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ABSTRACT.

This thesis is about structure exploiting GALERKIN schemes for opti-
mal control problems governed by elliptic partial differential equations
under constraints onto the control, the state and its derivative.

Those tailored GALERKIN concepts enter on the a priori part by
the permanent application of the variational discretization concept
proposed by Hinze in [Hin05]. This minimal invasive finite element dis-
cretization technique allows an elegant and funded a priori error anal-
ysis. We prove several a priori error estimates for the above mentioned
optimal control problems. For control constrained DIRICHLET bound-
ary control we even improve these results by superconvergence effects
caused by additional assumptions onto the underlying mesh of com-
putation. All estimates are verified by numerous numerical examples
and experimental order of convergence measurements.

Moreover on the a posteriori part the concept of variational dis-
cretization avoids the appearance of additional control error terms
in error representations. We exploit the structure of the underlying
optimal control problems by designing goal-oriented error estimators
for control- and state-constrained problems. This builds up an ex-
tension of the DWR-method proposed by Becker and Rannacher in
[BR96] for unconstrained optimization with PDEs. By only usage
of the numerical solution we derive computable error estimators in
order to efficiently resolve the optimal objective value. In a few nu-
merical experiments we find appropriate adaptive meshes, which by
model reduction help to substantially save degrees of freedom and
hence CPU-time. We further study the efficiency indices of the de-
rived estimators.
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Nomenclature

We use similar notations as in [EG04].

card(FE)
Uk

(T1,...,2q)
8xiy = Yz;
8mixjy = Yz,
0%y

|l

Vy
V-v=divv
Ay

D?y

Basic notation

Cardinal number of the set F
Restriction of the function u to the set £
Characteristic function on the set £

Vector space spanned by the vectors o7, . .

.
oy Up

KRONECKER symbol: ¢;; = 1 if i = j and 0 otherwise

Vectors and matrices

Cartesian components of the vector u € R"
Euclidean scalar product in R": u-v =u’v = Z?:l U;V;

Euclidean norm in R™: |u| = (u

Tu)%

Vector space of m x n matrices with R-valued entries

Matrices

Identity matrix

Zero matrix

Entry of A in the ith row and the jth column
Transpose of the matrix A

Diagonal matrix with diagonal u: diag(u) = [0;;u]
Matrix-vector product : For A € R™" and u € R”, Au

n
4,j=1

> i aijug]iy

Tensor product foru € R™ and v € R™: u® v =uv

T

Differential operators

Cartesian coordinates in R?
Distributional derivative of y with respect to x;
Distributional derivative of y with respect to z; and z;

g1 -+ 0gdy where o = [ay, . . .,
Length of a = [y, . . .,

ag)” € N¢ is a multi-index
Oéd]TENgZ \a\ =1+t Qg

Gradient: Vy = [0,,y], € R? if y is R-valued

Divergence:

V-7=30, 0,0 if 7 is Re-valued

LAPLACE operator: Ay = Zle Or,;y if y is R-valued
Hessian operator: D*y = [0,.0,y]{,_, if y is R-valued



vi

[ull 2o
|U|Ws,p(Q)
[wllwsr )
H*(Q), H5 ()
|U|HS(Q)7
]| s ()

(u,v)
H(div; Q)

hy = diam(T)
m
nt

Pclfh (72)
Py (Th)

RTop(Th)

0,9,0,0
0,0,0,8

NOMENCLATURE
Function spaces

Vector space of the bounded linear operators from E to F
Topological dual of the topological space X

Dual operator of A: if A€ L(E; F), A* € L(F'; E')

Norm of u in the normed space X

Vector space of polynomials in the variables xq, . .
degree at most k

Infinitely differentiable functions compactly supported in §2
Space of continuous functions on {2 C R?, and space of k times
continuously differentiable functions on €2

Space of functions whose derivatives up to order k are locally
(resp., globally) a-HOLDER continuous

DIRAC measure at x

Functions whose p-th order is LEBESGUE integrable on (2
Conjugate of p, 1—17 + 5 =1

Functions whose derivatives up to order s are in LP(2)

Closure of D(2) in W*P(Q)

Dual of W5 (Q)

Norm in L(): [|ull o) = (fi, [ul?)”

Seminorm in W*P(Q): |u|wsr) = Y, 10U o)
Norm in W*P(Q): [lullwsr@) = D <, [ulwir)
W#2(Q), W5*(Q)

[ul sz, [|ullws2@

., xq of global

Scalar product on L*(Q): [, uv
{Te[l2(Q)¢: V. -ve L*0)}

Mesh-related symbols

Diameter of T C R?
Number of geometrical nodes
Number of cells (or elements) in the mesh

Finite element spaces

Vector space of functions that are piecewise in P* and are con-
tinuous

Vector space of (totally discontinuous) functions that are piece-
wise in P*

Space of lowest order Raviart—Thomas functions

Active and inactive (index) subsets

All: either @ ={1,...,m} or @ = Q
Control constraints: inactive, lower active, upper active, active
State constraints: inactive, lower active, upper active, active



Introduction

This manuscript is about tailored GALERKIN discretization strategies for opti-
mization problems governed by partial differential equations (PDEs) under addi-
tional constraints onto the involved quantities. Generally speaking we deal with the
problem

f(x) = min
(0.1) such that ¢(x) =0,
9(x) <0,

where f is the objective to be minimized under the condition, that a PDE modeled
by ¢(x) = 0 and additionally further nonlinear constraints g(x) < 0 have to be
satisfied. In order to efficiently solve these kind of problems one has to essentially
exploit the structure of the involved equations. This is done on the one hand by a
funded a priori analysis of the underlying optimization problem but on the other
hand also by a posteriori error estimation techniques to the point of implementation
issues.

In the last decades the subject of PDE-constrained optimization with all its
surrounding topics became a key technology. This was not only by the increasing
high performance computing (HPC) resources but also due to the tremendously
raised importance of applications in engineering sciences such as mechanical and
medical engineering, aerospace industry or materials science.

To meet the challenges nowadays of optimizing more and more complex mod-
els the techniques such as multigrid (MG), automatic differentiation (AD), parallel
computing, preconditioning and adaptivity from the numerical point of view with
appropriate discretization strategies making essentially use of the structure of the
underlying system have to be united.

Down to this state of the present day is a long path in history, which comes into
its own by the occurrence of famous mathematician’s and physicist’s names in a lot
of widely spread notions. Within the next pages these traces become visible in the
field of PDEs, optimization and of their interplay.

0.1. Partial differential equations

The notion of a partial differential equation is defined in [Jos07] as follows:

Definition 0.1.1. A partial differential equation is an equation involving derivatives
of an unknown function g :  — R, where €2 is an open subset of R?, d > 2.

PDEs can be classified due to their order of the highest-occurring derivative.
For instance a PDE of second-order can be represented by
(2,9, 0z,Y, O yy) = 0,

or to be consistent to problem (0.1) shortly by ¢(x) = 0. Notice that this equation
is usually formulated in an infinite dimensional function space. Now depending on

1



2 INTRODUCTION

the properties of the function ¢ we distinguish between linear and nonlinear such
as semilinear or quasilinear PDEs. Moreover for developing a unified theory the
literature distinguishes between elliptic, parabolic and hyperbolic PDEs. For each of
them the POI1ssON-equation, the heat-equation and wave-equation are representa-
tives. But even more PDEs are named after famous mathematicians and physicists
such as CAUCHY, EULER, HELMHOLTZ, LAPLACE, MAXWELL, NAVIER, RIEMANN,
SCHRODINGER and STOKES.

In order to guarantee the existence of a unique solution of the underlying PDE
in the domain Q one further has to state conditions at the boundary of the do-
main I' := 9€). We distinguish between DIRICHLET-boundary conditions, where one
fixes the unknown function y like a spanned membrane, NEUMANN-boundary con-
ditions, where first derivatives of the solution are prescribed and ROBIN-boundary
conditions, a mixture of both. Additionally for time dependent PDEs like the heat-
equation a further initial condition has to hold.

The books of [Fri69], [LM72], [Jos07] and [Eva98] give a deep insight into the
theory and a priori analysis of PDEs. Especially the books of [GT01] and [Hac10)]
concern elliptic PDEs, where also this manuscript focusses on. For basic assertions
they all combine the well known arguments like the maximum principle together
with established notions like BANACH and HILBERT spaces to derive extremely use-
ful results as the existence of weak solutions by the help of the famous RIESZ rep-
resentation theorem and the Lax-MILGRAM lemma. The regularity of such weak
solutions is even improved due to the accomplishments in the field of functional
analysis as the notion of SOBOLEV spaces and embedding theorems as they can be
found in [Alt06] for example.

The huge variety of different PDEs is of course accompanied by a wide range
of numerical solution concepts and computer software. All concepts discretize the
underlying domain and PDE in a certain way in order to obtain a finite dimensional
problem. The accuracy of the approximate solution is controlled by a discretization
parameter tending to zero leading to increasing system sizes to be solved. This
fact is common for the most important numerical solution concepts namely the
Finite Difference Method (FDM), the Finite Volume Method (FVM) and the Finite
Element Method (FEM). We are going to make us of the latter one.

The FEM came up at the late 1950s. Here the discretization of the domain is
realized by a partitioning of it into so called cells in forms of triangles or quadrilat-
erals in 2D or tetrahedra in 3D for instance. Out from this partitioning having the
mesh size h one defines a finite number of Ansatz-functions ¢} with local support.
Usually these functions were constructed by the help of polynomials of maximal
degree p or by splines. Now the approximate solution of the PDE as a linear com-
bination of these Ansatz-functions is found by testing the variational formulation
of the PDE with all ¢} giving us the so called GALERKIN scheme. Depending on
which discretization parameter tends to a limit, we distinguish the FEMs between
h-, p- and h-p-methods. Classical literature concerning the topic of the FEM are
the books of [SF73] and [Cia80]. More recently the excellent monographs [Bra07],
[BS08], [GRO5] and [EG04] include the latest research in this field.

Let us now come to a basic pillar of this manuscript concerning the efficient
solution of PDEs. As already announced, the accuracy of the approximate solution
of such a GALERKIN system is controlled by a discretization parameter which directly
scales the system size in terms of degrees of freedom (DOFs). This is just the half
truth. Since there are two choices for the overall aim namely:
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e minimize the CPU-time to obtain the solution within given accuracy, or
e maximize the accuracy of the solution within given CPU-time,

so called model reduction techniques can be applied. A certainly well established
technique is Proper Orthogonal Decomposition (POD). It is widely used in the field
of Computational Fluid Dynamics (CFD) for instance. Its analysis extracts out
from snapshots a small set of eigenfunctions which describe the dominant behavior
of a dynamical system. The approximate solution is then represented by just a few
DOFs entering the linear combination of those eigenfunctions and is obtained out
from a small but usually dense system. If one often has to simulate the dynamical
system or for reasons of optimization the computation of those eigenfunctions pays
off and hence this is one step towards the above mentioned overall aim.

We follow another model reduction technique, namely the concept of adaptivity.
At least for the finite element h-method, which we are going to apply throughout this
manuscript, roughly speaking a DOF can be localized in the computational domain
and represents local information onto the solution at this certain area. Depending on
what “accuracy of the solution” means, it may be reasonable to accumulate DOFs
in a certain area of interest while the loss of DOF's at other parts of the domain
has negligible impact onto the accuracy. Hence for a given CPU-time and therefore
indirectly given amount of DOFs one may specifically place those in the domain in
order to maximize the accuracy of the solution. The adaptive iteration consists of
four parts:

Solve — Estimate — Mark — Re-mesh.

A very good overview about this cascade is given in the books of [Ver96] and [BR03].
Especially the second part concerning the design of an estimator to ones demands
is introduced in the book of [AO00]. Due to a rich variety of different settings,
concerning the type of PDE under consideration, the possible presence of additional
inequality constraints, and the quantities of interest, there are many techniques to be
explored. We distinguish between residual type and goal oriented error estimators.
An investigation of convergence of the Adaptive Finite Element Method (AFEM) has
just started about 15 years ago. Basic results for its development are presented in
the work of [BR78] or [BWS85]. A first rigorous analysis of convergence of the AFEM
is arranged in [D6r96]. A generalized proof taking data oscillations into account can
be found in [MNS00]. A few years later [BDD04] showed convergence with optimal
rates even though intermediate mesh coarsening was still necessary. Nowadays the
frontiers are pushed further towards more complicated problems of consideration.
For instance a convergent AFEM for optimal design problems is lately presented in
[BCO8]. Recently even a new approach in the convergence analysis of AFEM for
control constrained optimal control problems is proposed in [KRS10]. However the
convergence of the goal-oriented AFEM is totally open yet.

Even though a lot of questions are still unexplained, the AFEM has already
proved to be a very successful concept. As a key technology in order to achieve
the above mentioned overall aim a huge spectrum of available PDE solvers have
been developed. Those classify into open source projects and commercial code but
of course predominantly after their application, programming language and pro-
vided interfaces. As a representative solver for the FVM we arbitrarily mention
FiPy!. But since we concentrate onto the FEM let us list for instance ALBERTA?,

'FiPy: A Finite Volume PDE Solver Using Python, http://www.ctcms.nist.gov /fipy/
2ALBERTA: An adaptive hierarchical finite element toolbox, http://www.alberta-fem.de
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Gascoigne3D?, OpenFEM?, Getfem++2, deal.II®>, FEAST", and Kaskade 78. They
further distinguish between their implemented different macro-elements in different
space dimensions concerning their shape and order and if parallelization techniques
are used. On the side of commercial software let us mention in the first instance the
Matlab Partial Differential Equation Toolbox® and COMSOL Multiphysics'®. The
former one is mainly used throughout this manuscript.

0.2. Optimization

In order to introductorily approach our topic of consideration let us investigate
problem (0.1) under the aspect of optimization. Problem (0.1) captures already the
three main ingredients in mathematical programming:

e the unknown variable x € X to be optimized,
e the objective function f: X — R, and
e (in-)equality constraints c: X — Zy (g : X — Zy).

Depending on the properties of X one primarily distinguishes between finite and
infinite dimensional optimization problems. In this work both situations have their
place. Although in PDE-constrained optimization the arising problems are orig-
inally formulated in some infinite dimensional function space X, say L?*((2), the
approximate problems after applying the above mentioned discretization techniques
could possibly be stated in the finite dimensional space X = R". Both cases fall
into the class of continuous optimization problems. Moreover due to the permanent
presence of some underlying PDE to be satisfied our topic further falls into the field
of constrained optimization. Both constraint functions ¢ and g mark the so called
feasible region. Apart from linear programming (LP), where all appearing quantities
f,c, and g are linear functions we focus on nonlinear programming (NLP). Never-
theless we are in the field of convexr optimization whenever f and g are convex and
c is linear.

Generally in NLP a global optimal solution can hardly be found. However under
certain smoothness assumptions of the involved functions local solutions can be
characterized. With the help of the LAGRANGE multiplier method a local solution
satisfies the first order optimality conditions or KARUSH-Kuhn-TUCKER (KKT)
conditions. It is clear that an efficient solution algorithm should essentially use
these equations for fast convergence.

Let us briefly give an overview about the related literature. A comprehensive
work is the book of [GK99] about unconstrained optimization. This topic is still
of interest since constrained optimization problems can be relaxed to unconstrained
ones as is explained in the continuation [GK02]. Both issues are also well addressed
in the book of [NW06]. Moreover for finite convex optimization let us mention
[BV04]. For infinite dimensional problems we highlight the impressive monograph
[Fat99], which also already approaches the topic of PDE-constrained optimization.

3Gascoigne3D: High Performance Adaptive Finite Element Toolkit,
http://www.numerik.uni-kiel.de/ “mabr/gascoigne/

40penFEM: An Open-Source Finite Element Toolbox, http: //www-rocq.inria.fr/OpenFEM/
SGetfem-++, http://home.gna.org/getfem/

6deal.Il: A Finite Element Differential Equations Analysis Library, http: / /www.dealii.org
"FEAST: Finite Element Analysis & Solutions Tools, http://www.feast.uni-dortmund.de
8Kaskade 7, http://www.zib.de/Numerik /numsoft/kaskade7/

9Matlab Partial Differential Equation Toolbox, http://www.mathworks.de/products/pde/
10COMSOL Multiphysics, http://www.comsol.de
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The first optimization technique, which is known as steepest descent, goes back
to GAUSs. Impelled by its enormous utility and challenged by complicated ap-
plications mathematical programs nowadays can handle even extremely nonlinear
problems with a huge number of unknowns in the vector x. For solving those large
scaled optimization problems, inexact NEWTON methods, Sequential Quadratic Pro-
gramming (SQP) methods or Interior-Point (IP) methods have been developed and
implemented. For an excellent overview about available software we refer to the web-
site “Decision Tree for Optimization Software”!! but also to the book of [NW06].
Far from being complete we allude SQPlab!?, Ipopt!? and very recently the sparse
NLP solver WORHP!. Since it is used in some stages we also note the Matlab
Optimization Toolbox!®.

0.3. PDE-constrained optimization

This manuscript joins the above introduced both topics. In PDE-constrained
optimization one takes advantage on the one side of the long lasting expertise and
deep knowledge from the field of PDEs and combines this together with well known
techniques and matured skills from the other side of optimization. This was firstly
carried out in the comprehensive monograph [Lio71] and continued by the already
mentioned monograph [Fat99]. The book of [BGHvBWO03] approaches the topic
from an applicational and algorithmical point of view especially under the aspect
of large scaled optimization. Recently the books of [Tr605], [NST06], [IK08] and
[HPUUO09] report the state of the art in PDE-constrained optimization.

Before we give a concrete example, it is useful to acquaint us with some specialties
in optimal control theory. In this subject the variable x = (u,y) € X is a partition
of the control variable uw € U and the state variable y € Y. Now the PDE modeled
by ¢(x) = 0 implicitly describes how a certain control affects the state variable. As
we will see, a control can influence a dynamical system in various manners. One can
think of U to be an infinite dimensional function space on a control domain. Then
one speaks of distributed or boundary control. In case of finite dimensional control
the space U is isomorph to R™. Then a control prescribes the impact of a finite
number of actuators like a certain shape interacting with the prescribed dynamical
system coming up from a finite parametrization respectively. The precise description
of the control space U will not be constituted at this stage. In order to complete this
introductive examination we apply ourselves to a crucial topic of this manuscript. In
PDE-constrained optimization it is for various reasons almost inevitable to include
additional constraints such as g(x) < 0 € Z,, which are exemplarily discussed
later on. These constraints generally characterize the space of admissible controls
U.q C U and the space of admissible states Y, C Y. Control and state constraints
unfold their meaning depending on the BANACH space Z, and its equipped norm.

As already addressed let us investigate the announced keywords for a concrete
class of problems at hand. The problem of optimal aerodynamic shape design is
well suited because the arising subproblems are simultaneously easily conceivable
and sufficiently complex. Roughly speaken in optimal aerodynamic shape design
the task could be:

"Decision Tree for Optimization Software, http://plato.asu.edu/guide.html

129QPlab: A Matlab solver of nonlinear optimization and optimal control problems,
http://www-rocq.inria.fr/~gilbert /modulopt /optimization-routines/sqplab/sqplab.html

13Ipopt: Interior Point OPTimizer, https://projects.coin-or.org/Ipopt/

Y\WORHP: Large-scale sparse nonlinear optimization, http://www.worhp.de

5Matlab Optimization Toolbox, http://www.mathworks.de/products/optimization/
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FiGure 0.1. Result of a numerical flow simulation on an Airbus
A380. The pressure distribution during flight can be seen on the
fuselage and the flow distribution on the right wing. The left wing
shows the used computational mesh. Copyright: DLR.

Optimize the shape of an aircraft such that it still flies.

“Optimize” means with respect to a multiobjective functional f reflecting goals
like the minimization of the aircraft’s drag, fuel consumption, costs of production
and maintenance, inner material tensions to elongate the aircraft’s lifetime and the
maximization of the aircraft’s lift and loading capacity.

The control u specifies the shape of the airplane from head over the wings to the
end. Since the set of possible shapes is limited due to difficulties in manufacturing
and empirical values, engineers usually dictate bounds on the shape and hence on
the control in terms of specifying the set U,g.

Now for a given shape u, traveling speed and traveling altitude of the aircraft via
the compressible NAVIER-STOKES equations a corresponding state y = (v, p) of the
air emerges, which consists of a velocity field v and a pressure distribution p. Let us
easily write this physical interrelationship as ¢(u, (7, p)) = 0 and keep in mind that
this models a three dimensional, time dependent and extremely nonlinear partial
differential equation due to the possible occurrence of turbulent flows. In order to
refine the model even more equations can be added as for instance the heat equation
on surfaces to include a temperature distribution 6. But also a force distribution F
onto the wings via fluid-structure interaction can be considered. All this possibly
leads to a state variable y = (¥, p, 6, F ). Figure 0.1 shows the pressure distribution
p on the fuselage as well as some streamlines from the flow ¥ for an Airbus A380'C.

Besides the restrictions on the control additional state constraints naturally enter
due to temperature bounds onto the used materials. Throughout all physical tem-
perature distributions one should assure the temperature 6 to be below the melting
point especially in the critical area at the forefront of a hypersound aircraft. But
also the appearing forces F may not have a too big magnitude.

16 Airbus A380, DLR:
http://www.dlr.de/rd/en/Portaldata/1/Resources/portal_news/newsarchiv2007/A380_sim.jpg
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We even take a step forward and impose constraints on the gradient of the state.
This is indeed the case when not only the temperature 6 itself is bounded but also
the modulus of its gradient |V#| in order to avoid cracks in the material due to
tension.

Optimal aerodynamic shape design is doubtlessly a suited realistic application to
study the questions arising in PDE-constrained optimization. But there are similar
challenging applications widely spread all over the fields of medicine, economics and
industry. Besides the optimal hyperthermia treatment planning for cancer patients
we mention the optimization of processes in chemical engineering like the cooling of
glass or the growing of crystals. In the latter case one aims to optimally heat up the
walls of a melting furnace in order to reach a planar phase transition between melted
and solidified mass. Mathematically speaken this considers an optimal boundary
control problem of a two-phase STEFAN problem where the moving of the phase
transition is driven forward by the BOUSSINESQ approximation of the NAVIER-
STOKES equations.

PDE-constrained optimization is a young field and has reached its importance
not least by the progresses made in HPC. Within the last few years this discipline
experienced to be in full bloom. On German’s side the DFG-Priority Program 125317
has certainly made a contribution to this circumstance, to which the author also
participates. Its major goal is to develop algorithms for optimal control problems
with PDE constraints that satisfy the relation

effort of optimization

0.2 = tant
(0.2) effort of simulation constan

with a constant of moderate size. It goes without saying that for both numerator
and denominator the best available methods should be used.

Recalling the example of optimal aerodynamic shape design under the aspect of
degrees of freedom, it becomes clear that in the field of PDE-constrained optimiza-
tion the discretized systems rapidly grow from 103 till 10'° number of unknowns. At
the moment it is obviously impossible to approach all arising questions in order to
obtain the goal (0.2) for a certain class of problem at once. Therefore and in order
to show proofs we reduce the set of problems by simplifying the model equations
and restricting assumptions. While picking up single questions in PDE-constrained
optimization, this manuscript is going to make its contribution to achieve (0.2).

Therefore we exemplarily focus on stationary, linear elliptic PDEs in two or three
space dimensions. The main nonlinearity enters through the presence of constraints
involving the control, state and/or the gradient of the state. We develop struc-
ture exploiting GALERKIN schemes through a funded a priori and a posteriori error
analysis. For deriving a priori estimates for the PDE-constrained problem of con-
sideration we of course make use of the already well developed error analysis from
PDEs. The furthermore we permanently apply the variational discretization con-
cept proposed by Hinze in [Hin05]. From the numerical point of view we essentially
make use of the involved KKT equations and apply regularization techniques. Since
CPU-time and memory is bounded, one naturally asks for error control and opti-
mal complexity. We combine techniques from linear algebra such as factorization
and preconditioning and derive problem suited a posteriori error estimators in order
do extend the technique of Dual Weighted Residuals (DWR) proposed by [BRI6]

"DFG-Priority Program 1253, http://www.am.uni-erlangen.de/home/spp1253/
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to the presence of additional constraints. The latter one falls into the context of
goal-oriented adaptivity.

0.4. Outline

This manuscript is structured as follows: In the first chapter we state often
required basic definitions and properties concerning elliptic partial differential equa-
tions and their discretizations in terms of domain partitions and finite element
spaces.

Chapter 2 deals with elliptic optimal control problems under control constraints

Ug — U
o) = (1) <0

and mainly consists of two parts. The first part imitates the results from the work
[DGHO09b] together with Deckelnick and Hinze where a finite element approximation
of a DIRICHLET boundary control problem on two- and three-dimensional curved
domains is considered. A priori error estimates are improved by additional assump-
tions on the underlying meshes. The second part of Chapter 2 addresses bounded,
distributed control problems under the aspect of variational discretization. Besides
the introduction of useful notations hints for its numerical implementation are given.

After citation of available literature about a priori error estimates for state con-
strained optimal control problems with

6(x) = (g“_‘yf) <0

Chapter 3 focusses onto a posteriori error estimation and goal-oriented adaptivity

for such problems. While the study of an unregularized, purely state constrained

problem is leaned on the paper [GHO8] together with Hinze, we further investigate a

goal-oriented adaptive Moreau-Yosida algorithm for control- and state-constrained

elliptic optimal control problems taken from the work [GT09] together with Ther.
Chapter 4 is devoted to constraints on the gradient of the state

9(x) = |Vy| — 6 < 0.

Regularity theory requires to consider two different scenarios. On the one hand we
consider a mixed formulation of a quadratic optimal control problem with additional
control constraints descended from the work [DGH09¢| together with Deckelnick and
Hinze. Secondly a L"-regularization of the control in the objective (r > d) allows to
omit control bounds. The a priori error analysis of different discretization schemes
originates from the article [GH09] together with Hinze.

Finally we conclude our findings in Chapter 5.



CHAPTER 1

Preliminaries

1.1. Elliptic partial differential equations

The idea of this section is to concretize possible PDE constraints of consideration,
i.e. let us specify ¢(x) = 0 in problem (0.1). Besides all different types of PDEs, the
emphasis for this manuscript clearly lies on the second order elliptic kind.

Let Q C R? (d = 2,3) be a bounded domain with LIPSCHITZ-boundary 9. We
define the differential operator

d d
(1.1) Ay == 0, (ayye) + D bia, + ey,
=1

1,j=1

along with its formal adjoint operator
d d
i=1 j=1

where for the coefficients we assume aij7bi,2i:1 O br,c € L>®(Q) for all 4,5 =
1,...,d.

