipativity
property, a global turnpike result for states and controls was deduced in, e.g., [53, 65, 68] or [66,
Proposition 8.15]. Under the assumption of a global turnpike property of states and controls, a
global turnpike property for the corresponding adjoint states was derived in [52]. The connection
of dissipativity and the turnpike property is discussed in [62, 63, 65, 134]. The difficult task
remaining is to indeed verify this dissipativity notion in particular applications. The reader is
referred to [62, 63] for a construction of storage functions in a linear quadratic finite dimensional
setting, which could also offer a promising strategy for problems with monotone nonlinearities.
Recently, the connection of turnpike properties and long-time behavior of the Hamilton-Jacobi
equation was analyzed in [48].

Structure. In Section 4.1, the optimal control problem of interest, the corresponding first-
order optimality conditions, and the implicit function theorem are introduced. Moreover, we
present the concept of superposition operators and discuss T-dependence of continuity and dif-
ferentiability. For specific problems, two main steps are necessary to apply the implicit function
theorem: The first one is to show T-independent invertibility of the linearization corresponding
to the first-order optimality system. The second one is to verify a T-uniform differentiability
condition of the superposition operators corresponding to the nonlinearities. In Section 4.3,
we will analyze the case of optimal control with an ordinary differential equation to illustrate
the main steps without functional analytic technicalities. After that, we address the case of a
semilinear parabolic equation in Section 4.4. We analyze the case where the data is sufficiently
smooth—i.e., the initial datum lies in H'(Q) resp. Hg(Q), depending on the boundary condi-
tions and the right-hand sides of the dynamics are supposed to be in Ls(0,7T; L2(£2)). In that
case, continuity and differentiability of the superposition operators follows straightforwardly.
However, the T-independent bound on the solution operator’s norm requires a refined approach.
Last, in Section 4.5, we present numerical examples of distributed control of a semilinear heat
equation and boundary control of a quasilinear heat equation.

This chapter comprises the results of [72, 73].

4.1 Setting and preliminaries

We briefly define the nonlinear optimal control problem of interest and formally derive the
optimality conditions. Assume that (V|| - ||y/) is a separable and reflexive Banach space and
H is a separable and real Hilbert space with scalar product (-,-) and corresponding norm || - ||.
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Further suppose that V — H =2 H* — V* form a Gelfand triple, cf. Section 3.1.1. The control
space U will be assumed to be a real Hilbert space with scalar product denoted by (-, )y and
induced norm || - ||y.

We consider the following parabolic nonlinear optimal control problem.

T
min J(x,u) := /0 J(t,x(t)) + %HR(u(t) —uq()||% dt

(z,u)

_ _ 4.1
s.t. 2'(t) = A(z(t)) + Bu(t) + f(t), (41)

x(0) = xo,

where zg € H, f € Ly(0,T;V*), uqg € La(0,T;U), J(x,u): Lo(0,T;V) x L2(0,T;U) — R is a
sufficiently smooth functional, B: U — V* is a continuous and linear operator, A: V — V* is a
sufficiently smooth operator, R € L(L2(0,T;U), L2(0,T;U)) such that HR’U,”%Q(O .0y 2 al|ul]?
for a > 0.

Similarly to (3.3) we define an operator corresponding to the PDE with initial condition
denoted by A: W([0,T]) — L2(0,T;V*) x H via

T
(A(2), (A A0)) (L2(0.7:V) x H)* x (Lo (0.T5V) x H) *= /o (@'(t) — A(z(t)), A1) v=xv dt + ((0), Ao)

for (\, N\g) € L2(0,T;V*) x H and B: Ly(0,T;U) — Lo(0,T;V*) via

T
(Buy A) Ly(0.1;V*) x L2 (0,T5V) 12/0 (Bu(t), A(t))v=xv dt
for A € Ly(0,T; V). This allows us to briefly write the nonlinear PDE in variational form
(A(Z), (A X0)) (Lo (0,1:V) x H)*  (L2(0,T:V ) x H) — (BUs A) L0173V %) x L2(0,T3V)
= (fs N) Ly (0,13 %) x Lo (0,75v) + (05 Ao)

for all (A, A\g) € L2(0,T;V) x H. We further define A: Ly(0,7;V) — L2(0,T;V*) by

T —
(A(L), N L0, X La(0157) = /O (A(2(5), M) vy dt.

We will assume that the optimal control problem (4.1) has a solution (z,u) € W([0,T]) x
L9(0,T;U). One important ingredient for establishing this property are the classical lower semi-
continuity and coercivity properties of the cost functional. A second factor can be to establish
continuous invertibility of A(z), i.e., the existence of a continuous control to state map. In the
linear case , i.e., if A(x) = Az, we ensured this by assuming —A to satisfy a Garding inequality,
cf. (3.2):

JweR,a>0: oz||:z:||%2 or:v) < (AT, T) L, 0,1,V )x Ly (0,T3V) +W”$H%2 0,T:H)
( ) ( )

For solvability of semilinear equations with globally Lipschitz semilinearities, we refer to [109,
Chapter 6] and [138, Chapter 5]. Locally Lipschitz semilinearities are treated in [119], where
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global existence of solutions was ensured by sufficiently regular data (Bu + f,zg), such that
the solution is bounded, i.e., * € Loo(0,T; Loo(£2)). For a in-depth analysis of optimal control
problems governed by quasilinear parabolic equations, the interested reader is referred to [21,
31, 87, 104, 108].

We introduce a Lagrange multiplier (A, Ao) € L2(0,T; V) x H and define the Lagrange function
via

L(z,u, (A No)) := (4.2)
J(HT, U) + <A(9€)7 ()\, /\0)>(L2(0,T;V)><H)*><(L2(0,T;V)><H) - <BU + f, /\>L2(0,T;V*)><L2(0,T;V)-

Proceeding formally, the first-order optimality conditions of (4.1) are characterized by the sta-
tionarity conditions of the Lagrange function at a minimizer (z,u, (\, Ag)), i.e.,

L.(x,u, (X X)) Jo(zyu) + A (x)* (A No)
0= Ly (z,u, (X, o)) = R*R(u —uq) — B*A
L(A,Ao)(xv u, ()‘7 )‘0)) A(m) —Bu—f

If A’(z) satisfies the Garding inequality (3.2), we get the improved regularity A € W ([0, T1)
and A(0) = Ao, cf. [127, Proposition 3.8] as in the linear quadratic setting considered in Sec-
tion 3.1.2. This allows us to write the adjoint equation as a backwards-in-time equation in the
variable A. Further separating the initial and terminal conditions from the dynamics leads to
the extremal system

Jo(z,u) = N — A'(z)*\

A(T)
L'(z,u,\) = | R*R(u—uq)— B*\ | =0. (4.3)
¥ —A(x) — Bu—f
z(0) — xo

Remark 4.1. The quadratic dependence of the objective function on the control allows for an
elimination of the control analogously to the linear quadratic case. For more general problem set-
tings, in order to represent the optimal control by the adjoint state arising in the first-order nec-
essary conditions, a standard assumption is the existence of o > 0 such that Jy,,(z,u)(du, du) >
aH(SuH%xO’T;U) for all du € Ly(0,T;U). This property is sometimes referred to as the strength-
ened Legendre-Clebsch condition, cf. [25, Chapter 6]. A second aspect if one allows for a general
nonlinear control dependence is that improved reqularity of the optimal control might be needed
to conclude an implicit function argument. In particular cases, this improved reqularity can be
established by classical bootstrapping in the optimality system.

Setting Q := R*R and L.(z,)\) := L(z,Q 'B*\ + ug, \), the reduced extremal equations
read

Jo(zyu) = N — A'(z)*\

o A(T)
BN =10 a@) - BQ ' BA - Bua— f

z(0) — z

= 0. (4.4)
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This nonlinear system will be the starting point of our subsequent analysis. We present two
perturbations of the extremal equations (4.4) that we aim to analyze in this chapter.

First, in order to obtain a sensitivity result, we will consider (&, @, \) € W ([0, T])x L2(0,T; U)x
W (]0,T]) that solves a perturbed version of (4.4), i.e

Jo(E, @) — X — A(Z)*A €1

I~ XY )\(T) _ler
L@ x) = P —A(Z)—-BQ 'B*A—Bug—f| |e|’ (45)

i‘(O) — X €0

where i = Q 'B*\ 4 uq and € = (1, e7,€9,60) € (L2(0,T; V*) x H)?2.

It is important to note that in order to derive a sensitivity result, we do not assume the
existence of a corresponding steady state problem, i.e., in particular J can explicitly depend
on time which is the case for, e.g., tracking-type cost functionals with time-dependent reference
trajectories.

Second, to derive a turnpike result, we will consider the first-order necessary optimality
conditions of the steady state problem as a perturbation of the first-order optimality conditions
of the dynamic problem. In that context, we will always assume that J(t,z) = J(x), i.e., J does
not explicitly depend on time and ug € U, R € L(U,U), f € V* are independent of time. To
indicate this time-independence, we denote R := R, 1q := ug and f := f. We thus formulate
the corresponding steady state problem

_ 1 -
min J(z) + = ||R(@ — ua) |1
iy (@) + IR Do (4.6)
st. — A(x) = Bu+ f,

where we again assume that there is a minimizer (z,u) € V x U. For (z,4,\) € V x U x V,
we define the Lagrange function of the steady state system as L(z, 4, \) := J(Z,u) — (A(Z) —
Bu, A)v+xv, which leads to the first-order conditions

- (&) — A(2)A
L'(z,a,)) = R( —ag)— B*XA| =0. (4.7)
A(z) - Bu-

Setting Q = R*R, eliminating the control via @ = Q~!B*\ + uq and defining the reduced static
Lagrangian L,(Z,\) := L(Z,Q 'B*\ + ug,\). By the same argumentation as in the linear
quadratic case, cf. Lemma 2.29 or the proof of Theorem 3.16, this steady state system can be
written as a perturbation of the dynamic extremal equations by interpreting A and Z as functions
constant in time and adding A’ = ' = 0 and initial resp. terminal values to the equations, i.e.,

Jo(z, 1) — N — A'(Z)* X 0
Vm Ty NT) I )
L@ = A(®) - BO-'B'T — Buy— f 0 (4.8)
.f(O) — Xo T — Xo
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4.1. SETTING AND PRELIMINARIES

The main results of this chapter will be the following: On the one hand we will deduce a turnpike
result stating that the solution of the dynamic problem (4.1) is close to the solution of the static
problem (4.6) for the majority of the time. On the other hand, we establish a sensitivity result
for (z,a, ) solving (4.5) stating that the behavior of the perturbations (e1,er,e2,e0) towards
T influences the MPC feedback, i.e., the optimal control on [0, 7] only negligibly, if T < T

We will perform this analysis by means of an implicit function theorem. In that context,
the derivative of the nonlinear first-order optimality condition will be needed, which in our case
(formally) reads

Jpz(x,u) — A" (2)* A —% — Al(x)*
0 Er
4 — Al(2) —-BQ'B* |’
Ey 0

L'z, \) = (4.9)

where Bz := z(t) for t € [0, 7] and = € C(0,T; H), cf. Definition 2.26.
To obtain localized estimates in time, we consider a smooth scaling function s: RZ0 — R
with s(t) > 0 for all t € R=, If X is a Banach space, we will make use of the scaled norm

||9UHL;(0,T;X) = HSI’HLP(O,T;X) (4.10)

for any 1 < p < co. The equivalence of this norm to the standard L, (0, 7"; X )-norm follows from
the positivity of s as we get for 1 < p < oo that

i s (/ le(t)I% dt) (/ st % dt>1<tgfgg>T<]s<t>(/OTuw)n&dt); (411)

and

min s(t)esssup ||z(t)||x < esssup||s(t)z(t)||x < max s(t)esssup ||z(t)] x. (4.12)
t€(0,7] te[0,T] te[0,T] te[0,1] te[0,T]

As L,(0,T;X) with the standard norm is a Banach space, by the equivalence of the norms

above, (Lp((); T;X),| - HL;(QT;X)) is also a Banach space. Note that the equivalence of norms

can (and in our case with, e.g., s(t) = e # will) deteriorate for T — co. The dynamics we will
inspect in Section 4.4 will be described by a closed operator As : D(As) C L2(Q2) — L2(Q2) that
is a generator of an analytic semigroup in Ly(2), where D(A3) is the domain of Ay endowed
with the graph norm || - || + || Az - ||. More precisely, Az will be a second order elliptic differential
operator. Further, we will impose either homogeneous Neumann or homogeneous Dirichlet
boundary conditions and hence D(Ay) = {v € H?*(Q)| 2 7,0 = 0}, where % is a conormal

derivative corresponding to Az, or D(As) = H?(2) N H} (Q) We will denote

W1’2(0,T,D(.A2),L2(Q)) = {1) S LQ(O,T;D(.AQ)) |’Ul S LQ(O,T; LQ(Q)},

H’UHWl»Z(o,T;D(Az),Lg(Q)) = HUHLQ(O,T;D(.AQ)) + HUIHLQ(O,T;LQ(Q)y
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where the time derivative is meant in a weak sense. For this vector-valued Sobolev space, we
will also utilize a scaled norm, i.e.,

”UHWQ»Q(QID(AQ),LQ(Q)) = HSUHW1v2(0,T,D(A2),L2(Q))-

For the scaling terms we have in mind, i.e., exponential functions, one can straightforwardly show
that the norm HUHWQ’Q(O,T,D(AQ),LQ(Q)) = [[sv]l 1,070 40)) T [1(59) | L2(0,7:12(02)) 18 equivalent to
[sV[| Ly 0,7:D(A2)) + 18V 20,712 (2)) = VIl L50,7:D(42)) + 1Vl L300, 12(0)) I ¢ < 1. We show in
Remark 4.2 that this choice of 11 does not constitute a real restriction. By the equivalence of
scaled and unscaled Ly-norms shown above, || ||WS1,2(07T7 D(As),Lo() 18 equivalent to the standard
norm || - [|y1.2(0,7,D(A2),L0(02)) With constants strongly depending on 7. Hence,

1,2
<W (OaT,D(-AZ)aLQ(Q))’ H ’ ||W51’2(07T,D(A2)7L2(Q))>

is a Banach space.

As the semigroup generated by As is analytic, we have the T-independent continuous em-
bedding W12(0,T, D(A2), L2(Q)) < C(0,T;V), cf. [19, Part 1I-1, Remark 4.1, Remark 4.2],
where V = HY(Q) or V = H}(Q) depending on the choice of boundary conditions, i.e. V =
D((—Ag)_%) is the domain of a fractional power of —Ajg, cf. Example 2.71 and [90, Section
0.2.1].

Finally, whenever we write Vs for t e [0,T], we mean V endowed with the equivalent norm
s(t)|| - |lv. This notation will be used to indicate a scaling of the initial resp. terminal datum.

Remark 4.2. We briefly show that in the linear case of Chapter 2, we implicitly assumed that
p < 1. In the sensitivity and turnpike results of Theorems 2.27 and 2.30 we chose pu > 0 such
that

1

M < — )
M= (2o 0,75x) % x)2,00,7:%)2)

where M1 is the solution operator of the extremal equations (2.27). We claim that this directly
yields p < 1. To prove this, we assume that cpr := HM_lHL(LQ(O,T;X)><X)2,C(O,T;X)2) < 1. Then,
setting l1 = lo = 0 and for arbitrary xo, A\ € X we get the estimate

IMerx) + zlleorx) < e (lzoll + [[Azl) < [lzoll + Az,

where (z,)\) € C(0,T; X)? solve the corresponding extremal equations (2.27). With the simple
estimate ||zo|| + | Ar|l = [2(0)[| + [IMD)[| < |zllco,7;x) + M c©,r;x) we obtain a contradiction.
Hence, we always have HMilHL(L2(O,T;X)XX)270(0’T;X)2) > 1.

4.2 An abstract framework for sensitivity analysis

In view of the first-order optimality conditions (4.4) and the perturbations (4.5) resp. (4.8),

the question we aim to answer is the following: How do Z = (Z,\) and z = (z, \) differ from
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z = (x,) depending on (e1,e7,¢e2,50) and (0, \,0,% — x9), respectively? In particular, we aim
to obtain results localized in time, i.e., estimates in scaled norms as in Theorems 2.27, 2.30,
3.14 and 3.16. In the linear quadratic framework of Chapters 2 and 3, we concluded localized
estimates by subtracting the perturbed and unperturbed extremal equations, a scaling result
and a bound on the solution operator. In the nonlinear case, we will conclude a local result
by means of an implicit function theorem. For its application, we denote the solution space by
Z and the perturbation space by E. These spaces will contain the solutions and right hand
sides of, e.g., (4.4), i.e., Z contains (x,\), (Z,\) and (%, :\) and E contains (0,5\,0,577 — a;o) and
(e1,e7,€2,€0). We introduce a nonlinear operator

G:ZxFE—FE
defined by
G(z,e):=Ll(2) —¢ V(z,e) € Z x E. (4.13)
It is clear that
e (G(z,0) =0 for any solution z = (x, \) of the dynamic problem (4.4),

e G(2,(0,),0,% —xq)) = 0 for any solution Z = (z, \) of the static problem (4.7),

)
o G(3,(e1,e7,9,80)) = 0 for any solution z = (&, A
(4.5).

) of the perturbed dynamic problem

First, in Section 4.3 we apply the abstract approach of this section to finite dimensional problems
to highlight the main steps without too many functional analytic overhead. In that context, we
will have V = H = R" and we will deduce estimates in the scaled spaces

n 2
Zs = (H' (0, T;R™), || - lws (o) »
B, = (L0, TR, |- o ) x (R x (La(0. TR, | g0 ) x (RO

where H'(0, T; R™) contains all functions v € L (0, T; R™) with weak derivative v’ € Lo (0, T;R™).
This space obviously coincides with W ([0,7]) if one sets V = H = R"™ in Lemma 3.4.

In Section 4.4 we consider optimal control problems governed by semilinear parabolic evolu-
tion equations. In that context, we will utilize the smoothing effect of parabolic equations and
obtain sensitivity and turnpike estimates in the scaled spaces

2
Zs = (LP(O’ T, Lp(Q)) N WLZ(Oa T D(AQ)) L2(Q)), || : |’L;(07T;LP(Q))ﬂW51’2(()7T;D(A2),Lz(Q))) )
By = (La(0: T3 La(), | - 502000 ) ¥ V'

x (LQ(O;T; Lo (), | - HL;(O,T;LQ(Q))) x Vo0,

The perturbations of the dynamics are assumed to belong to an Lso-space, whereas the perturba-
tions of the initial values have to belong to V, which will be a H!'-space. This regularity of the
data leads to solutions with values a.e. in D(Az), a H?-space, that have a weak time derivative
with values a.e. in Ly(€2) by maximal parabolic regularity, cf. [19, Part II-1, Section 3].
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4.2.1 An implicit function theorem

We now present an implicit function theorem that allows for estimates in scaled norms in a
general setting. A particular feature of the following implicit function theorem is the tracking of
dependencies of the chosen neighborhoods for perturbations and solutions in scaled and unscaled
norms. This allows us to formulate criteria that render these neighborhoods independent of T,
namely a T-uniform continuity condition on the linearization and T-uniform invertibility of
the operator corresponding to the linearized first-order necessary conditions. This uniformity
in T is crucial to derive meaningful turnpike and sensitivity results. The assumption of T-
independence of the solution operators norm is also a central assumption in the linear quadratic
setting and in that case can be achieved under stabilizability and detectability assumptions, cf.
Theorem 5.5 and Corollary 3.30. We will derive a similar property for the linearized system
in Section 4.4. Finally we emphasize that even though the scaled and unscaled norms are
equivalent, the involved constants in case of exponential scalings strongly depend on T'. Thus,
this equivalence of norms can not be directly used to derive estimates, motivating a refined
analysis as carried out in the following theorem.

Theorem 4.3. Let (Z,||-||z) and (E, ||-||g) be Banach spaces, let ||v| z, resp. |v|| g, be equivalent
norms on Z resp. E and set Zs == (Z,| - ||z,) and Es :== (E,| - ||g,). Consider the mapping
G: Z x E — E defined in (4.13) with G(2°,e°) = 0 for (2°,e°) € Z x E. Assume the following:

i) G,(2°,€°) is continuously invertible in L(Z, E).

i1) It holds that

o1 2 o GG = G0 ~ G G = 2
ST [ ’
if 28,22 = 2% in Z ande — € in E.
i11) It holds that
1oy 0 .y _ 0 0y(,1_ ,0
(et ) o 100119 = G0 0) = Go( ) = D),

It = 2% 2,
if 28 = 2% in Z and e — €V in E.