Now for given functions f, : Q@ — R, g, : 92 — R and boundary operator B we
consider the problem of finding a function y : {2 — R such that

Ay = fu in Q?
(1.3) .

By = g, in 0S).
DirICHLET-boundary conditions can be modeled by B = id, while NEUMANN-
boundary conditions are obtained when choosing By = Z?,j:l a;jYz,v;. Here U

denotes the unit outward normal to 0. In order to ensure well-posedness of prob-
lem (1.3), we have to make several assumptions on the operator .A. To be more
precise we subsequently assume that A is elliptic, which is specified in [EG04, Def.
3.1]:

Definition 1.1.1. The operator A from (1.1) is said to be elliptic if there exists
co > 0 such that

d
VE S Rd, Z aij@fj > Co|€|2 a.e. in €.

ij=1
Equation (1.3) is then called an elliptic PDE.

We associate with A the bilinear form

d d
) ao)i= [ (Y agmts, + 3 bamot ). nocH®

ij=1 i=1

and suppose that the form a is coercive on V = H'(Q) for NEUMANN-boundary con-

ditions or V' = HJ(Q) for DIRICHLET-boundary conditions, i.e. there exists ¢; > 0
9
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such that
(1.5) a(e, ¢) > c1l|o||} for all p € V.

In [EG04, Thm. 3.8] sufficient conditions for a being coercive on V' are proven. For
the convenience of the reader we summarize this result in

Remark 1.1.2. Set p = essinf,cq(c — %Zle 0,,b;) and let ¢ be the constant in
the POINCARE inequality. For the DIRICHLET problem a is coercive on V = HJ ()
if ¢+ min(0, 2) > 0. For the NEUMANN problem a is coercive on V' = HY(Q) if
p > 0 and ess infxeag(z:le biv;) > 0.

We introduce f € V’ for the homogeneous DIRICHLET boundary problem by

f(¢) = [, fu¢ and for NEUMANN boundary conditions to be f(¢) = [, fud+ [, 9u®-
Now we can rewrite the elliptic PDE (1.3) as

(1.6) Seek y € V such that a(y, ¢) = f(¢) VoeV
to bring it into the framework of the Lax-MILGRAM lemma (see [EG04, Lem. 2.2])

Lemma 1.1.3. Let V' be a Hilbert space, let a € L(V x V;R), and let f € V.
Assume that the bilinear form a is coercive with constant ¢, > 0. Then, problem
(1.6) admits one and only one solution with a priori estimate

1
(1.7) Iyl < Ul Ve v
We denote the solution y € V of problem (1.6) by v =: G(fu,g.). Now we
overload the meaning of the solution operator G. Let b; = 0 fori =1,...,d in (1.1).

For a given function f, € L*(Q), g, € C%*(99Q) it is well-known that the elliptic
boundary value problem

Ay =fu. inQ,

(1.8)
Yy =g, on Jf.

can be written in mixed formulation. To this purpose we introduce
H(div; Q) := {w € L*(Q)* : divw € L*(Q)}
and denote ¥ := AVy, where A(z) := (a; (x))djzl. Then (y, v) satisfies

(1.92) /Alﬁ-u7+/ydivvﬂ—/ G- T=0 Ve H(div:0)
Q Q a0
(1.9b) /zdivﬁ—/cyz+/fuz:O ‘V’ZEL2(Q).
Q Q Q

In what follows it will be convenient to write (y, ) = G(fu, g.) for the solution
of (1.9). The different meaning of G can be figured out through the number of
components of G(fy, g.)-

1.2. Finite element discretization

In order to carry out error analysis and to numerically solve the above PDEs, we
are going to apply the finite element method. The aim of this section is to introduce
simplicial partitions of the computational domain, to define the often recurring finite
element spaces in the following chapters and to explain approximate finite element
solutions for the involved PDEs. Moreover we will find some useful notations and
cite basic required properties related to finite elements.

The following basic definitions can be found for instance in [EG04, Sec. 1.2].
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T+

P\ Ty

T
A

FIGURE 1.1. Setting in Definition 1.2.3.

F

Definition 1.2.1. Let {ay,...,a4} be a family of points R? (d > 1) such that the
vectors a; — ay, . .., ay — ag are linear independent in R?. The convex set

(1.10) T = conv hull{ay, ...,a4}
is a called a d-simplez in R?. Let 1 <1i < d. We say a; is a vertex. The set
(1.11) F,:=convhull{a; : 0<j<d,j#i} COT

is called face of T opposite to a;. The vector n; denotes the unit outward normal
to F;. Note that for d = 2 a face is also called an edge. The unit d-simplez in R? is
the set

d
(1.12) T:={zeR":z;>01<i<dand Y z;<1}.
=1

An invertible, differentiable mapping Fr:T—TcCReis given by the affine linear
parametrization

(1.13) Fr(i) = Ari + ag,
where Ar :=[a; —ay,...,a; — ag] € R™*% We further define the diameter
(1.14) hr = diam(7T) = max |z; — 3

x1,x2€T

and the inball-radius
(1.15) pr :=sup{r : B, C T is a d-ball of radius r}
of T. With |T'| we denote the LEBESGUE-d-measure of T

Definition 1.2.2. Let d < 3 and 7T;, be a set of d-simplexes in RY. We say 7y, is a
conforming simplicial mesh or conforming triangulation of

(1.16) Q:=int | J T R
TETh

if and only if for two different simplexes T, T, € 7T, the intersection T} N'T5 is either
empty or a vertex or a complete face. We further introduce the maximum and
minimum mesh size h := maxyrey;, hy and hyi, = mingper, hy of 7. We refer to the
vertices x1, ..., 2z, € Q the set of nodes Ny, := " {z;}. The number of elements
is denoted by nt := card(7y). The set of edges &, has cardinality ne := card(&y),
while the set of faces Fj, has got nf := card(F;) elements.

According to [BCO5, Def. 4.2] we further introduce notation for elements that
share a face F' € Fy,.
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Definition 1.2.3. Let F' € F}, be an interior face of €2. For the vertex x4 opposite
to I we define Ty = convhull{ F/ U {z+}} such that the face F' = convhull{a; :
0 <i<d,a; # x+} has the right hand rule orientation. Then ng points outwards
from T, to T_. If F C 02 is an exterior face, then ng is the exterior normal and F
defines T (and T_ is undefined).

Definition 1.2.4. The family of triangulations {7}, 0 < h <1 is said to be quasi-
uniform if there exists a constant k > 0 (independent of h) such that each T" € T,
is contained in a ball of radius x~'h and contains a ball of radius xh.

Let Q € R? (d = 2,3) be a bounded LipscHITZ-domain. We suppose that €
is the union of the elements of the triangulation 7;. For the case that the domain
boundary 0f2 is sufficiently smooth we allow boundary elements to have one curved
face. For further details we refer to the books of Ern and Guermond [EG04, Sec. 1.3],
Ciarlet [Cia80] and Section 2.1.2. For ease of exposition we subsequently assume
the domain to be polygonally (d = 2) or polyhedrally (d = 3) bounded.

We now give a precise description of the required finite element spaces.

Definition 1.2.5. The space of piecewise constant finite elements is
(1.17) Ppyw(Th) == A{on € L*(Q) : dpr € P(T) for all T € Ty}

The set {1y € L*(Q) : T € T,} is a nt-dimensional basis of Py, (7y) consisting of
totally discontinuous functions.

Definition 1.2.6. The space of linear finite elements is

(1.18) PL(Th) == A{on € C°Q) : gpyr € PY(T) for all T € Ty}
Let ¢; € P, (Ty) with ¢i(x;) = 6y for all z; € Ny, and 4,5 € {1,...,m}. Here,
d;; represents the KRONECKER symbol. The set {¢; : ¢ = 1,...,m} is called the

m-dimensional standard nodal basis or LAGRANGE basis of P, (Ty). Furthermore,

we introduce the LAGRANGE interpolation operator I, : C°(Q) — P!, (T5) by

m

(1.19) I = ZU(L’)@ for all v € C°(Q).

i=1
For T' € T, and LAGRANGE basis function ¢ with T" C supp(¢) we introduce the
local basis function ¢ : T'— PY(T) as ¢ := @r.

Since beside others we are going to derive numerical solution algorithms associ-
ated to linear finite element solutions of PDEs, it will be useful to introduce vector-
and matrix-notation for it.

Definition 1.2.7. For ¢;, ¢; € P.,(T,) we introduce the mass-matriz M € R™™
with entries

My, :/szqudl' i,jE{l,...,m}.
Q

Given a bilinear form a : H'(Q2) x H'(Q2) — R we further define the stiffness-matriz
A € R™™ with entries

Qjj = a(¢i7¢j) i,] € {17 . am}‘

Remark 1.2.8. M is symmetric and positive definite. If a is a coercive bilinear
form the matrix A is merely positive semidefinite.
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Remark 1.2.9. With the help of the set of neighboring indices
Nio={je{l,...om} : 3T €Ty : {x;,z;} CT}

related to a vertex x; one can characterize the sparsity structure of M by

(1.20a) m;; >0 Vie{l,...,m},j €N,

(1.20b) mi; =0 Vie{l,...,m},j & N..

We are also going to make use of the following

Definition 1.2.10. We call the diagonal matrix M € R™*™ with
(1.21) M= ding (S my)
the lumped mass-matriz. Its inverse is obviously given by

r—1 _ 1 1
M™ = diag (—Z}":llmz'j\>'

i=1,....,m

Definition 1.2.11. We represent a finite element function v, € P}, (7,) by the
corresponding vector v = [v;]7, due to the equality

vp(z) = Zvi@-(:c) Ve

Moreover for a given function w € L*(€) we introduce the vector w € R™ by
(1.22) w=[[owei],
Clearly if wy, € Pcl,h(ﬁl) then wy, = Mw.

For later active set calculus we introduce the blockwise split of a matrix within

Definition 1.2.12. For a given matrix B € R™*™ and a disjoint index decom-
position @,®,0 C @ := {1,...,m} we use the following notation for a blockwise
decomposition of B:

B B B

N e
Boo Boe Bo

where ® := @ U ®. We neglect possible permutations in rows and columns. Fur-

thermore we write By instead of B respectively. If By is regular its inverse is

denoted by Bq_)1 instead of (Bgp)™. Analogously we introduce this decomposition

for ©,0,6 C @ and & :=QUO.

We now consider approximate linear finite element solutions to problem (1.6).
Let Vi, = P.,(Ty) for NEUMANN boundary conditions or Vi, = P}, (T,) N Hy(9) for
the homogeneous DIRICHLET case. The approximate linear finite element solution
Yn = Gn(fu, gu) to problem (1.6) in the finite dimensional subspace V}, C V' solves
the problem:

(1.23) Seek y;, € V}, such that a(yp, o) = f(on) YV ¢y € Vi,

Similar to the solution operator G we also overload the meaning of G, due to the
already announced mixed formulation (1.9). For our considerations it is sufficient to
consider the mixed finite element method based on the lowest order Raviart—Thomas
element from [RT77] (compare also [BCO05]), which is part of
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Definition 1.2.13. The space of lowest order Raviart—Thomas elements is
(1.24) RTy(Ty) == {wh € H(div; Q) : wyp € RTH(T) for all T € Ty},
where
RTH(T) :={w: T —R? : @(z) = a+ pzr,a € RY, 5 € R}.
Let F' € F}, be a fixed face. According to Definition 1.2.3 there are either two
elements 7'y and T in 7}, with face F' = 0Ty N JT_ or there is exactly one element

T, in T, with F¥ C 9T,. Then if 7. = convhull{F U {z1}} for the vertex z
opposite to F of T, set

(1.25) JF(J;) — {id%(ﬂf —xy) forzxeTy,

0 elsewhere.
The set {¢p : F € F,} forms an nf-dimensional basis of RTy(7y).

A useful property of the basis functions ¥z € RT, o(7r) is stated from [BCO5,
Lem. 4.1] in the following

Lemma 1.2.14. Let ' € F;,. There holds

. 0 along U F
(1.26) VYp-np = FIeFy, F'#F
1 along F.

With the definition of the lowest order Raviart—Thomas elements at hand we
can continue to define a discrete approximation operator G, according to the mixed
system (1.9). We denote the solution of

(127&) / Ail’(_fh . ’Ujh + / Yh diVlﬁh - /gu U_jh V=0 Vu?h S RT()(E)
Q Q r
(1.27b) / 2p, dive)y, — / cyn zn + / fuzn=0 V2, € Pt%,h(ﬁ)
Q Q Q

by (Yn, Uh) = Gn(fus gu) € Py (Th) x RTo(Th).

We now make a big jump towards a numerical tool to investigate proven orders
of convergence for instance for L?(Q)-errors of involved functions over the domain.
Corresponding to different mesh parameters h = hy and h = hy we close this chapter
with the following

Definition 1.2.15. For an error functional E : (0,00) — (0,00) and given pa-
rameters hy, hy € (0,00) we define the Experimental Order of Convergence (EOC)
by

log E(h1) — log E(hs)

EOC =
log hy — log hs




CHAPTER 2

Control constraints

In this chapter let us investigate structure exploiting GALERKIN schemes for op-
timization problems governed by elliptic PDEs under additional control constraints.

Our considerations are twofold. At the first stage we study DIRICHLET bound-
ary control problems, which are well suited for an introductory insight, since those
kinds of problems can be reduced from the d-dimensional domain €2 to its (d — 1)-
dimensional manifold 0. At the second stage we focus onto distributed control
problems and give details to the numerical implementation of the variational dis-
cretization approach.

2.1. Optimal Dirichlet boundary control on curved domains

This section imitates the results from [DGHO09b] which are also summarized in
[DGH09a]. We consider the variational discretization of elliptic DIRICHLET optimal
control problems with constraints on the control. The underlying state equation,
which is considered on smooth two- and three-dimensional domains, is discretized
by linear finite elements taking into account domain approximation. The control
variable is not discretized. We obtain optimal error bounds for the optimal control
in two and three space dimensions and derive a superconvergence result in 2d pro-
vided that the underlying mesh satisfies some additional condition. We confirm our
analytical findings by numerical experiments.

This section is organized as follows. After giving an overview about the related
literature in Subsection 2.1.0 we present the mathematical setting and formulate
the optimal control problem in Subsection 2.1.1. In Subsection 2.1.2 we examine
the finite element discretization of the state equation taking into account the ap-
proximation of the domain. In Subsection 2.1.3 we introduce the discrete control
problem and obtain an optimal error estimate for the discrete controls. Subsection
2.1.4 deals with superconvergence properties of boundary controls induced by finite
element partitions with certain regularity properties. In Subsection 2.1.5 we finally
present numerical results which confirm our analytical findings.

2.1.0. Introduction. DIRICHLET boundary control plays an important role in
many practical applications such as active boundary control of flows. If one is in-
terested in control by blowing and suction on parts of the boundary only, boundary
controls with low regularity should be admissible which even may develop jump dis-
continuities. Typical control spaces here would be L?*(T")4, L>°(T")?, where I' denotes
the part of the boundary of the domain where the control is applied and d is the spa-
tial dimension. In model based optimization with boundary controls the flow often is
modeled with the help of the NAVIER-STOKES equations whose classical variational
formulation does not allow for DIRICHLET boundary data with jump discontinu-
ities, see [FGHO8, HK04], so that the concept of very weak solutions [LM72] has to
be applied instead, see [Ber04] for a more detailed discussion. Moreover, pointwise

15
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bounds on the control actions have to be considered in practice. The related pro-
jection in L*(T") then can be easily evaluated. For a survey of different formulations
of DIRICHLET boundary control problems we refer to [KVO07].

Here we consider as model problem DIRICHLET boundary control of an elliptic
equation with L?-boundary controls subject to pointwise bounds on the controls.
The state equation is posed on a bounded, sufficiently smooth domain in RY, d =
2,3. Our aim is to develop and analyze a finite element concept which is tailored
to the numerical treatment of pointwise bounds, and at the same time is able to
cope with the low regularity of the control and the state. To this purpose we
propose an approximation of the state equation using piecewise linear, continuous
finite elements taking into account domain approximation. The controls are not
discretized explicitly, but implicitly (variationally) through the optimality conditions
associated with the discrete optimal control problem. Our main result, see Theorem
2.1.4, is an O(h+/|logh|) bound for the L?-error of optimal control and state. In
two space dimensions and under additional conditions on the underlying mesh we
are able derive the improved error bound O(h%), which reflects a superconvergence
effect.

There are only few contributions to DIRICHLET boundary control reported in the
literature. [CRO6] consider semilinear elliptic DIRICHLET boundary control prob-
lems with pointwise bounds on two-dimensional convex polygonal domains 2. De-
noting by u the optimal control they are able to prove the optimal result

H’LL — uhHLQ(SQ) < Chlil/p.

Here, u;, denotes the optimal discrete boundary control which they find in the space
of piecewise linear, continuous finite elements on 0f), and p > 2 depends on the
smallest angle of the boundary polygon. This also had been numerically investigated
by the author in [HPUUO09, Sec. 3.2.7.4]. Therein as domain a duodecagon with
maximum inner angle %7? is considered. Besides the classical approach using linear
finite elements as in [CRO6] also variational discretization combined with a mixed
finite element approximation of the state equation based on the lowest order Raviart—
Thomas elements is carried out.
For control functions of the form

Bq = Z qifi
i=1

with given f; € H*(I') and box-constrained q € R", [Vex07] provides a finite
element analysis for two-dimensional bounded polygonal domains and proves

la — an| < Ch%

In [MRV08] May, Rannacher and Vexler consider DIRICHLET boundary control with-
out control constraints on two-dimensional convex polygonal domains, where they
present optimal error estimates for the state and the adjoint state. Important in-
gredients are duality techniques and an optimal error estimate in H~/2(T") for the
control.

Recently in [CS10] Casas and Sokolowski compare the solutions of control con-
strained optimal DIRICHLET control problems between a convex domain  C R?
and its polygonally approximated domain €2, with maximal edge length h. Each of
them are infinite dimensional problems without any further discretization. For the
effect of small changes in the domain they prove

Hu — Up O g;;lHLQ(aﬂ) < Ch,
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where ¢, is an appropriate bijective mapping from 0€2;, to €.

The paradox of observing a control error of order O(h%) for superconvergence
meshes and the above estimate of order O(h) for the exclusive domain approximation
is explained by Casas, Mateos and the author in the work [CGM10]. Therein it is
proven that the order of O(h) is optimal by the construction of an analytic example
without control constraints. This leads to the paradox, that the numerical solution
is a better approximation of the optimal control than the exact one obtained just
by changing the domain €2 to €.

Numerical analysis for NEUMANN- and ROBIN-type boundary control of gen-
eral elliptic control problems is provided by Casas and Mateos in [CMO0S8|, where
they investigate several discrete concepts for the controls including variational dis-
cretization. The latter concept is also applied by Hinze and Matthes to ROBIN- and
NEUMANN-type boundary control in [HMO09], where also L*-estimates for the error
in the controls are provided.

2.1.1. Mathematical setting. Let Q@ C R? (d = 2,3) be a bounded domain
with a C®-boundary T' := 99 and consider the differential operator A from (1.1)
with a;; = aj; and b; = 0 for 4,j = 1,...,d so that A is selfadjoint, i.e. A= A*. In
what follows we assume that the coefficients a;; and ¢ belong to C*(Q2), ¢ > 0 and
that A is elliptic in the sense of Definition 1.1.1.

Given f € L*(Q),u € L*(T") we consider the boundary value problem

Ay =f in Q,

(2.1) y=u onl,

which is obtained by setting B = id, g, = u and f, = f in (1.3). This problem has
a unique solution y € H2 () which we denote by y = G(u) and which solves (2.1)
in the sense that

2:2) K}A¢=%Q¢—Kﬁ@w> Vo € HAQ) N H(Q).

Here, 05,¢ = Zf i1 aijdr,v; and U is the outer unit normal to I'. Let us briefly
sketch the existence of y in the case f = 0: Denote by T : L?(Q) — L*(T') the linear
operator which is defined by T := —;,¢ where ¢ € H*(Q) N H}(Q) is the unique
solution of A¢p =1 in Q, ¢ =0 on I'. Letting y := T*u, where T* is the adjoint of
T, it is not difficult to verify that y satisfies (2.2). The fact that y belongs to Hz ()
follows from an estimate of the form

< 2 1
‘/9111/1’ < Cllullz@y 191l -4

for ¢ € L*(Q), compare [Cas85| for a similar argumentation.
In order to define an approximation of (2.1) we recall from (1.4) the bilinear form
a: Hy(Q) x H} () — R associated with the differential operator A as

d
GW@ZZA@m%ﬁ@M

1,7=1

By our assumptions and Remark 1.1.2 a is coercive on Hg () in terms of satisfying
inequality (1.5).
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Next, let @ > 0 and yo € W' (Q), 7 > d be given. We then consider the
DIRICHLET boundary control problem

2
(2.3) Inin J(u) /Iy vol” + 5 /\UI

subject to y =

where
Upg = {u € L*(T) : uy <u<uyae onl}

and ug, up € R, u, < up. Existence of a unique solution u € U,y of (2.3) follows by
standard arguments. This solution is characterized by the variational inequality

(2.4) /Q(y—yo)(z—y)%—oz/ru(v—u)zo Vo € U
where z = G(v). Let us introduce the adjoint state p € H?(2) N H}(Q) as the
solution of the following boundary value problem:
Ap=y—yo in
p=0 on [
It is not difficult to see that the optimal control u is given by

1
(2.6) U = Py, ) (aagAp) a.e. on I

(2.5)

where P, ., denotes the pointwise projection onto the interval [u,, us).

Lemma 2.1.1. Let u € U, be the solution of (2.3) with corresponding state y and
adjoint state p. Then

ue CMI), ye H%(Q), p € W*(Q) for some d < r < T.

PROOF. Since p € H?*(Q) we have 9;,p € H2(T') and hence v € Hz(T') in
view of (2.6) (cf. [CR06, p. 1590]) which in turn yields y € H'(2). Elliptic
regularity implies that p € H*(Q) and then 9;,p € H?=(T). Therefore u € HY(T') and
yeH 3 (©2). Using an embedding theorem, the above regularity of 0y,p also implies
that u € W'=7(I') for some r > d. Hence, y € W (Q) and since yo € W (Q) we
obtain p € W37(Q) for some d < r < T again by elliptic regularity. An embedding
theorem now yields p € C*!(Q) and 95,p € C*(I). Since Py, 4, is LIPSCHITZ we
finally deduce that u € C%*(T). O

2.1.2. Finite element discretization. Let 7, be a triangulation of a polyg-
onal domain €, approximating 2. We assume that all vertices on 0§, =: I, also
lie on I and that at most one face of a simplex T € 7T}, belongs to I';,. Furthermore,
we suppose that the triangulation is quasi-uniform in the sense of Definition 1.2.4.
Recalling equation (1.13) for every T' € T}, there exists an invertible affine mapping

Fr:R* 5 RY Fp(i) = Ard + by,

which maps the standard d-simplex T onto T. Besides the triangulation 7; which
will be used to define the discrete problem and to carry out the practical calcu-
lations we also introduce an exact triangulation 7, of Q. The existence of such
a triangulation for sufficiently small A is shown in [Ber89]. In essence, for every

T € Ty, there is a mapping O € C’S(T; R%) such that Fyp := Fr+ ®7 maps T onto a
curved d-simplex 7' C Q and Q = UTei'h T. Furthermore, the mapping G} which is
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locally defined by éh|T = Fro ﬁf !'is a homeomorphism between €2, and Q. The
construction in [Ber89] also implies that ®7 = 0 if 7' has at most one vertex on T’

so that C_jh = id on all simplexes which are disjoint from I';,. Furthermore, we have
the estimates

sup [|(DGjr — D(@)| < Ch, |Ghllwsery <C, T €T

zeT
= 21
(2.7) sup [|DFr(2)|| < Cl|Az, sup||[DFy (2)| < ClAZY, T €T,
zeT zeT

¢ det Ap| < |det DEp(2)| < ¢o|det Ap|, &eT

with constants which can be chosen independently of h. Here || - || denotes a norm
in R? (for instance the euclidean norm | - |) and the resulting induced matrix norm.

For discretizing the state equation we choose the space of linear finite elements
Y, == P}, (T) defined in (1.18) as well as Yo := Yj, N Hy(Qy). Let 7Y}, be the
restriction to I, of functions in Y}, and denote by P, : L*(T,) — ~Y, the L*-
projection, i.e. for v € L*(T';,) we have

(28) / UXh = / B Xh VXh S ’}/Yh.
Ty T

Let us introduce an approximation to the solution operator G as follows. For a
given function u, € L?(T',) we denote by v, = Gr(up) € Y;, the unique solution of

an(Yns &n) = Jo, fabn, ¥ o1 € Yao,

(2.9)
Y = Ph(uh) on Iy,

where

d
an(Yn, on) = Z / (ah,ij Yh,z; Phyz; + Cho yh¢h)
Qp

4,j=1

and api; = a;j 0 Gh,cpo =co Gy and f, = f oGy,

In order to deal with the problem that the solutions of (2.1) and (2.9) are defined
on different domains we assign to each ¢, € Y}, a function ¢, : Q@ — R by ¢, =
¢n oG, " and let

Vii={on: o €Ys} aswellas Y, ={dur : on € Vi}.
Using the transformation rule, the fact that Vg, = (Vy,) o Gy ' DGt and (2.7)

we obtain

(210)  |a(@n, $n) — anyn, $n)| < Chlgnllmscanllonllmcay Vo, € Yo,
where A, = {z € Q : dist(z,I') < 8h} and 3 is chosen so large that (7, T C Ay
Next, by adapting the methods developed in [SZ90], [B§1"897 Sect. 4-5], it is

possible to show that there exists an interpolation operator ITj, : L'(Q) — Y, with
Iy, = idy, such that for ¢ € W(Q) (1 <1< 2ifp=1, i < | <2 otherwise)

(211) H¢ — ﬁh¢HW7n,p(Q) S ChlimH¢HWl,p(Q), O S m S mln(l, l)

In addition it is possible to construct II, in such a way that II,¢ = 0 on I provided
that ¢ = 0 on I. If ¢ € C°(Q) then we can also define the usual LAGRANGE in-
terpolation operator I, : CoQ) — Y, via I,¢ = [In(¢o éh)] o é;l where [}, is the
LAGRANGE interpolation operator corresponding to Y.
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Abbreviating g := éh““h we define for v € L*(T") the projection Py = [Py(vo
gn)] 0 gyt € 7Yy In view of Lemma 3.1 in [IKP06] we have

(2.12) / v = / vogtt, wheret, = detDG; ' [(DG)T o Gt .
T, r
Applying (2.12) to (2.8) we see that P, is characterized by the relation
(213) /U)Zh ty, = /phv Xnth vf(h € "}/}N/h
r r

Furthermore one can show that

(2.14) lv — Byl g2y < Ch2|Jo]

Hs(I)s UGHS(F), OSSSQ

An important ingredient of our analysis will be an L?-error estimate for the
approximation given by (2.9), in particular for low regularity of the boundary values.
A corresponding result in the case of A = —A and a polygonal domain can be found
in [Ber04].