Then there is rg,rz > 0, such that for every e € E satisfying || — °||g < rg there exists
2*(¢) € Z such that ||2*(e) — 2°||z < rz and G(z*,¢) = 0. Further, we have the estimate

12" () = 2%z, < clle = °)l.. (4.14)

Moreover we have the following T -uniformity:

e If the convergence in ii) is uniform in T and |G (z",€°) " || (g z) is bounded independently
of T, then rz and rg can be chosen independently of T'.
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e If, additionally, the convergence of iii) is uniform in T and HGZ(ZO,EO)_lHL(ES,ZS) is
bounded independently of T', then the constant in (4.14) is independent of T.

Proof. Throughout this proof, we denote BZ, (%) := {z € Z |||z — 2°||z < rz} and BE (7) :=
{e€E||le &% g <rg}. ForkeNOlet 62F := —G, (20,97 G (2%, ¢) and 2F ! = 2F 4 52F. As

62 = —@, (20,071 (G(z’”l, ) — G(2*,e) — G.(2°, &%) (2! — zk)>
we have with ii) that
182541117 < G (20, 20) 2982 (54, 24) 162 (4.15)

where §.(2F*1,2F) — 0, if A1 28 — 20 in Z and e — £ in E. We now choose rz > 0
and rg > 0 such that d.(z1, 2z2) < 2HGZ(Z07501)_1”L(E,Z) for all 21,29 € BTZZ(ZO) and € € Bf?E(gO).

Further, by continuity of G(2°,¢) in €, continuous invertibility of G(2°,£°) and as G(z", %) = 0,
we can further decrease rg such that

_ T
16207z = |G+ (2%, 971G (20 e)| 2 < 72

for all e € BE (7). Thus, we get

k
_ 1
182541 < G (2, %) I, 2)0: (5 F, 24025 2 < <2) 160z (4.16)
Hence,
b 1
|25 = 202 <) lI62F|2 < - 162°]1z < rz (4.17)
i=0 T2

and hence inductively, z* € BrZZ (2%) for all £ € N. Thus, by completeness of Z, the iteration

k_ .0 k k * Z (.0 x k 1
2P =243 1L, 62" converges to an element z* € BZ (2") and as d.(z*, 2") < M) o2,
we get

_ 1
1G=(2", )7 (G(z",2) = G, €) = Gl ) (& = 29)) 2 < 51" = 2.
Hence, by the reverse triangle inequality, we get
1
G- (%, )G (=% )z < 162" + 2% = 2F||z + Sl = Fllz =0

for k — oo and thus G(z*,¢) = 0. To obtain an estimate in the scaled norms, we compute, using
2t =20 4620 that

2% = 2llz, < ll=* = 2'llz, + 6:°)| .

90



CHAPTER 4. SENSITIVITY AND TURNPIKE ANALYSIS FOR NONLINEAR OPTIMAL
CONTROL PROBLEMS

We further estimate with 620 = —G.(2%,%) 71 G(2°, ), by iii) and z* € BZ (z°) after possibly
further decreasing 7 and rg such that §2(z, 2°) < STG(0 50)1 for all z € BZ (2°) and

“Hio(es,zs)
e € BE (V) that

2% = 2|z, = 1G=(=°, ") TH(G(=°, ) (=" = 21))|,

= [|G2(2%, %) THG(2°, ) (2" = 2°%) = (G(z",€) = G(2°,€))) ||,
1 * 0
<5l = 2l

0 0

Hence by the particular structure of G, i.e., G(2°,¢) = G(2°,&°) + & — € = ¢ — ¥ we obtain

1 _ _
Sl1" = 2lz < 1102°]2, = 1G=(z",e") G )z, < N1G=(2", ") Mlrp..zo)lle = "l

which concludes the proof. O

We have two particular applications of Theorem 4.3 in mind. First, to derive a turnpike
result, we set 20 = (Z, \) solving the static extremal equations (4.8), €* = (0, ,0,Z — ), and
¢ = 0 to derive an estimate on the difference of (x,\) and (z,\) in scaled norms with scaling
function s(t) = m Second, in order to obtain a sensitivity result, we set 20 = (x, \)
solving the exact dynamic extremal equations (4.4), €% = (0,0), and € = (e, e, €2,£0) to derive
an estimate on the difference of (x, \) and (%, A) solving the perturbed extremal equations (4.5)

in scaled norms with scaling function s(t) = e™#t.

Remark 4.4. Due to its generality, Theorem 4.3 can also be applied to general evolution equa-
tions, i.e., hyperbolic equations. Moreover, we could apply it to elliptic PDFEs to prove an expo-
nential decay property of the influence of right-hand sides in space, a well-known property for
elliptic equations, without knowledge of Green’s function.

A crucial point in the proof of the implicit function theorem, i.e., Theorem 4.3, is to ensure
that the series generated by G (2°,%)71G(2*, €) converges in Z. In the assumptions of the the-
orem, this is ensured by i) and ii), i.e., differentiability of the nonlinear operator and continuous
invertibility of the linearization. As we will see in the following section, in general, the image of
a nonlinear map, e.g., G(z*, €) has lower integrability than its argument z*. Thus, it is necessary
to prove a smoothing effect of the solution operator to the linearized problem, e.g., G (2?,¢%)~!
to make up for this loss of regularity.

4.2.2 Superposition operators and 7T-uniform continuity

In order to rigorously verify assumptions ii)-iii) in Theorem 4.3, we employ the concept of
superposition operators. We will only consider continuity and differentiability of these operators
in L,-spaces and the reader is referred to [138, Section 4.3.3] for a short introduction and [8, 56]
for an in-depth treatment of these topics in Sobolev and Lebesgue spaces of abstract functions.
Intuitively, a superposition operator is a nonlinear map between function spaces defined via
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an, e.g., scalar nonlinear function by superposition. The following definition of a superposition
operator is adapted from [138, Section 4.3.1] and [56, Section 2]. In this work we only consider
the case of a nonlinearity depending on one argument. A generalization of the presented results
to nonlinearities that additionally depend on space and time is straightforward. We consider a
measurable subset S C R™ with n € N, which serves as a placeholder for the spatial domain 2
or the temporal domain [0,7]. The following definition of a superposition operator is adapted
from [138, Section 4.3.1] and [56, Section 2].

Definition 4.5 (Superposition operator). Let Wy and Wy be real valued Banach spaces. Con-
sider a mapping p: W1 — Ws. Then the mapping ® defined by

O(z)(s) = p(x(s))  forses

assigns to an (abstract) function x: S — Wi a new (abstract) function z: S — Wsy via the
relation z(s) = p(x(s)) for s € S and is called an (abstract) Nemytskij operator or (abstract)
superposition operator.

We will briefly illustrate this definition by an example.

Example 4.6. Consider Wi, = W = R and S = € C R" bounded with n € N. Then the
nonlinear function p: R — R, o(w) = w® defines a superposition operator ® via the relation

O(z)(w) = z(w)®  forw e Q.

for x: Q — R. An immediate question that arises is the following: Given a function x € Ly(Q),
which integrability does the image ®(x) have? We will provide an answer to this question in
Proposition 4.7. In this example, it is intuitively clear that, e.g., ®: Lg(2) — La(Q).

Consider now T > 0 and the nonlinear function ®: Lg(2) — L2(Q) defined above. Setting
W1 = Le(Q) and Wo = La(Q2) and S = [0,T] in Definition 4.5, we define a second superposition
operator ® for x: [0,T] — Lg(2) via the relation

O(z)(t) = (x(t)) forte|0,T].

As we will see later, this map is well defined and continuous as a mapping ®: Le(0,T; Lg(£2)) —
L2(0,T; La(R2)). We thus obtained from a scalar nonlinear function a nonlinear mapping from
one space of abstract functions into another one by applying Definition 4.5 twice.

We will now discuss continuity and differentiability of nonlinear superposition operators. As
to be expected and if p < oo, growth conditions on the underlying function ¢ play a key role
in establishing these properties in L,-spaces. In the following, we give sufficient and necessary
conditions for continuity and differentiability of superposition operators. However, we first
characterize the image of a superposition operator under growth and boundedness conditions.

Proposition 4.7. Let W1 and Wa be real valued Banach spaces. Let p: Wi — Wa be continuous.
For1<p,q < oo let

P
[p(w)llw, < c1 +ellwlly,  VweW (4.18)
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for constants ¢; € R and ca > 0. Then the corresponding superposition operator maps Ly (S; Wh)
into Ly(S;W3).
If for all ¢ > O there is a constant 8 = (c) > 0 such that

lew)lw, <B  Ywe Wit |w|w, <e

then the corresponding superposition operator maps Loo(S; Wh) into Lq(S; Wa) for alll < g < 0.
Proof. See [56, Theorem 1]. O

The following proposition shows that if a superposition operator maps one L,-space into
another, continuity can be derived immediately.

Proposition 4.8 (Continuity of superposition operators). Let Wi and Wy be real valued Ba-
nach spaces. Let p: W1 — Wy be continuous and 1 < p < 0o, 1 < q < oo. If the induced
superposition operator ® maps L,(S; W1) into Ly(S, Wa), then it is continuous. If ¢ is locally
Lipschitz continuous from W1 to W, then the induced superposition operator ® is continuous
from Loo(S;W1) to Loo(S, Wa).

Proof. For the first part, see [56, Theorem 4]. For the case p = ¢ = oo we refer to [138, Lemma
4.11]. 0

We note that continuity in case of p = ¢ = oo can also be deduced under a uniform continuity
assumption on bounded sets, cf. [56, Theorem 5].

We briefly discuss Proposition 4.8 for the example of ® and ® defined in Example 4.6 via
the nonlinear function p(w) = w?. Using Proposition 4.7 and Proposition 4.8, the operator ®
defined in Example 4.6 is continuous as a mapping from L3z,(2) to L, (£2) and Lo (€2) to Ly (£2) for
1 < ¢ < oo, respectively. Additionally, ® is continuous as a mapping from Lz, (0,T'; L3g, (2)) to
L4, (0,7 Ly, () for 1 < q1,q2 < 00, from Lo (0,75 L3y, (2)) to Lg, (0,1 Lg,(2)) for 1 < q1,¢2 <
00, and from Lo (0,7 Loo(£2)) to Lg, (0,T'; Ly, (2)) for 1 < g1, g2 < 00.

As it turns out, the conditions stated in Proposition 4.7 are not only sufficient but also
necessary for continuity of the induced superposition operator, cf. [56, Theorem 3].

Next, we focus on the topic of differentiability, which plays a key role in applying the implicit
function theorem. The following result obtained in [56, Theorem 7] gives sufficient conditions
for Fréchet differentiability.

Proposition 4.9 (Differentiability of superposition operators). Let 1 < ¢ < p < oo. Assume
that : W1 — Ws is continuously Fréchet differentiable. Moreover, let the superposition operator
defined by

U(z)(s) = ¢'(a(s)) forses

be continuous from L,(S; Wh) to L,(S; L(W1, W3)) with r = %. Then the superposition oper-
ator ®© induced by ¢ is continuously Fréchet differentiable and the Fréchet derivative

®': L, (S;Wh) — L(Ly(S; Wh), Ly(S; Wa))
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is given by U, i.e.,
(®'(z)dz)(s) = V(z)(s)dx(s) fors €S, dx € L,(S;Wh).

The conditions given in Proposition 4.9 are also necessary in the following sense: If a super-
position operator is differentiable from L,(€2) to L,(€2) with 1 < p = ¢ < oo, then it is affine
linear. If it is differentiable from L,(£2) to Ly(£2) with 1 < p < ¢ < oo, then it has to be constant,
cf. the discussion in [56, Section 3.1] and [8, Theorem 3.12].

Remark 4.10. One can easily check that if o(w) is a polynomial of the form o(w) = w?,

d € N, then it induces a continuous superposition operator ®: Lg,(2) — Lq(Q) via Proposi-
tion 4.8. Additionally, ® is differentiable from Ly,(2) to Lqe(Q2) for all 1 < g < oo by applying
Proposition 4.9 with r = (d%l The same obviously carries over to the vector valued setting,
e.g., ®: Lgg,(0,T; Lag,(Q)) — Lg,(0,T; Lg, (2)) induced by ¢ is continuous and differentiable
forall1 < q1,q2 < 0.

In order to render the radii rz and rg and the estimate (4.14) independent of T, we have to
discuss the T-dependence of continuity moduli of superposition operators in unscaled and scaled
L,-spaces as introduced at the end of Section 4.1 with norms defined in (4.10).

Definition 4.11 (7-uniform continuity). Let Wi, Wy be real-valued Banach spaces. We say that
an operator U: L,(0,T; W) — Ly(0,T; Wa) is T-uniformly continuous if for all 2° € L,(0,T; W)
and for all € > 0 there is § > 0 independent of T such that if ||6x||r,0,7m,) < 0 then

1@ (2” + 6z) — \Ij(wo)HLq(O,T;Wg) <e.

Lemma 4.12. If the constants ¢ and ca in the growth condition (4.18) can be chosen indepen-
dent of T, then the continuity of the induced superposition operator is T -uniform.

Proof. The proof follows directly by the fact that the references establishing continuity under
growth conditions do not assume the domain S to be bounded, cf. [8, Chapter 3] and [56]. O

Example 4.13 (Remark 4.10 revisited). We briefly illustrate the previous lemma by means of
the example p(w) = w?, d € N*. In that case it is clear that the growth condition (4.18), i.e.,

2
p(w)] < e1 + ealwls

holds with p = dq, c1 = 0 and co = 1, i.e., v induces a T-uniformly continuous superposition
operator from Lg,(0,T; Lgp(€2)) to Lq(0,T;5 Ly(Q)) for all 1 < q,p < oo. As [0,T] and Q2 are
bounded, one can show that continuity also holds from Ly (0,T; Lj (Q2)) to Le(0,T; Lp(£2)) for
d > d, however, with constants that depend on T and |Q|. This means, that the functional
analytic framework has to be chosen particularly suited to the nonlinearity to render the constants
and hence the continuity uniform in T.

The following lemma shows that if a superposition operator has a T-uniformly continuous
Fréchet derivative, the convergence in ii) and iii) of Theorem 4.3 can be shown to be T-uniform.
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Lemma 4.14. Let Wi and Wy be Banach spaces, 1 < p < oo and let ®: L,(0,T;W;) —
Ly(0,T;W3) have a T-uniformly continuous Fréchet derivative ®'. Then,

|2(zt) — @(a?) — (%) (& — 2%, 0,rm2)

—0
|zt — 932HL,)(0,T;W1)
uniformly in T if 2%, 2% — 2° in L,(0,T; W1). Moreover,
[ (20 + 0z) — @(2°) — ' (2°)d| £ (0.7w) o

102 s (0.7:w1)
uniformly in T if 0x — 0 in L,(0,T;Wq).

Proof. We compute with the fundamental theorem of calculus, cf. [82, p.51], that
[@(x") — @(a?) — &' (%) (&' — 2%)| L, 0.15m2)

| / (2 + (! — 2%)) — @(2%) dB(z" — %) 1, 0zw)

< <681[Bp1] 19 (2 + 0(z" — %)) — ' (2®)|| (1, (0.1W1),L, (0.75W2))
€fo,

+ [[(@'(2°) — (I)/(xZ»”L(Lp(O,T;Wl),Lq(O,T;Wz))> Izt — 2|1, 0.mm7)-

The first claim follows by T-uniform continuity of ®’. For the second claim in scaled norms with
scaling function s, we compute analogously

[@(2 + 62) — B(2°) — ()52 13 0.112)

= |Is (2(a” + d2) — @(2°) — ¥'(2°)82) ||, 0,mm2)

< Sup 1@ (%) — @' (2° + 062) | (1, (0.75w1), Ly (0,75wa)) 502 | 1,y 0,751
€10,

= 19 (2°) = @' (° + 062)[| (L, (0.7:W1) Lo (0,75w2)) 192 | L (0,797
€0,

which concludes the proof. O

Hence, it turns out that whenever the superposition operators are differentiable with 7-
uniformly continuous derivative, the uniform convergence needed in Theorem 4.3 ii) and iii) to
obtain T-uniform neighborhoods holds true. The remaining task in order to apply the implicit
function theorem is to verify the T-uniform estimate on the solution operator of the linearized
first-order optimality system, i.e., G,(z°,%)~!, in unscaled and scaled spaces. In the following
we will derive such a bound for a wide class of nonlinear finite dimensional and semilinear infinite
dimensional parabolic problems. In that context, our aim is to provide maximal flexibility in the
norms of this estimate in order match the functional analytic framework where one established

T-uniform continuity, cf. Example 4.13 on the importance of this issue.
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4.3 Nonlinear finite dimensional problems

We briefly discuss the case of a finite dimensional system as a particular case of a parabolic
problem. To this end, we consider V = H = R", A: R" — R" twice continuously Fréchet
differentiable , U = R™, and B € L(R™,R") for n,m € N. In this case, we have the solution
space W([0,7]) = {v € L2(0,T;R") |v' € Lo(0,T;R")} =: H'(0,T;R"). Further we have
H'(0,T;R") < C(0,T;R") with an embedding constant independent of 7', cf. Lemma 3.4. Very
similarly to Theorems 3.14 and 3.16 we will deduce a T-independent bound on the linearized
extremal equations solution operator under a stabilizability and detectability assumption. To
this end, we consider the linearized extremal equations at two different linearization points.
First, to deduce a turnpike result, we linearize the extremal equations at the optimal steady
state (Z,)\) € (R")?, leading to an autonomous linearization L”(Z,\). Second we analyze the
linearization of the extremal equations at the dynamic solution (z,\) € H*(0,T;R™)? of (4.4)
to derive a sensitivity estimate. As in that case the linearized system governed by L”(x,\) is
non-autonomous, we consider the stabilizability notion introduced for non-autonomous systems
in Chapter 3, namely V-exponential stabilizability.

4.3.1 A T-independent bound for the solution operator

First, we introduce an important square root property for the second derivative of the reduced
Lagrangian.

Lemma 4.15. Let (2°,\°) solve either the steady state problem (4.8) or the dynamic problem
(4.4). Assume that A" and J" are continuous. Suppose that

(Lr)aa (2% A%)(8) = Joo(2°(2)) — A"(2°(2))"A°() > 0
fort € [0, T]. Then, there is a self-adjoint C € L(L2(0,T;R"™)) for all 1 < p < oo such that
(Lr)x:c (xO’ )‘0) = C*. (4'19)

Proof. As ¥ and A are continuous in time, and by continuity of A” and Jyz, (Ly)z (2%, A0) €
C(0,T;R™). By this continuity and the symmetry of (L, )z (2 \°)(¢) for each t € [0,T] the
result follows by concatenating the pointwise matrix square roots. For details on square roots
of matrices, see [92, Chapter 10]. O

The assumption of (L), (2% A%) being positive semidefinite is rather unusual, compared
to, e.g., second-order sufficient conditions, where one has only the positive definiteness for all
directions satisfying the dynamics. However, it is crucial to analyze the stability of the linearized
system, cf. also [136, Remark 6].

Theorem 4.16. Let the assumptions of Lemma 4.15 hold. Let (z,\) € (R™)? solve the steady
state problem (4.6). Consider C' to be defined as in (4.19). Assume (A'(z),C) is exponentially
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detectable and (A'(z), B) is exponentially stabilizable in the classical sense of Assumption 2.32.
Then there is a constant ¢ > 0 independent of T' such that

L7 (z, 5‘)_1HL((LQ(O,T;R”)X(Rn))Q,Hl(O,T;R”)Q) e

Additionally, for any 0 < p < 1 satisfying
1

lu’ < — 3\ —1 9
[ L7 (z, \) HL((Lz(o,T;Rn)an)2,H1(0,T;Rn)2)
there is a constant ¢ > 0 independent of T' such that setting s(t) = W it holds that
"= Y\—1
HLT (@) HL((LS(OyT;R”)X(R”)“T)XLS(O,T;R")X(R")Sm)),(H1(07T;R”)7II'HWS([O,T]))Q) =

Let (z,\) € HY(0,T;R™)? solve the dynamic problem (4.4). Assume (A'(x),C) and (A'(x), B)
are R™-exponentially stabilizable in the sense of Definition 3.20. Then there is a constant ¢ > 0
independent of T such that

|27 (x, )‘)71HL((LQ(O,T;R”)><]R”)2,H1(0,T;]R")2) < c.

Additionally, for any 0 < p < 1 satisfying
1

|Ly (@, A) HL((LQ(O,T;R”)XR")Q,Hl(O,T;R")Q)

e

Y

there is a constant ¢ > 0 independent of T such that setting s(t) = e " it holds that

" —1
HLT (,3) HL((LE(O,T;R")X(R")S<T)XLS(O,T;R")X(R“)“O)),(Hl(07T;R")7II-\st<[o,n>)2) sc

Proof. The proof of the T-independent bound on L!(z, A\)~! follows completely analogously to
Theorem 2.38. In that context, after having bounded the Ly (0, T; R™)-norm of state and adjoint,
the bound on the derivative of state and adjoint can be derived analogously to the proof of
Theorem 3.29. The bound in the scaled spaces follows completely analogously to Theorem 2.30.

Similarly, the proof of the T-independent bound on L”(z,A\)~! can be derived by as a par-
ticular case of Corollary 3.30 and Theorem 3.14. O

4.3.2 Exponential sensitivity and turnpike results

Having established T-independent invertibility of L”(z, ) and L”(x, \) in scaled and unscaled
spaces, it is crucial to ensure that L! is the Fréchet derivative of L] in the corresponding
functional analytic setting such that Theorem 4.3 ii) and iii) are satisfied.

Proposition 4.17. Let 2 < p1,p2 < oo and the assumptions of Theorem 4.16 hold. As-
sume that Jy(z,u) induces a superposition operator from Ly (0,T;R™) to L2(0,T;R™) with
T-uniformly continuous Fréchet derivative. Further let A(x) induce a superposition operator
from L, (0,T;R™) to Lo(0,T;R™) with two T-uniformly continuous Fréchet derivatives. Then
G(z,e) := L(z) — e with L] defined in (4.4) satisfies the assumptions of Theorem 4.3 uniform
T with either
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i) s(t) = m and (2°,€%) = ((&,A), (0,,0,% — x0)) for any 0 < pu < 1 satisfying

1

p< ——— :
HL?’(%A) 1HL((Lz(o,T;Rn)xR")Q,Hl(O,T;R”P)

or
i) s(t) = e " and (2°,€%) = ((x,)),0) for any 0 < pu < 1 satisfying
1

|7 (@, )7 L (0,75Rm) xRPY2, H (0,75R7)2)

p< | .
with the spaces Z = H*(0,T;R") and E = ((L2(0,T;R"™) x R™)? and with the scaled norms
- llze = - s oz and ||+ lzs = 11+ lLg(0,75mm ) x R )5 x Ly (0,7:R7) x (R )5(©) -

Proof. First, we observe that the assumptions of Lemma 4.14 with W; = Wy = R" are satisfied
for ® = J,(x,u) with p = p; and ¢ = 2 and for ® = A(z) resp. ® = A’(z)"\ for p = ps and ¢ = 2,
respectively. Further, with the T-independent embedding H'(0,T;R") < L,(0,T;R") for all
2 < p < oo independently of T, cf. [5, Theorem 3], the assumptions ii) and iii) of Theorem 4.3
follow. The T-independent bounds on the solution operators L! at either linearization point
follow directly from Theorem 4.16. O

This result now directly implies a turnpike and sensitivity result for the nonlinear system via
the implicit function theorem of Theorem 4.3. Note that the implicit function theorem provides
the estimates for state and adjoint, whereas the estimates for the control follow straightforwardly
by the relation du(t) = Q 1B*§A(t) for a.e. t € [0,T] for either du(t) = u(t) — 4 and SA(t) =
A(t) — X (distance to the turnpike) or du(t) = @(t) — u(t) and dA(t) = A(t) — A(t) (absolute error
for perturbed system), cf. the elimination of the control after (4.5).

Corollary 4.18. Suppose the assumptions of Proposition 4.17 hold. Let (xz,u,\) solve the non-
linear dynamic problem (4.3) and (Z,u, \) the nonlinear static problem (4.7). Define (6x, du, 5\) 1=
(x —Z,u — 1, \— N). Then there is a radius rg > 0 independent of T such that, if

|zo — Z|| + || Al| < 7E,

then for any 0 < p < 1 satisfying
1

< _
| L@, A) HL((LQ (0,T;R™)xR™)2 H'1(0,T;R")?2)

there is a constant ¢ > 0 independent of T such that we have

1 1
ox(t ou(t
e~ht 4 e—m(T—1) ( >‘ morRey e +emH T ¥ Lo (0,T5R™)
1

SA(t S crp.
e—Ht 1 o—m(T—t) ( )HHl(O,T;R") =
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Corollary 4.19. Let the assumptions of Proposition /.17 hold. Let (x,\) solve the extremal
equations (4.4) and (%, \) the perturbed extremal equations (4.5). Define (6x,\) == (T—x,A\—\)
and 6u = Q'B*6\. Then there is a radius rg > 0 independent of T such that, if
le1ll o0, 7mmy + ezl + el Lyo,7mm) + €0l < 7,
then for any 0 < pu < 1 satisfying
1

L7 (@, M L((Lo(0,75Rm) xRPY2, H (0,75R7)2)

K< |
there is a constant ¢ > 0 independent of T such that, setting
pi= e el mmn + e el + le™ex| 0 gy + ol
it holds that

He_utéx(t)HHl(O,T;R") + He_ut(su(wHLoo(O,T;Rm) + “e_ut5)‘(t)‘}H1(07T;R”) = ep-

4.4 Semilinear heat equations

In this part we will verify the assumptions of the abstract implicit function theorem, i.e., The-
orem 4.3, for a class of semilinear heat equations. To this end, we assume that Q@ C R™, n > 2
is a bounded domain with smooth boundary. The analysis in this part is heavily motivated by
the approach taken in [119], where the authors derive a Maximum Principle for optimal control
problems governed by semilinear parabolic PDEs. In that work it is shown that for sufficiently
smooth data, the solution x of a semilinear parabolic PDE with monotone nonlinearity indeed
satisfies * € Loo(0,T"; Loo(€2)). This allows for existence results globally in time without global
Lipschitz conditions on the nonlinearity. For convenience of the reader, we briefly introduce
the setting considered in [119]. To this end, we assume that the PDE of interest is semilinear
parabolic, i.e., the nonlinear operator of the state equation of (4.1) is given by

A(x) = Az — p(),

where ¢ : R — R is a smooth nonlinearity satisfying ¢’(z) > ¢y for ¢y € R. The operator —A is
considered to be an elliptic differential operator of second order, i.e.,

n
.ACII = Z Di(aiijx), (4.20)
i,j=0
where a;; = aj;i € C(Q,R) and a; j(w)v-v > 0 for all w € Q and v € R". By %(t,s) =
Z?jzo a;j(s)0jx(t, s)vi(s) we denote the conormal derivative of x, where v = (v1,...,1v,) is the
outward unit normal to 9€2. We consider the domain

9 hon o9} (421)

DA ={veC(Q)|v=00n00} or D(A)={ve Q)| S
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for either homogeneous Dirichlet or homogeneous Neumann boundary conditions. We assume
w.l.o.g. that there is a > 0 such that

«
—/ Avv dw > —||v|[31 0 (4.22)
Q 2

for v € D(A). In case of Dirichlet boundary conditions this immediately follows with integration
by parts and the Poincaré inequality. For Neumann boundary conditions, we can replace Az
by (A — kI) for any k > 0 by A(z) = Az — ¢(z) = (A — kI)z + kz — p(x) and redefine
o(x) = p(x) — kx accordingly.

It can be shown that for all 1 < [ < oo the closure A; of A in L;(§2) generates an ana-
lytic semigroup (7;(t))t>0 in L;(2). For 1 < | < oo, the domain is given by D(A;) = {v €
W2L Q) |v =0 on 00} or D(4;) = {v € W?(Q) % = 0 on 00}, depending on the choice in
(4.21). Additionally, the spectrum of .4; does not depend on 1 <[ < co. For details we refer to
[122] and [119, Section 3].

For the semigroup (7;(t)):>0, we have the following stability estimate, which is the main tool
of this part.

Proposition 4.20. For any § > 0 there is pug > 0 and a constant ¢ > 0 independent of t, such
that

e_u()t

| 7:(t)bollL, @) < CWIWOHM(Q) vVt >0 (4.23)
q

for all g € Li(Q) and 1 <1 < q < o0 with | < oo. In the case of homogeneous Dirichlet
boundary conditions § = 0 can be chosen.

Proof. See [122, Lemma 1] or [4, Proposition 12.5]. O

This stability result for analytic semigroups turns out to be crucial to derive estimates in L,-
spaces for large p for, e.g., right-hand sides in Ly(0,T'; L2(£2)) as performed in the following. As a
consequence of those Ly-estimates, we can allow for a wide range of different functional analytic
settings, i.e., different choices of integrability parameters. This flexibility can then be leveraged
when verifying T-uniformity in the context of the superposition operator, i.e., rendering the
constants in Proposition 4.7 independent of T, cf. Example 4.13. We will again come back to
this issue in Remark 4.34.

Depending on the choice of boundary conditions above, we will set V = H!(£2) in the case of
homogeneous Neumann boundary conditions or V = H& (€2) in the case of homogeneous Dirichlet
boundary conditions. Further suppose that the control is distributed, i.e., B € L(L2(Q¢)), L2(2))
for a control domain Q. C Q..

An important assumption in the remainder of this part is boundedness on the linearization
point. This allows us to analyze the linearized PDE system by classical methods as the involved
coefficients are bounded. Another crucial point is positivity of the second derivative of the
Lagrangian with respect to the state. We will make the following assumptions.
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Assumption 4.21. Let the following hold.

i) (2,)) € Loo(0,T; Loo()) for any solution (x,u,\) of (4.3) and (Z,)\) € Loo(Q) for any
solution (Z,1,)\) of (4.7).

i) Set (z°,\9) = (x,\) solving (4.3) or (z°,\%) = (Z,)\) solving (4.7). We assume that
(L) aa (2, A) = Joz(2°)+¢" (29 A € Loo(0, T; Lo (2)) induces a nonnegative multiplication
operator, i.e., forv: [0,T] x Q@ = R

((Lr)aa (2, A)0) (t,w) := (Ly)aa(2®, A%) (8, w) - 0(t,w)
and (Ly)zz(2°,A°)(t,w) > 0 for a.e. t € [0,T] and w € Q.
We briefly remark on these assumptions

Remark 4.22. In order to render Assumption /.21 i) satisfied, one usually assumes that the
data of (4.1) and (4.6) is sufficiently smooth. Boundedness of solutions in time and space for
parabolic problems was proven in [119]. Similarly, for semilinear elliptic equations, a proof for
continuity of solutions can be found in [30]. The interested reader is also referred to the respective
parts in the monograph [138].

Regarding Assumption 4.21 i), (Ly)ze(z%, A°) induces a multiplication operator if, e.g., the
cost functional is of the form

LT 2 @ 2
J(z,u) =5 ; lz = zallz,@,) + 5 lu@®llo
for Q, C Q and if the nonlinearity is given by p(x) = x3. In that case,
(L) ae (2%, 00) = xq, 4+ 62900,

where xq, is the characteristic function of the observation region §,. The positivity assumption
is fulfilled if, e.g., Qo = Q and if \° and 2° are small in Loo(0,T; Loo(Q)). For (2%, \%) = (7, \)
or (29, \0) = (&, \), the latter can be verified by imposing smallness conditions on the data of the
underlying steady-state or dynamic OCP, cf. Fxample 4.33. Again, we note that, as seen in this
example and as stated in [136, Remark 6], this assumption is not standard in optimal control. In
particular, it is not clear how to verify it by, e.g., second-order sufficient conditions. However,
this assumption is crucial to define a square root as we will do in the following, which itself
s necessary to obtain stability results for the linearized system, cf. the proof of Theorem 4.27.
The assumption that Ly, is positive semidefinite, was also made in [136, Theorem 1] and [135,
Theorem 1].

We now introduce a square root property for the second derivative of the reduced Lagrange
function with respect to the state.
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Lemma 4.23. Let Assumption 4.21 hold and set (z°,\) = (2, ) or (z°,\°) = (z,)). Then,
there is a multiplication operator C' € L(Ly, (0,T; Ly, (£2))) for all 1 < p1,p2 < oo defined by

(C0)(t,w) ==/ (Ly) 2z (20, XO) (t,w) - v(t, w) (4.24)

such that
(L) (2%, A0) = C2.
Proof. The claim follows directly from Assumption 4.21 by positivity of (L )z (2%, A\°)(¢,w) and
regularity of 2% and A°. O
4.4.1 A T-independent bound for the solution operator
In order to apply Theorem 4.3, we will show a bound on the inverse of
Ly(a®, X%): (Lpy (0, T5 L, (2)) N WH2(0, T, D(A2), La(Q))? — (L2(0, T3 L2(€2)) x V)2,

where 2 < p1,py < 00, %(% - p%) < p% + %, P < % and (2%, \%) either solves the static system

(4.8) or the dynamic system (4.4).
To derive an operator norm we consider the linear system

Joz(20) + " (20)A0 —L — A5 + ¢/ (2) L
0 Er 533> 0T
= 4.25
4~ Ay + o/(a") ~BQ"'B* (5)\ Iy (4.25)
Eo 0 0o
Ly/(20,29)

for (1,67, l2,dz0) € (L2(0,T; Lo(Q) x V). Note that due to 2° € Loo(0,T; Loo(Q)) and due to
the smoothness of ¢, the terms J,(z%), ¢'(z%), and ¢"(2°) are in Ly (0,T; Ls(£2)) because of
Proposition 4.8 and hence can be interpreted as pointwise multiplications. With slight abuse of
notation, we denote by the same symbol the corresponding superposition operator.

Moreover, under Assumption 4.21 and with Lemma 4.23, we obtain a self-adjoint operator
C € L(Ly, (0,5 Ly, (£2))) as defined in (4.24) for all 1 < pq,pa < oo such that we may write

Jxx(l,()) +(,D”(370))\0 — 02‘

We now aim to estimate (dx,d0A) by means of the right-hand side of (4.25) in appropriate
norms. To this end, we make the following stabilizability assumptions.

Assumption 4.24. Let Assumption 4.21 hold. Further, set (x°,\°) = (z,\) or (2°,\°) = (z, \)

and let cg € R such that ¢ < ¢'(w) for all w € R. Consider C' € L(Lyp, (0,T; Lp,(Q))) for all

1 < p1,p2 < oo defined by (4.24). Let C € L(L,y(Q),Ly(Q)) for all 2 < p < oo be such that

|CV|| Ly (0,152009)) < 1CVI Ly0,1;L0(0)) for all v € La(0,T5 La(S2)), where C' is defined in (4.24).
Additionally assume:
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i) (A; — col, B) is exponentially stabilizable in the sense that for all 1 < 1 < oo there is
Kp € L(Li(Q), Li(Q)) satisfying BK g € L(Li(Q)) such that A — col + BK 5 generates an
exponentially stable analytic semigroup in Li(Q)) satisfying (4.23).

ii) (A; — col,C) is exponentially stabilizable in the sense that for all 1 < 1 < oo there is
K& € L(Li(Q)) such that A; — col + C*Kg generates an exponentially stable analytic
semigroup in Li(Q2) satisfying (4.23).

iii) (Az — ¢’ (z9),C) and (A2 — ¢'(2°), B) are exponentially stabilizable in the following sense:
There are operators Kp € L(L2(0,T; La(2)), L2(0,T5 L2(2))) and K¢ € L(L2(0,T; L2(2)))
such that

/ / A2_ —|—BKB)vvdwdt>06HUHL2 (0,T3V)

/ / (A2 — ¢/ (2°) + CK) vodwdt > al|v}, 1.0
for all v € L2(0,T; D(Az)).

i) ||ZEO”LOO(O7T;LOO(Q)) and ||C| (L, (0,1:L,(9)),L,(0,T5L,(Q))) are bounded independently of T for
all1 <p < oo.

We briefly comment on these assumptions.

Remark 4.25. The assertions Assumption 4.24 i) and ii) ensure that the linearized system
18 stabilizable and detectable and that the closed-loop operators generate a strongly continuous
exponentially stable analytic semigroup in Lij(Q) for all 1 < 1 < oo satisfying the particular
stability estimate (4.23). The third assumption, i.e., iii) allows us to deduce the W ([0,T])-
bound analogously to Theorem 3.29 and was introduced for non-autonomous parabolic problems
in Definition 3.20. The last assumption ensures that the coefficients in the linearized system
are bounded independently of T. This is trivially fulfilled for a steady state linearization point
(20, A\9). In case that the linearization point is the time-dependent optimal solution, this estimate
1s satisfied if, e.qg., a turnpike property in this uniform norm holds. The latter was proven in cf.
[110, Theorem 0.2] under a smallness assumption on the reference state in case of a tracking
type cost functional. If ¢'(x) > 0, i.e., the nonlinearity is monotone, then conditions i)-iii) are
trivially satisfied by choosing zero for all feedback operators.

A central tool in the following will be a convolution estimate, similar to the proof of Lemma 2.36
in the linear case. This proof is further motivated by the approach of [119, Proposition 3.1].

Theorem 4.26. Let Assumption 4.2/ hold and let (0x,0X) € W (][0, T]) solve (4.25). Then,

for all py,pa > 2 satisfying 2(7 — 1)—2) <o —|— 2 with p1 < 00 and ps <

¢ > 0 independent of T, such that

5, there is a constant

||(5$75)\)HWL?(O,T,D(AQ),LQ(Q))? + [| (o, 5)\)||Lp1 (0,T;Lpy ()2
= C(HC&CHLQ(O,T;LQ(Q)) + HB*fS)\HLz(o,T;LQ(QC)) + ||7”H(LQ(O,T;LQ(Q))xV)2)>
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where 1 := (l1,0Ap,l2,0x0). In the case of homogeneous Dirichlet boundary conditions, p1 = oo
can be chosen.

Proof. We will first show all estimates for the state. To this end, for the W2(0, T, D(Az), L2(9))-
estimate, we consider the state equation of (4.25), i.e.,

6x' + (= Az + ¢/ (2°))0z — BQT'B*oA =1y

with initial condition dz(0) = dz¢. Adding the stabilizing feedback C K¢ from Assumption 4.24
iii), we obtain

61" 4+ (= Az + ¢ (2°) — C*K¢)ox = BQ ' B*6\ + Iy — C* K.
Testing the equation with dz, using the coercivity of Assumption 4.24 iii) we get

102 L,0.7v) < ¢ (16z0llv + 1B*0M Ly 0,7:00(2)) + 12l Lo0.7:25@)) + 1CO| Lo0,7:10(2)))
(4.26)

As Ay generates an exponentially stable analytic semigroup in L2(€2) by applying the maximal
regularity result [19, Part II-1, Theorem 3.1] to

61" — Asdx = —¢'(2°)6x + BQTIB* SN + Iy
we obtain (similarly to Lemma 2.64)

||593/||L2(0,T;L2(Q)) + ||A2595||L2(0,T;L2(Q))
< e (162l po0,1;L0(0)) + 1B 0N Lay0,7:1092)) + N2l a0, L0(2))) -
Together with (4.26) we conclude
’\596'”Wl»?(o,T,D(Ag),Lz(Q))
< e (2l y0,1:129)) + 1B M Loo.7:150)) + 1C | Lo 0,7: 102 + [10T0llv) -

To obtain the estimate in Ly, (0,T; Ly,(2)), we proceed similar to [119, Proof of Proposition
3.1]. Let ¢g € Li(2), 1 <1 < oo and ¢ € C(0,T; L;(£2)) solve the auxiliary problem

V= (A —cl +C"Kg)y,  4(0) = v,

where K is a stabilizing feedback for (A; — col, C) in the sense of Assumption 4.24 ii). Thus,
by Proposition 4.20 for all § > 0 and 1 < < ¢ < oo with [ < oo and t > 7 > 0 we have the
estimate

eflu'()(tfq—)
e e L (427
— T q
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We will now assume that ¢y is smooth, and the result for ¢y € L;(Q2) can be verified via a
density argument. We compute

/Qwo(w)éa:(t,w) dw:/o <d7/¢ w)oa(r,w) dw) dT—i—/l/J (t,w)dzo(w) dw.  (4.28)
@ @

For the first part of (4.28) we obtain with cg — ¢'(2") < 0 and by self-adjointness that

@) = /Ot (/Q (= 7, w)ba(rw) + Pt — 7,w)a (, w) dw) ir

= / (/ —~ At — 1, w)éx(T,w) — C*K(t — 7,w)0z(T,w) + cop(t — T,w)dz(T,w)
0 Q
+ )t — 7, w) A0z (T, w) — @' (Z°)Y(t — T, w0z (T, w) + la(t,w)h(t — T,w)

+ BQ ' B*SA(1,w)ih(t — T,w) dw) dr
t
< / (/—C*Kw(t — 7,w)0z(T, W)+ (t — 7, w)la(t, w) +(t — T, w) BQT B*OA(7,w) dW> dr.
0 Q

In the following we denote by p} the dual exponent to pa, i.e., p% + 1% = 1. Using the exponential
2

stability estimate of (4.27) and setting | = p), and ¢ = 2, we obtain for the first summand of
(4.28) that

e_l"/o (t_T)

t
D < C||¢0||Lp¢2(9)/0 Y- (ICo2(7) Loy + 1 B*ONT) [ 1a(00) + ()l 2o(e)) d-
(t—7)% %

For the second part of (4.28) we use Holder’s inequality and (4.27) with ¢ = [ = p/, and obtain
for any § > 0 that

D < 1), @) 1620011, ) < e

Taking the supremum over all ¢y € Ly, (Q) yields for any t € [0, 7] that

1)2(9)||5~”L‘0||Lp2 Q) (4.29)

t e—Ho(t—T) B .
162 ()]l L, ) < C/O Y (ICo2() | Lo + I B*ONT) Loy + M2(T)llzo() dr

We now integrate this inequality over time. To this end, we recall Young’s convolution inequality,
cf. [147, Theorem II.4.4], which states for p% +1=1+ 7 that

lw*9gllz,, ® < llwlL,®Il9llL.®)-
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We apply this convolution inequality to the functions defined by
9(1) = 11C0x(T) | a(0) + 1B*ONT) 1 (0) + 1l2(7) Lo (9
e_lJ‘OT

nel 1
7’2(”’2 219)

w(r) =

for any 7 € [0, 7] and extended by zero otherwise. Additionally, we require that % ( p% —%—}—5 ) < %
and p; < oo to ensure |Jw||z, r) < oo. This yields

102\ L,, (0.7;Lp, ()
<ec <‘|C(5$’L2(O,T;L2(Q)) + HB 5)\‘|L2(O,T;L2(Qc)) + HZQHLQ(U;T§L2(Q)) + H 16 ’Lpl(R)‘|5$0"Lp2(Q)>

<c (HC(S:’UHLz(O,T;LQ(Q)) + ||B*6>‘HL2(O,T;L2(QC)) + Hl2”L2(0;T;L2(Q)) + ”5900||V) )

where the last estimate follows from Assumption 4.24, i.e., |’0U||L2(07T;L2(Q)) <N Cv Ly0,1:L0(92))
for all v € L2(0,7;L2(2)), by 0 < 6 < 1 and by the classical Sobolev embedding theorem
V = L,,(Q) for ps < %, cf. [1, Theorem 5.4]. For Dirichlet boundary conditions § = 0 can be
chosen and thus we can take the supremum over all ¢ in (4.29), i.e., choose p; = cc.