Lemma 2.1.2. Suppose that f € L*(Q),u € H*(T)(0 < s < 1) and that y €
H2(Q), yy € Yy are the solutions of (2.1) and (2.9) with u, = wo gy, respectively.
Then there exists hg > 0 such that for 0 < h < hg

. sil
(2.15) ly = nll 20y < Ch*T2 (||uf

o) + 1fllz2@)-

PROOF. In view of the linearity of A it is sufficient to consider the problems
where either f =0 or u = 0.
Let us first assume that f = 0 and take s = 1. We denote by 3" € H%(Q) the
solution of

a(y",¢) =0 V¢ € Hy(Q),

2.16 .

( ) y" = Pou onT.

Clearly,

(2.17) 19" |8 oy < Cl Py, 0 <5 <1,

Let us choose ¢, = I [y" — §n] = Iy — §n. Note that ¢, € Yy since y* = g,
on I'. The ellipticity of A and the fact that ¢ > 0 imply together with (2.16) and
(2.9)

o / V(" — ) < aly — Gy — i)
Q

= a(y" — Jn, y" — Tay") + a(y" — Gn, Tny" — G1)
= a(y" — Gn, v" — Wpy") + [an(yn, (ny") o Gr — yn) — a(fn, Uny" — Gn))]
(218) =1+ I1.

Using POINCARE’s inequality and (2.11) we infer
_ ~ 1 -
11| < Clly" = gull o ly" = Ty 1) < Ch2[|V(y" — ?Jh)||L2(Q)Hyh||Hg(Q)

Co h ~ N2 h|2
< FIVE" =)o) + CHIY I -
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In view of (2.10), (2.11), POINCARE’s and YOUNG’s inequality we have
11| < Chllnll o ITThy" — Gl ey
< Ch(ly" 1) + 19" = Gnllmey) (1" = Wy ey + 19" = nllim )
- 1 .
< Ch(HthH%(Q) + IVW" = Gn) |l 22(0)) (Ch2 HthH%(Q) + IV (" = Gn)llz2@)
Co ~ 3

< (&4 OMIVW — @l + ORI,
Inserting the two estimates into (2.18) and choosing hy > 0 so small that Chy < <
we obtain for 0 < h < hy after another application of POINCARE’s inequality

(2.19) ly" = Gnllr ) < CVAIlY 5 -

In order to estimate the L?>-norm of y — ¢, we employ the usual duality argument,

namely denote by ¢ € H?() the solution of
Ay =y —1, in Q,
(2.20) Y=y —Un
v =0 on I

Then, (2.2) and integration by parts imply that

/ ly — gnl® /Q(y — Un)AY = —a(fn, V) — /F(U — Pou)dg b =1 +11.

Observing that ¢, i) € HY(Q), I, (1) 0 G) € Yo we infer from (2.9) and (2.16)

—_——

I=a(y" = gn, ¥ — b)) + [—a(Gn, In(¥ 0 G1)) + an(yn, In(v 0 Gi))]
3 3 B
< Ch> HZ/hHH%(Q)WHH%Q) + Chl|gnll g an 1 a0 || cay)

by (2.19), (2.10) and an interpolation estimate. Next, using the continuous embed-
dings H2 () — L3(Q), H(Q) — L5(Q) as well as (2.19) we obtain

Gnl i cany < N9 1 can + 10" = nllcan)
1
< ClALE |y lwsga,) + CVR]|y"|

1100l an) < N0l cany + 190 = Tl )
1 1
< ClAp3[[llwrsa,) + ChllY|la2) < Ch3||¥]| p2o)

< Chi|ly"|

H3(Q) H3 Q)

Thus,
3 3.7
(2.21) 1< CR2[y" |y o 19l m2@) < CR2 [Pt oy 1| a2

in view of (2.17). For II we obtain with the help of (2.13)
(2.22) 17 =— /(u — ﬁhu)ﬁgAwth + /(u — ﬁhu)85A¢(th — 1)
r r
=- /(U — Pou) (95,90 — Prda, )tn + /(U — Pou)dy, b (th — 1)
r

r
and hence using (2.14) and (2.7)
3
(11} < Ch2 ulln oy 1058y ) + Rl 01050 22y

3
< Ch2||ull g oy |9 2 () -
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Combining this bound with (2.21), the stability of P, in H'(T') and a standard
elliptic regularity result we deduce that

. 3
(2.23) ||?J—yh||L2(Q) < Ch2||u||H1(F)-

Let us next look at the case s = 0 and define ¢ € H*(Q) N Hi(9) again via
(2.20). As above we obtain

/|y—ghy2 =I1+1II.
Q
Using (2.21) together with an inverse inequality we have

3.~ 1
(| < Chz || Pyull ) 1¥]| m2(0) < Ch2[|Pul| 2 [|¥ ] r2@)-

Returning to (2.22) we infer for the second term
= 1
11| < C(llull 2y + 1Paull ) (2 10501 3 gy + PIOz PN 22(r))

1
< Ch2||ul 2oy l|9]] 2 (02)-

Combining the above two bounds we deduce that

(2.24) 1y = Gnllr2@) < Ch2|[ul|2(r).

The case 0 < s < 1 now follows by interpolation: To see this, denote by S the
linear operator that maps u to y — g,. The estimates (2.23) and (2.24) then imply
that [[S] g1 (r)—r2(0) < Ch? and S| L2(y=r2(0) < Chz, so that (2.15) follows from
Proposition 14.1.5 and Theorem 14.2.3 in [BS08].

Ifu=0,f e L*) we can proceed in a similar way as above, starting with a bound
of the form ||y — @nl| 1) < Chl|f]|12(n) followed by a duality argument to give

5 3
|y = nll 2 < Ch2 || fll2()-

Since our primary interest lies on the boundary values we leave the details to the
reader. U

Our next aim is to bound the discrete solution corresponding to f = 0 in terms
of ||u|lr2ry. In order to formulate the result we introduce the distance function
dr(z) := dist(z,I"). It follows from [GTO01, Sec. 14.6], that there exists 6 > 0 such
that dr € C3(€s), where Q, := {z € Q : dp(x) < r} for r > 0. Choose a function
n € C3(Q) such that 0 <n <1, n(z)=1,2 € Qg and n(xr) = 0,2 € Q\ Q%s Then,

p(z) == n(z)dr(z) + (1 — n(z))3, z € Q belongs to C*(Q) and satisfies
s _
(2.25) p(x) = dr(z), r € Qs, p(x) > o1 JTEQ\Q%.

Furthermore, let
w(z) = plx) +h, xe,

Lemma 2.1.3. Let u € L*(T') and suppose that z, € Yy, is the solution of
an(zn, on) =0 V on € Yho,

2.26
( ) Zh = Ph(u ©) §h> on Fh.

Then
/Q (22 + V) < CllulZq,



2.1. OPTIMAL DIRICHLET BOUNDARY CONTROL ON CURVED DOMAINS 23

PROOF. Let " be again the solution of (2.16). Since (Pyu) o gi = Pu(u o §)
and P? = P,, Lemma 2.1.2 for s = 0 implies that

(227) ||yh — 2hHL2(Q) S C\/EthuHLz(p) S O\/E”uHLz(F)
Combining this estimate with (2.17) we deduce
(2.28) 1Znll 2@ < 19"l 22 + CVRllull 2y < Cllull 2(ry-
On the other hand, an inverse estimate, (2.11), (2.17) and (2.27) yield
(229)  [IVZnllrz) < IV = Ty ez + VY[l 12(0)
< Ch Y12, — Iyl 20) + Clly" o)
< Ch™! (”«gh — "2 + " — ﬂhthL2(Q)> + Clly" 1 @)
< O M2 =y |2y + Clly" o)
1 = 1
< O Hfullay + O Pl 3.y < Ch ey

H3 (T
It remains to bound / p|VZu|%. The ellipticity of A and the fact that ¢ > 0
9)
imply

d
~ 12 ~ ~
co/p|Vzh| < E /paz’jzh,mizh,mj
Q Q

ij=1
1A
< a(Zn, pzn) — 5 Z /Qaijpwi(éi)xj =I1+11.
ij=1

Since p(z) = dr(z) = 0,2 € I', we have that ¢, := I,((po éh)zh) € Y. Hence,
(2.26) and (2.10) yield

(230) I =a(Zn p2n — In(pzn)) + [a(h, Tn(p2n) — an(zn, In((p 0 Gh)zn) )]
< Clzlla@llpzn — n(pzn) @) + CRIZul ) I Ta(pZ0) 1 a,)-
For fixed T € T, we have observing (2.7) together with the fact that z, € Py(T)
Pz — jh(pgh)HHl(T)
< Cll(po Gr)zn — In((p o Gr)zn) iy < ChIID?[(p o Giu)zal 2y
< Ch(|lznD*(p o Gu)ll2er) + IV (p 0 Gh) @ V| 2

+H|Vzn @ V(p o Gi)llrar))
(2.31) < Chllzp|| g1y < ChthHHl(Ty

where ® denotes the dyadic product of two vectors. In particular

(2.32) (20l zy < 020 = In(0Z0) sy + 102l ey < Cllznll sz
Inserting (2.31) and (2.32) into (2.30) we deduce with the help of (2.28) and (2.29)
(2.33) I < OhthH%{l(Q) < OHUH%Q(F)‘
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Finally, integration by parts and (2.28) imply

1 < IR )
=7 > /Q(az‘j,xjpxi + Qijpue;) i — 3 > /FaﬂAP Z

i,j=1 i,j=1
< O(thH%Q(Q) + H5h||%2(r)) < O(HUH%Q(F) + ||Phu||%2(r)) < OHUH%Q(F)'

Combining this estimate with (2.33) completes the proof. O

2.1.3. Error analysis for the control problem. We approximate (2.3) us-
ing the variational discretization from [Hin05]. This leads to the following control
problem depending on h:

«

1
min Jy(up) = = _ 24 un |2
(2.34) min Ju(un) 2/Qh Y — Ynol |

subject to y, = G (un),

2 Jr,

where Uy og = {un € L*(Th) : ug < up < up ace. on Ty} and ypo = yo oGy, Tt is not
difficult to see that (2.34) has a unique solution u;, € U, o4 and that this solution is
characterized by the variational inequality

(2.35) / (yh — yh,0)<2h — yh) + a/ uh(vh — uh) Z 0 Vvh S Uh,ad~
Qn Ty

Here z, = Gp(vy) € Yy It is easy to show that (compare (2.6))

Lo
Up = P[ua,ub] (aéﬁAPh) )
where p;, € Y),0 and 8,’} Pn € ~vY}, are defined by

an(én,pn) = /Q (Yn — Yn,o)Pn Vi € Yo

h

and

(2.36) / (0% .pn)wn = ap(wp, pr) — / (Yn — Yno)wn Vwy, € Yy,
Ty,

Qp

Theorem 2.1.4. Let u and uy, be the solutions of (2.3) and (2.34) with correspond-
ing states y and yp respectively. Then

lu—nllzey + 1y — Gnllz2) < Chy/[loghl
for all 0 < h < hy. Here, U, = uy, og,jl.
PRrROOF. Using v = 1y, € Uyq in (2.4) and v, = wo g, € Upqeq in (2.35) we obtain

(2.37a) A@—y@whﬂ»+a/uwh—wzo

r

(2.37h) L<%—ymx%—yw+a/7%wom—umzo

Ty

where y" = G(iy,) and 2, = Gy (uogy,). Transforming (2.37b) to Q and I respectively
we obtain

/(yjh — yo)(éh — g]h)|detDCj}_Ll| + / ﬂh(u — ﬁh)th Z 0
Q r
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or equivalently with 6, := fQ(gjh—yo)(éh—gjh)(|detDé;1| —1)+o o (u—1)(t,—1)

(238) /(]jh — yo)<§h — g}h) + a/&h(u — ﬂh) + Hh > 0
Q r
where, using (2.7) together with the fact that ||gn || r2(), ||@n| L2y < C,

10| < Ch(1Z0 — Gnllz2c) + llu — @nll2(ry)
< Ch(lly — dnllz2) + Iy — Znll2) + lu— @l 2r))
(2.39) < e(lly = gl + lu = @nllizr)) + C-h* + Clly = Zull22 (o
Combining (2.37a), (2.38) and (2.39) we deduce

Mw—amé@pgéw—y@@h—w+1L@h—%x%—gm+al
-——A@—@wﬁgéw—@my—awié@—mx@—y%—@M—m»+%
< —%Ily — nll720) — /Q(y — o) ((y = ") — (Zn — 7))

+e(lly - ?]h||%2(9) + fJlu— ﬁhH%%r)) +Ch® + Celly — 5h||%2(sz)

and hence after choosing € > 0 small enough and recalling Lemma 2.1.2
« . 1 . - -
(2.40) Sllu = nllZaqy + 71y = Gullie@ < OB = /Q(y —v0) ((y — ") — Gn — ).

Using (2.5), (2.2), integration by parts, the definition of P, and the fact that ap(zp —
Yn, On) = 0 for ¢y, € Yo we obtain

/Q(y —90)((y —¥") — Gn — ) = /Q(y —y")Ap — /(2h — Gn)Ap

Q

- - /(U - @h)aﬁAP —a(p, Zn — Un) + / Ph(u - ﬂh)aﬁAP
r r

=—alp—Inp, 20 — i) — | ((u—1an) — Pu(u—n))0p,p
r
+an(In(po Gr), zn — yn) — alInp, Zn — Gn)]
(2.41) — [+ IT+1I1.

The first integral is estimated with the help of an interpolation inequality and
Lemma 2.1.3:

N|=

1= ([ 190=T)) ([ w96 =)
< Chlplhwecion ([ )
< Chlplwsro( | )

In view of (2.25) and the coarea formula we have

—SC’// dAdr + C < Cllogh
A QémAJLQAméa drﬂ7+h [ log A

N[

[l = | 2(ry

N |=

I = @l 2y
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where dA denotes the area element. Hence,
(2.42) 7] < ellu — |72y + Ceh?|log hl.

Next, Il = I, + I1, where
Il = — /F((u ) — Pulu— i) p
11, = /F((u — ) — Byl — ) Ot — 1).
We infer from (2.13) and (2.14) that

L] =|- /(U — 1iy) (0500 — PrOnip)t |
r

< Ch?|0

bl gy e = 2y < el — nllFagey + oA
On the other hand, (2.7) implies

[115| < Chllu — @l 20y 105,01 20y < €l — Gnl|72 ) + Ceh®
so that in conclusion

(2.43) 11| < ellu—an|| 72y + Ch*.

Finally, recalling (2.10) we have

fod ~ ~ 1 ~ ~
(LTI < Chl[1npllarcam |20 — nllmr) < ChIARZ[|pllwreean [12n — Tnllar @)

in view of Lemma 2.1.3. Inserting (2.42), (2.43) and (2.44) into (2.40) and choosing

¢ small enough yields the result.

2.1.4. Superconvergence. In the following subsection we demonstrate that it
is possible to improve the order of convergence under additional conditions on the

underlying mesh.

We assume from now on that d = 2. We are going to make use of the theory

developed in [BX03], where the following definition can be found:

Definition 2.1.5. The triangulation 7y, is called O(h??) irreqular if the following

holds:

a) The set of interior edges of 7T;, can be decomposed into two disjoint sets &

and & with the following properties:

e Foreache € & let T, T" € T, with TNT" = e. Then in the quadrilateral
formed by T'UT" the lengths of any two opposite edges only differ by

O(h?).
o > ece, (T| + 1) = O(h*).

b) The set of boundary vertices P can be decomposed into two disjoint sets

P1 and P, with the following properties:

e For each vertex x € P; denote by e C T,¢’ C T’ the two boundary
edges sharing x and let t, t' be the unit tangents. Also denote by
e, f,g and €', ', ¢’ the edges obtained by making a clockwise traversal
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of 9T, JT' respectively. Then

it —t'| = O(h),
le| — |¢'| = O(h?),
Ifl=1f'| = Om?),
gl = Ig'] = O(R?).

e card(Py) < C where C is independent of h.

The following result is essentially proved in [BX03, Lem. 2.5] for functions f
belonging to W3>(Q). Since we would like to use a corresponding estimate for the
solution of the adjoint problem which only belongs to W3"(£2) for some r > 2 we
require a suitable modification allowing a boundary term of the discrete test function

Dn-

Lemma 2.1.6. Suppose that the triangulation Ty, is O(h*?) irreqular and let f €
W3r(Qy,) for some r > 2. Then

V(f—=1Inf) - Vén
< C|| fllwar ) (R0 b |10y + h onllz2w,))  Voén € Ya.

PROOF. Lemma 2.3 in [BX03] gives

[ =n0)-vo- X [ -5-ve

Qp

TeT
0’ f 8¢h
D ISl L D Sl D SRy 2
TET, eCOT L TETR T =3 ul=1
:‘:’1 —.‘:12

(2.45)

Here, ¢. is the quadratic function vanishing at the endpoints of e and being equal to i
at the midpoint. Furthermore, n is the unit normal to e pointing away from 7" while t
denotes the unit tangent with the tangents on 9T being oriented counterclockwise.
The numbers a, S and functions 77, depend on the geometry of 7" and their
precise form can be found in [BX03]. For our purposes it is sufficient to note that
the conditions in Definition 2.1.5 imply

(246&) |Oée|, |ﬁe’, |7T,A,u‘ S ChQ, e € 81 U 52,
(246b) |Oze—Oée/|, |ﬁe—ﬂe/| §C’h3, TﬂT':eE&,
(2.46¢) loe — |, |Be — Ber| S Ch?, e,e CTh,ene ={x},x € P,.

In view of (2.46a) we have
(2.47) |I2| < CB?|| fll (s | 0nl 11520 -
Next, we write as in [BX03]

I = Iy + Lig + I3,
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where
>f f 0o .
eezg/ { atg (6 ﬂe)m W J = 172a
*f 3¢h
;Fh/%{ gzt P geom)

Arguing as in [BX03] we have
(2.48) [Tl + | Tiz] < C(B* + W) [ flwee @ |00l ) -

In order to treat I3 we proceed in a slightly different manner compared to [BX03].
Let us set

0*f
ot?

0% f

Be(f) = e oton’

+ e

eClIy aswellasB |/
e

Then we can write
8¢ 8¢ 8¢
=3 fanGE =3 a0 -B@)G+ T [wBnG
eCl'y, eCl'y, eCl'y,
A POINCARE type inequality along with a scaling argument yields for g € W14(T)
1 12 1 2
(249) Hg—H/gHLq(e) S Oh1+; z_”VQHLQ(T), €C8T,1+5—§ >0.

Applying this estimate with ¢ = ¢ = 2 and using (2.46a) as well as an inverse
inequality we deduce

Y a0 - B

eCl'y

<O Y IBf) = Bl Nll2@ IV nllzze) < CH |1 f s o | Vdnll 2()-

eCl'y
For the second term we write as in [BX03]

Z/qe ) a¢h/ Z 3a¢th Z|

eCl'y,

— s X >)¢h<> S (B~ Bal)nt),

x€771 TEP2

where e and €’ are the edges sharing z. Using (2.46¢) as well as [t — t'| = O(h) for
ene = {x} we have for z € P,

|Be<f> __Be’<f)‘ B
< |Be(f) = Be(f)(@)| + [Ber (f) = Ber (f)()] + |Be(f)(2) — Ber(f) ()]

< C(IBe(f) = Be(H)ll () + 1B (f) = Ber(f)llzo(eny) + Ch?|D? f ()]
< Chg_%HfHW&T(TUTI)
by (2.49) with ¢ = 0o, § = r. On the other hand we have for v € e C T

|6n(@)] < llgnllze(e) < Ch72 [l dnllL2ce) + CR [Vl )
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Thus,
| Z (Be(f) - Be’(f))¢h(x)|

_2 _1 _2
< C Y fllwerory (B2 nll 2 + B V60l 1 o)

x€P1

< Ch3 ™+ (Z H.f”7I;V3ﬂ'(T)> % (Z ”¢h||%2(e)> : (Z 1>;
TeT

eCI'y, z€eP

_2_2 - : o 7
O F (S Wl ) (D2 196l )
TeTh

TeT,

_1
T

1
< Ch* 7| fllwar @ 1@nll o,y + CR? [ fllwar @ IV dnll 2.
since ), .p 1 < Ch™! and 7 < 2. Furthermore, recalling that [P,| < C,
S (Bulf) = Bul))on@)] < CHID? flluqo ol eirsy
rEP2
3
< Ch2| fllwsr@ullonllzw,)-

In conclusion,

3
(2.50) L] < Ch2 || fllwsr @y lonll 2y + CR2(| Flwsr @ IV onl 2.
Combining (2.50) with (2.48) and (2.47) we finish the proof of the lemma. 0
Remark 2.1.7. Lemma 2.1.6 continues to hold if the triangulation 7} is piecewise

O(h*) irregular, that is, if €, can be written as the union of a bounded number of
polygonal subdomains each of which is O(h?*?) irregular (cf. [BX03, Thm. 4.4]).

In order to simplify the subsequent analysis we assume from now on that  C R?
is convex and that A = —A. As a consequence, €, C Q and y, = Gp(uy) is defined

by
(2 51) th Vyh ' V¢h = th f(bh; Vébh S Yho,
| Yn = Pu(un)  on Ty,

where P, is again given by (2.8). We extend a function ¢, € Y} to Q as follows:
if Q. is the subset of Q\ Q, bounded by the boundary edge e C "N I’ and the

curved segment € C I', then ¢y, is given by the linear extension of ¢ from T.
Furthermore, let gy, : I', — I' be defined by

gn(z) =+ o(x)vp(x), x€eC Ty,

where 7, is the constant normal to I', on e and dp,(x) is chosen in such a way
that gn(z) € T. Note that in general the function g, will be different from the

one introduced in Subsection 2.1.2. Clearly, g, is bijective for small h. Given
uwe H¥(I'),0 <s <1, it follows from [BK94, Thm. 1] that

~ S l
(2.52) ly — dnllz@) < C (W22 + 272 ullgary),

where y = G(u) and y, = Gi(uog,). We are now in position to state the main result
of this subsection.

Theorem 2.1.8. Suppose that the triangulation Ty, is piecewise O(h?) irreqular. Let
u and uy be the solutions of (2.3) and (2.34) (with yno = Yoo, ). Then

) . 3
|w —anl 2@y + |y — Gnllr2@) < Ch2
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for all 0 < h < hg. Here, up, = up o g;l and y,y, are the corresponding states
respectively.

PROOF. As in the proof of Theorem 2.1.4 let y"* = G(iy,), 21, = Gu(uo gn). We

again have

(253) /g;(ﬂh — yo)(gh — gh) —|— Q/F’LNLh<U — ﬂh) + 9}1 Z 0

where now
<9h=—/ (ﬂh—yo)<5h—?3h)+a/ﬁh(U—ﬁh)(th—1)-
O\Q, r
Since |t;, — 1| < Ch? in our setting we obtain
(2.54) 10n] < (Iwollz2@ren) + 1Gnll 20 120 — Gnllzz@ian) + OB lu — i z2r).-
Using Lemma 2 in [BK94| we infer that

lvollznan) < C(llvollrzwy + B lyoll i) < Ch.

On the other hand it follows from (2.10) in [BK94] that for ¢, € Y},
(2.55)

6nll 2@y < C(Blldnllzir,) + B2l onllmrey) < C(Pllonllaw,) + Bl onlli @,))-
Combining the bounds
gl < C (W% unllaw,) + 1 fllz2en) < Ch72,
126 — yallm(on) < Ch72|luo Gh — unllz2(ry)
with (2.55) we deduce from (2.54)
(256) 6] < CH*([[wo Gin — unllroy) + lu — il 2@y) < CA?|Ju — s 2qr-

Thus, we deduce from (2.37a), (2.53) and (2.56) similarly as in the proof of Theorem
2.14

. 1 . L
alu = @y < ~3lly = Gl — | 0= 90)(( =) = Go =)

+e(lly - gh“%Q(Q) + flu — ﬁhuiz(r)) +Ch' 4+ Clly - 5h”%2(9)
and hence after choosing ¢ sufficiently small and applying (2.52) with s = 1
257) Sl + gl e < CF = [ =)o =)~ (Gu ).
Using (2.5) for our case A = —A as well as integration by parts we have
258) [ =)= = Gr =)
— [w=vaw+ [ G-msp+ [ G-
h

AN\Qn

=~ [=mow = [ Ve-m)- o+ [ P(wos)-w)o,

I

+/ (Zn — gn)Ap = S1+ S5+ S5+ 54.
O\Q,
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Taking into account (2.51) and the fact that I;p € Yo we infer with the help of
Lemma 2.1.6

1So| =| [ V(zn—uyn) V(p—Ip)]

Qp
< O||p||W3’T(Qh)(h2||Zh - yh”Hl(Qh) + h%HZh - yh||L2(Fh))
< Ch%HU o Gn — un|lr2r,) < Ch%HU — Up || 2(r)-
Since p € H3(2) we deduce similarly as above that
|S4] < Ch?[lu — | L2 (ry-

Next, recalling the relation [P,v] o g = Py(v o §j) as well as (2.12) we have
53 = /ph(u —ﬂh)[Vp ﬁh] nglth
r

= / Ph(u — ﬂh)agpth + / Ph(u - ﬂh)([Vp . ljh] e} g}jl - Vp . lj)th
I I

In order to deal with the second term we let & = gj(x) € I'. Since p = 0 on I' we
have that Vp = 0zp v on I'. Hence

(V- 7)(G, (%)) — (Vp- 9)(2) = Vp(a) - Ty(x) — Vp

= (Vp(z) — Vp(Gi(2))) - 7n(x) + O5p(Gn(x)) 7(Gn(@)) - (h(x) — (gh(@))
= (Vp(z) = Vp(gn())) - (@) — % 5D (G (1)) PG (2)) — D ().