For the adjoint state A, one proceeds analogously: First, adding the stabilizing feedback
BKp from Assumption 4.24 iii) allows to conclude the W12(0, T, D(A3), La(f2))-estimate. The
remaining Ly, (0,7"; Ly, (£2))-estimate follows by the same argumentation by replacing the time
argument ¢t — 7 for 0 <7 <tbyt+7for 0 <7 <T —tin (4.27) and integrating from ¢ to T in
(4.28). 0

This stability estimate can be used to derive a T-uniform estimate for the solution operators
norm. This in turn can then be used to also bound the solution operator in exponentially scaled
spaces. Both these bounds play a central role in the assumptions of the implicit function theorem
Theorem 4.3. The following theorem states the main result of this section.

Theorem 4.27. Let Assumption 4.24 hold. Further, set 2° = (x,\) solving (4.3) or 2° = (7, \)

solving (4.7). Then, for all 2 < p1, p2 satisfying %(% -y« p% + %, p1 < 00 and p < % there

D2
is a constant ¢ > 0 independent of T such that

e 0y—1
I G M 202322000 % V)2 Ly 0L ()W 1201, D), La(2)2) < € (4.30)

Moreover for all 0 < p < 1 satisfying
1

< -
L7 (Z0) ™M L (L (0.7 La(9) X V)2, (L (0,75 Ly (2))AWE2(0,.T, D(A2), La(2))2)

(4.31)

there is a constant ¢ > 0 independent of T such that

1. 0y—1
HLT(Z ) HL((L;(QT;LQ(Q))xvs(T)xL;(o,T;Lz(Q))sz<0>),(L;1(O,T;LPQ(Q))mWSl’Q(O,T,D(AQ),LQ(Q))F) sc
(4.32)
for the scaling functions s(t) = e # or s(t) = WI—MT%) In the case of homogeneous

Dirichlet boundary conditions, py = oo can be chosen.
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Proof. Using the bound derived in Theorem 4.26, it only remains to estimate HC’(S&?H%Q(O TiLa@) T
||B*6)\Hi2(0 T:Ly(0.))- Lhis follows by testing in (4.25) the adjoint equation with the state, the
state equation with the adjoint, integrating by parts and subtracting, which yields

1G22, 0.1:L00) + 1B* M0 7Ly <
(005 0%) Ly (0,7520(2)) | + [ {25 OA) Ly (0,712 (2)) | + [{020, OA(0)) Ly ()| + [(SAT, 62(T)) Ly -

The bound (4.30) then follows. To prove the bound in the scaled spaces we proceed anal-
ogously to the proofs of Theorems 3.14 and 3.16. Hence we define M := L”(z°) and set
Z = (Lp, (0, T; Ly, (2)) N WE2(0,T; D(A2), L2(2)))? and E = (L2(0,T; L2(2)) x V)2. First,
setting s(t) = m a straightforward computation shows that for ¢ € £

Méz =«
(M — pP)(s0z) = se
(I —uM~'P)(s62) = M 'se

(e*H(T*t),e*#t)

(e-HttemT-D) and setting

F
where P := (F 8 and F := < 1. Thus, choosing u < i
0

1
M= (B, 2)

0
B = pl|M =Yg,z <1, astandard Neumann argument, cf. [85, Theorem 2.14] yields,

”M_IHL(E,Z)
1-8

Thus, by definition of the scaled norms, the bound (4.32) for s(t) = ———1t 0
e Hite M
Completely analogously we conclude (4.32) for s(t) = e #! with the same argumentation and

0 -1
P::<?8>. O
00

We briefly comment on the estimates of Theorem 4.26 and Theorem 4.27 in the case of
homogeneous Dirichlet boundary conditions.

ls62]|z <

sl -

follows.

Remark 4.28. In the case of n = 2, the restrictions for pi,p2, i.e., %(% — p%) < p% + % with
p1 < 00 and py < %, allow for all 2 < p1,p2 < 00 except p1 = po = co. If n = 3, e.qg., the
choice 2 < p1 = pa < 6 s allowed. The pointwise in time estimates, i.e., choosing p1 = o0
and thus requiring po < oo for n = 2 and py < 6 for n = 3 are consistent with mazimal
parabolic regularity theory. In that case, for initial values in H&(Q) and right-hand sides in
Ly(0,T; La(R2)) the maximal parabolic regularity theory leads to solutions continuous in time
with values in HE(Q), even in case of time-dependent generators, cf. [6]. By classical embedding
theorems we get C(0,T; HY(2)) — C(0,T; L,y(Q)) with 1 <p < oo forn =2 and 1 <p < 6 for
n = 3 which coincides with the choice of pa specified above.
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4.4.2 Exponential sensitivity and turnpike results

We can now combine the results of Section 4.2.2 regarding superposition operators and the
bound on the solution operator to the linearized problem of Section 4.4.1 to apply the implicit
function theorem Theorem 4.3 to semilinear parabolic problems. In that case, we will choose
p1 = p2 as the image space of the superposition operators is Lo(0,7T; L2(€2)), i.e., spatial and
temporal integrability coincide. In that case, the assumptions of Theorem 4.27 on p;1 = p2 = p
simplify to p < % This choice of p represents the largest exponent such that H(Q) < L,(€2).

Theorem 4.29. Let Assumption 4.24 hold and consider 2 < p < % arbitrary. Further,
let p(x) and Jy(z) induce twice continuously Fréchet differentiable superposition operators from
L,(0,T5Ly(S2)) to La(0; T Lo(2)) with T-uniformly continuous derivatives. Then, the nonlinear
operator G(z,e) := L}(z) — e with L), given in (4.4) satisfies the assumptions of Theorem 4.3

uniformly in T for any 0 < p < 1 satisfying (4.31) with

o 20 = (Z,\) solving the steady-state problem (4.8) and €° = (0,,0,Z — z0) and the scaling
S(t) = m, or

e 20 = (z,)) solving the dynamic problem (4.4) and €° = 0 and the scaling s(t) = e "
with the spaces Z = (L,(0, T Ly(€2)) N WH2(0, T, D(.Ag),Lg(Q)))2 and E = (Ly(0,T; Ly(2)) x V)?

and the scaled norms || - ||z, = || - H( 2> and

L (0,75Lp ()W (0,1,D(A2), L2(82)) )
|-, =1l HL;(O,T;LQ(Q))sz(T)xL;(o,T;LQ(Q))xVSm)'

Proof. Assumption ii) and iii) of Theorem 4.3 follow by T-uniform continuity of the derivative
of the superposition operators via Lemma 4.14. T-uniform continuous invertibility of L”(z, )~}
resp. L (z, A)~!in scaled and unscaled spaces follows from Theorem 4.27 setting p; = po = p. O

This result can now be used to deduce a local turnpike result, stating that solutions of the
dynamic problem (4.3) are close to solutions of the static problem (4.8) for the majority of the
time under the assumption that initial resp. terminal values are close enough to the turnpike.

Again note that the implicit function theorem Theorem 4.3 provides the estimates for state

and adjoint. The estimates for the control can be concluded via du(t) = Q 'B*JA(t), i.e.,
inserting the eliminating relation for the control, cf. (4.5).
Corollary 4.30. Let the assumptions of Theorem 4.29 hold with 2 < p < % Consider
(z,u,\) solving the nonlinear dynamic problem (4.1) and (Z,u,\) solving the nonlinear static
problem (4.6). Define (dx,6u,d)) := (x — Z,u — 4, A — ). Then there are rg > 0,0 < p < 1
(satisfying (4.31) with z° = (Z,))) and ¢ > 0, all independent of T, such that if

lwo = 2llv + |[Ally, < 7
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it holds that

1 1

dx(t) + ou(t)
e~Ht 4 e=n(T=1) Lp(0,T:Ly (Q)NWL2(0,1,D(As), Lo () || €HE + e~ #(T1) Loo(0,T;L2(2))
1
IA(t) <crg.
ekt + em#(T—1) Lp (0,75 Ly ()NW12(0,T,D(Az), L2 (2))

Further, we can conclude a sensitivity result, which states that perturbations of the extremal
equations’ dynamics that are small on an initial part lead to disturbances in the variables that
are small at an initial part. More specifically we obtain that solutions to the perturbed dynamic
problem (4.5) are close to the solutions of the unperturbed dynamic problem (4.3) on an initial
part, even if the perturbations increase exponentially. In that context, we have to assume that
the perturbations in unscaled norms are sufficiently small.

Corollary 4.31. Let the assumptions of Theorem 4.29 hold with 2 < p < % Let (2, \) solve

the nonlinear extremal equations (4.4) and (%, ) solve the perturbed extremal equations (4.5).
Define (6z,0)) := (£ — 2, — \) and du = Q 'B*S\. Then there are rg > 0, 0 < pu < 1
(satisfying (4.31) with 2° = (x,)\)) and ¢ > 0, all independent of T, such that if

leillz, 0,7z, + llerllv + lle2llLy0.1:L2(02)) + lleollv < 7E

and setting

p= He_M%lHLz(O,T;LQ(Q)) + He_uTgTHV + He_“t€2HL2(07T;L2(Q)) * HgOHV’

it holds that

He_utém(t)|’Lp(O,T;Lp(Q))ﬂWLZ(O,T,D(A2),L2(Q)) * He_ut‘s“(t)HLoo(OyT;Lz(Qc))

[l MO 072, () w12 0.1 D(A2). La(@) < P
We conclude this section by some remarks for possible extensions and an example.

Remark 4.32. We assumed in this part that the control operator is bounded as linear operator
to Lo(QY), ruling out the case of boundary control. The case of boundary control could be included
if one can ensure that the closed-loop semigroup is analytic and satisfies the stability estimate
Proposition 4.20. Perturbations of analytic semigroups can be analyzed with the notion of A-
boundedness or A-compactness, cf. [44, Chapter III].

Example 4.33. We present an example with distributed control of a heat equation with Dirichlet
boundary conditions. To this end we set V = H&, B = xq,, where Q. C Q non-empty, A=A
and the nonlinearity (z) = x3 — cox for co € R. If cy is larger than the smallest eigenvalue of
—A in HY(Q), the uncontrolled PDE is unstable. Let the cost functional be given by J(z,u) =
%fOT |z — de%Q(Q) + Hu||%2(QC), where x4 = Tq € L2(Q) is a static reference. Using mazimal
elliptic reqularity, cf. [30], we get for the solution of the static system

12120 (@) + M Lo () < D2 dll22(0)
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i.e., (Z,\) satisfy Assumption 4.21. Thus, choosing x4 sufficiently small such that

HS‘EHLOO(O,T;LOO(Q)) = |‘Xj‘}Lw(Q) =m <1,

the operator

(Ly)ae (T, A) = T — AZ.

is nonnegative and satisfies the assumptions of Lemma 4.23. The square root C of this operator
in the sense of (4.24) can thus be defined pointwise for v: Q@ — R and a.e. w € Q by

(Cv)(w) = /(1 = Aw)Z(w))v(w).

As the linearization point is the turnpike, i.e., a steady-state, C' as defined in (4.24) is time-
independent and we can set C = C in Assumption 4.24. We will now verify the stabilizability
assumptions, i.e., Assumption 4.2/ i)-iii) for two particular cases. First, assume cg > 0. Then
we can choose the feedback operators KB =0 and I_(@ = 0 in Assumption 4.24 i) and ii) and
Kp =0 and K¢ = 0 in Assumption 4.2/ iii). If co < 0, the uncontrolled system can be unstable.
If Q. = Q and B = 1, i.e., the control is active on the whole domain, one can choose, e.g., the
feedback Kg in Assumption 4.24 i) such that BKg = col and hence A — col + BKg = A;.
One can proceed analogously in Assumption 4.24 i) and iii). Alternatively, if neither co > 0 nor
Q. = Q, Assumption 4.24 i) and ii) can be verified by null controllability results for heat equations
in Banach spaces, which imply stabilizability [154, Theorem 3.3]. Further, Assumption 4.2/ iii)
can be shown analogously as in Example 3.21 with the generalized Poincaré inequality, cf. [138,
Lemma 2.5]. Hence, if Assumption 4.24 is satisfied and we can apply the turnpike result of
Corollary 4.30.
In order to apply the sensitivity result of Corollary 4.31 we need to analyze

(Lp)gz(z, A) =1 — X
where (x,\) solves (4.4). In [119], the authors deduce a T-dependent bound

121l oo (0,73 Loo (2)) HIA Loo (0,7 L.0o ()
<c(T) ("$d"L2+5(O,T;L2+5(Q)) + ||~”U0HLOO(Q)) .

for any 6 > 0. If the nonlinear and linearized uncontrolled equation is stable, e.q., if co > 0,
it is possible to show the above bound for the state independently of T, cf. [110, Lemma 1.1]
where such an estimate was shown under the assumption that x4 € Loo(0,T; Loo(2)). Having
bounded the state the corresponding bound on the adjoint can be obtained, cf. [110, Lemma
A.1] by parabolic regularity. Hence, choosing the data x4, ug and xoy small enough, similar
to the elliptic case, we have ||Ax||L_(0,m5100(0)) = m < 1 and thus the operator (L;)y.(w, )
satisfies the assumptions of Lemma 4.23 and and we can define the square root C via (4.24)

with |C|| Lz, 0,1:0,@) = V(1 = A)|[ 10,7300 () for all 1 < p,q < 0co. Choosing C =cl in
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Assumption /.24, where ¢ < /1 —m? yields for v: (0,T) x Q@ = R and a.e. (t,w) € (0,T) x

the estimate

Alo(t,w)] < 1 —mllo(t,w)| = (1= [Az]lpo0.7irm @) W(E W) <L = Azllz 0,700 ) [0t w)].

Taking the square root yields ||CY’U||L2(O7T;L2(Q)) < [|CV|| 1y0,1;L0(0)) for all v € La(S2). Thus,
Assumption 4.24 is satisfied and we can apply the sensitivity result of Corollary 4.51.

Remark 4.34. We briefly discuss the case of nonlinearities that are sums of monotone poly-
nomials, e.g., p(x) = x® + x°. In standard applications of superposition operators where the
estimates do not need to be uniform in the size of the domain, only the behavior of the non-
linearity towards infinity is important. Thus, in case of ¢(z) = x> + 2° one would estimate
the cubic term on the set where x > 1 by the higher order term z° and bound the remain-
der by the measure of the domain, as there x < 1. This is not possible if one is particularly
interested in estimates independent of the size of the domain, i.e., in our case, independent
of T, cf. also Example 4.13. As a remedy, one has to invoke Theorem /.3 with the space
Z = (L10(0,T; L1o(2)) N Lg(0,T; Ls(22)) N Wl’Z(O,T;D(Ag),Lg(Q)))Z, where the bound on the
solution operator follows by Theorem 4.27 if n = 2.

4.5 Numerical results

In this part, we will showcase the theoretical results of this chapter by means of numerical
examples of nonlinear parabolic equations. First, we will illustrate the turnpike property and
second we evaluate the a priori time refinement strategies presented in Section 3.3. Even though
the theoretical results in this chapter only consider distributed control of semilinear equations,
we will also investigate the boundary control of a quasilinear equation and find that, at least
numerically, the same results hold.

4.5.1 Distributed control of a semilinear equation
We briefly recall the numerical example of Section 3.3.1 and add a semilinearity to the state
equation. Again, we consider 7' = 10, 2 = [0, 3] x [0, 1], and the cost functional
1 o
J(@,u) == 5”(37 - ‘Td)H%Q(O,T;Lz(Q)) + §||UH%2(0,T;L2(Q))a

where o« > 0 and zq is either the static reference defined in (3.17) or the dynamic reference
defined in (3.18). We consider dynamics governed by the semilinear heat equation

¥ —01Az +ex® =u in Q% (0,7),
x=0 in 092 x (0,7),
2(0) =0 in Q,

where e > 0 is a nonlinearity parameter. In Figure 4.1, the norm of the optimal state and control
for different nonlinearity parameters e are depicted. The turnpike property emerges in all four
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cases, even for very large choices of the nonlinearity parameter. Additionally, we observe that
the norm of the turnpike decreases for increasing nonlinearity. This is due to the fact that the
nonlinearity increases the stability of the state equation (towards zero), which can be seen by
testing the state equation with the state, integrating by parts in time and space and using the
Poincaré inequality, which leads to

le@)|? < —e(@) /0 le()]2 + ella(s)|* ds + /O u(s)x(s) ds.

e=1

— l2()]l o) = Vallu(®) 1,0

\
1| N
0.5 ‘ I
0L I
e=10
0.6 F 1 R
0.4 k N
0.2 B
é 0kt [
2
/CIT e = 1000
~— T T
Q0.3 L I
~
0.2 N
0.1} A
o7 ! L
e = 10000
02F \l T T T
0.1} LI
o7 \ \ \ \ [
0 2 4 6 8 10
time ¢

Figure 4.1: Spatial norm of open-loop state and control over time with the static reference 23

and o = 107! for different nonlinearity parameters.

Second, we apply four steps of the MPC Algorithm 1 to the optimal control problem above.
We set the implementation horizon 7 = 1 and choose the dynamic reference :cgyn defined in
(3.18). The simulation of the closed-loop trajectory emerging from the MPC feedback is again
computed on three uniform refinements of the initial grid. In Figure 4.2, the closed-loop cost
for different a priori time discretization schemes as introduced in Section 3.3 is depicted. It can
be seen that the exponential and piecewise uniform time grids achieve lower closed-loop cost
than a conventional uniform grid. As all grids are constructed a priori, we note again that the
numerical effort is the same for all three techniques.
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Figure 4.2: Comparison of MPC closed-loop cost for different a priori time discretization schemes

dy

with dynamic reference x4 " and parameters e = 1 and o = 1072,

4.5.2 Boundary control of a quasilinear equation

As a second numerical example, we consider a heat equation with heat conductivity depending
on the temperature. To this end, we introduce the heat conduction tensor

k(z)(t,w) == (c|x(t,w)|2 +0.1),

where ¢ > 0 is a nonlinearity parameter and consider the quasilinear dynamics

=V (k(z)Vz) =0 in Q x (0,7),
m(w)gi =u in 09 x (0,7),
z(0)=0 in Q.