As a consequence,
[Vp- i) og,t — Vp- | < Ch? onT

since |Gy (x) — x| < Ch?, |U(gh(2)) — Vn(2x)| < Ch, which follows, roughly speaking,
from the fact that a boundary edge can be seen as a linear approximation to the
corresponding part of I'. Finally, we may write

Sl—f-Sg = — /((u—ﬂh) —ﬁh(u—ah))ﬁgpth—irrh = — /(u—ﬂh)(agp—phapp) th+1n
I T
where |ry,| < Ch®||u — iy r2r). Now, (2.14) implies that

3 ~ 3 ~
‘51 + 53| < Ch2 \|8,7p|| § HU — uh||L2(p) + |7“h| < Ch2 ||u — uhHLz(p)

Returning to (2.58) we finally obtam

3 -
| / y—10) (v — ") — (G — )| < CR3{lu— inll 2o

and the result follows after inserting this estimate into (2.57). O

2.1.5. Numerical experiments. For our numerical experiments we consider
the variational discretization (2.34) of problem (2.3) with the unit circle 2 = B;(0) C
R? as domain and A = —A as differential operator. We set a = 1, u, = 0 and
up = 1. For the numerical solution of the optimal control problem (2.34) we apply
the fixpoint iteration

o v € Upqq given

o vt = Py, (508,00(v))
o v:=vt.



32 2. CONTROL CONSTRAINTS

1

0.8]

0.6}

0.4}

o
>

VAVAVAVAVAVA

NNANNININ

0.2}

0|

s

>
INNANAVAVAVAN
\VANAANNNNL

-1 -05 0 05 1

(a) Variational discretization.  (b) Arbitrary mesh (i =2). (¢) Superconvergence mesh
(G =4).

FIGURE 2.1. Variational discretization and considered triangulations.

Here, for given v € Uj,q the function 8§Aph(v) is defined by (2.36) with y, =
Gn(v). We note that the variational discrete solution w;, may admit active sets
whose boundaries do not coincide with finite element nodes, compare Figure 2.1(a),
where the boundary control u; (bold) is depicted on a coarse mesh together with
function 107 pp(us) (dotted).

Remark 2.1.9. The above fixpoint iteration converges for sufficiently large a > 0,

since P, 4, is non-expanding and v — al'llAph(v) is the decomposition of discrete
solution operators. The mapping v — P, v, (é@gAph(v)) then is contractive for
a > 0 sufficiently large. In the opposite case one could use a more sophisticated

boundary element method as described in [OPS10].
We consider two examples and investigate the error functionals

Ey(h) = lu—tnl2@y, EY(h) = lly — wnllezn). Ey(h) =1y — ynllmr @)
ES(h) = |lp = pulliznys Ep(h) = llp — pullm )

both on a sequence of arbitrary meshes and on a sequence of congruently refined,
piecewise O(h?) irregular meshes. Figure 2.1(b) shows an arbitrary mesh while
Figure 2.1(c) depicts a grid of the type which we use to numerically confirm our
superconvergence result of Theorem 2.1.8.

Remark 2.1.10. The triangulation in Figure 2.1(c) is piecewise O(h?) irregular, but
only O(h) irregular. It is automatically constructed by congruent refinement from
the initial grid formed by the 8 bold sector boarders together with the corresponding
sector secants. Here we note that new boundary nodes are projected onto the unit
circle. The resulting triangulation in each of the 8 sectors then is O(h?) irregular.
Piecewise O(h?) irregular meshes are often generated automatically by congru-
ent refinement, say from an initial grid 7y containing finitely many triangles T
combined with projecting boundary nodes onto smooth domain boundaries. Every
sub-triangulation obtained in this way from some T € 7Ty then is O(h?) irregular.
This in view of Theorem 2.1.8 explains why in practice one often observes better

rates of convergence than expected from the general theory, compare the discussion
in [BXO03].

Tables 2.1 and 2.2 summarize the mesh-properties in terms of the number of
triangles nt, the number of nodes m and the mesh parameter h.
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i nt m h Ji nt m h
1 8 9 1.000000 1 8 9 1.000000
2 40 29 0.596568 2 32 25 0.571070
3 170 102 0.298819 3 128 81 0.302195
4 684 371 0.149721 4 512 289 0.155086
5 2680 1393 0.074921 5 2048 1089 0.078516
6 10812 5511 0.037497 6 8192 4225 0.039498
7 44568 22489 0.018749 7 32768 16641 0.019809
8 179292 90051 0.009375 8 131072 66049 0.009919
9 701964 351791 0.004687 9 524288 263169 0.004963
TABLE 2.1. Mesh parameters for TABLE 2.2. Mesh parameters for
the sequence of arbitrary meshes. the sequence of piecewise O(h?)

irregular meshes.

Finally for an arbitrary function ¢ : B;(0) — R we abbreviate g(r,¢) :=
g(rcos ¢, rsin @), where (r,¢) € (0,1] x [0, 27). For constructing analytical examples
it is helpful to recall

Ag = o + S0+ —4
9 = Grr TgT ngqﬁqﬁ

for g € C?(Q).

Example 2.1.11. In our first example we consider problem (2.3) with continuous
data f and smooth data yy. For this purpose we set

9(r, ) = r* max(0, cos® ¢)
Uo(r, ¢) = (Tr* cos® ¢ + 61 — 6r) cos ¢ + 4(r, ¢) and

~

f(r,¢) = —6r max(0, cos ¢).

Then it is easy to check that 4(1,¢) = a(¢) = max(0, cos® @) solves (2.3) and the
associated adjoint variable is given by p(r,¢) = 73(r — 1)cos®*¢. In the present
example we deal with classical solutions in the sense that y,p € C?(Q2) and u €
C*(T), see Figures 2.2(a) and 2.2(b). Table 2.3 summarizes the numerical results
for the sequence of arbitrary meshes from Table 2.1. In addition to the EOCs for two
consecutive meshes also the average and the EOC between coarsest and finest grid is
computed in the rows @ and é. The EOC for E? behaves as predicted by Theorem
2.1.4, whereas the L2-error of the state Eg converges with a rate of 1.5 faster than
predicted. In Table 2.4 we present the numerical results for our sequence of O(h?)
irregular meshes. One clearly observes the superconvergence effect for piecewise
O(h?) irregular grids predicted by Theorem 2.1.8. Again the rate of convergence for
E? behaves as expected whereas the EOC for Eg is nearly quadratic.

Example 2.1.12. Next, let us construct an analytical solution to problem (2.3) in
the same way as in the previous example but in which the optimal control now only
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(a) State y, control u and L9;p|r. (b) Adjoint state p.

FIGURE 2.2. Analytical solution of Example 2.1.11.

EO

u

EOC | EJ  EOC | E} EOC | E) EOC | E! EOC

.

0.277414 - | 0.149239 - | 0.983167 - | 0.073546 - | 0.313464 -
0.071514  2.624 | 0.040577 2.521 | 0.441360 1.550 | 0.039436 1.207 | 0.287896 0.165
0.070380 0.023 | 0.023135 0.813 | 0.407958 0.114 | 0.012772 1.631 | 0.175988 0.712
0.018892  1.903 | 0.005006 2.215 | 0.158316 1.370 | 0.003133 2.034 | 0.085166 1.050
0.011166 0.760 | 0.001868 1.424 | 0.104513 0.600 | 0.000771 2.024 | 0.041827 1.027
0.006742 0.729 | 0.000762 1.295 | 0.081769 0.355 | 0.000197 1.970 | 0.021083 0.990
0.004180 0.690 | 0.000341 1.159 | 0.078123 0.066 | 0.000050 1.978 | 0.010630 0.988
0.002040 1.035 | 0.000124 1.456 | 0.050939 0.617 | 0.000012 2.013 | 0.005287 1.008
0.000994 1.037 | 0.000044 1.513 | 0.033625 0.599 | 0.000003 2.004 | 0.002635 1.005

© 00 O U W=~

é 1.050 1.518 0.629 1.879 0.891

) 1.100 1.550 0.659 1.858 0.868
TABLE 2.3. Errors and EOCs for arbitrary meshes of Example 2.1.11.

E} EOC E)  EOC E. EOC ES  EOC El  EOC

0.277414 - | 0.149239 - | 0.983167 - | 0.073546 - | 0.313464 -
0.170809 0.866 | 0.099800 0.718 | 0.904301 0.149 | 0.050445 0.673 | 0.330714 -0.096
0.096494 0.897 | 0.033170 1.731 | 0.587454 0.678 | 0.017067 1.703 | 0.207877  0.730
0.044380 1.164 | 0.010026 1.794 | 0.336040 0.837 | 0.004614 1.961 | 0.110293  0.950
0.018420 1.292 | 0.003010 1.768 | 0.184591 0.880 | 0.001177 2.007 | 0.056021  0.995
0.007163  1.375 | 0.000878 1.794 | 0.098095 0.920 | 0.000296 2.010 | 0.028126  1.003
0.002676  1.427 | 0.000248 1.833 | 0.050908 0.950 | 0.000074 2.007 | 0.014078  1.003
0.000976  1.458 | 0.000068 1.864 | 0.026013 0.971 | 0.000019 2.004 | 0.007041  1.002
0.000351  1.477 | 0.000019 1.884 | 0.013161 0.984 | 0.000005 2.002 | 0.003521  1.001

© 00 O U WN — | .

TABLE 2.4. Errors and EOCs for piecewise O(h?) irregular meshes
of Example 2.1.11.

belongs to C%}(T"). We choose
(7, @) = r* max(0, cos ¢),
9o(r, @) = (157% — 8r) cos ¢ + §(r, B)
and set f := —Ay. Then u(l,¢) = u(¢) = max(0,cos¢) solves (2.3) and the

A~

associated adjoint variable is given by p(r,¢) = r3(r — 1) cos¢. Let us note that
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(a) State y, control u and L9;p|r. (b) Adjoint state p.
F1GURE 2.3. Analytical solution of Example 2.1.12.
f = —Auy has to be understood in the distributional sense, i.e.

(f,¢)=— /)) 8r (1, x2) cos(¢(x1, x2))( (21, x2) day dag

1
- [ aoman veecr@),
-1
where D = {(z1,22) € Q : 21 > 0}. In particular, f ¢ L*(Q). Nevertheless, the
state equation and the corresponding boundary control problem are still meaningful,
compare [LM72, p. 188].

Figure 2.3(a) shows the optimal state y with the optimal boundary control u and
Figure 2.3(b) presents the associated adjoint state p. The convergence behaviour
of our error functionals is similar to that observed in the previous example. For
arbitrary meshes E° converges linearly as is shown in Table 2.5. On our sequence
of piecewise O(h?) irregular meshes the convergence rate of this error functional
improves to 1.5 as displayed in Table 2.6. Again in both cases the behaviour of
ES is better than predicted and the convergence rate on our sequence of piecewise
O(h?) irregular meshes is higher than on the sequence of arbitrary meshes.

Example 2.1.11 with a mixed formulation. Let us briefly consider a mixed
formulation for the underlying state equation (2.1) as carried out in (1.9a)-(1.9b)
with f, := f and g, := u. Discretization with the help of lowest order Raviart—
Thomas elements gives a finite dimensional linear system (1.27a)-(1.27b), whose
solution (yp, ¥) € Pt%’h(ﬁb) X RTy,(Tn) we denote by Gp(u). Similar to problem
(2.34) we again apply variational discretization to problem (2.3), which yields the
following control problem depending on h:

1 Q
min Jy(up) = = — 2+—/u2
059, i ) =5 [ ol + 5
subject to (yh, ﬁh) = Qh(uh).
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i E} EOC EJ  EOC | El EOC | EY  EOC E! EOC
1| 0.297512 - ] 0.179552 - | 0.904504 - | 0.092648 - | 0376590 -
2 | 0.138275 1.483 | 0.057686 2.198 | 0.639030 0.673 | 0.049097 1.229 | 0.353687 0.121
3] 0.098899 0.485 | 0.029068 0.991 | 0.557107 0.198 | 0.015616 1.657 | 0.214636 0.722
4] 0.019660 2.338 | 0.005318 2.458 | 0.181005 1.627 | 0.003832 2.033 | 0.103822 1.051
5| 0.016497 0.253 | 0.002845 0.904 | 0.167813 0.109 | 0.000959 2.000 | 0.051436 1.014
6 | 0.008651 0.932 | 0.001009 1.498 | 0.113754 0.562 | 0.000244 1.979 | 0.025931 0.989
7 0.005008 0.789 | 0.000422 1.256 | 0.097192 0.227 | 0.000061 1.987 | 0.013014 0.995
8 | 0.002531 0.985 | 0.000158 1.421 | 0.066351 0.551 | 0.000015 2.003 | 0.006483 1.005
9 | 0.001241 1.028 | 0.000057 1.469 | 0.045102 0.557 | 0.000004 1.993 | 0.003234 1.003
. 1.022 1.502 0.559 1.881 0.887
@ 1.037 1.524 0.563 1.860 0.863

TABLE 2.5. Errors and EOCs for arbitrary meshes of Example 2.1.12.

E} EOC E) EOC E. EOC E) EOC E, EOC

0.325180 - | 0.138937 - | 0.856030 - | 0.093237 - | 0.377756 -
0.208354 0.795 | 0.105716 0.488 | 1.047727 -0.361 | 0.062975 0.700 | 0.405792 -0.128
0.121702 0.845 | 0.038899 1.571 | 0.720985  0.587 | 0.021157 1.714 | 0.256137  0.723
0.057121 1.134 | 0.012582 1.692 | 0.435196  0.757 | 0.005715 1.962 | 0.136028  0.949
0.023779 1.287 | 0.003810 1.755 | 0.245236  0.843 | 0.001459 2.006 | 0.069111  0.995
0.009233 1.377 | 0.001096 1.813 | 0.131543  0.907 | 0.000367 2.010 | 0.034699  1.003
0.003442 1.430 | 0.000305 1.853 | 0.068408  0.947 | 0.000092 2.007 | 0.017368  1.003
0.001254 1.460 | 0.000083 1.877 | 0.034941  0.971 | 0.000023 2.004 | 0.008686  1.002
0.000451 1.478 | 0.000022 1.895 | 0.017675  0.984 | 0.000006 2.002 | 0.004344  1.001

© 00 O Ui WN | .

TABLE 2.6. Errors and EOCs for piecewise O(h?) irregular meshes
of Example 2.1.12.

0.1
0.05
ol
3 s by v,
0 =, #.;«E«,l,,’ R
N, 5”'4‘ >, =
-0.05 = N,
=
-0.1
-0.15

-1 -1 -1 -1

(a) Optimal state y;, with boundary control uy. (b) Adjoint state pp,.

FiGURE 2.4. Numerical solution of Example 2.1.11 for 7 = 5 with
mixed formulation.

It naturally comes out, that the adjoint state is also of mixed structure (pp, Xn) €
P&h(ﬁ) X RTyp(Ty). Figure 2.4 depicts the numerical solution of Example 2.1.11
with this discretization scheme for the mesh j = 5.
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E° EOC

0.465830 -
0.190478 1.596
0.081835 1.327
0.038559 1.128
0.018951 1.044
0.009433 1.015
0.004711 1.006
0.002355 1.003

TABLE 2.7. Errors and EOCs for piecewise O(h?) irregular meshes
of Example 2.1.11 with mixed formulation.

N O O W N .

co

Since by (1.26) 7, - W), is piecewise constant on I'y, for @), € RTy,(Ts) and the
optimal control u;, € L*(T;) satisfies

1,
Up, = P[Ua,ub} (ayh . Xh) on Fh,

uy, is also piecewise constant, and hence is of simple structure. However, the best
one would expect for the convergence of the L?(T')-error for the control is of order
O(h). This is independent from which computational meshes are used. Especially
for piecewise O(h?) irregular meshes we do not expect a superconvergence effect.
This is the case as one can read out from Table 2.7.

2.2. Optimal distributed control on polygonal domains

In this section we focus onto distributed elliptic optimal control problems on
polygonal domains €2 with control constraints. To be more accurate we consider in
(1.3) functions f,, depending on u : 2 — R and g, = g : 9Q — R independent from
u. In Subsection 2.2.0 we introductorily mention applications of distributed opti-
mal control and give an overview about related literature in this field. The specialty
introduced by additional control constraints is the appearance of variational inequal-
ities in first order optimality systems as we will see in Subsection 2.2.1. Therefore
we do not focus onto a concrete class of state equations. In fact, the specific state
equation is not determined. In Subsection 2.2.2 we aim to compare a classical
discretization approach with variational discretization in terms of sensitivities and
algorithmical realization. Finally in Subsection 2.2.3 we investigate and visualize
our findings in terms of a simple numerical example.

2.2.0. Introduction. Optimal control problems governed by partial differen-
tial equations with control constraints practically emerge, when for instance a dis-
tributed heat source as control influences a dynamical system. This can be achieved
for example by electro magnetic induction or by emission of micro waves. To have a
certain application in mind we remember onto the already mentioned optimization
in glass cooling processes or in crystal growing. Due to physical bounds concerning
the heating power naturally control constraints come into play.

The numerical analysis of optimization problems governed by PDEs with control
constraints goes back to the 70s when Falk [Fal73] and Geveci [GevT79] present
convergence analysis for elliptic optimization problems with distributed controls
and piecewise constant Ansatz functions for the controls. Malanowski in [Mal82]
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investigates convex parabolic optimal control problems with piecewise constant as
well as piecewise linear Ansatz functions for the controls.

Optimal error estimates for distributed control of semi-linear elliptic equations
with piecewise constant controls are presented by Arada, Casas and Troltzsch in
[ACT02]. The authors prove linear convergence for the error of the controls in both
the L?- and the L>*-norm. Only a few optimal results are known for continuous,
piecewise linear approximations of the control. In [R6s06], Rosch proves convergence
of order h3/? for the controls for a one-dimensional linear-quadratic elliptic model
problem under special assumptions on the continuous solution. Similar results are
obtained by Casas and Troltzsch in [CT03], where also boundary control problems
are investigated.

Meyer and Rosch prove a super-convergence result for piecewise constant discrete
controls uy in [MRO04] and use this result to show quadratic convergence of the post-
processed control u = P, u,)(—=pn(yn(tn))) for elliptic distributed control problems
in two space dimensions under mild assumptions on the intersection of the active
set of the optimal control and the finite element grid. Here, pp(yn(us)) denotes
the discrete adjoint associated to yp(uy). In particular Meyer and Rosch have to
require that the (d — 1)-dimensional Hausdorff measure of the discrete active set
induced by the optimal control only intersects with a certain number of simplexes of
the triangulation ([HPUUOQ9, Sec. 3.2.6.2]). The same authors prove L*>—estimates
for elliptic control problems with piecewise linear, continuous controls in [MRO6].
Apel and Rosch extend the results of [MRO4] to non-convex domains with corner
singularities and prove for appropriately graded meshes together with Winkler in
[ARWO06] quadratic convergence in L?, and together with Sirch in [ARS09] 22| log h|
convergence in L.

In [Hin05] Hinze presents a general abstract variational discretization concept to-
gether with a tailored algorithmic concept for linear-quadratic problems with control
constraints. The concept allows to compute discrete controls without discretizing
the control space. It is applicable to a large class of control constrained optimal
control problems with PDEs, including parabolic equations [HPUU09, Chap. 3],
and the (time-dependent) STOKES system. In particular it applies to the problems
considered in [MR04, MR06, ARW06, ARS09], and leads to error estimates for the
controls of at least the same quality as presented there.

In [Sch06] Schiela also applied this concept for PDE-constrained optimization
with control constraints for an interior point function space algorithm. Besides its
convergence analysis numerical experiments concerning the behavior of variational
discretization for linear and quadratic finite elements are investigated.

Recently Hinze and Vierling combined variational discretization and semi-smooth
NEWTON methods in [HV09] to a numerical algorithm to whom they address im-
plementation issues, convergence analysis and globalization techniques.

Optimal control problems for parabolic equations in the presence of control con-
straints are considered by Meidner and Vexler in [MV08a, MV08b]. They use dis-
continuous GALERKIN methods in time and finite elements in space to discretize
the state equations, and among other things obtain optimal convergence results for
variational discretization [Hin05] of the controls. This is also reported by Hinze in
[HPUUO09, Chap. 3.

For reasons of clarity we abandon to provide a bibliographic overview concern-
ing adaptive approaches for control constrained optimization of PDEs at this stage.
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Since we are going to focus onto goal-oriented adaptivity for control and state con-
strained problems in Section 3.2.3, we illuminate available literature accumulated in
Section 3.2.1.

2.2.1. Mathematical setting. Let Q C R? (d=2, 3) be a bounded domain.
For a simplified discussion we additionally assume that €2 is polygonally bounded,
since then there exists an exact partition 7, of 2. The finite element analysis for
smooth bounded domains is already carried out in Subsection 2.1.2.

We consider the distributed optimal control problem

: 1 ) a ,
(2.60) minJ(w) = Zlly = yollza(e) + 5 llu = wolly

subject to y = G(u),

with U = L?(Q). Here o > 0 and the functions yg, ug € L*(f2) are given. The space
of admissible controls is

Uw={ueU : u, <u<u}

for some fixed u,,up, € R with u, < wu,. U,g is a convex, closed subset of the
HiLBERT-space U. Since we are only going to focus onto the influence of control
constraints, we do not specify the state equation and the corresponding solution
operator G here. In particular it is not required the state equation to be linear.

Instead of that we subsequently assume that problem (2.60) has a unique solution
u € U,g and there exists a corresponding adjoint state p at least in L?*(€2) such that
both objects satisfy the variational inequality

(2.61) (a(u—up) +p,v—u) >0 Yo & Uy

It easily can be shown that

1
(2.62) U = Plug ) (——p + ug) a.e. in 2
(0%

follows, where Py, 4, : L*(Q) — L*(Q2) denotes the usual orthogonal L?-projection
onto the space U,y. We emphasize that this is a nonlinear equation only caused due
to control constraints. When omitting those by setting u, = —u, = o0 equation
(2.62) simplifies to the dependence u = —ép + .

2.2.2. Finite element discretization and numerical realization. We fol-
low the concept of “first discretize then optimize” and compare a classical dis-
cretization approach with variational discretization. We further investigate how
these discretization schemes mimic the variational inequality (2.61) as well as the
projection formula (2.62). As already mentioned in the introduction mathemati-
cal programs use the characterizing first order optimality conditions and hence also
those variational inequalities for an efficient optimization. For applying a general-
ized NEWTON method onto the KKT-equations it is among others helpful to know
the sensitivity of the variable u with respect to the adjoint state p and their cor-
responding discrete counterparts. We are going to investigate this sensitivities for
both discretization schemes. Our observations are going to have important conse-
quences onto the numerical realization.
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2.2.2.1. Classical discretization. In many existing finite element codes at least
the standard space of linear finite elements P!, (7,) is contained. Therefore we
focus our discussion onto this space. It is easily implementable if one naively dis-
cretizes up,yn, € Yy, 1= C{h(ﬁ) in advance. We end up with the fully discrete finite
dimensional optimal control problem
min
(2.63) up €Ul
subject to y, = Gp(up),

(6%
chiuh)=:Hyh——yth%qQ)+~§Huh——uth%

where UM := {v, € V), : u, < vy < up} and G, is a discrete approximation to the
solution operator G. The furthermore ug; and y are finite element functions in
Y, approximating the data wg, 39 such that

|uo — uonl20) + lvo — Youll L2 = O(h).

In analogue to Subsection 2.2.1 again we assume that problem (2.63) has a unique
solution wuy, € de and there exists a corresponding adjoint state p, € Y}, such that
both objects satisfy the variational inequality

(2.64) (a(up, —uop) + ph,vn —up) >0 Vo € de‘

Recalling the notation from Section 1.2 (2.64) can be rewritten into

(2.65) (a(u+ug) +p) " M(v—u) >0 VvV E [ug,u)™

or equivalently into

(2.66) Yoty 2jens (@(ui = ug i + pi)mij(v; —u;) >0 Vv € [ug, up]™,

Remark 2.2.1. The discrete counterpart of the projection formula (2.62) is neither
the first guess up = Py, ) (—éph + u07h), since this contradicts u; € Y} in general,
nor the second guess u; = P[umub](—ipi +ug,) for all i € {1,...,m}. If it would, we
assume for conviction w.l.o.g. u; = up < —%pl +up, and u; = —épi +up; € (Uq, up)
for i € {2,...,m}. For a fixed k € N7 \ {1} we define v}, := wu;, and v; := u; for all
je{l,....,m}\ {k}. Then v € [u,, up]™ and by (2.66)

(a(uy —ug1) +p1) mag (g —ug) >0

J

~~

<0 >0 >0

contradicts the assumption u; = P[uavub}(—épi +up,) foralli e {1,...,m}.

There is another way to express the dependence between the discrete control u
and adjoint state p. The orthogonal projection of —éph%—u()ﬁ onto Y}, is the solution
of a box constrained quadratic minimization problem, i.e.

1 g 1
(2.67)  u= argmin v Mv — 2 (——p + u0> My =: P[Za ) <——p + u0> :
Ve[ua,ub]m o ’ «

The Lagrangian L : R™ x R™ x R™ x R™ — R for the minimization problem (2.67)

is given by

1 T
L(ua Aba Aaa p) = uTMu -2 (_ap + uO) Mu + Ag(u - llb) + AZ(ua - u)v

where u,,up, € R™ are the vector representations of I,u, and I,u,. In order to
implement a generalized NEWTON-method it is necessary to derive (2.67) for p;.
Therefore we state the theorem of sensitivity from [Fia83] adapted to our purpose
as the following
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Lemma 2.2.2. Let f,g1,...,gom : R™ X R™ — R be two times continuously differ-
entiable functions and w € R™ fized. Let further £ € R™ be a strictly reqular local
minimum, of
mﬂi@rl flz,w), st gi(z,w) <0, i=1,...,2m (NLP(w))
reR™
with corresponding Lagrangian L(z, A, w) = f(z, uA))—l—j\Tg(a%, w) and LAGRANGE mul-
tiplier X\ € R*™.  Then there exist neighborhoods V() and Us(Z,\), such that
(NLP(w)) has a unique strictly regular local minimum (x(w), N(w)) € Us(z, A) for
allw € V(). Additionally (x(w), A(w)) is continuously differentiable w.r.t. w with

2 (1) V4L (g)"] 7 [VAL

d, I T z Tw

269 ol R

where A = diag(j\l, . 5\2m), [ = diag(g1, - .-, gom). All functions and derivatives

are evaluated at (T, A\, ).

Before we apply the above lemma, we introduce subsets of indices corresponding
to active and inactive box constraints.