We use the same tracking-type cost functional as in Section 4.5.1. For an in-depth analysis of
optimal control problems governed by quasilinear parabolic equations, the interested reader is
referred to [21, 31, 87, 104, 108]. Our theoretical results in Section 4.4 do not cover the case
of a quasilinear equation. However, the turnpike property can be observed in Figure 4.3 even
for very large choices of the nonlinearity parameter c. Moreover, we observe the same behavior
of the norm of the turnpike as in the semilinear example: for increased nonlinearity, the norm
of the turnpike decreases. This again reflects the stabilizing effect of the nonlinearity (towards
zero). We depict the turnpike property in a norm that is motivated by the second derivative
of the Lagrange function, i.e., the scaled H'(Q)-norm [[v]|aq,m1(0) := [[vllL,@) + Vda|| V| 1,0
with d = 0.1.
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Figure 4.3: Spatial norm of open-loop state and control over time with the static reference 23
for different nonlinearity parameters and o = 107

In Figure 4.4 we compare the closed-loop cost of different a priori time discretization schemes.
Similar to the semilinear example investigated before, we observe that exponential and piecewise

uniform a priori time grids outperform the conventional uniform grid.

closed-loop cost

9.2

8.8

= @ = uniform i
=¥ = exponential
=A== pw. uniform | |

number of time grid points

Figure 4.4: Comparison of MPC closed-loop cost for different a priori time discretization schemes
with dynamic reference xiyn for different priori time discretization schemes with parameters

¢=0.1and o = 1072,
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4.6 Outlook

We will briefly discuss several extensions of the analysis performed in this chapter.

e A first extension would be to replace the parabolic equation by a general Cauchy problem.
A result on T-independent invertibility was established for the autonomous linear case in
Chapter 2. This can be applied to the linearization of the nonlinear first-order necessary
optimality conditions, if the linearization point is a steady state and the linearized genera-
tor gives rise to a strongly continuous semigroup. Thus, turnpike results can be established
in that case when choosing a functional analytic setting where the superposition operators
are continuous and differentiable. For a time-dependent linearization point however, the
non-autonomous case has to be considered. Under appropriate assumptions, it should be
possible to derive estimates in the same spaces as for the autonomous case. The main
difficulty, however, is that there is no smoothing effect in general evolution equations.
Thus, we have to establish continuity and differentiability of the superposition operators
mapping from X to X, which is only possible for X = L,(2) if the nonlinearity is indeed
affine linear, X = R"” or p = oo, cf. [56, Section 3.1] and [8, Theorem 3.12]. For the
latter however, one has to ensure that the underlying dynamics give rise to a continuous
semigroup on L (£2), which is, e.g., not the case for the Laplacian, cf. [119, Section 3.1].
A remedy is to not allow for general nonlinearities in the Cauchy problems but rather
particular cases, e.g., a semilinear wave equation of the form

2" — Az + o(z) = u,

where the nonlinearity only depends on x. In that case, utilizing the solution theory for
wave equations, there is indeed a smoothing effect of the solution operator in the fol-
lowing sense. Let V — H — V* form a Gelfand triple. Then one obtains solutions in
x € Ly(0,T;V), 2’ € La(0,T; H), 2" € Lo(0,T;V*) for right hand sides in Lo(0,7T; H)
and further z € C(0,T;V), o’ € C(0,T; H), cf. e.g., [96]. After writing the equation as a
first-order system and deriving the estimate on the linearized equations’ solution operator
with range C(0,T; X)? and Lo(0,T; X)? for X = V x H with the results of Chapter 2,
a T-independent bound in L,(0,T; V) for all p € [2, 00] follows by the generalized Hélder
inequality. Moreover, if, e.g., V = H*(Q), then V < L,(Q) for all p < oo in space dimen-
sion two and differentiability of the superposition operator corresponding to a polynomial
nonlinearity ¢(z) in these spaces can be deduced straightforwardly.

e The local analysis presented in this chapter fails for equations where the nonlinearity is not
continuously differentiable. This is, e.g., the case for problems with control constraints,
where the constrains can be eliminated via a max-operator in the optimality conditions.
A second example are parabolic non-smooth dynamics of the form

7' — Az + max(z,0) = u.

with, e.g., homogeneous Dirichlet boundary conditions. In these cases, the implicit func-
tion theorem fails due to non-smoothness.
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e Finally, we discuss an extension to quasilinear equations. In Section 4.5.2, we observed
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that the solutions to quasilinear problem indeed enjoy turnpike behavior and that localized
grids on [0, 7] yield an increased MPC performance. The abstract framework presented in
this chapter, in particular the implicit function theorem Theorem 4.3 can, in principle, be
applied to quasilinear equations. In that context, after choosing an appropriate functional
analytic framework, a T-independent bound on the solution operator to the linearized
equation and T-uniform continuity has to be derived.



Chapter 5

Goal oriented error estimation for
Model Predictive Control

In this chapter, we illustrate how a posteriori goal oriented grid adaptivity can be used to
efficiently solve the subproblems arising in a Model Predictive Control (MPC) algorithm. This
is motivated by the theoretical findings of Chapters 2 to 4, cf. in particular Theorems 2.27,
2.48 and 2.55 for general linear evolution equations, Section 2.6 for linear autonomous parabolic
equations, Theorem 3.14 for linear non-autonomous parabolic equations, and Corollary 4.31 for
semilinear parabolic equations, where we showed that in order to obtain a low absolute error of
the state and control on an initial part, the perturbations of the extremal equations only have
to be small on this initial part. This directly implies that in order to have an MPC feedback
of high quality, any adaptive space-time discretization scheme should predominantly refine the
grid on [0, 7].

We briefly touched the subject of grid adaptivity in Sections 3.3 and 4.5, where we presented
different a priori discretization techniques for MPC. The question that remained was how to
determine a suitable discretization that is specialized for a Model Predictive Controller, auto-
matically. In this chapter, we will employ a posteriori goal oriented error estimation techniques
to adaptively refine the grids in every loop of the MPC algorithm to obtain highly efficient
discretizations in time and space. We will illustrate the performance of this approach and show
that adaptive space and time mesh refinement aiming for a small discretization error on [0, 7]
leads to grids that are fine on [0, 7] and coarse on the remainder.

The aim of goal oriented error estimation techniques is to refine the time and/or space grid
to reduce the error in an arbitrary functional I(x,u), the so called quantity of interest (QOI),
with, e.g., the goal to guarantee that

I(z,u) — I(Z,a) < tol,

where (z,u) is the optimal solution and (Z, @) a numerical approximation on a time and/or space
grid. In the particular case of MPC, this methodology can be used to minimize the error of the
MPC feedback and its influence on the state, meaning that I(x,u) is a functional incorporating
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‘[0 . and u‘[o q To this end, we present a truncated version of the cost functional as an

objective for refinement that is specialized for MPC. The main objective of this chapter will be
to illustrate the efficiency gain from using a goal oriented error estimation technique in a Model
Predictive Controller in the sense that for a fixed number of total degrees of freedom for the
solution of the OCP we will significantly reduce the closed-loop cost when using the truncated

only x

cost functional for refinement compared to using the full cost function. We will further show
that the error indicators computed by the goal oriented error estimator for this truncated QOI
decay exponentially outside of [0, 7].

Structure. After defining the abstract problem setting, the time and space discretization
scheme and recalling basic properties of goal oriented error estimation in Section 5.1, we will
present a specialized QOI for MPC in Section 5.2. We further provide an extension of the
sensitivity result of, e.g., Theorem 3.14, proving that goal oriented error indicators decay ex-
ponentially in time on [7, 7] if the QOI is localized at [0,7]. In Section 5.3 we provide various
numerical examples to illustrate the behavior of goal oriented error estimation specialized for
MPC in time and space. We consider a linear quadratic setting in Section 5.3.1, semilinear
dynamics in Section 5.3.2 and boundary controlled quasilinear dynamics in Section 5.3.3. We
will compare the resulting grids, solutions and MPC closed-loop performance of goal oriented
adaptivity with the cost functional as QOI to results of goal oriented adaptivity, where we choose
a truncated cost functional as QOI in the context of time, space and space-time adaptivity. Fi-
nally, in Section 5.3.4, we provide implementation details and present various aspects that can
be taken into account for fast adaptive MPC methods.

5.1 Setting and preliminaries

In this section, we briefly recall the parabolic optimal control problem of the previous chap-
ter and the corresponding optimality conditions. We further present the spatial and temporal
discretization scheme and recall the basics of goal oriented error estimation for parabolic opti-
mization problems.

5.1.1 Optimal control problem and optimality conditions

Analogously to Section 4.1, suppose that (V.|| - ||v/) is a separable Banach space, (H, (-,-)) is a
separable and real Hilbert space, and V — H &£ H* — V* forms a Gelfand triple. We consider
the optimal control problem

T
min J(z,u) ::/0 J(t,x(t),u(t)) dt

(z,u)
s.t. 2/ (t) = A(z(t)) + Bu(t) + f(t),
z(0) = o,
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where xg € H, f € Lo(0,T;V*), and J(z,u) is a twice continuously differentiable functional
from Lo (0,75 V) x L2(0,T;U) to R. We assume that the operator B € L(U,V*) and A: V — V*
is twice continuously Fréchet differentiable. For clarity of presentation, we consider only the case
where J,,, = Ju; = 0, which is, e.g., the case for standard tracking type cost functionals. Again,
we will assume that the optimal control problem has a solution in W ([0,7]) and the reader is
referred to the discussion in Section 4.1 for that matter. We briefly recall the definition of the
Lagrange function with Lagrange multiplier (A, A\g) € L2(0,7; V) x H, that is,

L(l‘, u, ()‘7 AO)) = J(I‘, u) + <l‘, - A(l’) — Bu— f, >‘>L2(O,T;V*)XL2(0,T;V) + <l’(0) — To, >‘0>a (52)

where

T
(A(2) N Lo 000 x La(0.11) = /0 (A(), Ny dt,

T
(BUy A) Loy (0,75V)x Lo (0,T5V) = / (Bu, \)v+xv dt.
0
The corresponding optimality conditions read

Jo(zyu) =N — A'(x)*\

AT)
L'(z,u,\) = Ju(z,u) — B*\ ~0. (5.3)
' — A(x) — Bu— f
z(0) — g

We note that one could straightforwardly incorporate a terminal state penalization Jr(x(T))
into the cost functional, which would result in a nonzero terminal condition for the adjoint. We
will omit this terminal cost for ease of presentation. Correspondingly, the second derivative of
the Lagrange function is given by

Joz(xyu) — A" (2)* X 0 —4 _ Al(x)*
0 0 Er
L' (z,u,\) = 0 Juu (T, ) —B* : (5.4)
4 — Al(z) -B 0
Ey 0 0

where again Eyx = z(t) for t € [0,7] as defined in Definition 2.26.

5.1.2 Discretization and goal oriented error estimation

For the discretization of the infinite dimensional problem, we use a discontinuous Galerkin
approach of order zero in time (denoted by dG(0)), and a continuous Galerkin approach of
order one in space (denoted by cG(1)) as presented in [100, 101]. In the literature, this combined
approach is often referred to as dG(0)cG(1)-discretization. We will briefly recall some of the
work considering this discretization technique.
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Discretization and adaptivity for parabolic equations with discontinuous Galerkin methods
was first established in the seminal papers [45, 46]. For the particular case of A(z) = A, a
priori time and space discretization error estimates for optimal control of parabolic PDEs of
order k + 1 and s + 1, respectively, are given in [102, Section 5.1], where k and s are the orders
of the polynomials in the ansatz space in time and space, respectively. Control constraints were
included in [131]. For semilinear parabolic PDEs, a priori bounds were obtained in [106] under
growth conditions, whereas the case of semilinear parabolic PDEs without growth conditions
was treated recently in [103]. Considering efficient numerical realization, the reader is referred
to [120] for a PDE context and to [16] for the case of optimal control. Lastly, there are recent
discrete maximal parabolic regularity results for the discrete-time equations, cf. [93, 94].

For the reader’s convenience, we will briefly recall the definition of this discretization scheme
and the corresponding a posteriori error goal oriented estimation. In the following, we will
abbreviate

W= W(0.T), U=Ls0,T:0),  (v,w) = /I@(t),w(t»v*xvdt.

Time discretization

We split up the interval [0,7] = {0} U I; U Iy U --- U Ips into subintervals I, = (tm—1,tm] of
corresponding size ky, := t;, —ty,—1 form € {1,..., M} and set I := {0}, where 0 = tg < t1--- <
tyr = T. We define the discrete-time spaces of piecewise constant in time ansatz functions by

Wy, = {'UkGLQ(O,T;H)|'Uk‘I eV, m=1,...,M, v,(0) € H},

Z/lk = {ukELQ(O,T;U)’ukljm EU, m:l,...,M}.

By continuity of elements in W = W([0,T]) — C(0,T;H), cf. Lemma 3.4, this forms a non-
conforming ansatz space, as elements of W, are not necessarily continuous. However, despite the
nonconformity, the important feature of Galerkin orthogonality of the difference of continuous
and discrete solution to the test space is preserved, cf. [100, Remark 5.2]. To capture the possible
discontinuities, we denote the right and left sided limits and the jump at time grid point ¢,, for
v € Wy via

+ -
Q}k,m

= lm vg(ty, +1), v, = im vty —t), [V]gm = v,':m — U
t—0+ ’ ’

t—0t ’

and illustrate this definition in Figure 5.1.
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tm_ 1 tm tm—‘r 1

Figure 5.1: One sided limits and jumps of discrete-time variables.

Due to the nonconformity of the ansatz space, the Lagrange function defined in (5.2) is not
defined on W;,. Thus, we define the discrete-time Lagrange function LF: Wi, x Uj, x Wj, — R by

M tm M ~ B
IACTRTEDD /t T (s, wp,up) ds + Y (@ M) 1, — (Alwr) — Bug — f, )1,
m=1 -1 m=1
(5.5)

M
+ Z ([zk]m—1, )\;mfﬁ + <x];,0 - Zo, )‘l;,l)>’
m=1

where the jump terms [xj],—1 capture the discontinuities of the state. This Lagrange function
is also well defined for state and adjoint state belonging to the continuous function space W
and on this space it coincides with the continuous-time Lagrangian defined in (5.2). For piece-
wise constant functions of the space W;, the time derivative vanishes, whereas for functions
continuous in time belonging to W, the jump terms vanish.

The discrete-time version for the state equation of (5.3) reads

M
(LK (s ks Ak Prdwsowy, = Y (@, 0k)1,, — (A(ax) — Buk — f,01)1,,)
m=l (5.6)
. .
+ Z <[xk]m—17 ‘10me1> + <$];0 — X0, 801;0> =0
m=1

for ¢ € Wy. Analogously, the discrete-time counterpart to the third equation of (5.3), is given
by
M
(L (@rs iy M)y Rty = Y (Jues s ) = B* Ak, 1)1, = 0 (5.7)

m=1

for @i € Uy. Using integration by parts on each subinterval in the state equation (5.6), one can
derive the adjoint equation as discrete-time counterpart to the first equation of (5.3), that is,

M M
(LK (2w, M)y e wmson, = DTz un), o) n, + Y (=X, — A'(2) Ak 1) 1, (5.8)
m=1 m=1 :

— ([Ae)m=1, cp,;m,l)) + Near ear) =0
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for all ¢, € Wi. The resulting time-stepping scheme is equivalent to an implicit Euler method
if the temporal integrals are approximated via the box rule, cf. [100, Section 3.4.1], and thus
inherits its A-stability.

Space discretization and time-stepping on dynamic meshes

For spatial discretization we use linear continuous finite elements as treated in the standard
literature [23, 32, 77]. To this end, we assign a regular triangulation ICJ* and corresponding
conforming finite element spaces V;* C V' and U;"* C U to each interval I,,, and obtain the fully
discrete spaces

Wen = {Ukh € LQ(O,T,H) |’U S th, m=1,..., M, ’Ukh(O) € V,?},

kh| L
(5.9)

Ukh:Z{ukhELg(O,T,U)\u EU}T,m:L...,M}.

kh| L
Due to conformity of these spaces with respect to the discrete-time spaces, i.e., Wgp, C Wy and
Uk, C Uy, the discrete-time Lagrangian (5.5) is well defined on Wyp, X Ukp X W,
In order to allow full flexibility for the spatial adaptivity, it is possible that the triangulation
»' on the interval I,,, is different from the triangulation ICZI_l on the interval I,,,_1. In terms
of numerical realization, this leads to difficulties in efficiently evaluating the scalar product of
basis elements of different time steps as needed for the assembly of the Euler step equations
(5.6) and (5.8). A remedy is presented in [128], where the authors suggest the evaluation of
scalar products on a common triangulation of K}' and IChmfl, which we denote by lChmfl/ 2,
This common triangulation is depicted in Figure 5.2, where the original meshes have been
independently red-green refined, cf. [40, Section 6.2.2] and [11]. If both meshes stem from the
same original mesh by refinement, then the common refinement leads to a regular triangulation

and to a finite element space th_1/2 such that V}:nfl, Vit C th_l/Q.
-1 m—1/2
Ky K Ky
Figure 5.2: Sketch of common refinement IChm_l/ 2 of two triangulations IC}?_I and K.

In our case, this common refinement is computed by the module dune-gridglue [14] of the
DUNE C++-library [20] and allows us to compute scalar products of basis elements ), € V"
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and Y,,—1 € th_l via

/d)mﬁ}ml - Z 7/}m7!}m71~ (5.10)
Q K m—1/2 K
eK)
By construction of the grids, for each cell K € Khmfl/ 2, there are corresponding parent cells

K™ ¢ K* and Km1te lChm_l such that K ¢ K™ and K ¢ K™ !. The dune-gridglue module
provides the index of the associated parent cells K™ and K™ ! in each original mesh. Thus, the
integral over cells of the commonly refined triangulation in (5.10) can be evaluated efficiently
with local evaluation in K™ and K™ ! and a suitable quadrature rule. Hence, the price to
pay for dynamic space grids is the computation of the common triangulations and the assembly
of M — 1 mass matrices, assigning to finite element functions defined on one space grid a
linear functional on a neighboring space grid. The algorithms completing these tasks can be
implemented in parallel using all available CPU-cores. Further, after refinement of space grid

', only the common refinements K;ln_l/ % and lChm+1/ % and the corresponding mass matrices
need to be updated. We will discuss this topic in detail in Section 5.3.4.

Goal oriented error estimation

We will now introduce the concept of goal oriented error estimation for optimal control of
parabolic PDEs. There are a lot of works considering goal oriented error estimation starting
with the seminal papers [15, 17, 18], which were extended to systems with state or control
constraints [116], optimal control of hyperbolic equations [86] and optimal control of parabolic
equations [100, 101, 102]. A comprehensive introduction to adaptive finite element methods
for ODEs and PDEs with applications is given in the monograph [10]. The main idea of goal
oriented error estimation is to estimate and reduce the discretization error with respect to an
arbitrary functional I(z,u), called the quantity of interest (QOI). Motivations for the definition
of QOIs range from allowing error estimation outside of the usual energy norm for, e.g., flow
simulation in the PDE case [18, 78] to the case of optimal control, where applications include
parameter estimation and optimal choice of regularization parameters [102, 141] to the standard
case of choosing the cost functional as the QOI.

We follow the literature [100, 101] and denote by (x,u, ) € (W x U x W) a continuous-time
solution of the extremal equations (5.3), by (zg, ug, Ai) € (Wr XU x Wy) and by (zgh, ukh, Akn) €
(Wih X Up, X Wi, time and fully discrete solutions of the system described by (5.6), (5.7), and
(5.8). One intermediate aim of goal oriented a posteriori error estimation is to derive error
estimators 7 and 7y, such that

I(z,u) — I(xkh, ugh) = Mk + N,

where 1 approximates the time discretization error and 7, approximates the space discretization
error. A detailed derivation of the estimators is performed in [100, Chapter 6] and [101]. We
briefly recall the main steps for the convenience of the reader and for later use. For more
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details, the interested reader is referred to the references above. Besides the solution triple
¢ := (z,u, \) of the first-order necessary conditions, a second triple of variables x := (v, ¢, z) has
to be considered. These secondary variables solve the linear system

(2, u)
0
L"(&)x = (LM"(€)x = — | I (x,u) in W*x H xU* x W* x H, (5.11)
0
0

on the continuous-time level, the system

I (@, uk)
0
(L¥Y"(&)xw = — | I (zx, uz) in Wi x Hx U x Wi x H, (5.12)
0
0

on the discrete-time level, and the system

I (zkn, ukn)
0
(L’“)”(gkh))(kh = — I{L($khaukh) in WZh X V]? X u]jh X Wl:h X VhM. (5.13)
0
0

on the fully discrete level. These equations are similar to the defining equation of a Lagrange-
Newton step, where the derivative of the Lagrangian on the right hand side is replaced by the
derivative of the QOI.

With the continuous triples £ = (z,u,A) and x = (v,q,2) and the corresponding discrete
counterparts, we define the residual of the first-order optimality condition via

p’\(ac,u, )\)90 = (Lfg(as,u, A))SO>W,:><W;€>
pu(l‘a u, )‘)90 = <LZ(IL’,U, )‘)a Q0>Z/{,:><Z/{kv
px(x’ u? )‘)QO = <Ll)€\(x7u7 A)) (10>W]:><Wk7

and a residual involving the secondary variables x = (v, ¢, z) via

p*(&,0,q,2)p = L5, ()(2,9) + LE, () (g, ) + LE, (&) (v, ) + L (x, u)e,
p1(&,v,q,2)¢ == L5, (€)(q,0) + LE, () (v, @) + L5, (&)(z,9) + I, (2, u)p,
p°(&,v,9)p = LE\(€)(v,9) + LEA(€)(q, ¢).
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With these residuals, the time discretization error can be estimated via
I(z,u) — I(zg,up) ~

1
§(pk(l‘k:, g, Ag) (v — V) + " (T wp, M) (@ — ) + " (g, upe) (2 — 24)

+ 0% (&k, Ok Qi 21) (2 — 2) + PU(Ey Vks Qs 28) (W — ) + Y (Eky Uiy @) (A — Ag))

for (yk,gk,gk), (g Uy A) € Wi X Uy, X Wy, arbitrary. Similarly, the space discretization error
estimator can be approximated via

I(zg, ug) — I(zgn, ugn) =
1

§(PA($kh7 Ukhs Mo ) (Ve — V) + P (Thons s Aen) (G — 44,)

+ 0% (@, wrn) (26 — Zgn) + 07 (Ekh Vichs Qohs 25n) (T — Zpp,)
+ P9 (Ekhy Vi Qi 2k) (W — wgp) + 07 (Ekhs Vi Gkn) Ak — Agp))

for (Vin, 440 2k )s (Tions Wiehs Ajr) € Wish X Uip, X Wep,. The arbitrary choice of the test functions
originates in Galerkin orthogonality, cf. [101, Proposition 4.1, Theorem 4.3]. The terms v — v,
=4, 2 = Zfy T — L, U — Uy, A — Ag T€Sp. U — Upp, Gk — iy Pk = Zkhy Tk — Lgp, Uk — Ugps
A — A, are often called weights and need to be approximated to obtain computable error
estimates as the solutions in the infinite dimensional spaces, i.e., expressions with no subscript
or subscript k, are not at hand. Approximating the weights by elements of W and Wy,
respectively, causes the estimators to vanish due to Galerkin orthogonality. Hence, will discuss
options to efficiently approximate the weights in Section 5.3.4. Having approximated the weights

k k k k
v wqa Wy, Wy,

R o,k ,h R h L
¢ Wz Wy, wy and wy we define the error indicators by

for the time discretization error by w wk and w')\€ and the weights for the space

discretization error by w,}}, w

Tk ;:% (0™ (s wrchs Aen) (W) + " (khs ks M) (W) + p* (s ) (w?) (5.14)
+ 0% (Ekhs Vkhs Qhs 21 ) (W) 4 X (Ekis Vs Qhs 210) (W) + p* (Ekny Vi, Gio) (W)
and
h ::é(p)\<l‘kh, s M) (W) + p*(@kny iy k) (w]) + p° (T wgn) (wh) (5.15)

+ 07 (Ekhs Viohs Qichs 216n) (W) 4 T (Excny Vs Qs 260) (W) + 0 (ks Vichy Gion) (Wh)).

5.2 Exponential decay of error indicators

Having introduced the concept of goal oriented error estimation, we will present a quantity of
interest particularly well suited for the adaptive solution of the optimal control problems in a
Model Predictive Controller as described in Algorithm 1. In every iteration of the MPC loop, the
control on [0, 7] is used as feedback. Hence, we suggest using a truncation of the cost functional
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as a quantity of interest, namely

I (z,u) = /j(t,a:,u) dt. (5.16)
0

This specialized quantity of interest in goal oriented error estimation yields time and space
grids such that the error of the MPC feedback is small. The stability results in Chapters 2
to 4 suggest that the propagation of discretization errors over time is exponentially damped
for optimal control problems satisfying stabilizability and detectability conditions. In other
words, to obtain a low error in I7(x,u), it is expected that it suffices to use a fine grid in space
and time on [0, 7] that becomes coarser towards 7. In this part, we will prove that the error
indicators 7y and 7, defined in (5.14) and (5.15) for the QOI defined in (5.16) decay exponentially
outside the interval [0, 7]. First, we observe that by the linear dependence, the error indicators
inherit the behavior of the secondary variables. Thus, it suffices to analyze the behavior of the
continuous version of these variables, i.e., x = (v,q,2) defined in (5.11) or the discrete-time
version xx = (U, Gk, 2x) defined in (5.12). In these defining equations, we observe that the right
hand side depends on the derivatives of the QOL In case of a QOI as defined in (5.16), these
functionals only integrate over a small part of the time horizon if 7 < T'. In the following we
will show that the continuous-time secondary variables x = (v, ¢, 2) defined in (5.11) or the
discrete-time secondary variables & = (vg, gk, 2zx) defined in (5.12) inherit the locality of the
QOTI in the sense that they are large on [0,7] and small on [7,T]. As the involved operator
in the defining equation for the secondary variables is the second derivative of the Lagrange
function, the assumptions made in this part will be of the same nature as in the nonlinear case
considered in Chapter 4.

Assumption 5.1. Let (x,u, \) be a solution of the optimality system (5.3). Assume the follow-
mg:

There is a Hilbert space (Y, (-,-)y) and an operator C € L(Ly(0,T;V), L2(0,T;Y)) such
that Lyg(x,u) = C*C.

e There is an operator R € L(L2(0,T;U), L2(0,T;U)) satisfying | Rul|r, 01,0y = allulv for
a > 0 such that Jy,(z,u) = R*R.

Al(x) € L(La(0,T; V), La(0,T; V*)).

(A'(x),C) and (A'(x), B) are V-exponentially stabilizable in the sense of Definition 3.20,
i.e., there are feedback operators Ko € L(L2(0,T;Y), L2(0,T;V*)) and
Kp € L(L2(0,T;V), L2(0,T5U)) and a constant o > 0 such that

—(A'(x) + KcCv,0) 1,07,V ) x Lo (0,T3V) > O‘H’U”%Q(QT;V),
—(A'(2) + BKBU, ) 1,(0,1;v*)x Lo (0,T3V) = OZHU”%Q(O,T;V)

for allv € Ly(0,T;V).
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Theorem 5.2. Let Assumption 5.1 hold. Consider the QOI I™(x,u) defined in (5.16). Let
(v,q,2) € W(]0,T]) x La(0, T;U) x W([0,T]) solve (5.11), i.e.,

Lyy(z,u) 0 —4 — Al(z)* I7(z,u)
v 0 0 Er v 0
L"(z,u,\) | q | = 0 Juu (T, 0) —B* q| =—|1II(z,u)
z 4 — Al(2) -B 0 z 0
Ey 0 0 0
Then, setting
c*C —4 — Al(x)*
0 Er
M =
4 _ A(z) —BJyu(z,u)1B* |’
Ey 0

the solution operator norm ”Mil”L((LZ(O,T;V*)XH)Q,W([O,T])2) can be bounded independently of T.
Further, for all pp > 0 satisfying

1

< =
I M= L Lago,m3v ) x Y2, W (j0,17)2)

there is a constant ¢(1) > 0 independent of T' such that

v
eﬂt q < C(T)(H‘Jl‘(xa U)HLQ(O,T;V*) + ||Ju($’u)||L2(0,T;U))' (517)

27w ([0,17) x L2 (0,T:0) x W ([0,T))

Proof. We first rewrite the system by eliminating the control via ¢ = J,}(z,u) (B*z — I7(x,u))
as

c*C —4 — Al(x)* I7(z,u)
0 ET vy . 0
4 — Alx) —Bduy(z,u)'B* [ \2) BJyu(z,u) T (2,u)
Ey 0 0.

With the assumptions of V-exponential stabilizability the bound on M~! follows analogously
to Corollary 3.30. A bound on the variables scaled by e*! follows completely analogously to the
proof of Theorem 3.14 by replacing the scaling e #* with e#!. Finally, we estimate the scaled
right hand side via

which concludes the proof. O

/e“th(t,x,u)dt +HBJuu(x,u)_1/ et T (t, z,u) dt
0 0

Lg(O,T;V*)
< o(7) (1 e (@, Wl Loorvey + 1ul@; W)l Ly0.70))

Ly (0,T5U)
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We will derive a similar estimate in Theorem 5.6 for the discrete-time secondary variables vy,
qr and z; and the fully discrete secondary variables vy, qrp and zgp. Further, we will show in
Remark 5.3 that the term on the right hand side, i.e., ||Jz (%, u)| 1, 0,7v+) + [|[Ju(®; @) || o0,
is bounded independently of T if a turnpike property holds. Before that, however, we give
a short interpretation of the estimate (5.17): As the scaling e#! grows exponentially in time,
the variables (v,q,z) have to decay exponentially in time such that the product is bounded
independently of the end time 7. Thus, the secondary variables (v, ¢, z) inherit the behavior of
the QOI I7(z,u) being localized on [0, 7]. Due to the linear dependence, this also carries over
to the error indicators in (5.14) and (5.15).

Remark 5.3. We will briefly give sufficient conditions under which the upper bound in (5.17)
can be shown to be bounded independently of T in the case of a linear quadratic problem. It turns
out that when a turnpike property holds, the initial part of the optimal solution is only affected
by the horizon negligibly, if the horizon is large. Consider a time horizon T > 0 and the linear
quadratic optimal control problem

1 T
min J(a,0) = 5 [ 1CGl) ~ e} + |R@® ~udlfdt st o' = Av+Bu. a(0) =,
T, u 0

where xqg € V and ug € U and all operators are time-independent. Suppose that the involved
operators satisfy the stabilizability assumptions of Assumption 5.1. Then it follows by Theo-
rem 3.16 that the state and control satisfy the turnpike estimate

| (z(t) — z, u(t < cle™Ht 4 emHI) (H)\H + ||z — zol|) (5.18)

HH U —

for a.e. t € [0,T], where (Z,u) denotes the optimal solution of the corresponding steady state
problem, \ is the corresponding adjoint state and ¢ > 0 is independent of T. Hence, in particular
we have

H (x(t),u(t)) HHxU <c (5.19)
for a.e. t € [0,T] with ¢c; > 0 independent of T'. Thus,
T
/ le(t) — zall + u(t) — ually dt < 7er + ¢
0
with ca > 0 independent of T. Hence, together with (5.19) we get

”JI(x7u)‘|L2(O,T;V*) + HJu(x7U)HL2(O,T;U) <c

with ¢ > 0 independent of T'. Finally we note that the steady state turnpike assumed in (5.18) can
be replaced by a dynamic turnpike concept and the proof remains valid, if the dynamic turnpike is
bounded independently of T'. In particular, for time-varying problems in discrete time, a similar
property was proven in [67, Theorem 3.
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The result of Theorem 5.2 does not immediately carry over to the discrete-time secondary
variables as defined in (5.12) due to the nonconformity of the discrete-time ansatz space. Thus,
we will give a separate proof of this matter in the following. To this end, we introduce a suitable
function space for scaled functions of Wy which are not necessarily piecewise constant in time.

Definition 5.4. We define the space of functions that are weakly differentiable on every subin-
terval via

W ([0,T]) := {v € Ly(0,T; V) 9]y, € Wlltm-1,tm]), m = 1,..... M, v(0) € H}

and endow it with the natural norm

M

lollwar oy = D (10wt tm]) + [0m—1 = vmill) + [[0(0)]]-
m=1

Additionally, we define linear operators A¥, A*=: WM ([0, T]) — WM ([0, T])* via the relations

<Akv790>WM([O,T])*><WM([0’TD =
M

> (V@)1 + ([lm—t1, 1)) — (A ()0, 0) 0,57 x La(0,73v) + (0590 )5

m=1

(A7 0,0t (o 7)o (0,7]) °=

M
- Z (W, @) 1 + V-1, 0pm_1)) — (A" (2)" 0, 0) Ly0,1:v*)x Lo (0.75v) T (Vars @ap)-
=1

It is clear that Wy < WM ([0,T]) and that W (]0,7]) with the norm defined above is a
Banach space due to W ([tg, tkt1]) — C(tk, tk+1; H) for all 0 < k < M — 1. Testing of the initial
resp. terminal condition is included in the operators A* resp. A*~ due to the terms (vy , ¢y ) and
(i, @ar)- We first employ a T-independent invertibility result for the discrete-time operator
occurring in (5.12). To this end, we note that L., = L%, and L,, = LF,, ie., the second
derivatives with respect to the state and control of the continuous and discrete-time Lagrange
function coincide. This is because the time derivative and the jump terms enters the Lagrange
function in a linear way, i.e., they vanish in the second derivative.

Theorem 5.5. If Assumption 5.1 holds, the inverse of the operator

Lyy(z,u) AR
k ._ AT
M '_< AF —BJuu(a:,u)lB*>

can be bounded by

| (Mk)_l ||L((Lz(O,T;V*)XH)Q,WM([07T1)2) <¢

where ¢ > 0 is T-independent constant.
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Proof. We extend the proof of Corollary 3.30 to corresponding time-discretized differential op-
erators A* and A%~ that allow for discontinuous states. Consider the system

c*C Ak~ v (ll,zT)
( A —BJuu(a:,u)‘lB*> <z> = <(zz,u0) (5:20)
for l1,lo € Ly(0,7;V*) and zp,vg € H. First, we test the state equation, i.e., the second
equation of (5.20) with v and obtain

M
(', 0) 1 + ([Wlm=1, 05 _1)) + llog P = (A" ()0 + BJyu(m,u) " B*2,0) 1,077 )% La(0,T3V)

m=1

= <l27U>L2(O,T;V*)><L2(O,T;V) + HUOHQ

and use the formula from Lemma 3.4 iv) and the definition of the jump terms [v],, := v}, — v,

applied on every subinterval to compute

M
(€', 0) 1y + ([lm—1, v _1)) + llvg |

m=1

LS| 1
5 (3l = Jllfal? + s = o)) + e

3
Il

p'qg

3
I

tnﬁs

(lvarll® + llvg 11%)

N

1 _
(3ol = st + 3l a1P) + 5 1P

1 _ 1
1l = (k) + gl ) +

3
I

1, _ _
oy = v+ 5 (loag* + llvg 1)

I
NE
N | =

3
I

for the first three terms. Thus, adding the stabilizing feedback K¢ from Definition 3.20, we
obtain

1, _ 1 _ _
> gl = v alP 4 5 (gl + g 1) = (A (@) + KO, v) oo rivyxLaoriv)

m=1

sC (HC’UHLQ(O,T;Y) + HB*ZHL2(0,T;U) + HZQHLz(O,T;V*)) H’UHLQ(O,T;V) + HUOHQ'

Hence, by Lo(0,T; V)-ellipticity of —(A'(z) + KcC), we get

1 1 _ _
Ziva—l —vh |7+ 3 (””MH2 + [lvg HQ) + HUH%Q(O,T;V)
=1 (5.21)

< ¢ (I0vIE 0,20 + 1B 2l a0z, + MelEaoiriyy + vol?)
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Analogously, we test the adjoint equation with z and compute

M
=3 (2 2 + ([Fm1s 2 1)) + 2

M

1, _ 1 _ _ _
> <2uzmu? = Gl s ) = B l?) + Dl
_ 1
= 517 + Z( el = (2 l,zm1>+2||zz1||2)

M
(U5 12+ D 12) + 3 5oy = 27 ?
m=1

and thus, analogously to the state, by using V-exponential stabilizability of (A'(z), B), we get
for the adjoint that

[\DM—A
)—l

Lo - 2 Lo — 2 —12 2
S Sy = s+ 5 (il + 15 1) + 121 )
C(HCUH%Q(O,T;Y) + HB*ZH%Q(O,T;U) + ”ll”%g(O,T;V*) + [lzr?).

It remains to estimate the term HCUH%Q(O,T;Y) + HB*ZH%Q(O,T;U)' To this end, we test the first
equation of (5.20) with v, the second equation of (5.20) with z, subtract the latter from the

former and obtain

2 * (12
1CVNIT,0.1v) + 1B 27,500,000

< (AP 2, o)y o,y o) — (A0, 2) ot o,y e (o,77) (5.23)

+ (11, 27) | 2o 0,75 x i+ 11125 v0) | Lo 0,759+ x ) (”UHLz(O,T;V) + [lvg I| + 12l Lo 0,7y + [Exvalh;

We proceed to show that <Ak’_Z, U>WM([O,TD*><WM([O,T]) = <Ak1}, Z>WM([O,TD*><WM([O,T]) and com-
pute

(A’“_z, ’U>WM([0,TD* xWM ([0,T7)

M
==Y (&0 + (1, v 1)) + (A(®)*2,0) Ly v +)x La(0,73v) + (201 Var)

M
= Z (20" 1 = (s V) + ety V1) = (2t = 21 V1))
+ (A'(2)v, 2) Ly 0.1V ) x Lo (0.13v) + (Zaps Var)

M
=3 ({205, + 5h 0t = v 1)) (A (@)0, 2) Ly 0. x Lao,rv) + (20510 )
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The interested reader is referred to a similar result in [127, Proposition 3.6] in a continuous-time
setting. Thus, together with (5.21), (5.22), and (5.23) we obtain with ¢ > 0 independent of 7"

M 1 M 1
Z§’|U;L—1 —U$_1H2+§ (ol + o 1) + D 5 5z — 24|
m=1 m=1 (524)

(zar 1P+ 20 1%) + Nl (v, Z)||L2 o1V =S¢ H(llaZTle?UO)H(LQ(OTV*)xH)?

l\’)\»—l

To obtain an estimate on the derivatives, we test the state equation with a test function ¢,, €
C*®([tm—1,tm]; V) such that p(t;—1) = ¢(tm) = 0 and obtain

M
Z (BJy, Bz + 1y + Al(z)v, D) Lo (0,T:V*)x Lo (0,T5V)

m=1

By density of C§°([tm—1,tm]; V) in La(tpm—1,tm; V), cf. [127, Lemma 2.1], we conclude the esti-
mate

1 |2t 1tmiv) S (A @ L (Lot V) L1 V)
-1
F 1Bt B L(Ls 1,6V, (b1 stV D) 03 ) Lot sty 12| iy )
which, together with (5.24) and proceeding analogously for the adjoint, yields the result. O
We now obtain an analogous result to Theorem 5.2 for the discrete-time system.

Theorem 5.6. Let Assumption 5.1 hold and consider the QOI I (x,u) defined in (5.16). Let
(Vk, Qs 21) € WM([0,T)) x La(0,T;U) x WM([0,T)) solve (5.12), i.e

Loy (‘T’ u) 0 AR~ Uk I:Zc— (JJ, U)
0 Juu(z,u) —B* a | =— [ I[(z,u) | . (5.25)
AF -B 0 2k 0

Then for all p > 0 satisfying
1

[(MF) =M L (Lo (0,17 x Y2, WM (j0,10)2)

<

)

there is a constant c(1) > 0 independent of T such that

Uk,

6#t gk < C(T) (|’JZE($7U)||L2(0,T;V*) + ||Ju(x’u)||L2(0,T;U)) .