Definition 2.2.3. For given u;, € U", we define the index sets

o ={1,...,m}

Q={ic®:u =u,} lower control active index set
O:={ic®:u =u} upper control active index set
Q@ =QUOd control active index set
O:=0\d. control inactive index set

The sets @,® and © are a disjoint decomposition of @ = {1,...,m}. Recalling
Definition 1.2.12 of a blockwise split of a quadratic matrix, we are able to express
the sensitivity in (2.67) with respect to p; within the

Lemma 2.2.4. Let u;, € U, and p, € Y}, satisfy (2.64). Then
du - 1 ICD Ma)lMCD@ '

dp o l0gp  Og
PROOF. Applying Lemma 2.2.2 to (2.67), we obtain the sensitivities of u, Ay,
and A, with respect to p due to the solution of the following linear system:

(2.69)

du -1

o oM I -1 —2M
Lo | — | diag(Ap) diag(u — uy,) 0 0
% —diag(Aa) 0 diag(u, — u) 0

All appearing matrix-blocks are in R™*™. Fortunately we are able to proceed in
computing the sensitivity j—; due to the simple structure of the system-matrix. Let
us decompose the inverse of the system-matrix into 9 blocks of size m x m. Then

B B, B; 2M I —1I I 00O
(2.70) |Bs B; Bg diag(Ap) diag(u — up) 0 =10 I O
B; Bs By| |—diag(Aa) 0 diag(u, — u) 0 01
Since we are only interested in 2—;, we observe
(2.71) du = —EBM.

dp Q@
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Now from (2.70) we obtain 3 characterizing equations

(2.72a) 2BM + Bdiag(Ap) — Badiag(Aa) =1
(2.72Db) B + Bydiag(u —up,) =0
(2.72¢) —B + Bsdiag(u, —u) =0

to determine B. Comparing the columns with respect to the upper active set @® in
(2.72Db) tells us

B.@ = —B2.diag(u — ub).@ = 0.@ =0.
In the same way we obtain for (2.72c)
B.@ = B3.diag(ua - u).@ = 0.
For determining Bgg we know that the LAGRANGE multipliers A, and A, vanish
on the inactive set @ due to strict complementarity. This yields for (2.72a)
2BeMeo = lop — Brediag(Ab)@p + Biediag(Aa)eo = leo-
But we already know that Bgg = 0 and hence (2.72a) simplifies further to

2BeoMo = loo-
Since M is positive definite, M also is (see [HJ85]). This gives us Bggp = 0 and
Bg = %Mq_)l Now with (2.71) we obtain

du 1 {Maf 0@@} [Mq) M@@} _ 1 [ Ip MgMog
dp a |0gp Og | [Megp Mg a |O0go Ow,
which completes the proof. Il

Remark 2.2.5. In the case where no box-constraints are active on the control, i.e.
® = &, (2.69) reduces to

d 1

du 1,

dp Q@
as one would expect.

Remark 2.2.6. If one uses the lumped mass-matrix M instead in the above dis-
cussion beginning at (2.65), then indeed

1
(273) U; = P[Ua,ub} <—ap1 + Uo’i> V1 c {1, e ,m}
immediately follows. Differentiating (2.73) w.r.t. p; yields
du 1 Ip Opg
2.74 —_— = ——
&) dp o {0@03 Og.

which also is obtained by (2.69) since M is diagonal and hence Mg = 0.

Remark 2.2.7. The submatrix Mgpg = M&(D is almost the Opg-matrix. More
precisely for i € © and j € @ the entry m;; is only then non-zero, if and only if
J € ®@NN; by (1.20). Therefore the matrix Mpg can be interpreted as a smear-
ing interaction between those finite element functions having their support on the
boundary from inactive to active sets.

Recalling the definition in (1.22) we conclude our discussion by



2.2. OPTIMAL DISTRIBUTED CONTROL ON POLYGONAL DOMAINS 43

Theorem 2.2.8. Let u;, € U, and p, € Y), satisfy (2.64). Then

da 1
2. aa 1
(2.75) =M.
with
Mg Mog ]
2.76 M = l )
(2.76) {M@CD MgoMg Mog

ProoOF. We multiply equation (2.69) from left by the regular matrix —aM,
which gives
Conu [MCD M@@} {Iq) quMcD@} _ [MCD Mog
Mgp Mg | [0go  Og Mgo MgoMgp Mg
U

Remark 2.2.9. The matrix M € R™™ is symmetric, but generally full in the
block ® x ®.

2.2.2.2. Variational discretization. We now discretize problem (2.60) in a mini-
mal invasive way. The concept of variational discretization proposed in [Hin05] only
discretizes the solution operator G of the state equation. Therefore primarily only
the state y, is an element of Y}, := Pc{ w(Tn). The control u stays in function space
U. We therefore consider the infinite dimensional optimal control problem

. 1 ) a )
(2.77) urélllj?djh(u) = §||yh - yo,h“Lz(Q) + §||u — uO,h”U
subject to y, = Gp(u).

Again we assume that problem (2.77) has a unique solution u;, € U,y and there exists
a corresponding adjoint state p, € Y}, such that both objects satisfy the variational
inequality

(2.78) (a(up, —upp) +pr,v —up) >0 Yo € Uyg.

Since in the above inequality the test space is U,4, we are in the same setting as
in (2.61) and hence the optimal control u; can be characterized by the projection
formula

1
(2.79) Un = Plug ) (—aph + Uom) :

Let us emphasize that the argument —iph +ug 1, to project is a finite element function
in Y},. So the optimal control u,, still has a lot of structure we are going to exploit.

Since for the solution finally the projection formula (2.79) between wu; and py,
has to hold, it is equivalent to determine the control active sets via the variable py,.
This is more convenient to implement since p, € Y;. In analogy to Definition 2.2.3
we overload the meaning of the symbols therein by

Definition 2.2.10. For given p; € Y}, we define the subsets

@ =

Q:={zeQ: —ipy(x) +upn(r) < uq} lower control active set
O:={zeQ: u < —2py(zx) +un(z)} upper control active set
@ =0UD control active set
O:=0\8. control inactive set
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The sets @,® and © are a disjoint decomposition of @ = 2. The main difficulty
in numerical realization consists in the fact, that the specific active sets are not
known a priori. In contrast to the previous blockwise split of the mass-matrix M we
further introduce an additive split within

Definition 2.2.11. For given p; € Y} we define m x m-matrices
Mg = [Jo %i%i];,_, -
Mg = [Jo ¢i¢j]ZLj:17
Mg = U@ gbng]}?;:l )
Mg := Mg + Mp.
Lemma 2.2.12. For given p, € Y}, there holds
M = Mg + Mg = Mg + Mg + Mp
as additive split of the mass matrixz M.
PRroOF. For the first equality we have
M= /o ¢i¢j]2§-:1 = [Jp ¢ + Jg ¢i¢j]zlj:1 :
The second equality follows by definition. O
We have the following analogy to Theorem 2.2.8:

Theorem 2.2.13. Let uy, € Uyy and p, € Yy, satisfy (2.79). Then
da 1
i = oMo
PrROOF. With u, := [u,),, up := [up)i", and recalling (1.22), we obtain
u= UQ uh(fbi];il
= [Jo Pluwan) (=5Pn +uon) 6],
= U@ Ui + f@ upQ; + f@ (_éph + Uo,h) @'Kil

(2.80)

1
— M@ua + M@ub —+ M(D (—ap + LlO) .
O

This result was in contrast to classical discretization easily and more smartly
obtained. Variational discretization keeps the sparsity structure, since clearly in
contrast to M the matrix Mg is symmetric and sparse. It also mimics the ana-
lytical variational inequality (2.61) and is therefore structure exploiting. It sharply
separates active from inactive parts. There is no smearing effect as is observed for
the classical discretization concept.

Let us emphasize that assembling Mg, Mg and Mg can be done with a quit
efficient algorithm and is not a huge computational drawback. For space dimension
d = 2 this algorithm is implemented in Matlab by the routine assem mass, whose
code is exceptionally attached in Algorithm A.1. To get a little more insight, we
define the auxiliary variable y;, := —éph + upn € Yy,. Now the split mass matrix
can be computed via the function call

[M@ Mg M@} = assem-mass(xy, Uq, Up)-
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FIGURE 2.5. Quadrature nodes for the cases (2), (3) and (4).

The routine simultaneously separates 4 cases for each T' € T, with respect to the
activity behavior of xr in each of the 3 nodes n1, n2 and n3. These cases are

(1) all nodes are lower active or
all nodes are upper active or
all nodes are inactive;
(2) exactly ONE active node or
exactly two lower active nodes (hence ONE inactive node) or
exactly two upper active nodes (hence ONE inactive node);
(3) two lower active nodes and ONE upper active node or
ONE lower active node and two upper active nodes;
(4) ONE inactive node and two differently active nodes.

W.l.o.g. we concentrate onto M. For i,5 € {1,...,m} we can write
[oos=3 [ o0=% [ 1ose
O rer, /TN TeT, * T

and observe that 1qg;¢; is a piecewisely quadratic function on 7. Moreover there
exists a partition of 7' into subtriangles T1, ..., T5, such that L1gp¢;¢; is indeed
quadratic on every subtriangle. Now the final ingredient is the standard quadrature
rule (2.81) for quadratic functions on triangles (see [GR05, Lemma 4.14]).

Lemma 2.2.14. Let z, be the quadratic function with values zo in the nodes p®,
|| = 2 defined through

2 (p%) = zZay la] =2

over the triangle K = conv{p'®, p®° po11 “where we have used the standard multi-

index and barycentric coordinate notation. There holds
1
(2.81) / zp(z) = E‘K‘(Zno + 2011 + 2101)-
K

The partitions of T as well as the quadrature nodes from Lemma 2.2.14 with
respect to the nontrivial cases (2), (3) and (4) are depicted in Figure 2.5, where
the boundaries of control active sets are displayed as dotted lines. Let us remark,
that if one additionally assumes that the initially chosen mesh size h is sufficiently
small such that lower and upper control activity does not occur within one triangle
T than the routine assem mass is even faster because of the absence of the cases
(3) and (4). This is because the set of all triangles of 7" € 7Ty, is split into the four
(possibly empty) cases. For each of these cases the terms [, wip; (k € {1,...,5},
(1,7) € {(1,1),(1,2),(1,3),(2,2),(2,3),(3,3)}) are computed and sorted into their
contribution to the local mass-matrices with respect to ©,®@ and ®. In a final step,
the global mass matrices Mg, Mg and Mg are assembled from the local ones.
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(a) Classical: uy, € Ut,. (b) Variational: w, = Py, u,)(—2pn) € Uad.

F1GURE 2.6. Optimal controls u; on a uniform mesh with m = 81.

2.2.3. Numerical experiment. The aim of this subsection is to visualize the
advantages of variational discretization in terms of showing the sparsity structure
from Theorems 2.2.8 and 2.2.13. Moreover we convince ourselves of the function-
ality of the routine assem mass. The specific solution algorithm for the variational
discretized problem (2.77) will be explained more generally in the next chapter in
Section 3.1.4.2 where additional state constraints come into play. For the classical
approach (2.63) we simply use the Matlab routine quadprog.

Let Q = (0,1)* and consider the optimal control problem (2.60), where for
u € L*(Q) the corresponding state y = G(u) € H'(Q2) weakly solves the boundary
value problem
—Ay+y=u in()

Opy=0 onl.
As further data we choose o = 1073, ug = 0 and yo = cos(27z;)sin(27z). The
control is constrained by the bounds u, = —0.5 and u, = 0.7. We solve this problem

numerically for both approaches. Its solutions wu; are depicted in Figure 2.6 for both
cases on a coarse mesh with m = 81 nodes. In Figure 2.6(b) the optimal variational
control u;, € U,y as well as —éph € Y}, the bounds u,, u, and the numerical mesh
can be seen. The control active sets are marked as solid lines and not necessarily
follow edges of the triangulation. This is different to the classical approach depicted
in Figure 2.6(a). Here the active sets for u;, € U, cannot escape its predefined
structure due to the restrictive space U™,

Because for variational discretization the boundary of control active sets is re-
solved very well already on coarse grids, there is not that much the need to refine
the mesh in this certain area compared to the classical approach. Here unnecessarily
a lot of DOF's are required, to resolve these boundaries and to correct this unsuited
concept.

Moreover let us briefly consider the sparsity structure of % depicted in Figure
2.7 as they are provided by the Theorems 2.2.8 and 2.2.13. Clearly for variational
discretization M, is sparse, but for the classical approach we observe fill-in in M.

We conclude that for control-constrained optimal control problems variational
discretization is a tailored and structure exploiting concept.
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FIGURE 2.7. Sparsity structure of % on a uniform mesh with m = 81.






CHAPTER 3

State constraints

3.0. Introduction

In this chapter we concentrate onto optimal control problems governed by PDEs
with additional constraints on the state variable y. We recall from the introduction
0.3 the applications of optimal hyperthermia treatment planning, where lower and
upper temperature bounds inside the human body have to be satisfied. Another
important application is the optimal control of the BOUSSINESQ-approximation of
the NAVIER-STOKES equations in the chemical engineering field of crystal growing,
where also state constraints in form of temperature bounds are present.

The first results concerning the existence of LAGRANGE multipliers for an elliptic
optimal control problem under pointwise state constraints are proven by Casas in
[Cas86, Cas93]. The challenging character of these problems roots in the fact that
state constraints feature low regular LAGRANGE multipliers which are known to
be BOREL measures. A funded analysis about the regularity of these multipliers
is also carried out in [BKO03, Sch09b]. Their presence on the right hand side of
the adjoint equation consequences the adjoint state p no longer to be in H'(Q)
but only in Wh#(Q) for all 1 < s < -%. These facts complicate not only the
analysis of such optimal control problems but also their numerical treatment as
well. In addition, in the presence of control constraints, the solution may exhibit
subsets of the underlying computational domain where both control and state are
active simultaneously. Then the uniqueness of LAGRANGE multipliers cannot be
guaranteed anymore. The statement of sufficient conditions for their uniqueness is
subject in the work [Sha97].

The topic of state constraints is also well addressed in the books [HPUU09, IKO08|
and [Tr605]. Very popular are relaxation concepts for state constraints such as
LAVRENTIEV, interior point and Moreau-Yosida regularization. The former one is
investigated by e.g. Meyer, Résch and Troltzsch in [MRTO06], and numerical analy-
sis for this approach is presented by Cherednichenko and Rosch in [CR09], and by
Cherednichenko, Krumbiegel and Rosch in [CKRO08]. Hinze and Meyer in [HMOS]
present a uniform-in-parameter error analysis together with optimal parameter ad-
justment strategies for LAVRENTIEV regularization. Barrier methods applied to
state constrained optimal control problems are considered by Schiela in [Sch09al.
For this approach he together with Hinze in [HS09] presents a uniform-in-parameter
error analysis together with optimal parameter adjustment strategies. Numerical
analysis for relaxation by penalization (see e.g. the work of Hintermiiller and
Kunisch [HK06a, HK06b]) including uniform-in-parameter error analysis and op-
timal parameter adjustment strategies is investigated by Hintermiiller and Hinze in
[HHO09a|. Recently by Hintermiiller and Kunisch in [HK09] a generalized Moreau-
Yosida-based framework also applies for constraints on the gradient of the state.

In this chapter we focus onto distributed optimal control governed by linear
elliptic PDEs. The main nonlinearity enters through the state constraints. We
basically split this chapter into two parts.

49
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First a priori analysis is carried out. After precisely stating the underlying opti-
mal control problem in Section 3.1.1 and its discretization in Section 3.1.2, we further
provide available literature concerning the finite element analysis and convergence
rates separately in Section 3.1.3. Finally in Section 3.1.4 we explain the numerical
solution of both the purely state constrained and the simultaneously control and
state constrained optimal control problem.

In the second a posteriori part 3.2 of this chapter we address the issue of adaptive
finite element methods, where adaption is with respect to a certain goal. In Section
3.2.1 we give an overview about the available literature concerning the so called dual
weighted residual (DWR) approach and its extension to the presence of control and
state constraints. In Section 3.2.2 we develop and investigate an a posteriori error
estimator for the purely state constrained case. Some of these techniques also apply
to the simultaneously control and state constrained case considered in Section 3.2.3.

3.1. A priori error analysis

3.1.1. Mathematical setting. Let Q be a bounded domain in R¢(d = 2,3)
with either a polygonal convex or sufficiently smooth boundary 0§2. We consider
the general partial differential operator A : H'(Q) — HY(Q)* defined in (1.1)
along with its formal adjoint operator A* from (1.2). We subsequently assume the
involved coefficients a;;,b; and ¢ (4,5 = 1,...,d) to be sufficiently smooth functions
on € and that A is elliptic in the sense of Definition 1.1.1. We further suppose the
corresponding bilinear form a(-,-) : H'(Q) x H*(2) — R from (1.4) to be coercive on
H'(Q) be means of satisfying (1.5). This can be attained by demanding a sufficient
condition stated in Remark 1.1.2.

Let U be a Hilbert space and let the linear and bounded operator B : U —
(H'(Q))* be given. We consider the homogeneous NEUMANN boundary value prob-
lem of finding y € H'(Q) such that for given u € U and fixed function f € L?*(f2)

Ay=Bu+f inQ

(3.1) O,y = 2?,3:1 Yz Vj = 0 on Jf)

holds. Here, 7/ is again the unit outward normal to 9€2. Rewriting problem (3.1)
into finding y € H*(2) such that

(3.2) a(y,¢) = (Bu+ f.¢) Vo€ H ()

holds, it follows by the Lax-MILGRAM lemma 1.1.3, that there exists a unique y =:
G(Bu) € H'(Q). For our purpose we even have to impose a more regular range
space for the operator B, namely that B € L£(U; L*(Q)). Then G(Bu) belongs to
H?(Q) and the following estimate holds true

1G(Bu)ll a2y < ClBullr2@) < Cllullu,

with C being a constant depending on f and the domain 2.

We now recall the general control and state constrained elliptic optimal control
problem from [DGHO7], which reads

. _ 1 . 2 % o 2
(33) Juin J(u) = 3]y = yollzai) + 3 lu — ol
subject to y = G(Bu) and y,(x) < y(z) < yp(z) in Q.

Here, U,q C U denotes the set of admissible controls which is assumed to be a closed
and convex subset of the Hilbert space U. Furthermore, we suppose that a > 0 and
that yo € H'(Q), ug € U, ya, yp € WH>(Q) are given. We impose a so called Slater
condition:
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Assumption 3.1.1. There exists some u € U,y such that
(3.4) Yo < G(BQ) <y in .

Since the state constraints form a convex set and the set of admissible controls
is closed and convex it is not difficult to establish the existence of a unique solution
u € Uyq to problem (3.3). The fact that its corresponding state y := G(Bu) €
H?*(Q) belongs to C°(Q) by an embedding theorem requires to introduce notation
for its dual space in order to characterize the optimal solution. Below the space of
RADON measures M () is identified as the dual space of C°(Q2) endowed with the
norm

ey = s [ g
geC(Q),lgI<1 /O
Moreover we define the dual pairing

(10.9) = (19w oy = [ 9k Vi€ M(@) Vg € OO
and
p>0<= (u,g) >0 Vge Q) with g > 0.
We are now ready to state the first order optimality conditions which can be found

in [Cas86, Cas93].

Theorem 3.1.2. The optimal control problem (3.3) has a unique solution (y,u) €
H?(Q) X Uug. Moreover there exist p € WH5(Q) for all 1 < s < d/(d — 1) and
fas ty € M(Q) which satisfy for all ¢ € H*(Q) with 0;,6|laa = 0 the following
optimality system

(3.5a) y = G(Bu),

(3.5b) (s Ad) = (y — Yo, &) + (16 — fa, D) ,
(3.5¢) (a(u —ug) + RB'p,v —u)y >0 Yo € Uy,

(3.5d) fa >0, Y >Ya, (MY —Ya) =0,

(3.5¢) >0,y <y, (ty—y) =0.

In the above theorem R : U* — U denotes the inverse of the RIESZ isomorphism.
Later on we are going to concentrate onto structure exploiting GALERKIN schemes
for two scenarios of distributed optimal control problems, namely

3.1.1.1. The purely state constrained problem.

Problem 3.1.3 (purely state constrained). Consider problem (3.3) with B = id,
U=1L*Q) =Uig.

Under the assumption (see [GHO8])

U, = rileaécya(:c) < min w(z) =y,
our problem satisfies the Slater condition (3.4) with @ := §(y, +y,) € L*(Q) since
then y, < G(u) = %(ga + gb) <y in Q. The absence of control constraints implies
the LAGRANGE multipliers p,, tp as well as p to be unique. Moreover the variational
inequality (3.5¢) can be replaced by the equation

(3.6) alu—ug) +p=0 in L*Q).
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3.1.1.2. The control and state constrained problem.

Problem 3.1.4 (control and state constrained). Consider problem (3.3) with B =
id, U = L*(Q) and Uyg = {u € L*(Q) : u, < u < up} for some fixed g, up € R with
Ug < Up.

There exist LAGRANGE multipliers \,, A, € L*(Q) for the control constraints
such that the variational inequality (3.5¢) can be replaced by

alu—u) +p+ X — A =0 in L*(Q),
/\a 2 07 Uu Z Uq, (A(“U - ua) - 07
)\b Z O, u S Up, ()\b, Up — ’LL) =0.

Due to the circumstance that control and state active sets may intersect, the unique-
ness of p, Ay, Ap, f1e and p;, can not be guaranteed anymore. We overcome this diffi-
culty and the fact that u,, p are measures in general by applying a Moreau-Yosida
regularization technique as in [GT09]. This technique penalizes the state constraints
Yo <y <y, by modifying the objective functional J. The regularized optimal control
problem reads

(3.7) Iin J7(u) = J(u) + 3] max(0, ya = y)l72(q) + 31 max(0,y = )72
. subject to y = G(u),

where v > 0 denotes a regularization parameter tending to +00. The max-expres-
sions in the regularized objective functional J7 arise from regularizing the indicator
function corresponding to the set of admissible states.

Notice that (3.7) is a purely control constrained optimal control problem that has
a unique solution (y7, u?) € H?*(Q)) X U,. Furthermore, under the Slater con-
dition (3.4), we can prove the existence of LAGRANGE multipliers (p?, A}, \]) €
L*(Q2) x L*(Q) x L*(Q) using standard theory of mathematical programming in
BANACH spaces [ZK79] such that for all ¢ € H?*(Q) with 05 ,6¢|an =0

(3.8a) y' =G(u),

(3.8b) (P, Ad) = (¥ — yo, ) + 1y — 12, ) ,
(3.50) ofu — o) + 7 + N — N =0,

(3.8d) AL >0, u >u,, (N u’—u,) =0,

(3.8e) A >0, uw<wu, (A,up—u’)=0,

where

py =ymax(0,y, —y’) and p =ymax(0,y” — yp).

The convergence of the regularized primal-dual path v — (y?,u”,p?, A1, \]) is
the purpose of the next result whose proof follows from the discussion in [HK09].

Theorem 3.1.5. Let {(y”,u”,p", NI, \})}4=0 be a sequence of solutions of (3.8).
Then there exists a subsequence still denoted by {(y”,u”,p?, A}, A}) }4=0 and (p*, AL,
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Ny s ) € L2(S2) x L2(2) x L2(Q) x M(Q) x M(Q) such that
Yy’ =y in CO(Q),
y' =y in H* Q)
uw’ — u in L*(Q),
A= A in L2(Q),
N\ in L),

(
py — gy in M(Q),
as vy — 400, with (y,w, p*, A&, X, o, ) being a solution to the optimality system
(3.5).

3.1.2. Finite element discretization. In this section we are going to apply
variational discretization to problem (3.3). Since this is already worked out in
[DGHO7, DHO7b] as well as in [HPUU09, Sec. 3.3.1.1] we go through this quickly.

Let T, be a quasi-uniform triangulation of {2 with vertices x1, ..., x,, and max-
imum mesh size h as already introduced in Section 1.2. We consider the space of
linear finite elements Y}, := P.,(7,) with LAGRANGE basis {¢; € Yy : i =1,...,m}.
If 0€) is not polygonal we allow an appropriate modification for boundary elements
(compare also Section 2.1.2). In what follows it is convenient to introduce a discrete
approximation of the operator G. For a given function v € L?(Q) we denote by
zn = Gn(v) € Y}, the solution of the discrete NEUMANN problem

(3.9) a(zn, ¢n) = (on + f,¢n)  for all ¢, € Yy,

Problem (3.3) is now approximated by the following sequence of control problems
depending on the mesh parameter h:

minJhu:lyh—yU2 +9u—u0,h2
(3.10) o, (u) = 3 1720 + 5 I |

subject to y, = Gp(Bu) and y,(x;) < yn(z;) < yp(z;) for j=1,...,m.
Here, ug ), denotes an approximation to ug which is assumed to satisfy
(311) ||U0 - uO,hHU S Ch.

Problem (3.10) represents a convex infinite-dimensional optimization problem of
similar structure as problem (3.3), but with only finitely many equality and inequal-
ity constraints for the state, which define a convex set of admissible functions. Again
we can apply [Cas93, Thm. 5.2] which yields

Theorem 3.1.6. There exists hg > 0 such that for 0 < h < hy problem (3.10) has
a unique solution u, € U,q with corresponding state y, = Gp(Buy) € Y. Further
there exist ¢, p? € R (i = 1,...,m) and a function p, € Y}, such that with p,; =
S W, fon = Y oiey 120, and for all ¢, € Yy, we have

(3.12a) a(Yn, &) = (un + f, n),

3.12b) a(on, o) = (Yn — Yo, Gn) + (uh — p1sl, én),
3.12¢) (a(up, —ugp) + RB*pp,v —up)y >0 Vo € Uy,

(
(
(3.12d)  pran >0, yn > Inya, (W3, Yn — Inya) =0,
(3.12¢)  ppn >0, yn < Inys, (i, Inys — yn) = 0.
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Here, 6, denotes the DIRAC measure concentrated at x and I, : C’O(Q) — Y, is
the usual LAGRANGE interpolation operator. It is going to be useful to introduce
also the Y, -functions

Thprap = ZM?@ and  Tpppp = ZM?@-
i=1 i=1

Problem 3.1.3 cont. The variational inequality (3.12¢) can be replaced by
(3.13) a(up, —uop) +prn =0,

where ug, € Y}, is for instance the standard L2-projection of ug onto V3. Hence the
variational discrete optimal control uy, is itself an element of Y}, i.e. the optimal
discrete solution is discretized implicitly through the optimality condition of the
discrete problem. Therefore in (3.10) U,y = U may be replaced by Y}, to obtain the
same discrete solution uy, which results in a finite-dimensional discrete optimization
problem instead.

Problem 3.1.4 cont. We again apply variational discretization [Hin05] to problem
(3.7) and consider therefore

(3.14)

min J)/ (u) := Jy(u) + 3| max(0, Iy — yn) |72 + 31 max(0, yn — Lnye) |72 (0

u€Ugq

subJect to yn = Gn(u).