Zk/ W ([0,77) x Lo (0,T50) x WM (0,T7)

(5.26)
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Proof. Again, we eliminate the control via g = J,,}(z,u) (B*z + I.(z,u)) and obtain

c*C AR g\ _ IT(x,u)
AF —BJu(r,w) B ) \z ) \BJuulz,w) I (z,u))

M

We further choose p < =~ L independently of T', cf. Theorem 5.5,

ICME)TH L (2 (0,70 21y2 WM (0,772
introduce scaled variables 7, = eMtv;, and Z;, = e#!z;, and compute that

(N0, @) war (0,17 ewn (o)) = (A€ Tk), @y wat (0,17 xw ™ (0,77
M
= (e o), )1, 4 ([e oklm—1, 0 _1) — (A (2)e "0k, @) Ly 0,1V ) x Lo (0,T3V)

m=

—

+ (e k) 5 ¢0)

() — pg, e @)1, + ([Or)m—1,€ "0 1) — (A/(2) Tk, € 0) Ly (0,13v*) x Lo (0,15V)

-

1

3
I

+{(T)g» (€M )5)
<(A — )y, >WM([0T]) *xWM([0,T])>

where ¢ = e # . Proceeding analogously for the adjoint equation we get

4 (52) =~ (o 1)

. Y _ J7 e Ttz u) - dt
(MT + puP) <Zk> - <BJW($,U)_1 fOT eMt T, (t, z,u) - dt

0 I
where P = ( 7 0> and hence || P||qwa (jo,17)2,(Lo (0,73 +)x 11)2) < 1. Completely analogously to
the proof of, e.g., Theorem 3.14, we multlply the equation by (M*)~! and employ a Neumann-
series argument as p < TR and obtain
L((LQ(OyTﬁV*)XH)yWM([OvT]) )

)]
Zk/ \lw (0,172

<+ w(M*)TPY  wr oz o) M F) M ao.r:v ) 2w (0.1)2)

fo e“t Jp(t,z,u) - dt
BJyy(z fo et Ty (t, z,u) - dt

< C(T) (|’J1(x>u)”L2(O,T,V*) + Hju(xau)HLz(O,T;U))

with a constant ¢ > 0 independent of T'. For the control, we compute

L2 (07T7V*)2

1@kl Logo,r0y = 1@, w) ™ B 2 + Juu (@, 0) ™ (@, w)| £y 0,150
< C(T) (HJx(‘T7u)”L2(O,T,V*) + HJU(];?u)HLQ(O,T;U)) s

133



5.2. EXPONENTIAL DECAY OF ERROR INDICATORS

which concludes the proof. ]

We will briefly illustrate the exponential decay of the secondary variables proven in The-
orems 5.2 and 5.6 for the linear quadratic problem of Section 3.3.1. The plots in Figure 5.3
show the exponential decay of the linearly interpolated discrete-time secondary variables for the
QOI I (x,u) defined in (5.16). In Figure 5.3, we observe that for all values of the Tikhonov
parameter «, the state and the control decay exponentially after the time 7 = 0.5. The ledges
in the plot are introduced by the tolerance of the linear solver used for solution of the linear
system (5.13). The smaller we choose «, the faster the secondary variables decay in time. The
reason for this can be found when inspecting the proof of, e.g., Lemma 3.25, showing that
HMilHL((LQ(O,T;V*)XH)Q,W([O,T])Q) is proportional to ||R|/r(r,0,rv)) = @ Thus, decreasing a
allows for a larger choice of the scaling parameter p > 0 in Theorem 5.2 due to the bound

1

| L((La 0TV ) x EY2 W ([0.7])2)

p<
[M 1

This straightforwardly carries over to the discrete-time setting considered in Theorems 5.5
and 5.6. Further, as the decay parameter p is chosen in the same fashion in the turnpike
results, i.e., e.g., Theorem 3.16, also the speed of exponential convergence to the turnpike is in-
creased when decreasing a, which is in accordance with the findings of [3, Table 3.1, p. 41] where
a lower stabilizing horizon for MPC could be chosen when decreasing the Tikhonov parameter
a.
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Figure 5.3: Norm of the secondary state v and control ¢ of (5.12) over time. The vertical black
line indicates the implementation horizon 7 = 0.5.
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5.3 Numerical results

In this part we qualitatively and quantitatively examine the results of goal oriented error esti-
mation with the specialized QOI defined in (5.16), i.e.,

T

I (z,u) ::/j(t,x,u) dt

0
and compare it with classical error estimation using the full cost functional as QOI, i.e.,

T

J(x,u) :/J(t,x,u)dt.

0

We inspect the error indicators for time, space and space-time adaptivity, the resulting grids
and the performance of a Model Predictive Controller evaluated via the cost functional value of
the MPC trajectory, using goal oriented error estimation with both QOIs used for adaptivity in
every solution of an OCP.

We briefly comment on adaptive time discretization if the solutions satisfy steady state
turnpike behavior. If the optimal control problem is autonomous and satisfies a stabilizability
and detectability condition, we showed in Theorems 2.30 and 3.16 for linear quadratic problems
that the optimal triple exhibits turnpike behavior. This was extended to the nonlinear case in
Corollary 4.30. We further observed this property numerically in Figures 3.2, 4.1 and 4.3. An
important property of turnpike behavior is that the approaching and leaving arcs’ lengths are
independent of the time horizon. As in between these transient arcs the solution stays close
to an equilibrium of the dynamics, any adaptive time discretization scheme will predominantly
refine the time grid at the beginning and the end of the time interval to resolve dynamic parts.
Further, the independence of leaving and approaching arc of the size of the interval suggests
that in case of time adaptivity, the resulting computational cost will be almost independent of
the length of the interval. This naturally suggests that in case of a steady state turnpike, an
adaptive time discretization can be very efficient. Moreover, the turnpike property was also
exploited in [136] to construct an efficient shooting algorithm. These considerations are however
not applicable when considering non-autonomous problems that do not possess a corresponding
static optimization problem and hence no optimal equilibrium. One then has to rely on classical
a posteriori grid refinement techniques to adaptively refine the time and space grid.

Problem setting

In the following, we fix 2 = [0,3] x [0, 1] and the time horizon 7" = 10. We briefly recall the
reference trajectories as defined in Section 3.3. That is, using the function

1
10e} =52 s<1
g(s) ==
0 else,
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we construct a static reference trajectory via

e (B (2))

and a dynamic reference trajectory via

s Gh-Gzi) e
W1 peak(t) == 1.5 — cos (w (f{))) , W peak (t) =

()]

The static trajectory z§* and the dynamic trajectory xiyn are depicted in Figure 3.1 and
Figure 3.4, respectively. We will further consider examples with a reference concentrated towards
the boundary that grows exponentially in time, i.e.,

10 1.5
e = : 5.29
461 ) 529

where w peak € [0, 1] will be specified later. We consider the cost functional

where

zP(tw) =e

SIS

T 1 T
| ayat =5 [ 10 = a1, 0 + alulo) 3 (5.30)

where 4 is one of the reference trajectories defined above and « > 0 is a Tikhonov parameter.
Depending on the governing dynamics, we will set U = Lo(2) for the case of distributed control
and U = L2(00) in the case of boundary control. Whenever we use the autonomous reference
trajectory defined in (5.27), we will use the implementation horizon 7 = 0.5. In case of the
non-autonomous trajectory (5.28), we consider a larger implementation horizon 7 = 1.

#uniform refs. H 0 ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5
#Triangles 12 | 48 | 192 | 768 | 3072 | 12288
# Vertices 11 | 33 | 113 | 417 | 1602 | 6273

Table 5.1: Number of elements and degrees of freedom for different hierarchies of the spatial
grid.

In the following we will consider different linear and nonlinear unstable and stable dynamics
with distributed and boundary control. We apply the MPC Algorithm 1 to these different model
problems and perform goal oriented error estimation and grid refinement for either I7(z,u) or
J(z,u) as QOI after termination of the nonlinear OCP solver. After refinement, we use the
interpolated solution on the refined grid as starting guess and solve the nonlinear OCP again on
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the refined mesh. This procedure is repeated until the maximal number of time or space grid
points is reached.

In all MPC simulations, we will perform four steps of Algorithm 1. In case of time adaptivity,
we compute all trajectories on a space grid uniformly refined three times, cf. Table 5.1, and start
the adaptive algorithm with three time points. The simulation is performed on a grid with 51
time grid points on [0, 7]. In case of space adaptivity, we fix the number of total time grid points
to 41, perform adaptive space adaptivity starting with a grid with one uniform refinement, and
perform the simulation with the same time step size. The space grids for the simulation are
five times uniformly refined. In case of space-time adaptivity, we perform the simulation with
51 time grid points on [0, 7], where every space grid is five times uniformly refined and we start
with five time grid points and one uniform refinement.

5.3.1 Linear quadratic optimal control problems

We will first consider linear quadratic problems and dynamics governed by a linear heat equation
with distributed control, i.e.,

2 =01Ax+ sz +u in (0,7) x £,
2(0) =0 in Q, (5.31)
x=0 in Q x (0,7),

where s € R is a stability (if s < 0) or instability (if s > 0) parameter. Alternatively, we consider
Neumann boundary control, i.e.,

=0.1Ax + sz in (0,7) x £,
2(0) =0 in Q, (5.32)
0.1gi =u in Q x (0,7),

where % denotes the outward unit normal derivative.

We set U = La(2) or U = L9(0N2) and aim to minimize the standard tracking-type cost
functional (5.1) subject to either of the dynamics defined above.

We will observe that the stability of the underlying optimal solution plays a major role in the
adaptive time discretization. In that context, we investigate the case of an unstable uncontrolled
equation, i.e., choosing s > 0 large enough. In that case, the presented dG(0) scheme can be
numerically unstable. Thus, for strongly unstable open-loop dynamics, a multiple shooting
approach, cf. [27, 28, 80, 81], should be considered to prevent instabilities or blow-ups of the
numerical solution.

Time adaptivity

In Figure 5.4, we depict the spatial norm of state and control over time for an autonomous

problem with reference trajectory xffat and Tikhonov parameter o = 10~! governed by dynamics
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described by (5.31) with instability parameter s = 4. We observe that the refinement with
respect to the truncated QOI I7(x,u) only takes place at the beginning of the time interval.
Further, we see that the error indicators decay exponentially shortly after the implementation
horizon 7 = 0.5 due to the exponential decay of the secondary variables proven in Theorems 5.2
and 5.6. Second, choosing the entire cost functional as a QOI, we see that the refined time grid
is fine towards t = 0 and ¢t = 7. This is because the dynamics exhibit a steady state turnpike
behavior, i.e., the highly dynamic parts are located at the beginning and the end of the time
horizon. Hence, in order to obtain an accurate solution on the whole horizon, these parts need
to be refined. Further, we observe that the solution obtained by refinement via I7(z,u) does
not exhibit the leaving arc despite very clearly showing the approaching arc.
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State, control and error indicators with QOI I7(z,u)
| | | | | | | | |

L2 (Q)-norm
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¢ ¢
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Figure 5.4: Open-loop trajectories and error indicators in the first MPC step after adaptive
refinement with 41 time grid points for an unstable problem with distributed control and static
reference. The vertical lines illustrate the adaptively refined time grid.

Further, in Figure 5.5, we depict the same quantities for a non-autonomous problem and
choose the time-dependent reference trajectory xiyn and o = 1073, The dynamics are governed
by (5.32) with s = 0 and we set the implementation horizon to 7 = 1. Similarly to the
autonomous problem we again observe that the refinement and error indicators are concentrated
on the implementation horizon [0, 7] if I7(z, ) is chosen as QOL. If we use the cost functional
as QOI, the time refinement and error indicators are distributed over the whole time horizon,
as the reference and hence the solution is dynamic at all times.
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Figure 5.5: Open-loop trajectories and error indicators in the first MPC step after adaptive
refinement with 41 time grid points for a boundary controlled stable non-autonomous problem
with dynamic reference. The vertical lines illustrate the adaptively refined time grid.

Having investigated the error indicators and the resulting time refinement in the context of
one optimal control problem, we depict the performance gain in a Model Predictive Controller
with three examples when using the truncated QOI in Figure 5.6 for adaptivity in every MPC
step. We show the closed-loop cost of the MPC trajectory obtained by applying four steps of
the MPC algorithm Algorithm 1 to the optimal control problem. The plot on the top right
and on the bottom correspond to the setting of Figure 5.4 and Figure 5.5, respectively, whereas
the plot on the top left compares the closed-loop cost for a stable autonomous problem with
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s =0, a = 1073, and reference ariltat. In all three cases we observe that for a given number of

maximal time steps, choosing the specialized QOI I (z,u) as an objective for refinement leads
to a significant reduction of the closed-loop cost, i.e., a better controller performance.
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Figure 5.6: Comparison of cost functional values of the MPC closed-loop trajectory for different
QOIs used for temporal refinement. Top left: Stable autonomous problem. Top right: Unstable
autonomous problem. Bottom: Boundary controlled non-autonomous problem.

Space adaptivity

In this part, we investigate the case of space refinement. To this end, we compare the error
indicators, the resulting space grids and the closed-loop cost for refinement with I7(z,u) and
J(z,u). In the upper row of Figure 5.7, the space error indicators for an autonomous optimal
control problem governed by the linear dynamics with distributed control defined in (5.31) with
reference 75" and Tikhonov parameter a = 1073 are depicted. Again, the error indicators for
the objective I (x,u) decay exponentially after the implementation horizon, whereas they stay
almost constant over the whole time horizon in case of the QOI J(z,u). This again is due to
the turnpike property, i.e., the dynamic trajectories are close to the solution of the steady state
problem for the majority of the time. The higher indicators at the beginning of the time interval
are due to the high control action to approach the turnpike. Further, the indicators for the cost
functional decay at the end of the horizon due to the terminal condition of the adjoint, which
requires the control to approach zero, leading to a more regular state by diffusion and thus
less need to refine. In the lower row of Figure 5.7, the resulting space grids for three different
numbers of maximal spatial degrees of freedom (DOFs) are depicted. It is clearly visible that
for I7(x,u) a refinement only takes place at the beginning of the time horizon and the majority
of the space grids are unrefined. In contrast to that, the spatial refinement for J(x,u) takes
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place on the whole horizon.
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Figure 5.7: Spatial error indicators before refinement and spatial degrees of freedom after last
refinement for different maximal numbers of degrees of freedom for an autonomous optimal
control problem. The vertical black line indicates the implementation horizon 7 = 0.5.

In Figure 5.8, we depict the resulting space grids and the state over time for the intermediate
case in Figure 5.7, i.e., the grids enjoy 5825 and 5478 total spatial DOFs, respectively. It is clearly
visible that in case of refinement for the full cost functional, the space grids have to capture
the steady state turnpike on the majority of the interval. This is not the case for refinement
with I7(z,u), where we observe unrefined space grids shortly after the implementation horizon
7 =0.5.
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Figure 5.8: Evolution of adaptively refined space grids for 1" (z,u) (left) and J(x,u) (right) with
5825 and 5478 total spatial DOFs, respectively.
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As a second example for space adaptivity in the linear quadratic setting, we present the case
of reference that increases exponentially in time, i.e., ™ as defined in (5.29) with ws peax = 0.5.
We choose the Tikhonov parameter o« = 1072, s = 0, and consider the distributed dynamics
(5.31). In Figure 5.9 we show the error indicators before refinement and the spatial DOFs
after refinement for different numbers of maximal spatial DOFs. As the reference xSXp increases
exponentially in time, the solution also increases exponentially in time. This leads to the error
indicators for J(z,u) also increasing in time (top right) and in particular to a refinement which
is concentrated towards T' (bottom right). On the other hand, when refining for I7(z,u) the
exponential damping of discretization errors is stronger than the exponential increase of the
solution, as the indicators for this truncated cost functional decay exponentially (top left).
This, again, similarly to the autonomous case, leads to space grids that are refined on [0, 7]
(bottom left).
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Figure 5.9: Spatial error indicators before refinement and spatial degrees of freedom after last
refinement for different maximal numbers of degrees of freedom for a non-autonomous optimal
control problem. The vertical black line indicates 7 = 1.

Finally we examine the performance gain from using I7(z,u) as a QOI in adaptive MPC
again. In Figure 5.10, we observe that for both examples, i.e., the autonomous problem of Fig-
ure 5.7 and the non-autonomous problem of Figure 5.9 with exponentially increasing reference,
the closed-loop cost is lower when using the specialized QOI I7(x,u) for refinement. In case
of the exponentially increasing reference, we further see that increasing the allowance for space
refinement does not improve the performance when refining with J(x, u); this is due to the fact
that all grid point are used towards 7' and thus the MPC feedback is not refined at all, cf. the
bottom left of Figure 5.9.
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Figure 5.10: Comparison of cost functional values of the MPC closed-loop trajectory for different
QOIs used for spatial refinement. Left: Autonomous problem. Right: Non-autonomous problem
with exponentially increasing reference.

Space-time adaptivity

We briefly address the subject of space and time adaptivity for the linear dynamics (5.31) with
static reference 5%, o = 1073, and s = 0. After time and space error estimation, we refine
either space or time, depending on which is subject to a larger total error. This was chosen
due to clarity and simplicity and we note that there are more involved space-time refinement
strategies, cf. [100, Section 6.5]. As to be expected, the space and time grid refinement for
I (z,u) primarily takes place on the initial part of the horizon, cf. Figure 5.11.
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Figure 5.11: Spatial DOFs over time for a total allowance for 20000 degrees of freedom for a
fully adaptive space-time refinement.
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The adaptive refinement with I7(z,u) terminated with 12 time grid points, whereas the
refinement with J(z,u) terminated with 11 time grid points. In Figure 5.12, we clearly observe
that again refinement with the truncated cost functional leads to a better performance of the
Model Predictive Controller.
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Figure 5.12: Comparison of cost functional values of the MPC closed-loop trajectory for different
QOIs used for space-time refinement.

We note that, for this example, employing only time adaptivity for the QOI I7(z,u) with
three uniform refinements in space, cf. Table 5.1, leads to a lower closed-loop cost for the same
number of total DOFs. This is no longer the case when using two uniform refinements.

5.3.2 Semilinear optimal control problems

In this part, we move from linear dynamics to the semilinear heat equation introduced in Sec-
tion 4.5.1, i.e.,

¥ —dAz +ex® =u in Qx (0,7),
z=0 in 9Q x (0,7), (5.33)
z(0) =0 in €,

where d > 0 is a diffusivity parameter and e > 0 is a nonlinearity parameter. We note that the
semilinearity has a stabilizing effect due to monotonicity, cf. Section 5.3.2.

Time adaptivity

In Figure 5.13, we depict the error indicators and the resulting time grids for an optimal control
problem with cost functional (5.30), dynamic reference z™ defined in (5.28), Tikhonov param-
eter a = 1072 and the semilinear dynamics described in (5.33) with semilinearity parameter
e = 1. We choose 7 = 1 as implementation horizon. We observe that, similarly to the non-
autonomous linear quadratic case depicted in Figure 5.5, the error indicators are concentrated on
the beginning of the interval if the objective for refinement is I (x, u), leading to a fine time grid
on [0,7]. The refinement with the cost functional as QOI shows a time refinement distributed
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over the whole interval. In particular, the initial part up to the MPC implementation horizon
was not refined at all when refining for J(z, ). This different refinement behavior leads to the
optimal state and control being fundamentally different.

State, control and error indicators with QOI I7(z,u)
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Figure 5.13: Open-loop trajectories and error indicators in the first MPC step after adaptive
refinement with 41 time grid points for a semilinear problem. The vertical lines illustrate the
adaptively refined time grid.

Correspondingly, in Figure 5.14, we depict the closed-loop cost of the adaptive Model Pre-
dictive Controller. We observe that due to the coarse grid on [0,7] for the refinement with
J(z,u), the performance for increasing number of time grid points remains constant. On the
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other hand, the performance of the Model Predictive Controller using I”(x,u) as refinement
objective is increased when increasing the time grid point allowance.
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Figure 5.14: Comparison of cost functional values of the MPC closed-loop trajectory for different
QOIs used for temporal refinement with semilinear dynamics.

Space adaptivity

We observed that the behavior of the adaptive time refinement algorithm in case of semilinear
dynamics is very similar to the case of linear dynamics in the previous part. This is also the case
when moving to space adaptivity. In the previous examples with space adaptivity we introduced
a necessity for spatial refinement via the reference trajectory. In contrast to that, in this part,
we will change the computational domain and consider a reference constant in time and space.
We endow the rectangle with a reentrant corner as depicted in Figure 5.15. We note that from
a theoretical point of view, regularity theory is often formulated for convex domains, which is
not the case here. In the case of a nonconvex domain, as depicted in Figure 5.15, one usually
obtains regularity results coupled with the angle at the reentrant corner, cf. [60, Section 8.4].

Figure 5.15: Rectangular domain [0, 3] x [0, 1] with a reentrant corner at (1.5,0.5) with corre-
sponding angle of approximately 2.4 degrees.

In this part, we consider a reference constant in time and space, i.e., x4 = 1 and Tikhonov
parameter o = 1073 in the cost functional (5.30) and choose e = 0.1 as nonlinearity parameter.
In Figure 5.16, the error indicators and the corresponding space grids are depicted. Again, we
see that the error indicators for the objective I7(z,u) decay exponentially in time, whereas the
indicators for J(x,u) stay constant. Correspondingly, the adaptive space refinement for I (z, u)
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is concentrated on the implementation horizon [0,0.5], whereas the refinement for J(z,u) is
distributed evenly over the whole horizon [0, 10]. The latter is, yet again, due to the turnpike
property which can also clearly be observed in Figure 5.17 as the problem at hand is autonomous.
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Figure 5.16: Spatial error indicators before refinement and spatial degrees of freedom after last
refinement for different maximal numbers of degrees of freedom for an autonomous semilinear
optimal control problem. The vertical black line indicates the implementation horizon 7 = 0.5.

We depict the space grids over time and the corresponding state in Figure 5.17. Due to
the homogeneous Dirichlet boundary conditions, the refinement primarily occurs close to the
boundary. In case of refinement for J(z,u) and due to the turnpike property, the space grids
are almost identical over time, whereas for the specialized QOI I7 (z,u), the refinement happens
primarily on the space grids assigned to the implementation horizon [0, 0.5].
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Figure 5.17: Evolution of adaptively refined space grids for I™(x,u) (left) and J(z,u) (right)

with 8237 and 8450 total spatial DOFs, respectively.
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Finally, in Figure 5.18, we depict the closed-loop cost of the MPC algorithm endowed with
goal oriented space adaptivity. Again, the performance is better when using the specialized QOI
I"(x,u) for refinement as opposed to adaptivity with respect to the full cost functional.
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Figure 5.18: Comparison of cost functional values of the MPC closed-loop trajectory for different
QOIs used for spatial refinement with semilinear dynamics.