The existence of a solution u) € U,y of (3.14) as well as LAGRANGE multipliers
again follows from standard arguments. The corresponding first order optimality
system of (3.14) leads to the variationally discretized counterpart of (3.8). For all
o € Y}, there holds

(3.15a) a(yn, on) = (up), + f, on),

(3.15b) a(n,ph) = (Y — Yo, On) + (155 — Ha s Bn),s
(3.15¢) aluy —uop) +pp + A, — Aoy =0,

(3.15d) AL, >0, ul>ug (Al,muh —u,) =0,

(3.15¢) AN, >0, wl <wy, (A, u—u)) =0,

where ), p) € Yy and uy, A}, Ay, € L*(Q). The quantities p] , and py, are given
by

(3.16) fo, = ymax(0, [y, —y;) and  pg, =ymax(0,y, — Irys)-

We mention here that (3.14) is a function space optimization problem and the opti-
mal control u; is not lying in a finite element space in general. However, regarding
(3.15), u; corresponds to the projection of a finite element quantity over the admis-
sible set U,q4

1
(317) UJZ = P[Uaaub} (—apz + uO,h) .

This brings us back into the context of Section 2.2.2.2. Moreover due to the structure
of ,ulh, ,uZ,h in (3.16) also the state active set is not neccessarily resolved by the
underlying mesh 7j,.
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3.1.3. Available a priori error estimates. Finite element analysis for semi-
linear elliptic control problems in the presence of control and finitely many state
constraints is presented by Casas in [Cas02] who proves convergence of a finite
element approximation. In [Mey08] Meyer considers a fully discrete strategy to ap-
proximate an elliptic control problem with pointwise state and control constraints.
A priori error estimates for a purely state constrained elliptic optimal control prob-
lem is derived by Deckelnick and Hinze in [DHO07a]. Therein they consider optimal
control of an homogeneous NEUMANN problem on a smooth bounded domain under
pointwise state constraints. By variational discretization of the control and using
piecewise linear finite element functions for the state they prove for space dimensions

d=2,3
_d_
lu = unllz2@) + |y = Ynllmr @) = O(h*727%)
for arbitrary e > 0. In [DHO8| the same problem with additional pointwise state
constraints is considered. While the state approximation stays in the space of linear
finite elements, the corresponding optimal control is requested to be piecewise con-

stant on every element of the domain partition. Compare also [HPUU09, Thm. 3.15],
where

O(h|logh|), ifd=2,

— 2 + — 1 =
| — unll 220y + |y — ynllor (o) {(’)(hé), ifd—3

is proven.
By using results from [DHO7b] a priori analysis for the variational discretization
approach under the presence of control and state constraints is carried out in [Hin08§]

and [HPUUQ09]. With a general linear and bounded control operator B : U —
H'(Q)* at the right hand side of the state equation [HPUU(09, Thm. 3.14] reads

O(h
O(h

), ifd=2,
), ifd=S3.

SRS

v —unllv + Iy — yull 1) = {

If in addition Bu € W*(Q) for some s € (1, %) then

logh|%).

This error estimate also had been numerically validated by the author in [DGHO7]
on the unit square for d = 2 and B = id for a purely pointwise state constrained
problem taken from [DHO7a, Ex. 4.1].

Under the additional assumptions that wu,u, € L®(Q2) with |upl[ze@) < C

3_d
lu —unllv + |y = ynllar @) = O(h2™ 2

uniformly bounded in & there further holds for d = 2,3 ([HPUU09, Cor. 3.3])
[ = unllo + ly = ynll @) = O(h[log hl).

Less is known in case of nonlinear state equations. Casas and Mateos in [CM02]
consider a full finite element discretization of a semi-linear state-constrained optimal
control problem and prove convergence of global optima of the discrete problems
to a global optimum of the infinite dimensional problem. The results of [CMO02]
are remarkable since only low regularity of the nonlinearities is required, as the
associated analysis is not based on optimality conditions. An approach to the same
problem class using the first order optimality conditions is contained in the work
[HMO7] of Hinze and Meyer, where stability issues of state constrained semilinear
elliptic control against perturbations are discussed and finite element discretization is
considered as special class of perturbations. Recently Vierling in [Vie09] considers
semilinear elliptic optimal control problems under control and state constraints.
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Using variational discretization he proved O(h) convergence of the L?()-control
error for a model problem in two space dimensions.

To the best of the authors knowledge there are only a few results on the analysis of
parabolic optimal control problems with state constraints. The abstract framework
for such problems can be found, e.g. in the book of Fattorini [Fat99, Chap. 10-11]
and in the lecture notes [FF91] of Fattorini and Frankowska. NEUMANN boundary
control problems with various constraints on the state, including integral constraints
on the gradient of the state are analyzed in [Cas97]. In [NT09] Neitzel and Troltzsch
investigate LAVRENTIEV regularization of linear-quadratic problems and their con-
vergence to the limit problem as the regularization parameter tends to zero. They
consider the same approach for more general control problems including semilinear
state equations and control constraints in [NT08]. De los Reyes, Merino, Rehberg,
and Troltzsch derive optimality conditions for elliptic and parabolic optimization
problems with state constraints and controls taken from a suitably restricted con-
trol space in [dLRMRTO8]. Recently in [DH09] Deckelnick and Hinze prove a priori
error estimates for a parabolic state constrained problem for two and three space
dimensions discretized besides others by piecewise constant time approximations.
Lately in the work [MRV10] Meidner, Rannacher, and Vexler proved optimal a pri-
ori error estimates for a space-time finite element discretization of a linear parabolic
control problem with state constraints pointwise in time.

3.1.4. Numerical realization. In this part of the manuscript we focus onto
the development of structure exploiting numerical solution concepts for (3.3) and its
variational discretized counterpart (3.10) for both Problem 3.1.3 and Problem 3.1.4.

3.1.4.1. The purely state constrained problem. The necessary and sufficient op-
timality conditions (3.1.6) for Problem 3.1.3 can be rewritten as

Ay =M(u+f),
ATp = M(y - yO) + Hy — MKy,

p+a(u—ug) =0,

Ha 2 07 y Z Ya, (y - ya)Tl’l’a = 07

>0, y<yp, (ypb— Y)TMb =0,
where we have used the matrices M, A and the vector notation for the finite element
functions up, yn, Phy Inttans Intte.ns InYas Inys € Péh already introduced in Section 1.2.
Furthermore the L?-projections of the data f,ug, 7 into Y}, are represented by ug =
M1, respectively. We solve the above optimality system by an adapted Moreau-

Yosida-based active set strategy taken from [BHHKO00, p. 500]. Therefore we have
the following

Definition 3.1.7. Let y", pu}, up € R™, c,,cp > 0 be given. Recalling @ =

{1,...,m} the active and inactive index sets for the state constraints are
"= ={ic®: (y'—caph)i < Ya;} lower state active index set
" =0:={ic®: (Yy'+cp)i > Ybi} upper state active index set
®" =8 :=0U0 state active index set
e':=0:=0\8&. state inactive index set

Subsequently we assume that €N "= @ holds. The modified Moreau-Yosida-
based algorithm now reads
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Algorithm 3.1.8 ([BHHKO00, p. 500]).
(1) Initialization: choose y°, u2, ud € R™, ¢,,c, > 0, and set n = 0.
(2) Determine the subsets of active/inactive indices according to Definition
3.1.7.
(3) Ifn>1,0" =" ! and " = "', then STOP; otherwise go to step (4).
(4) Find (y™,u™, p", 2, pp) as the solution to

Ay" = M(u" +f),
ATp" = M(y" — yo) + iy — pi,
p" +a(u" —ug) =0,
Vil =ya foriee", ul=0forice”Us",
yl=yp, fori e,  up,=0forice”Uue".
(5) Set n =n+ 1 and go to step (2).

For each iteration there are basically two ways to solve the system given in step
(4), see also [NWO06, Sec. 16.2]. One possibility is to directly solve an indefinite,
symmetric sparse system with m + card(€") unknowns. The other one is to iter-
atively solve by SCHUR complement a positive-definite, symmetric, dense system
of size card(©") with a preconditioned conjugate gradient (PCG)-algorithm. Both
methods will be described in the following, while we again make use of a blockwise
decomposition of a matrix as in Definition 1.2.12.

Direct approach. Since in our discussion (AT)gg would appear, it is more con-
venient to introduce A := AT. The solution of the linear system in step (4) of
Algorithm 3.1.8 is obtained by solving

M -A " n
(318) . N _ _1.9 un — fll nl|
Ae. e’ Me Yo & "Iy

with

[r?] . [ Aeoyso T Aeoyrs — Mf } |
ry Mgeyae + Mosybs — MceYo — @Acelo
The further quantities can be determined by

(3.19) Vh = Vao,

(3.19b) Y& = Ybo»

(3.19¢) p" = —a(u" —uy),

(3.19d) py = (ATp" = M(y" - yo)) _,

(3.19€) phy = (ATp" = M(y" - yo)) , ,

where (v)+ denotes the non-negative positive/negative part of each component of
the vector v. With
C .- { M —A ]

—AT —a"'M
and 6" := © := (@,0) the sparse symmetric indefinite system matrix in (3.18) can
be written as Cg,. A direct solution of (3.18) by a symmetric indefinite factorization
of the form Cé = LéDéLTé is most suited and works well for small numbers of
unknowns. Here Lg is a lower triangular matrix with ones on the diagonal and

Dg is block diagonal with diagonal blocks of dimension 1 or 2. In order to reduce



58 3. STATE CONSTRAINTS

fill-in in the sparse factor Lé usually permutations of rows and columns in Cé are
considered which we omit for our purpose.

In the literature sparse update strategies of the factors for rank-1 modifications
and fixed size of the underlying linear system are available (see for instance [DH99]).
These techniques are not offhand applicable since our system size usually changes
its dimension from iterate n to n+ 1 due to the change of the inactive set. However
considering active set strategies for PDE-constrained optimization problems under
additional state constraints one observes a change of the inactive set in the domain
from one iterate to the next basically near its boundary. Speaken in the context of
equation (3.18) compared to the overall system size only a few new equations arise
while just a few others disappear. Therefore it is desirable to efficiently update the
factors by a routine

[]:éM—I f)én+1 :LD,update,indexchange(C,Lén,Dén,én,~n+1).

We are going to indicate how this functionality can be implemented for a similar
update of a CHOLESKY-factor Rg» within the next paragraph and the appendix
B. It goes without saying that once the new factors are obtained with low effort
basically operating on the difference of both involved inactive sets, we expect to be
much more efficient than recompute the factors in every iteration from scratch. In
fact once the factors are determined for a guess of the inactive index set (for instance
from a previous mesh level) the suggested routine should provide a massive speed
up for the overall CPU-time.

Since one possibly attains memory bounds when saving Lg for larger systems
we even suggest a more structure-exploiting solution concept in the following.

Iterative approach. If one eliminates u™ in (3.18) we only need to solve the even
smaller system

(3.20) (Me + Oer‘M_lA’e)yne =rg:i=—T) — oer‘M_lr?
on the inactive set ©. The control-vector u™ is then given by
u" =M (] + Agoyd)

Again the equations (3.19) can be used to compute the still missing quantities. The
matrix Cg := Mg + aAe.MflA.e is symmetric, positive-definite and dense.
In order to solve the system efficiently we are applying a PCG method. Since
solving with the well-conditioned, positive-definite, symmetric matrix M is needed
for providing rg, for vector products with the matrix Cg and for computing u”
in each iteration, M is factorized into M = RTR, where R is an upper triangular
sparse matrix. Then the inverse of M is given by M~ = RR”. In order to
solve systems with matrix M one alternatively could only compute an incomplete
CHOLESKY-factorization of M and use these factors for a preconditioned conjugate
gradient method as well.

Since Cg is ill-conditioned for large m, we need a suitable preconditioner for
Cg. Let therefore M denote the lumped mass-matrix given in (1.21). Because M-!
is a diagonal matrix we compute the sparse, symmetric and positive-definite matrix

P:=M+aATM A

only once and provide Pg as preconditioner in every iteration. The computation of
P is still expensive due to a sparse matrix-—matrix product. Moreover the solution
with Pg in every iteration and every CG-iteration is the most expensive step. The
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difficulty again consists in the changing dimensions of the inactive set 8" during the
iteration. We therefore again suggest an efficient update routine

(3.21) f{en+1 = R_update_indexchange(P,Rgr,8", 6",

where Rgr satisfies Pgn = Rgn Rgn respectively and Rgr, Ren-H are upper trian-
gular sparse matrices. For a realization of such a tailored CHOLESKY-factor update
in context to an active set strategy we refer to the appendix B.

A blockwise investigation with respect to the active and inactive index sets &
and © leads to the identity

Pg =Mg +« (AeMélAe + Ae@MélA@e> ,

where we have used the fact that M~! is diagonal and ® N© = @ holds. Again
attaining memory bounds can be compensated by using simpler preconditioners and
calculating more CG-iterates. For small « the systems condition becomes better and
obviously Mg itself should be a good preconditioner. For large o then we suggest
the simpler preconditioner

].39 = OéAeMélAe.

Now there is no need to compute and save P. The new overhead consists in solving
with the matrix Ae and Ag. We want to emphasize that A has less then a fifth of
non-zero-entries compared to P. Therefore we suggest to provide the CHOLESKY-
factors of the matrix Ag in each iteration similar as in (3.21).

Further remarks. Looking at step (1) of Algorithm 3.1.8 one notices some degrees
of freedom concerning the choice of y% pl pd € R™ and c,,¢, > 0. During a
refinement process we interpolate the optimal control u and the multipliers p, and
py, from the last mesh to the current one and take them as u’, u2 and p). For
y" we compute y¥ = A7*M(u® + f). A good choice of ¢4, ¢, > 0 is crucial for fast
termination of the active-set strategy. For too large ¢, and ¢, the algorithm oscillates
or even cycles appear. For too small parameters needless iterates were computed.
Until now no recipe is given us for the best choice of these parameters.

Furthermore we want to mention, that the PCG-tolerance for solving (3.20) is
coupled to the termination criterion of the algorithm. Starting with tol = 1078
this is decreased by the factor 0.01 whenever the active sets do not change anymore
until tol < 107, For the case that systems with M are solved by PCG itself, the
tolerance of tl—o(f is taken.

For the factorization of M to all matrices and vectors a symmetric approximate
minimum degree permutation is applied in order to reduce the number of nonzero
elements and hence the memory costs.

3.1.4.2. The control and state constrained problem. Now we consider a structure
exploiting solution concept for Problem 3.1.4 as it is also part of the work [GT09].
In what follows we extend the algorithm prescribed in [DHO7b] to the regularized
problem (3.14). The special structure of »; in (3.17) allows a matricial representation
of (3.15) with the techniques from Section 2.2.2.2 and 3.1.4.1. More precisely with
pr = p, in Definition 2.2.10 we obtain the control active subsets @,0 C @ =
Q). They provide the additive split from Definition 2.2.11 for the mass-matrix M.
Additionally, due to penalization of the state constraints and the appearance of the
pointwise max-operator in (3.16) we introduce further domain subsets in



60 3. STATE CONSTRAINTS

Definition 3.1.9. For given vy, € Y}, we define the subsets

@ =)
@ ={rce®: yl(r) <Ly r)} lower state active set
o:={rc@®:yl(zr)> Lz} upper state active set
=QUo state active set
©:=0)\8. state inactive set
With this domain decomposition at hand we analogously can introduce
Mg = [Jo #:0;];,_, and Mg = [fgdids];;_,

as in Definition 2.2.11. It is clear that these matrices can efficiently be assembled
with the same routine assem mass from Section 2.2.2.2.
We are ready to present the matricial form of (3.15)

(3.22a) Ay” =1 + Mf,

(3.22b) ATp” = M(y” —yo) + Mg (y” — yb) — "Me(ya —¥7),
1

(3.22C) = M@ua + M@ub + MCD (—ap’y + uo) .

We reduce (3.22) to a nonlinear system in x” = [y”; p?] as the following

Ay?” — Mgu, — Mpuy, — M(D(—ép“Y +ug) — Mf } B
AP’ —M(y” —yo) = "Ms(y” — yb) + 1 Me(ya —y")|
Notice that, due to the presence of max-operations, G7 is not FRECHET-differen-
tiable and a classical NEWTON method can not be applied to solve (3.23). Nev-

ertheless, a generalized Jacobian can be defined for G7(x) with x = [y;p] € R*"
by

(3.23) G(x7) i= {

DG (x) := {_ A lM@]

(M + Mg +7Mg) AT
Therefore to solve (3.23) we therefore perform semi-smooth NEWTON iterations (see
for instance [QS93, Mif77, HIKO03])

(3.24) Xpi1 =X, — DG7(x,) 'G"(x,) forn=0,1,...

until some stopping criterion is satisfied. With an approximate solution of G7(x7) =
0 at hand we recover the L?(Q)-function u; via (3.17).

Proposition 3.1.10. The semi-smooth NEWTON iteration (3.24) is well defined.

The sequence (X, )nen generated by (3.24) converges to a solution X7 := [y7;p?] of
(3.23) provided that ||x” — || is small enough. Here || - || denotes a norm in R® (for
instance || - ||1) and the resulting induced matriz norm.

PROOF. In order to show this proposition it suffices to prove that DG” has got
an inverse which is bounded in some neighborhood of x7.
For an arbitrary chosen x := [y; p] € R*", we know that C := M + 7Mg + 7Mg
is symmetric and positive definite, A is positive definite and éM@ is symmetric
positive semi-definite. A SCHUR complement of the matrix block DG7(x) reads

S:=A+ éMq)ATC,

which can be written as

1
(3.25) S=AI+ aA—11\/1(DA—TC).
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From ([HJ85, Thm. 7.6.3]) it follows that the product of a real symmetric positive
definite matrix and a real symmetric positive semi-definite one is a positive semi-
definite matrix (which is not necessary symmetric). Therefore A" MpA~7C is a
positive semi-definite matrix and, from (3.25), S is invertible. Moreover, for a given
r = [r;15] € R?™ the solution d = [d;ds] € R*™ to the linear system

DG (x)d =r
can be computed using
1
(3.26a) d, =S'r, — ES_IM(DA’TI“Q,
(326b) d2 = A_TI'Q + A_TCdl,

where

S =(+ éAqu)ATC)lAl.
Notice that
(3.27) IS7H < CllATMI,
(3.28) max ([|[Mp[, [Mell, [Ms][) < C[[M],

with C' being a generic positive constant not depending on x. Consequently, from
(3.26), (3.27), and (3.28) we infer that || DG?(x)!| is bounded independently of x
which completes the proof of this proposition. O

3.2. A posteriori error analysis

After the a priori analysis of state constrained optimal control problems together
with the development of structure exploiting solution concepts for the underlying
KKT-equations we now continue with its a posteriori analysis. At the first place
we give an overview about available literature related to adaptive concepts for state
and control constrained problems in Section 3.2.1. Secondly for the purely state
constrained Problem 3.1.3 a goal-oriented a posteriori error estimator is developed
in Section 3.2.2. Its extension towards control and state constraints is matter of
issue in Section 3.2.3.

3.2.1. Extension of the dual weighted residual method. Let us briefly
comment on adaptive approaches in PDE-constrained optimization. For problems
with neither constraints on controls nor on states an excellent overview of the DWR
approach is contained in [BRO1] and in the book [BR03]. The main idea is to
represent the error in a quantity of interest or goal F by a locally weighted sum

E(u) — E(up) = Z PTWT.
TeTh

Here roughly speaken pr plays the role of a local residual interlinked to the involved
equations from the optimization problem and wr are the local weights. The latter
ones reflect the sensitivity of the local residual pr to the overall error. The specialty
in the above error representation is the absence of unknown constants and potences
of the mesh-parameter h as they appear in residual based error estimators. Moreover
it naturally turns out, that the weights pr are residuals stemming from dual equa-
tions of the optimization problem. This explains the name for the DWR-method
having its roots already in the papers [BR96] and [BKRO00].

Residual-type estimators for elliptic optimal control problems also dealing with
constraints on the control are discussed in [LY01] and [Sch06]. A posteriori analysis
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of an adaptive algorithm for elliptic control problems with constraints on the control
is presented in [HHIKO0S8]. Let us further mention the recent work [KRS10] with a
new convergence proof of AFEM for control constrained optimal control problems.
A posteriori error estimators of residual-type for mixed control-state constrained
problems are derived in [HK08]. Residual-type a posteriori error estimators for state
constrained distributed optimal control problems for second order elliptic boundary
value problems are discussed in [HK07].

An extension of the DWR concept to elliptic PDE-constrained optimization prob-
lems in the presence of control constraints is proposed in [HH08, VWO08]. Goal-
oriented adaptive approaches for elliptic PDE-constrained optimization problems in
the presence of state constraints is the topic of the authors diploma thesis [Glin06].
This work developed further towards [GHOS8], which is to the best of the authors
knowledge the first contribution concerning the extension of the DWR-method to
state constraints. This paper basically builds the content of the next Section 3.2.2.
In the meantime further literature [BV09, HH09b] of similar topic appeared.

Within the framework of function space algorithms, goal-oriented adaptive al-
gorithms based on Lavrentiev regularization and interior point approaches are pro-
posed in [HH09¢| and [Wol08] respectively.

Let us emphasize the authors contribution in the work [SG09]. Therein an inte-
rior point method in function space for PDE-constrained optimal control problems
with state constraints is considered. The emphasis is on the construction and anal-
ysis of an algorithm that integrates a NEWTON path-following method with adap-
tive grid refinement. The algorithm consists of three nested loops: a path-following
scheme, a NEWTON corrector, and the approximate solution of an operator equation.
The crucial point is that the two outer loops are performed inexactly in function
space. Discretization only takes place in the innermost loop such that the discretiza-
tion error (considered as perturbation in function space) of each NEWTON step is
controlled by adaptive grid refinement. As a consequence the algorithm allows to
perform most of the required NEWTON steps on coarse grids, such that the overall
computational time is dominated by the last few steps.

The extension of the DWR-method for parabolic optimization problems is ad-
dressed in the works [MV07, SV08].

3.2.2. The purely state constrained problem. In this section we present
the results from [GHO8]. We develop a posteriori error estimators for the purely state
constrained Problem 3.1.3. For their construction we extend the DWR concept to
elliptic optimal control problems with state constraints, where the refinement goal
consists in the construction of finite element meshes which allow to resolve well the
value J of the cost functional as quantity of interest.

Until the end of this chapter we make the following

Assumption 3.2.1. uy = ug .

As a consequence of this assumption it holds J = J,. In order to distinguish
between J(u) and Jy,(uyp) later on, we dissociate ourselves from the reduced objective
functional and write J(y,u) := J(G(u),u) and J(yn, un) := Jn(Gn(un), up) instead.
We mention here that the previous assumption is fulfilled by affine linear functions
or, more precisely, by a piecewise linear function over the coarsest mesh in refinement
processes which is not restrictive from practical point of view. Indeed, in contrast
t0 4o, ug is not a desired control but a background control. In many applications, it
is corresponding to the result of trial and error experiments performed with a small
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number of degrees of freedom. Including more general desired controls uy would lead
to additional weighted data oscillation quantities (ug — ug, ) in the following error
representation. For residual type a posteriori estimators this was done in [HKO08].
The main analytical result of this work consists in proving an error representation
for the values of the cost functional J of the form
1 , :

J(ysw) = J(ynun) = 5 (" (p = inp) + p"(y — iny) + {1+ pns Yo = )
where pP pY denote the dual and primal residual of the underlying PDE and 1y
denotes an appropriate interpolation operator, compare (3.29). To anticipate dis-
cussion let us point out two basic facts of our approach;

e Under common assumptions no residual p" associated to the optimality
conditions (3.6),(3.13) appears in our approach. This is due to the fact
that we do not discretize controls explicitly. This result remains valid in
the case of additional control constraints, see also Section 3.2.3.

e Differences of multipliers do not occur in our concept. This is of particular
importance for multipliers associated to state constraints, since these may
be represented by measures. As a consequence there is no need to construct
a computable approximation to p which carries more information than py,.
In fact we use pu = py, in a first numerical approach.

Next we specify the local error indicators and test their effectivity indices by means
of a numerical example in Section 3.2.2.2.

3.2.2.1. Local error indicators. Let us abbreviate

[Li= [y = flay  [h = [l — flah-
Following [BRO1] we introduce the dual, control and primal residual functionals
determined by the discrete solution yp,, un, Ph, fla,n and g, of (3.12b)-(3.12¢) by

PP () = Jy(yn, un)(-) — a(-, pn) + (1, ),
p*(+) == Ju(yn, un)(-) + (-, pn) and
P’ () = —a(yn, ) + (un, ).
In addition we introduce the error stemming from the complementarity conditions
(3.5d), (3.5e), (3.12d) and (3.12e), respectively by
e"(y) = (p+ ptny Yn — Y)-

It follows from (3.12c) that p“(-) = 0. This is due to the fact that we do not
discretize the control, so that the discrete structure of the solution wu; of problem
(3.10) is induced by the optimality condition (3.12c).

We are now in the position to prove the analogue to [Ran05, Thm. 1] for the
state constrained case.

Theorem 3.2.2 (Compare [Ran05, Thm. 1] and [BRO1]). There holds the error
representation

(3.29) J@m»—ﬂ%mw:%ww—%w+§w@—%m+§w@>

with arbitrary quasi—interpolants ipy and ipp € Y),.

PRrOOF. It follows from (3.6) and (3.13) that
1
(3.30) Up — U = E(P — pn)
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holds. This yields

2(J (yn, un) — J(y,u))
= (Yn — Yo, Y — tnY) + (Yn — Yo, 00y — y) + (¥ — Yo, Yn — V)
+a(up, —ug, 5 (p = pn)) — alu — ug, 5 (pr — p))
= Jy(Yn> un) (Yn — iny) + (Yn — Yo, iny — y) + Jy(y, w)(Yn — y)
—(un, pr — p) + 2(uo, pn — p) — (U, pr — p).
Since by (3.30), (3.9)

(o, pn — p) = —(un, p — inp) — alyn, inp) + aly, pr)

holds, we obtain

2(J (yn, un) — J(y,u))

= a(yn — iny, o) — (pn yn — iny) + (Un — Yo, iy — Y)
+a(yn — y,p) — (1 yn — Y)
—(un, pn — p) — 2(un, p — inp) — 2a(yn, inp) + 2a(y, pn) — (w, pr — p)

= a(yn — iny, pn) — (n, Y — ny) + (Yn — Yo, ny — y) + alyn — Y, p)
—(un, pn = p) = 2(un, p — inp) — 2a(yn, inp) + 2a(y, pr) — (u,pn — p)
—e(y)

= [a(yn, pn) — (un, )] + a(y, pr) — aliny, pr) — {tn, y — iny)
—Jy(Yn: un) (Y — iny) + [(u, p) — aly, p)] + [(un, inp) — a(yn, inp)]
+laly, pn) — (w, pn)] + a(yn, p) — a(yn, inp) — (un, p — inp) — e"(y),

where we have used

(s yn — iny) + (s yn — ) = (pn, y — iny) + ().

Since the terms within the squared brackets vanish, we finally obtain

2(J (yn, un) — J(y,u))
= —Jy (Y wn)(y — iny) + aly — iny, o) — {ftn, y — iny)
+a(yn, p —inp) — (un,p — inp) — "(y)
= —p"(y —iny) — p’(p —inp) — €"(y).
O

Remark 3.2.3. We emphasize that no differences of the multipliers pu, u; appear
in this error representation. We exploit this fact in the definition of the error esti-
mators, since it now is meaningful to replace the continuous multiplier y by their
discrete counterpart . This idea is different from the one used in [VWO08] to con-
struct an a posteriori error estimator for control constrained optimization problems,
and takes care of the fact that a better approximation to pu € M(Q) than p;, can

hardly be constructed using only the values u'f’b, oo, %t of Theorem 3.1.6.

The goal now consists in deriving an a posteriori error representation of the form

J(y,u) = J(Yn, un) Z pr((y —iny)iz) + pr((p — inp)17) + €7 (Yr),
2 {7,

and in a final step to replace continuous quantities by computable analogues. To
begin with let us first consider p¥(p — i5p). It follows from the definition of the
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bilinear form a that

pY(p —inp) = —a(yn, p — th) + (up, p — inp)

- Z OJ@] Yn xl(p - ihp)xj

TETh T INES 1

- Z bi(Yn)x, (0 — inp) — cyn(p — inp) + un(p — inp)),

i=1
so that we may define
d d
pr((p — inp))p) = /(Z —ij(Yn)a; (P — ThD)a; — Zbl(yh)z (p — inp)
g ig=1 i=1

— cyn(p — inp) + un(p — inp)).

For pP(y — ipy) the situation is more involved, since it contains the term (u,y —
iny). We interpret this contribution as a quadrature rule of an integral of a certain
function. Recalling the set N; of neighboring indices from Remark 1.2.9 we set for
1=1,...,m

n; := card (NV;) € N

and introduce the LAGRANGE interpolant N, € Y}, by

0< N, = inlqﬁl

i=1
Denoting by ; T(j=1,...,d+1) the finite element nodes of a simplex T and by u?
the correspondmg coefﬁ(:lents of pyp we have

d+1

(ttn, y — iny) Zuz y —iny) () Z Z(Hl Zhy()x(r) iy

TeTh

so that (un,y — ipy) may be considered as the apphcatlon of the quadrature rule
d+1

(3.31) /T g(z) dz ~ % ; g(aT)

to the expression

Z/d+1 —zhy)fh,uh( )d

TeTh

We use the quadrature rule (3.31) since the quadrature weights ] (j =1,...,d+1)
are only given in the vertices of a simplex 7. The previous considerations motivate
to define the local adjoint residual by

P ((y = iny))) =
d d
/(Z —0ij(y = inY)e,(Ph)z; — Z bi(y — iny)e, (pr) — c(y — iny)pn)
= (v = iny) (@] (5" = 5"
+/(yh—yo Y —1nYy +Z ) h(xi;) K

T
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(a) iy, (b) i®.
Ficure 3.1. Used sampling nodes for interpolant operators and d = 2.

Let us finally consider e#(y). Remark 3.2.3 motivates to approximate this term
according to

e"(y) = (u+ pn, yn — v) = 2{ptn, yn — y) + <M — W Yn = Y) R 2, Yn — Y)

m d+1
=23 i = )@) = 33 7 s o~ 0,
i=1 TET, j=1

where p1; == p — pf (i =1,...,m), and p] = ,u;’-’T — ,u?’T (j=1,...,d+1) denote

the discrete multipliers in the element-wise renumbering. We note, that the error

induced by this approximation has the form (u — pp, yn, — y) and in essence is of the

size of ||y — yn||L>~(q) since ||pnllp(q) is uniformly bounded w.r.t. the gridsize h.
We now set

d+1 T
er () = Z Nil(z )(yh —y)(z]).

In order to obtain computable local indicators for d = 2, we approximate y — i,y
and p — ixp on every triangle T by ( Qo yh — yn)jr and (zgh)ph — pr)|T as suggested
in [Ran05, Rem. 1]. Here, th yp denotes a quadratic LAGRANGE interpolation of gy,
on a coarser mesh using function values of y;, at element vertices (similarly for pj,).

In detail the local interpolant igl)gzﬁh for an arbitrary function ¢, € Y} on a triangle
T is defined by

(3.32) (igl)gbh)(xl, Ty) = a + bry + cxy + dviwy +ex? + fri,  (z1,10)" € Q,

where the coefficients a,b,c,d,e, f € R are obtained by the solution of a linear
system demanding the exact interpolation in the sampling nodes shown in Fig-
ure 3.1(a). For approximating (yh — y)(zT) we compute (y, — i®y,)(z?). The

quadratic interpolation operator i(?) differs from z( ) in interpolating the function
values of y;, in the midpoints of element edges. Its use is caused by the fact that our
approximation to e#(y) relies on function evaluations in the finite element nodes z;

(1 =1,...,m). If the interpolants z(h)yh and i@y, violate the state constraints we

use max(ya, min(yp, zgh)yh)) and max(y,, min(y,,i?yy)), respectively instead.

Our error estimator finally takes the form

B38) =g 3 A — ) + PGS~ pi)i) + P
TeTh

It turns out, that the direct cellwise error representation leads to typical oscillations
of neighboring residuals pf. and p, respectively with T, 7" € T,, T # T", TNT" # @.
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Furthermore one observes that starting from the error representation (3.29) it is
possible to avoid dealing with measures by the help of the dual state equation (3.5b).
As the multipliers disappear, function evaluations in the nodes are not necessary and
hence there is no need for two different heuristical interpolants anymore. In detail
we have for i,y = yp:

1
J(y, U) - J(yh, Uh) = B) (Jy(yha uh)(y - yh) - a(y - ymph) + <:uh7y - yh))
1 . , 1
+ 5 (—a(yn, p — inp) + (un,p — inp)) + 5(# + L, Yn — Y)-

Summing up the multiplier parts and using the adjoint equation (3.5b), one obtains

(nsy — yn) + o+ s yn — vy = (o yn —v) = (Y — vo, ¥y — yn) — a(y — yn, p).

Finally we have

(3.34) 2(J(y,u) — J(yn,un)) = Jy(yn, un)(y — yn) — a(y — yn, pn)
— a(Yn, p — inp) + (un, p — inp) + (Y — Yo,y — Yn) — a(y — yn, D).

Following the lines of Remark 3.5 in [BRO1] we split the above equation into a
cellwise representation and integrate by parts. This gives rise to define

Rip = up, — Ay,
quﬁ =yn — Yo — A'py
Rip=y—yo—Ap

PUh — %ﬁ' (Vyn - (a;j)], foreC 0T\ 052
S 72 (Vyp - (aij)), fore C 0

PP — %’7' [(aij)Vipal, for e C 0T\ 09
S b7 ((ai;)Vpn ‘|‘phg), for e C 092

P = 37 - [(ay) Vp), for e C T \ 09
v ((ai;)Vp +pg), for e C 092 ’

where [] defines the jump across the inter-element edge e. Now equation (3.34)
reads

(3:35) 2(J(y,w) = J(ynsun)) = D (v — yn, REp)r = (v = yns i )or
TeTh

+ (Rig,p —inp)r — (rigr, 0 — inp)or + (Y — Yn, Rip)T — (Y — Yn, Tlyr)or

In order to obtain a computable error estimator we apply the same technique as
before with the difference that due to the missing multipliers the special interpolation
operator i?) is not needed anymore. We substitute RfT and Tf’e by

il2 . V.
R = Zgi)yh —yo— A Zgl)ph

i _ {o, for e C 9T \ 99

-

7 ((a5;)ViS)pn + i) ppb),  for e C 09

le
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and define

| . .
(3.36) 7 := 5 Z (zéi)yh — Yh, Rf)Th)T - (Zgz)yh — Yn, ngT)aT
TeTh
(2 (2
+ (R i pn = pi)r — (Pl S pn — Pr)or
@ 4 @
+ (z‘éi’yh — Yn, R‘%hph)T - (zéi)yh - Yn, T‘é%ph)aT-
In the following numerical example we investigate the effectivity index of an

estimator 7 in terms of

J 3 —J )
(3.37) o= T = T )
U]
3.2.2.2. Numerical experiment. We set d = 2 and consider the domain ) :=
(0,1)% with the elliptic differential operator A defined by a;; = d;, b; = 0, (i,j =
1,2), and ¢ = 1. The regularization parameter in the cost functional J is set to
a = 1. The desired control and state functions ug and yo as well as the bounds y,

and g, for the state are given by
up(x) = 60, yo(x) = 0.5,
Ya(x) = 0.45 and yp(z) = min <1,max <0.5, 50 |z — (0.3, 0.3)T‘2>>

for every = € Q. The corresponding optimal control problem reads
i 1 2 1 9
—Ay+y=u in Q

Jzy =0 on 0N

In order to avoid specialties introduced by test problems admitting exact solutions
we consider a fully generic test case by taking the numerical solution (y,u) ob-
tained on an equidistant grid containing 1001% nodes as substitute for the exact
solution, see Figure 3.2. The reference functional value J* := J(y, u) takes the value
J* =1759.04686. The support of the corresponding multiplier u is depicted in Fig-
ure 3.3. Let us note that it is a difficult task to determine J* as accurate as possible.
Therefore not only the errors in the objective but also the effectivity indices at the
finest refinement levels should be treated with care. We start the numerical run on a
uniform triangulation containing 484 nodes. On a mesh with 113569 nodes obtained
by congruent refinement we obtain J* — J(yp, up) = 0.00679. Local refinement using
the so called tolerance reduction strategy (see [BR96|) together with the estimator
71 leads to meshes where this value of the error already is reached with less then a
quarter of unknowns. Specifically, for m = 23216 we already obtain J* — J(y, up) ~
0.00469. The development of the error in the objective is presented in Figure 3.4.
The effectivity index of both estimators is documented in Table 3.2 and Table 3.3,
where Table 3.1 contains the effectivities for global refinement. We observe that
the estimators 7 and 77 slightly underestimate the real error, but always have the
same magnitude as the true error. Figure 3.5 shows two meshes obtained by the
tolerance reduction strategy. These meshes clearly indicate that the largest errors
in the numerical approximation have their origin in the square [0.3,0.5]?. In this
area the discrete multipliers take their largest values. Moreover, the quantity zéi)ph
appearing in 7 and 7 produces additional errors since p seems to have a singularity
in this region. The observation J* > J(yu,up) can be explained by fact that J* is
obtained from a discrete optimal control problem which contains more constraints

s.t. and y,(z) < y(z) < yp(z) Vo e Q.
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i om=i h=2 hmin = —= J* = J(yn, up) Igff ijf

i—1 i1

22 484 0.0673 0.0476 0.43808 -2.0 -29.3
43 1849  0.0337 0.0238 0.06467 -09 -32
85 7225 0.0168 0.0119 0.04445 -2.5  -9.6
169 28561 0.0084 0.0060 0.02506 -5.5 -T71.2
337 113569 0.0042 0.0030 0.00679 -5.9 -29.1

TABLE 3.1. Mesh data, error and effectivity indices for global refinement.

then all other intermediate discrete optimal control problems. Let us note that on
the other hand the interpolations used in the estimators n and 7 are subject to the
same set of constraints as the corresponding discrete state in the associated discrete
optimal control problem. This may explain the sign of I.¢ in all tables.

All solutions of the discrete optimization problems are computed with Matlab
by a Moreau-Yosida-based active set strategy described in Algorithm 3.1.8.
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(a) m = 2730. (b) m = 8038.

FI1GURE 3.5. Locally refined meshes from .

m  h Pin  J* — J(yn,up) I

484 0.0673 0.0476 0.43808 -2.0
1013 0.0673 0.0238 0.04559 -0.5
2730 0.0673 0.0119 0.03430 -1.1
8038 0.0673 0.0060 0.01945 -1.9

23216 0.0673 0.0030 0.00469 -1.3
69645 0.0673 0.0015 -0.00014 0.1

TABLE 3.2. Mesh data, error and effectivity
index for local refinement with 7.

m h hwin ~— J* — J(yn, up) Igﬁ
484 0.0673 0.0476 0.43808 -29.3

760 0.0673 0.0238 0.03734 -0.8
1747 0.0673 0.0119 0.02751 -1.3
4359 0.0673 0.0060 0.01679 -2.0

10471 0.0673 0.0030 0.00300 -0.8
28844 0.0673 0.0015 -0.00083 0.6

TABLE 3.3. Mesh data, error and effectivity
index for local refinement with 7.

3.2.3. The control and state constrained problem. We now extend the
above techniques to the simultaneously control and state constrained Problem 3.1.4,
which is matter of subject in the work [GT09]. For a fixed regularization parameter
v we develop a goal-oriented a posteriori error estimator within the next section
for the regularized solutions of (3.7) and (3.14) respectively. We therefore derive a
regularized extension of the error representation obtained in Theorem 3.2.2 to the
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control and state constrained case. In particular no residual associated to the first
order optimality condition with respect to the control appears in our approach. We
mention here that we are not interested to the error involved by the regularization
parameter. Our aim is rather performing a first attempt to understand the behavior
of a goal-oriented based error estimate in connection with a Moreau-Yosida regular-
ization. An overall error reduction which tie the regularization parameter with the
current mesh size is subject of an ongoing research work.

Using the solution algorithm from Section 3.1.4.2 the performance of the overall
adaptive solver is assessed by numerical examples in Section 3.2.3.2.

3.2.3.1. Local error indicators. To achieve high accuracies in an optimal fashion,
we marry our regularization semi-smooth NEWTON solver with an adaptive mesh
refinement process based on a goal-oriented approach. As quantity of interest we
consider the objective functional J which is corresponding to the tracking part in
the objective functional of the regularized optimal control problem (3.7). In this
sectlon we again assume uy = Ugp.

Following Section 3.2.2.1 we define the following residuals

P () = Ty (yn ) () = alpp) + (1)
P () = —alyy, ) + (u) + f,)
with
= ~ymax(0,y” — yp) — ymax(0,y, —y"),
NZ := vy max(0, y;{ — Iny) — ymax(0, Iy, — yZ)

As v — oo, u7 and p; play the role of the measure LAGRANGE multipliers corre-
sponding to state constraints in the limit problem (3.3). Moreover we abbreviate

A=) = AL and A=A, — AL

Theorem 3.2.4. Let (u”,y") and (u),y]) be the solutions of the optimal control
problems (3.7) and (3.14) with corresponding adjoint states p”,p; and multipliers
associated to the control and state constraints X, X}, u7, . Then

(3.38) 2(J(y",u") — Jn(y,,up)) =
Py —iny?) 4 o7 (07— i) + (1 gyl =) (N A u) — u).

PROOF. For ease of exposition, we omit the upperscript v in this proof for the
quantities y7,u”, p7, A7, 7 and their discrete counterparts. We have

2(J(y, u) — Jn(yn, un))
= a((u—ug) + (up, — up), (u — ug) — (up, — up))
+ (¥ —v0) + (Yn — v0): (¥ — Yo) — (Y — ¥0))
= a(up — ug,u) + (—a(u — ug), up — u) + (—a(up — ug), up)
+ (Yn — Yo, y) + aly, p) — alyn, pr) — a(yn, p)
+ (pnyy) — (s y) + (ks yn) + (15 yn)
— (s y).

For the last step, the adjoint equation was used 3 times and a zero was added. The
last 4 terms can be summed up to (& + pun, yn — y). The term (yn — vo,vy) + (tin, y)
already belongs to the dual residual, while —a(yp, p) belongs to the primal residual.
The remaining both bilinear forms with a are expressed by using the both primal
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equations. The furthermore (pp,u + f) — a(y,pn) = 0 is added to the equation. We
obtain:

2(J(y,u) = Jn(yn, un))
= —a(yn,p)
+ (Yn — Y0, y) + (1, y) —a(y, pn)
+ (b + Ky Yo — Y)
+ a(up, —ug,u) + (—a(u — up), up, — u) + (—a(up, — up), up)
+ (=p, —u— f) + (=pn, un + [)
+ (pn,u+ f)
+ (un,p) — (p, un)
= —a(yn,p) + (un + [, p)
—a(y,pn) + (n — Yo, ¥) + (pn, y)
+ (1 + s Yn — )
+ (a(up — ug) + pn, u)
+ (—a(u — ug) — p,up — u) + (—a(up — uo) — pn, un)
=p’(p) + "(y) + (1 + pns yn — y)
+ (aup, — uo) + pr + A, w) —(An, w) + (A up — u) + (A, up)

(. S

=0

=p"(p) + PP(y) + (1 + s Y — y) + (A + Ay up — ).

Let us emphasize that in last intermediate step due to variational discretization
the residual for the control vanishes. Because of GALERKIN orthogonality of the
error in the state and costate equation we could subtract arbitrary functions ;,p
and i,y € Y}, within the residuals p¥ and p” and end up with the assertion. U

Let us now define the inner residuals
RV =u] + f— Ay]
7 = Un Yn»
Yy
R =y — yo — A'py,
Ry =y —yo — A,
and the edge residuals

Yn .
le -

V- [Vy, - (ai)], eC T\ 00
(Vyp - (aij), e COQ ’

<
Il
T Wl

o _ )37 ey Vel, e T\ 00
. V- ((aij)Vp,, +ppb), e C 0N ’
v+ [(ai) V'], e COT \ 00

ﬁ
I

-

. ((aij)VpV —I—pﬂ)), e C 0N

AN

p7
le -
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Here [-] denotes the jump across the inter-element edge e. Now by integration by
parts we can localize the error representation (3.38) by

2(J(y", w) = Jn(yi, ) = D> (7 =, R@)T — (5"~} o )or
TeTh
(RTJThaP — inp")1r — (myaZT,p” —inp")or
+ (" =y, Bip)r — (7 =y rhyp)or
+ (A + N u) —u)r.
Since this localized sum still contains unknown quantities we make use of a local

higher order quadratic interpolant operator z 0 Y, — P*T) for some T € T,

as already introduced in (3.32) for d = 2. The technique for computing igi)gbh for
some ¢; € Y} can easily be carried over to three space dimensions. However this is
supposed to be numerically expensive. In order to derive a computable estimator
we now replace the unknown functions y” and p” in (3.38) by z'gi)yz and zgl)pz Since
U = Py (—épV + uo) holds, a reasonable locally computable approximation is

- 1.
= P (L)

as already suggested in [VWO08]. Similar for A7 = —p” — a(u” — uy) we locally
compute

N = _ng)ph a (" — up)
instead.

The estimator 17 now reads

=0,

TeT

where

2 (2 »y
207 (éh)yh yhaRph) (Zéh)yh Yn |8T)

(R\yTha Z2hph )T — (T%T,iéh)ph ph)or

9 (2) vy
+ (i — vl R 2hph)T — (#5397 — v \gffph)@T
+ N+ X, u) — ).

While for the other appearing quantities in 7. quadrature rules of moderate order
are suited, one has to take care for the last term

(3.39) (37 AL ) — @) = /T (7 A () — ).

The integrand has a support within the symmetric difference of the control active
set of the variational discrete solution and the locally improved quantities. This
also is depicted in Figure 3.6. One recognizes that u” keeps the activity structure as
u; has but smoothes the control active boundary towards the exact control active
boundary. The kidney-shaped green area resolves the true control active set from
Example 3.2.5 already very good even on a coarse mesh (compare also Figure 3.7(c)).
Finally for computing (3.39) we just provide the integrand and a desired tolerance
and apply an adaptive quadrature routine given in [Vog06, Algo. 31] for triangles
containing the boundary of the control active set.
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08f

07

>

035 04

(a) Blue by u}, green by @7. (b) Integrand (AY + \))(u) — @").

FIGURE 3.6. Part of the u,-active set for Example 3.2.5.

In order to study the efficiency of our implemented estimator, we define the
effectivity index as
J(yV’u'y) B Jh(QZ?”Z)

]eﬂ‘ = 777 .

Since the analytic solutions of the numerical examples are not known, we approxi-
mate J(y7,u") by Jy(y,,u}) computed on a very fine mesh via the expression

1 1 1
(3.40) Jn(y),u)) = §}’WTMY7 —y""Myo + 5 / Yo + %PﬂMd)P7
Q

o Q
+ §(ua —up) " Mg(u, — ug) + §(ub — ug)" Mg(up — up).
3.2.3.2. Numerical experiments. Based on the previous error estimations and the

semi-smooth NEWTON solvers described earlier, we design an adaptive finite element
algorithm to solve (3.14). The algorithm consists in performing cycles of the form

Solve = Estimate = Mark = Refine.
In the Mark step, elements are selected according to a bulk-type criterion [Dér96].

We select, for fixed specified 0 < 6; < 1 (i € {1,2,3}) the set M = JI_, M, C Ty,
such that

0, E Tl < E Til s
TeTh TeMy

0o E Tor| < g Tor|
TeT, TeMs

05 E Ta| < g TA|
TET, TeMs
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[ m nt h

1 81 128 0.17678
2 145 256 0.12500
3 289 512 0.08839
4 545 1024 0.06250
5 1089 2048 0.04419
6 2113 4096 0.03125
7 4225 8192 0.02210
8 8321 16384 0.01563
9 16641 32768 0.01105

10 33025 65536 0.00781
11 66049 131072 0.00552
12 131585 262144 0.00391
13 263169 524288 0.00276
14 525313 1048576 0.00195

TABLE 3.4. Mesh parameters for Example 3.2.5 (global refinement).

where the local quantities 74, 7oy and 7y are defined by

(D) v pPh un o (2), Y pish Pl
275 = (igy Yy — Uns R|T)T + (R|Tv@2hph pu)r + (s Yy — Ups Ry )T,
P (2 (2 2y
2797 = (i yy — Yl m rior)or + (1 \8Tﬂz;h)ph ph)or + (i 7 — 7 |<§}T ")or,
27y 1= (/\7 + AL u) — @)

Flagging elements in such three separate steps has the advantage of properly han-
dling possible scaling difference between jump, element and multiplier contributions
in particular if the regularization parameter v — oo. Once all the elements to be
refined are marked, a new finer mesh is generated using the longest bisection rule
implemented within the Matlab PDE toolbox. To assess the performance of the
overall adaptive finite element algorithm we compare it with a uniform mesh refine-
ment by monitoring values of the objective functional versus the numbers of degrees
of freedom Ngop := m. Uniform refinement levels and the corresponding number of
nodes m, number of triangles nt and grid size h are documented in Table 3.4.

In the sequel we provide the documentation for two numerical examples. For both
examples, the analytic solution is not known, so for obtaining the efficiency index
we compute a reference solution on the finest grid in Table 3.4 and hence an ap-
proximation of J(y”,u"). The semi-smooth NEWTON solver converges generally in
few iterations provided an appropriate update strategy is used for the regularization
coefficient. In our experiments we use a simple continuation method. However more
sophisticated techniques might be used (see for instance [HK06a]). We stop the
semi-smooth NEWTON solver as soon as

1GTO 2 < erall 7 (%) [l2 + €ans, 7= 1, Tnaa,

for some user-specified maximum number of iterations n,,,, and tolerances £, and
Eabs- IN our experiments we used n,,,., = 100. The absolute and relative tolerances
are chosen more and more stringent as 7 — oo such that the final values are

—12 —8
Erel = 10 s Eabs — 107°.
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0o

(a) Uas _ép27ub-

0 o1 02 03 04 05 06 07 08 09 1

(¢) Active sets.
F1GURE 3.7. Numerical solution for Example 3.2.5 and [ = 14.

Example 3.2.5. As a first example we consider problem (3.3) with data
0=1(0,1)?2 A=-A+1id, vyo=sin(2rx)sin(27zs), f=wup=0,
Uy = —30, wup =30, y,=—0.55 1y =055 a=10"%

Its numerical solution in terms of —épz as well as the optimal state y, is displayed
in Figure 3.7 for v = 10" on the mesh [ = 14. The projection of —<p} onto [ug, )
corresponds to the optimal control w; which comprises together with y our best
approximation to the solution of (3.7). The boundaries of the control active sets are
depicted as solid lines, while the state active sets are coded as star and cross markers.
The color blue corresponds to the lower bound while the color red highlights the
upper bound. Now by using the expression (3.40) we get J(y7,u”) ~ 0.0375586175.
In Table 3.5 we depict the efficiency coefficient and the convergence history of the
quantity of interest. Notice that the values of the efficiency coefficient are close
to 1 which illustrate the good performance of our error estimator. A comparison
between our adaptive finite element algorithm and a uniform mesh refinement in
terms of number of degrees of freedom is reported in Figure 3.8(b). The adaptive
refinement process performs well even though the benefit in this example is not big
since the characteristic features of the optimal solution occupy an important area of
the computational domain as illustrated by the adapted grid in Figure 3.8(a). Our
motivation from including this example is to illustrate the variational discretization
effect on the mesh refinement process. Indeed, regarding the shape of the control
active set one would expect finest grids around the boundary of this set if a standard
discretization for the control would have been used.

The author appends, that the suggested solution algorithm in the manuscript
[DHO7b] works for this particular example. Therein a generalized NEWTON method
for the unregularized problem is investigated. Its practicability relies on the assump-
tion that the appearing matrices are regular. This is the case for this particular
example, because the control and state active sets do not intersect. But since the
active sets are not known in advance, one cannot guarantee this property.

Example 3.2.6. In this example we set the computational domain to 2 = (—1, 1) x
(—1,1) and A = —A +id. We take o = 107 and uy = yo = (=327 + 427) L 1)(21),
where 14 denotes the characteristic function of a set A. Furthermore we fix f =
(3627 — 24x1)117(21) and the bounds 0.1 < wu <2, 0.1 <y < 2. This data is chosen
such that the optimal control and optimal state exhibit active sets whose intersection
is not empty (see Figure 3.9). An approximation J(y”,u”) ~ 0.0130624289 of the
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k m J(Q,Y?ufy) - Jh(y27 Uz) Ieff
1 81 4.275-1073 1.622
2 140 2.259.1073 1.543
3 200 1.380 - 1073 1.390
4 301 7.904-107* 1.119
5 470 5.369 - 10~* 1.176
6 657 3.643 - 10~ 1.269
7 948 2.343-10~* 1.127
8 1405 1.790 - 104 1.187
9 2075 1.133-1074 1.227
10 3123 7.148 - 107° 1.144
11 4469 5.115-107° 1.137
12 6775 3.281-107° 1.172
13 9799 2.360 - 10~° 1.165
14 14305 1.546 - 105 1.181
15 20977 1.161 - 1075 1.186
16 30445 7.763 - 1076 1.256
17 44958 5.524 - 1076 1.289
18 63389 3.996 - 106 1.290

TABLE 3.5. Adaptive refinement for Ex-
ample 3.2.5 (bulk criterion, #; = 0.6).