5.3.3 Quasilinear optimal control problems

As a last model problem, we consider optimal control with the boundary controlled quasilinear
problem introduced in Section 4.5.2. To this end, we recall the nonlinear heat conduction tensor

k(z)(t,w) := (C|x(t,w)|2 + d),

where ¢,d > 0 and consider the quasilinear dynamics

2 — V- (k(x)Vz) =0 in Q x (0,7),
f@(a:)gi =u in 092 x (0,7),
z(0)=0 in Q.

We note that the theory of Chapter 4 does not cover this boundary controlled quasilinear case.
However, the results for exponential decay of the secondary variables, i.e., Theorem 5.2 and
Theorem 5.6, still apply. This is due to the fact that the secondary variables are defined as a
solution to a linear problem, even if the problem is nonlinear, cf. (5.11).

In Figure 5.19, we depict the time error indicators and corresponding state and control
norm over time for a non-autonomous problem with xjyn as reference, o = 1072, ¢ = d =
0.1, and implementation horizon 7 = 1. The time refinement with the full cost functional as
QOI is again, similarly to the case of linear dynamics depicted in Figure 5.5 and the case of
semilinear dynamics shown in Figure 5.13 distributed on the whole horizon and the time grid
on the implementation horizon [0, 7] remains unrefined. The refinement for the truncated cost
functional I7(z,u) is concentrated on the initial part. Note that the depicted norm is again
a scaled H'(Q)-norm corresponding to the second derivative of the Lagrange function, i.e.,
[Vllaa,m1 () = 0]l Lo() + Vad]| Vol L)
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Time adaptivity
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Figure 5.19: Open-loop trajectories and error indicators in the first MPC step after adaptive
refinement with 41 time grid points for an autonomous problem with boundary controlled quasi-
linear dynamics. The vertical lines illustrate the adaptively refined time grid.

The depiction of the closed-loop cost of the MPC trajectory in Figure 5.20 shows that the cost
is again consistently lower when using I7(x,u) as a QOI for adaptive time refinement.
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Figure 5.20: Comparison of cost functional values of the MPC closed-loop trajectory for different
QOIs used for temporal refinement with quasilinear dynamics.

Space adaptivity

We consider the exponentially increasing reference trajectory 3™ with wo peak = 1, implemen-
tation horizon 7 = 1, Tikhonov parameter o« = 10~3 and parameters d = 107! and ¢ = 1072
for the heat conduction tensor. In Figure 5.21, we see that despite the exponentially increasing
trajectory, the error indicators for I7 (z, u) still decrease exponentially over time. This, yet again
shows the damping mechanism with respect to discretization errors. However, as opposed to the
example of distributed control of a linear problem in Figure 5.9, the space grids are refined also
outside of the implementation horizon. This is due to the fact that the damping mechanism is
weaker due to the (less powerful) boundary control. The error indicators and the correspond-
ing spatial DOFs after refinement for the full cost functional J(z,u) are again exponentially
increasing.
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Figure 5.21: Spatial error indicators before refinement and spatial degrees of freedom after
last refinement for different maximal numbers of degrees of freedom for a boundary controlled
quasilinear problem. The vertical black line indicates the implementation horizon 7 = 1.

The state over time and the corresponding space grids are shown in Figure 5.22. Although
state and control are relatively small on the initial part, the spatial refinement is most active
there when refining for I7(z,u). On the other hand, the spatial grids refined for the full cost
functional show no refinement on the whole implementation horizon [0, 1], as they are primarily
refined towards the end of the horizon, due to the exponentially increasing reference trajectory.
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Figure 5.22: Evolution of adaptively refined space grids for the boundary control of a quasilinear
equation refined for QOI I (x, u) (left) and J(z, u) (right) with 5934 and 5924 total spatial DOFs,

respectively.
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Finally in Figure 5.23 we show the corresponding closed-loop cost of the MPC trajectory.
Similar to the linear quadratic example with exponentially increasing reference in Figure 5.10, an
increasing number of space grid points does not increase the MPC performance when refining
with J(z,u). This is, again, because the error indicators and thus also the refinements are
predominant towards 7" and not on the MPC implementation horizon. Thus, a refinement with
the QOI I7(x,u) yields a significantly better controller performance, as can be observed in
Figure 5.23.
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Figure 5.23: Comparison of cost functional values of the MPC closed-loop trajectory for different
QOIs used for spatial refinement with quasilinear problem.

5.3.4 Implementation details and particularities for nonlinear problems

We briefly specify implementation details corresponding to the solution of the optimal control
problems, the discretization and the error estimation. Further, we discuss various aspects that
can be utilized for fast and efficient adaptive MPC methods. All algorithms were implemented
in the C++-library for vector space algorithms Spacy' using the finite element library Kaskade7
[57] for spatial finite elements, assembly and spatial grid management. For the blockwise fac-
torization in the forward and backward solver of the PDE, we applied the sparse direct solver
UMFPACK [37].

Evaluation of the error indicators

We first present the numerical realization to evaluate the time and space error indicators defined
in (5.14) and (5.15). For the approximation of the weights needed for time error estimation in
(5.14), we follow the approach described in [101, Section 5.1] and approximate , e.g., wk =z —x,
by (I ,E,l) — I)xy, where I Igl) is the interpolation operator from discontinuous piecewise constant
functions to continuous piecewise linear functions. The major advantage of this approach is
that almost no additional numerical effort is needed for this approximation. If one computes
the integrals weighted by I Igl)xk by the trapezoidal rule and the integrals weighted by xj by the
box rule, the error estimator (5.14) can be computed without even computing the interpolant,
cf. [100, Section 6.4]. A second aspect of the evaluation of the time error estimator (5.14) is the

"https://spacy-dev.github.io/Spacy/
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computation of differences of functions of different finite element meshes, i.e., e.g., z,,—1 and
ZTm being defined on the grids lCZFl and K7, respectively. Directly computing the difference
would be computationally infeasible, as one had to loop over vertices of IC}TL”*l and evaluate x,,
at these points, which includes searching K}* for the triangle containing the evaluation point.
However, the common refinement illustrated in Figure 5.2 can be used to compute this difference
efficiently: For any cell K~ /2 of the common refinement IChmfl/ 2, the dune grid-glue module
provides direct access to the parent cells K™~ ! ¢ lCZl_1 and K™ ¢ KJ'. Thus, we can iterate
over the cells of the common refinement and efficiently evaluate z,,—1 and z,, locally on the
parent cell K™~ resp. K™ to compute the difference.

For approximating the weights for space error estimation via formula (5.15), one could pursue
a similar approach as for time error estimation, i.e., via interpolation. However, in order to define
an interpolant it is often assumed that the grid exhibits a patch structure to obtain a higher
order solution by, e.g., biquadratic interpolation in case of quadrilaterals, cf. [102, Section 3.2 and
Section 3.4]. As we use triangles instead of quadrilaterals and an unstructured mesh, we pursue

a different approach and approximate the weights in formula (5.15), i.e., e.g., w = 2 — x4, by

h—
a higher order method.
Assume we have a local minimizer &gy, = (Tgh, Ukh, Akh) € Win X Uk X Wi, of the nonlinear

OCP at hand. Then we have

k
<(L )/(gkh)7 ¢>(thxuthth)*XthXUthth =0

for all ¢ € Wiy X Uiy, X Wep. In order to obtain an approximation of the continuous solution
we consider an extension of the finite element space by bubble functions, which are bilinear
combinations of the standard linear finite elements on the reference triangle, cf. [144, p.62 and
Section 5.3]. We denote the resulting finite element space at time step m by (V)¢ resp. (U;")®
where (V;™)*N V™ = {0} and (U;*)°NU;" = {0}. Using these ansatz spaces in every time step,
we obtain the fully discrete spaces Wy, and U, with Wi, N Wi, = {0} and U, Nl = {0}
analogously to (5.9). We evaluate the residual in this function space and perform a Newton step
in the higher order space, i.e., we solve

(8 @m)) i == (L9 &) - (5.34)

where the subscripts e and ee denote evaluation in the extension space. We are not interested in a
Newton update with a component in Wiy, X Ugp, X Wp, as this term would vanish in (5.15) due to
Galerkin orthogonality. Thus, the solution of (5.34) purely on the extension space Wy, x Wy, X
Wy, is justified. We solve the system (5.4) with a conjugate gradient method and refer the reader
to Section 5.4 for a discussion on further work regarding an efficient approximation of the system.
Having solved (5.34), we approximate the weights via (xk — Tpp, Uk — Uk, Nk — Akh) ~ &y, We
apply the same strategy to the secondary variables as they can be characterized to be a critical
point for a so called ezterior Lagrangian, cf. [101, Section 4.2]. The performance of the resulting
error estimator is shown in Table 5.2, where we can observe a very accurate estimation of the
error in terms of the cost functional.
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H 1 uni. ref. | 2 uni. ref. | 3 uni. ref. | 4 uni. ref.
|J(zh, up) — J(x,u)| 1.30193 0.467676 | 0.121828 | 0.0298524

Iy 1.1127 | 0.441415 | 0.120613 | 0.0316621
W 1.17006 | 1.05949 | 1.01007 | 0.942843

Table 5.2: Performance of space error estimator.

Remark 5.7. The approach described above is very closely related to hierarchical error esti-
mation, cf. the seminal paper [39], and the respective parts in the monographs [40, Chapter 6]
and [2, Chapter 5]. More recently, goal oriented error estimation for optimal control of elliptic
PDEs using hierarchical error estimation techniques was discussed in [143, Section 2.4]. In that
context, one usually aims to solve an error system of the form

(e 1) ()= (2)
L/e/h Lle/e €e L/e

A common approach for efficiently solving the system is to simplify the equation above by drop-
ping a block of the operator, cf. [143, Section 2.2]. This yields, e.g.,

Ly i\ (en) _ (0
0 L7 ) \ee L,

As in the context of goal oriented error estimation the influence of e, vanishes in the evaluation
of the error estimator (5.15) due to Galerkin orthogonality, one only has to solve the lower
equation which corresponds to (5.34).

Localization strategies

We briefly recall localization strategies to localize the error estimator of (5.14) and (5.15) to
a cell-wise level. All considerations are valid for space and time discretization. The most
straightforward approach for localization is to use the cell contributions of the time and space
integrals occurring in the definition of the error estimators as local cell indicators. However,
in case of space error estimation, it was shown in [29] that this can lead to overestimation of
the total error. Hence, more advanced strategies were developed in the literature. First, under
a regularity assumption of the optimal triple one can apply integration by parts in space to
formulate local error contributions, cf. [17, 18]. Second, assuming a patch structure on the
underlying mesh, a filtering approach was introduced in [22, 102]. Last, and more recently, a
strategy using a partition of unity was introduced in [121, Section 4.3], which leads to nodal
error contributions. In this work, we use the first methodology due to its simplicity, i.e., we
use the cell-wise contributions of the error estimator as local indicators. Further, we are not
primarily interested in the total error but rather in the relative behavior of the error indicators
over time. Accordingly, we mainly compare the refinement for two different QOIs for a given
number of maximal grid points, where the relative size of error indicators with respect to other
indicators is more important than the absolute error.
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Refinement strategies

Assume we have cell-wise error indicators 7;,7 € Z for the space or time error at hand, where 7
the index set of the time or space grid. We present two refinement strategies that can applied
to either space or time adaptivity. Further, we assume that the error indicators are ordered by
absolute value, i.e. w.l.o.g. n;, ¢ € Z are ordered in decreasing order. The strategy depicted in
Algorithm 3 refines all cells with error indicators above a fixed fraction of the maximal error.

Algorithm 3 Refinement strategy for percentage of maximal error

1: Given: maximal number of cellsand 0 < ¢c < 1
2: while #cells < maximal number of cells do

3:  Solve OCP

4:  Compute error indicators 7; for all i € 7
5. forieZdo

6: if |n:| > ¢|no| then

7: Mark cell i for refinement

8: end if

9: end for

10:  Refine

11: end while

Second, we present a refinement strategy first discussed by Dorfler in [42, Section 4.2], which
aims to reduce the error by a certain percentage.

Algorithm 4 Dorfler strategy

1: Given: maximal number of cells and 0 < ¢ < 1
2: while #cells < maximal number of cells do

3:  Solve OCP

4:  Compute error indicators 7; for all i € Z
5: p=0

6: forieZdo

7: Mark cell 4 for refinement
8: p=p+ i

9: if p>c) ,|n| then

10: break

11: end if

12:  end for

13:  Refine

14: end while

In all numerical experiments we used Algorithm 4 with ¢ = 0.5 for time refinement and
Algorithm 3 with ¢ = 0.3 for space refinement. This choice is due to the fact that the refinement
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via Algorithm 3 is more aggressive if a lot of space grids need to be refined evenly, e.g., in
case the variables are close to a turnpike for several time discretization points. With a Dorfler
criterion, i.e., Algorithm 4, it can happen that the refinement procedure terminates after refining
only some of the space grids, despite the error indicators being of the same size. For a more
advanced refinement strategy, where the number of refined cells is optimized, the interested
reader is referred to [100, Section 6.5] and the references therein.

OCP solver

For the numerical solution of the optimal control problem in every MPC step, we use a composite
step method [98, 126] which is particularly well suited for strongly nonlinear optimal control
problems. Roughly speaking, this method can be seen as a globalized Newton method for
the first-order optimality system, splitting the total step into a tangential step for optimality
and a normal step for feasibility. This allows us to also solve quasilinear problems with a
very strong nonlinearity. The arising linear systems are solved with a projected preconditioned
conjugate gradient method, where the dynamics are solved exactly by blockwise factorization in
the preconditioner.

Solution warm starts

An important component for nonlinear problems is to fully utilize initial guesses for the non-
linear iteration, whenever they are available. In the context of grid adaptivity, one has to solve
the nonlinear problem again after refinement. Interpolating the solution on the old grid onto
the new grid serves as a good starting guess. We will illustrate this by the example of spatial
refinement. We consider the cost functional (5.30) and the quasilinear equation of Section 4.5.2
and replace the Neumann boundary control by a distributed control. Further we set the non-
linearity parameter to ¢ = 10000, the Tikhonov parameter to o = 1072 and use the dynamic
reference (5.28). We run the nonlinear algorithm on a coarse mesh, starting with 33 vertices, cf.
Table 5.1, uniformly refine the space grid and use the interpolated solution on the fine grid as a
starting guess for the next nonlinear iteration. Then the process is repeated. We compare the
iteration numbers with choosing zero as initial guess in each nonlinear iteration in Table 5.3.
We observe that significantly less iterations are needed when using the interpolated solution as
starting guess.

refinement loop H 0 ‘ 1 ‘ 2 ‘ 3
warm start (it.) 20010 7|6
no warm start (it.) || 20 | 18 | 18 | 21

Table 5.3: Iterations of the nonlinear solver with and without solution warm start after grid
refinement for a strongly quasilinear problem.

A second application of initial guesses is to use the shifted solution of the OCP in the previous
MPC step as an initial guess for the nonlinear OCP solve in the current MPC step. We will
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illustrate this by means of an example with the control variable u for initialization of the second
MPC iteration and describe how to obtain a starting guess for the optimal control defined on
[7,T + 7] from the previously obtained optimal control defined on [0,7]. First, we restrict the
optimal control of the previous MPC step defined on [0,7] onto [r,T]. Second, we perform
a constant extrapolation, i.e., u(t) = u(T) for t € [T,T + 7], to obtain a function defined on
[7,T + 7]. We will briefly evaluate this by methodology means of two problems with different
reference trajectories, i.e., the static reference 25" defined in (5.27) and the dynamic reference
xiyn defined in (5.28) and the quasilinear problem mentioned above. The first nonlinear solve
for the first MPC step took 16 iterations for the autonomous problem and 20 iterations for the
non-autonomous problem. We choose the time horizon T = 10 and compare the number of
iterations needed for the second MPC step with and without solution warm start for different
implementation horizons in Table 5.4. In the autonomous case depicted on the left, despite
the length of the implementation horizon the nonlinear solver with initial guess needed only
three iterations to converge. This is mostly due to the presence of a steady state turnpike
property that is approached by the open-loop solution of the first MPC step. The second MPC
step then only remains at the turnpike, leading to both open-loop solutions being very similar.
Without initial guess, significantly more iterations were needed. This performance gain when
using a good initial guess is dampened when considering larger implementation horizons 7 for
a non-autonomous problem, as the open-loop solutions of two succeeding MPC steps can be
fundamentally different.

T | 1]3]5]10 T | 1]3]5]10
warm start (it.) 3131313 warm start (it.) 6 | 15| 13 | 12
no warm start (it.) || 13 | 14 | 13 | 15 no warm start (it.) || 16 | 22 | 19 | 11

Table 5.4: Iterations of the nonlinear solver with or without solution warm start in the sec-
ond MPC step for a strongly quasilinear problem. Left: autonomous problem. Right: non-
autonomous problem

Grid warm starts

Another aspect is the grid refinements and their reuse in an MPC scheme. One can use the
adaptive grids computed in MPC step ¢ for starting grids in MPC step i+ 1. Due to the forward
stepping of MPC, one does not need to incorporate a coarsening algorithm. If the time or space
grid at time instance t; with ¢; > tg+ 7 is refined in one MPC step due to a significant influence
on the MPC feedback, its influence will be even higher on the MPC feedback computed in MPC
step ¢ + 1. Further, if one wants to utilize warm starts of the solution in the MPC scheme, grid
warm starts further allow to use the computed solution without interpolation.
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Figure 5.24: Possible reuse of time and space grid in an adaptive Model Predictive Controller.

Parallelization

We briefly compare the effect of parallelization for the two most time consuming tasks in the
solution of the nonlinear OCP, i.e., the factorization of the block diagonal for each Euler step and
the computation of the common refinements. We show the computation times for sequential and
parallel execution of these two tasks in Table 5.5 and Table 5.6 and observe that a parallelization
with four CPU cores led to a speedup of approximately two in both cases. For both test cases,
we used eleven time step points.

total space DOFs || 1243 | 4587 | 17611 | 69003 | 273163
time sequential (ms) 3 14 68 289 1472
time parallel (ms) 3 9 40 151 701
speedup factor 1 1.6 1.7 1.91 2.1

Table 5.5: Comparison of sequential and parallel computation time for block-diagonal factoriza-
tion of the differential operator.

total space DOFs || 1243 | 4587 | 17611 | 69003 | 273163
time sequential (ms) || 292 | 1225 | 5093 | 20771 | 86806
time parallel (ms) 140 | 669 | 2394 | 10371 | 44528
speedup factor 2.1 1.8 2.1 2.0 1.9

Table 5.6: Comparison of sequential and parallel computation time for common refinement and
transfer matrix assembly.

5.4 Outlook

We conclude this chapter with several research perspectives.
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e A direction of further research could be to utilize model order reduction combined with
grid adaptivity to obtain fast MPC methods. We refer to recent works combining grid
adaptivity and proper orthogonal decomposition [58, 59] and works employing proper or-
thogonal decomposition in an MPC context, cf. [64, 99]. In that context, the turnpike
property can turn out useful as it reveals a lot of structure of the dynamic problem and, in
case of a steady state turnpike, can be used to construct a reduced basis of high approx-
imation quality after solution of an elliptic OCP, which then can be enlarged by classical
methods.

e We considered only parabolic problems in this chapter. An adaption to hyperbolic prob-
lems is straightforward, cf. [86] for a posteriori goal oriented methods for hyperbolic prob-
lems.

e A possible extension could be to not perform grid refinement and solution of the nonlinear
problem separately, but to blend both into an adaptive algorithm. To this end, one could
apply the techniques of goal oriented error estimation to the defining equations of the
updates for the nonlinear algorithm. In the spirit of inexact Newton methods, one could
start the refinement procedure as soon as the region of fast local convergence is entered.
In order to obtain an efficient algorithm, the refinement needs to be just as aggressive
to render the solution on the coarse grid interpolated to the new grid in the region of
fast local convergence of the refined problem. Additionally, one can couple the estimated
discretization error and the tolerance of the underlying linear solvers to render the algebraic
and discretization error to be of the same order of magnitude. For an introduction to
Newton algorithms with adaptive finite element methods, the reader is referred to [38,
Chapter 8].

e One could investigate the use of an approximation of the system for computing the weights
for spatial error estimation, i.e., (5.34), affects the error estimation. A possible approx-
imation could be a constraint preconditioner, cf. [33] and [126, Section 7], i.e., dropping
Ly, (xz,u,\) and replacing Ly, (z,u, \) by its diagonal. Further, in the spirit of the DLY
methodology [39], one could additionally approximate the discretized differential operator
by taking the diagonal blockwise, which leads to a very efficient solution of the above
system without any considerable additional effort. We expect that this does not have any
considerable impact on the error estimation.
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