107 10° 10* 10°

(a) Adaptive mesh for k& = 10. (b) Comparison of error decrement in the
quantity of interest.

FI1GurE 3.8. Example 3.2.5.

optimal quantity of interest is computed on the mesh level [ = 14. We notice that the
global refined meshes have the same topology as denoted in Table 3.4 for Example
3.2.5 but due to the enlarged domain have the doubled mesh parameter h. Figure 3.9
displays the corresponding state y,) and the finite element quantity —épz + Ug,p-
Throughout our computations we take v = 10%. The history of the efficiency indices
as well as the convergence of the quantities of interest are reported in Table 3.6.
As for the previous example we notice the high accuracy of our error estimator
illustrated by the fact that the efficiency coefficient stays close to 1 during the
adaptive procedure. The superiority of the performance of our adaptive algorithm
over uniform mesh refinements is illustrated in Figure 3.10(b). We clearly observe
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(a) _épz + g .- (b) v, (c) Active sets intersection.

F1GURE 3.9. Numerical solution for Example 3.2.6 and [ = 14.

k m J(y,u?) = Ju(yp,w)) e
1 289 2.482 .10~ 1.261
2 330 1.805- 1074 1.128
3 411 1.635-1074 1.307
4 483 8.344 - 107° 1.674
5 604 5.544 - 107° 1.215
6 758 4.051-107° 1.000
7 993 3.370 - 107° 1.155
8 1261 2.463 -107° 1.198
9 1628 1.684-10~° 1.202
10 2287 1.292.10°° 1.140
11 3110 9.290 - 1076 1.155
12 4242 6.399 - 10~ 1.167
13 5526 4.136 - 10 1.168
14 7942 3.184-10°° 1.109
15 11281 2.268 - 1076 1.121
16 15531 1.537-1076 1.144
17 20867 1.041-10°6 1.148
18 30498 7.828 - 1077 1.095

TABLE 3.6. Adaptive refinement for Ex-
ample 3.2.6 (bulk criterion, #; = 0.5).

Ndof 10"

(a) Adaptive mesh for (b) Comparison of error decrement
k = 10. in the quantity of interest.

FiGURE 3.10. Example 3.2.6.

in Figure 3.10(a) that the characteristic features of the solution are tracked in the
adapted grid.



CHAPTER 4

Constraints on the gradient of the state

4.0. Introduction

Constraints on the gradient of the state play an important role in practical appli-
cations where solidification of melts forms a critical process. In order to accelerate
the production it is highly desirable to speed up the cooling processes while avoid-
ing damage of the products caused by large material stresses. Cooling frequently is
described by systems of partial differential equations involving the temperature as a
system variable, so that large (VON MISES) stresses in the optimization can be kept
small by imposing pointwise bounds on the gradient of the temperature. Pointwise
bounds on the gradient of the state in optimization in general deliver adjoint vari-
ables admitting low regularity only. This fact then necessitates the development
of tailored discrete concepts which take into account the low regularity of adjoint
variables and multipliers involved in the optimality conditions of the underlying
optimization problem.

Let us briefly comment on related literature. In [CF93| Casas and Fernandez
investigate optimal control of semilinear elliptic PDEs with pointwise constraints on
the gradient of the state. They provide a complete analysis including results on the
structure and on the regularity of multipliers.

To the best of the authors knowledge the works [DGH09¢| and [GH09] are the
first contributions to finite element analysis for elliptic control problems with point-
wise bounds on the gradient of the state. Both works separately study two different
scenarios varying in assumptions on the domain, the regularization term of the con-
trol in the objective and used discretization techniques. Both scenarios complement
one another and are also shortly introduced in [DGHO8]. They build up the content
for Subsection 4.1 and Subsection 4.2.

In the meantime the work [OW09] of Ortner and Wollner appeared which presents
error bounds similar to ours, but derived by following techniques developed in
[DHO7a]. For a further discussion concerning constraints on the gradient of the
state we also refer to [HPUU09, Sec. 3.3.2] and [Hin08].

The already announced paper [HK09] by Hintermiiller and Kunisch also applies
for optimal control problems dealing with constraints on the gradient of the state.
Therein a general Moreau-Yosida-based framework is considered, which is also used
to study a semismooth NEWTON algorithm in function space.

On the part of a posteriori error analysis for gradient constrained optimal con-
trol problems the only contribution known by the author is the work [Wol08] from
Wollner. Therein goal-oriented error estimators for the approximate finite element
solution combined with an interior point method are developed and investigated.

79
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Let us give an outline of this chapter. We are interested in finite element analysis
of the following control problem

1 o}
= 2+_/ o
(4.1) Jnin J(u) 24@ vol "+ | ful

subject to y solves (4.2) and Vy € C.

Here, yo € L2(Q), o > 0 and C := {Z € C°(Q)? : |Z(z)| < 6,2 € Q} are given for
fixed 6 > 0.
First in Subsection 4.1 we consider

Scenario 4.0.1 ([DGHO09c]). Let Q € R? (d = 2,3) be a bounded domain with a
smooth boundary 9. We further choose ¢ := 2, 7 := 0o and Uy, := {u € L*(Q) :
Uy < u < uy ae. in Q}, where u, < u, are fixed constants. We consider the elliptic
differential operator A from (1.1) with b; = 0 (: = 1, ..., d) and subsequently assume
the coefficients a;; = aj; and ¢ > 0 to be smooth functions on Q.

Secondly in Subsection 4.2 we are concerned with

Scenario 4.0.2 ([GH09]). Let Q C R? (d = 2,3) be a bounded, convex polyhedral
domain with boundary 02, whose inner dihedral angles at 0f2 in the case d = 3 are
assumed to be smaller than %7‘(’. This condition ensures the existence of some 7 > d
such that we are allowed to choose 7 > 0 : =1 > d, Uyqg = L"(2) and A = —A.

From the above assumptions we infer that for a given v € L"(2) (1 <r < T) the
elliptic boundary value problem

Ay =u in Q

(4.2) y =0 on 0f)

has a unique solution y € W?2"(Q) N W, (Q).

We apply variational discretization of the controls combined with the lowest
order Raviart—Thomas finite element approximations of a mixed formulation of the
state equation. This in particular leads to piecewise constant approximations to the
state and the adjoint state, respectively. The main result reads

1 1
|u = unll2) + |y — ynllL2(@) < Ch2[loghl>.

However, many existing finite element codes use finite elements based on con-
ventional continuous piecewise polynomial Ansatz spaces. This is our motivation
to provide numerical analysis for elliptic control problems with gradient constraints
also for piecewise polynomial and continuous state approximations. In Subsection
4.2 we consider from [GHO09] besides variational discretization also piecewise con-
stant approximations of the controls. In both cases the state is discretized with
standard piecewise linear, continuous finite elements. Our main result reads

d d

@) < ChO™0) ) and ||y — ynllr2q) < Chz9),

[ = up|

for variational discretization as well as for piecewise constant control approxima-
tions. The presented finite element error estimates are confirmed by numerical
experiments. Both approaches require to prove uniform bounds on the discrete mul-
tipliers associated to the discretized gradient constraints. Uniform error estimates
of finite element approximations to elliptic equations then deliver the respective
results.
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4.1. Mixed finite element approximations for Scenario 4.0.1

We consider the elliptic optimal control problem (4.1) with control constraints
and pointwise bounds on the gradient of the state under Scenario 4.0.1. We present
a tailored finite element approximation to this optimal control problem, where the
cost functional is approximated by a sequence of functionals which are obtained by
discretizing the state equation with the help of the lowest order Raviart-Thomas
mixed finite element. Pointwise bounds on the gradient variable are enforced in the
elements of the triangulation. Controls are not discretized. Error bounds for control
and state are obtained in two and three space dimensions. A numerical example
confirms our analytical findings.

4.1.1. Mathematical setting. For u € L"(€2) the unique solution
y € W (Q) N LT (Q)
from boundary value problem (4.2) satisfies

(4.3) [yllw2r @) < Cllullr@)-

By tracing the dependence on 7 in the proof of the above inequality (see e.g. [ADN59]
or [GTO01, Chap. 9]) it is possible to prove that

(4.4) lyllwzr @) < Crllull (),

where C' is independent of 7, (compare also [JT81, Lem. 1.2] or [GN88, p. 17]).
Since U,q C L"(Q) for r > d we have y € W?"(Q) and hence Vy € C°(Q)¢ by a
well-known embedding result. This ensures the validity of the pointwise gradient
constraints in problem (4.1).

Finally we suppose that the following Slater condition holds:

(4.5) Jiu €Uy |Vi(z)| <6, 2 €0 where ¢ solves (4.2) with u = @.

Since @ is feasible for (4.1) we deduce from Theorem 3 in [CF93], that the above
control problem has a unique solution u € U,y. From [CF93, Cor. 1] we deduce

Theorem 4.1.1. An element u € U,q is a solution of (4.1) if and only if there ezist

i€ M(Q)? and p € L'(Q) (t < 3% ) such that

(4.6a) /QpAd) - /Q(y — Y0)® — /Q Vo dii=0 Voe W (Q)nw,"(Q)

(4.6Db) /Q(p +au)(v—u)>0 Vv Uy

(4.6¢) /(;?—Vy)-dﬁgo vzel.
Q

. . 1 1
Here, y is the solution of (4.2) and ; + 5 = 1.

Remark 4.1.2. Lemma 1 in [CF93] shows that the vector valued measure /i ap-
pearing in Theorem 4.1.1 can be written in the form

1

— — _v

K 5 YK,

where ;1 € M(€) is a nonnegative measure that is concentrated in the set {z € Q) :

[Vy(z)| = o}
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Our aim is to develop and analyze a finite element approximation of problem
(4.1). We start by approximating the cost functional J by a sequence of functionals
Jn where h is a mesh parameter related to a sequence of triangulations. Since p
has very little regularity we propose to use a mixed finite element method based on
the Raviart—Thomas element of lowest order. It is a specialty of our approach that
it avoids explicit discretization of the controls. This procedure is motivated by the
fact that the structure of the discrete analogue to (4.6b) already induces a discrete
structure on the control through the discretization of the adjoint state p, compare
Remark 4.1.6.

4.1.2. Finite element discretization. As already introduced in Section 1.2
equation (4.2) can be written in mixed formulation (1.9) with f, = v and g, = 0.
For u € L?(Q2) we denote its solution (y,v) € L*(Q) x H(div;Q) by G(u). Next,
let 7, be a triangulation of ) with maximum mesh size h. We suppose that € is
the union of the elements of 7;; boundary elements are allowed to have one curved
face. In addition, we assume that the triangulation is quasi-uniform in the sense of
Definition 1.2.4. As already mentioned above we use a mixed finite element method
based on the lowest order Raviart-Thomas element. Let therefore Vh = RTo(Ty)
and V), := P, (Ty). The variational formulation (1.9) gives rise to the discrete

approximation of G. For a given function u € L%(Q) let (yn, %) = Gu(u) € Yy x V,
be the solution of (1.27). It is well-known ([BF91]) that the difference between
(y,¥) = G(u) and (yn, Un) = Gn(u) can be estimated as follows:

1y = ynllz2) + 10— Ol 2y < Ch(lyll i) + 1AVY i (0)a)
(4.7) < Chllyll gz < Chllul|z2o)

by (4.3). In what follows it will be crucial to control the error between ¢ and j, in
L>(Q).

Lemma 4.1.3. Let u € L*(Q) and (y,v) = G(u) and (yn, V) = Gn(u). Then
1y = ynlloe @) + 17 = Onll 2o (@)e < Chllog hl [ul| Loe(y-

PROOF. See [GN89, Cor. 5.5], where the result is proved for the model problem

a;j = 0;; and ¢ = 0, but it can be extended to the general case using techniques
developed in [GN88]. O

Remark 4.1.4. More recently, localized pointwise error estimates for general second
order elliptic equations on smooth domains were proved in [Dem04].

Next define
Gy, = {(G,: Q=R Chyr is constant and |c,p| < 6, T € T}

We approximate (4.1) by the following control problem depending on the mesh
parameter h:

1 o
in J, = — —yl? + — 2
Uréllljild h(U) 2 \/{2 ‘yh y0| + 2 /g; IU|

subject to (yp, Uh) = Gn(u) and <][ A’lﬁh) e Cy.
T

TeTh

(4.8)

Here, §,- = \T1| Jp - We note that the control is not discretized in (4.8) and
that the state variable’s gradient is only constrained on average on each cell. This
problem represents a convex infinite-dimensional optimization problem of similar
structure as problem (4.1), but with only finitely many constraints on the state.
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Lemma 4.1.5. There exists hg > 0 such that problem (4.8) has a unique solution
up, € Uyg for 0 < h < hg. Furthermore, there are pp € RYT € T;, and (Ph, Xn) €

Y, x Vi, such that with (Yn, Un) = Gn(up) we have

(4.9a) / A_lih W, + / pp, divdy, + Z W - ][A_lth =0 Yy, € Vh,
Q

TeTh T
(4.9b) / 2 divy — / cpn 2n + /(yh — o)z =0 V2, €Yy,
Q Q Q
(4.9¢) /(ph + aup)(v —up) >0 Vv € Uy,
Q
(49d) Z M - (Eh\T —][ Ailﬁh) <0 Ve, € C_;h.
TET, T

PROOF. We first prove that @ from (4.5) is feasible for (4.8). Let (g, 5) =g(a)
and (7, 5h) = Gu(u). For T € T}, we deduce with the help of Lemma 4.1.3 and (4.5)

][T A5, < ][ A7 (5, - 7) ]f, A-1F

(4.10) < O)|8 = Bn| oo gy + mex |V§(z)]

+

< Chl log h + max [Vj(x)| < (1 - 2)6,
e

for some e > 0 and 0 < h < hq, so that (f, A_lgh)Ten € (). The result now follows

from [CF93, Thm. 7] with the choices U = L2(Q), Uy C U and C) C R™ x R,
where nt is the number of elements in 7. O

Remark 4.1.6. We deduce from (4.9c) that u, = P[umub](_%ph)’ where P, )
denotes the orthogonal projection in L?(Q2) onto U,s. Hence, the discrete solution
is also a piecewise constant function.

Similarly to Remark 4.1.2 we have

Lemma 4.1.7. Let uj, € U,y denote the unique solution of (4.8) with corresponding
state (yp, Up) = Gn(up) and multiplier (pp)reT,. Then there holds

1 e
T = |HT|5][ AT, T €T
T

PRrROOF. Fix T € Tj,. The assertion is clear if ;. = 0. Suppose that p, # 0 and

define &, : Q — R? by
) fo A, TAT,
ChT =

uw
S T=T

Clearly, &, € Cy, so that (4.9d) implies

- (ot f A7) <o

and therefore since (f, A™'7),) cC,

TeT,

Sl < pap- o A5 < Sl
T
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NT_

Hence we obtain
|MT |

5 ][ A9, and the lemma is proved. O

As a consequence of Lemma 4.1.7 we immediately infer that

1 —
(4.11) lnr| = pr - 5][ AT, TeT,.
T

We now use (4.11) in order to derive an important a—priori estimate.

Lemma 4.1.8. Let u, € U,y be the optimal solution of (4.8) with corresponding
state (yn, ) € Yy, X Vi and adjoint variables (pn, Xn) € Yo X Vi, pop, T € Ty. Then

ynllz2) + Z lur| <C for all 0 < h < hy.
TeTh

Proor. Combining (4.11) with (4.10) we deduce
e f A= 5) 2 Sla| = (1= )6 | = <0l
T

Choosing wy, = v}, — 3y in (4.9a) and using the symmetry of A as well as the definition
of G;, we hence obtain

552|HT|<ZHT ][ Uh_ﬁh)

TeT TeTh
—/ Ail)zh . (77h — 5h) — / Pn dlv(ﬁh — 5]1)
Q Q
/(yh — n)divy, — / c(Yn — Yn)pn + /(uh — UW)Ph-
Q

If we use z;, =y — g5, in (4.9b) and v = @ in (4.9¢) we finally deduce

65Z|MT|< /yh—yo)yh—yh +Oé/uhu—uh
Q

TET
/yh /yh Yo + Un) /?/oyh+06/uh(ﬂ—uh)
Q
s——/yh——/uh+0/(y§+@2+ﬂ2),
2 2 Jq Q

where we have used
1

- - 1 1.
5(90 +91)?, Yoln < §y§ + 59/%

together with a similar estimate for uy, (2 — uy,). This gives the result. U

5 1
yn(yo + Tn) < =yp +

Remark 4.1.9. For the measure i, € M(Q)¢ defined by
| Fedin= 3w f Faa Feco@y,
TeTy,

it follows immediately that

”M}LHM d<C O<h§h0
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4.1.3. Error analysis.

Theorem 4.1.10. Let u and uy, be the solutions of (4.1) and (4.8) with correspond-
ing states y and yy, respectively. Then

lu — unll2) + |y — ynll2@@) < Ch2[loghl?
for all 0 < h < hy.

PROOF. Inserting v = uy, into (4.6b) and v = u into (4.9¢) we derive

(4.12) a/ﬁ|u—uh|2 S/Qp(uh—u)Jr/Qph(u—uh) =1+11I.

In order to treat the first term we note that Lemma 4.1.3 with u = u, € L*(),
(y", ") = G(un), and (yp, ) = Gn(un) yields

(413) Hﬁh _gh’|Loo(Q)d < Ch]logh\ Huh”Loo(Q)
Recalling (4.6a) we have

Iz/Qp(Ayh—Ay)
Z/Q(y—yo)(yh—yH/Q(Vyh—Vy)-dﬁ

Z/(y—yo)(yh—y)+/(Pa(Vy")—Vy) -dﬁ+/(Vyh—P5(Vyh)) - dfi
Q Q Q

where Ps denotes the orthogonal projection onto Bs(0) = {x € R? : || < §}. Note
that

(4.14) |Ps(z) — Ps(2)| < |x — &  Va,i € R%
Since © — Ps(Vy"(z)) € C we infer from (4.6¢)
415) 1< [ = w)" — )+ max V(@) = AT @) o

Let x € Q, say © € T for some T € Ty Since wy, is feasible for (4.8) we have that
§ A7, € Bs(0) so that (4.14) implies

(V" (z) — B5(Vy" ()]

< ’Vyh(x) —][ A1 +
T

P5(Vy"(x)) — Py <]§ A‘lﬁh) ‘
(4.16) <2

Vyh(:c) —][ Ailﬁh .
T

Using a well-known interpolation estimate (cf. [BS08, Cor. 4.4.7]), (4.4) and (4.13)

we obtain
]l AN — )
T

’V:’.jh(l’) —][ Ailﬁh
T
_d ) N
S Chl T ”vthWLT(Q)d -+ CHUh — UhHLoo(Q)d

+

< ‘Vyh(w) —][ vy
T

Q —) —
< Crh'=r lunl Lr) + Cllo" - Un |l oo (@)

< C(rh*=% + h|log h|)[|un| (o)
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for r > d. Since for 0 < h < 1

1——d d
h'~Teenl | log h| = exp 1_ﬁ logh | |log h|
= exp(log h) exp(d)|log h| = Ch|log h|

with C' = exp(d) holds we deduce, after choosing r = |logh| and recalling that
up € Uad7 that

‘Vyh( ) — ][A < Ch|loghl,
which combined with (4.15) and (4.16) yields
(4.17) 1< [ =" =)+ Chllogh.

Next, let us introduce (Qh,'gh) ‘= Gp(u) € V), x Vj,. Using (1.27b) and (4.9a) we
infer for the second term

Il = —/phdiv(ﬁh—ﬁh) +/cph(Qh—yh)
Q
:/A‘l)zh vh—vh Z“T ][ Uh—vh)+/0ph@h—yh)
Q Q

TET,
= / AT (0h — T) + / cpn(n — yn)
Q Q
+ : P][A—” —][A‘“
Z KT ( 5( i Uh) g Uh)
1 (f A, - P, ][A—“
Z Kt <]{F Uh 6( i

Since

(P(;(]é Alﬁh))Ten e Cy

we deduce from (4.9d) that

[[S/A Xh (h—Uh>+/Cph(gh_yh)
Q Q

][ A%, — Ps (][ A15h)
T T

In order to estimate the last term we note that Vy € C' implies that (fT Vy) TeT, =
(f, A‘lﬁ)TeTh € C, and hence again by Lemma 4.1.3, now with (y,7) = G(u),

(Z)h75h) = gh(u)a
][A-lﬁh -~ Pg(][ A7) ][ A0y, — ) Pg(][ A0y, — 17))‘

T T T T
< |0, — ]| oo (ya < Chllog hl,

which combined with Lemma 4.1.8 yields

[Iﬁ/A_l)zh- (5h—17h)+/cph(g)h—yh)+Ch|logh|.
Q Q

4+ max
TET,

Z el

TeT

< +
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The symmetry of A, (1.27a) and (4.9b) then give
17 S - / (?jh - yh) diV}Z’h + / Cph(gh — yh) + Ch| log h|
Q Q

(4.18) = /Q(yh — yo)(@h — yh) + Ch|logh|.

Inserting (4.17) and (4.18) into (4.12) we finally obtain
alu— upl* < /Q(y — o) (y" —y) + /Q(yh — o) (9 — yn) + Chllog hl
—— [y = i+ [ (0 =)o = 30)+ = ) 5" = ) + Chllog b
<~ [yl + Clly = dnllzey + I = smllzay) + Chlogh

<= [ty =l + Ol + lunls20)) + Cllog
Q
in view of (4.7) and the result follows. O

4.1.4. Numerical experiment. In order to have an universal problem for both
scenarios 4.0.1 and 4.0.2 at hand, we construct an example for admissible controls
in

Ug =f{u € L*(Q) : —2<u<2ae. in Q},
where the bounds on the control are not active in the analytical solution. This
implies p = —au by equality (4.6Db).
Example 4.1.11. We consider (4.1) with the choices Q = By(0) C R?, a = 1,

1

C={zeCQ)?: |Z(x)| < 5% €0}

as well as

1,1 )
yo(a:) = 1 + 51112 - Z|ZE|2, 0< |g;| <1,
sn2—ghnfz, 1<[z|<2

In order to construct a test example we allow an additional right hand side f in the
state equation and replace (4.2) by

—Ay=f+4+u in
y=20 on 051,

fa) e {2, 0< o <1,

0, 1<|z|<2.

where

u(z) =
0, 1<|z|]<2

with corresponding state y = yo. The action of the measure /i applied to a vectorfield

¢ € C°(0)? is given by [4¢ - dji = — Jopo - $ds.
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(a) Discrete yp,.

(c) Post—processed y . (d) Error distribution |y — y7|.

FIGURE 4.1. Optimal state.

For the numerical solution we use the routine fmincon contained in the Matlab
optimization toolbox. The state equation was approximated with the help of the
Matlab implementation of the lowest order Raviart—-Thomas element provided by
[BCO5]. In Figures 4.1 — 4.4 we present the numerical approximations yy, y& , up, ¥y
and fi on a grid containing m = 1089 gridpoints. Figure 4.4 clearly shows that the
support of fij, is concentrated around |z| = 1. We mention that the used meshes
have the same topology as the piecewise O(h?) irregular meshes from Table 2.2 for
triangulating B;(0). The only difference is that the mesh parameter h has doubled
for Q = By(Q).

In Table 4.1 we investigate the experimental orders of convergence (EOCs) for
the error functionals

Ey(h) = llu = unllz2).  Ey(h) = lly = nll2c), and B}(h) = lly — yy [z,

where the superscript P is assigned to the piecewise linearly post—processed state
associated to uy. It turns out that the controls show the behavior predicted by
Theorem 4.1.10, whereas the L?-norm of the state seems to converge linearly. The
post—processed state shows the same order of convergence, but has a smaller error.
In Table 4.1 we also display the values of » ;... ||, where (pr)rer, is given by
(4.11). These values are expected to converge to 27 as h — 0, since this gives the
value of p applied to the function which is identically equal to 1 on Q.
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(a) Discrete uy,.

FIGURE 4.2.
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(b) Error distribution |u — wup].

Optimal control.

FIGURE 4.4. Discrete measure.

il b X ml| Euh) EOC| E,(h) EOC| EP(h) EOC
TeT,

211.14214  5.024 | 0.729649 -1 0.302178 -1 0.137428 -

310.60439 5891 | 0.389627 0.986 | 0.153204 1.067 | 0.068697 1.089

410.31017  6.138 |0.275764 0.518 | 0.077299 1.025 | 0.032998 1.099

510.15703  6.222 | 0.196169 0.500 | 0.038752 1.014 | 0.015806 1.081

TABLE 4.1. Multiplier approximation, errors and EOCs for the con-
trols, the state and the piecewise linearly post—processed state.

89
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4.2. Variational discrete and piecewise constant control approximations
for Scenario 4.0.2

The present work from [GH09] complements the discrete approach to elliptic
optimal control problems with gradient constraints presented in Section 4.1 from
[DGHO09c]. We consider the elliptic optimal control problem (4.1) with pointwise
bounds on the gradient of the state for Scenario 4.0.2. To guarantee the required
regularity of the state we include the L"-norm of the control in our cost functional
with r > d, (d = 2,3). We investigate variational discretization of the control prob-
lem [Hin05] as well as piecewise constant approximations of the control. In both
cases we use standard piecewise linear and continuous finite elements for the dis-
cretization of the state. Pointwise bounds on the gradient of the discrete state are
enforced element-wise. Error bounds for control and state are obtained in two and
three space dimensions depending on the value of r. In the presence of gradient
constraints variational discretization of the controls automatically leads to globally
continuous approximations of the controls, if globally continuous Ansatz functions
for the state are used, see relation (4.29). This is certainly a drawback of the
approach, since the optimal control and the associated adjoint state may develop
jumps, as the example in Section 4.2.4 shows. Piecewise constant control approx-
imations here seem to be the better choice. However, the approximation order in
both cases is the same, and also the errors in the numerical experiments for both
approaches are of similar size, see Tables 4.2, 4.3.

4.2.1. Mathematical setting. For the convenience of the reader we recall the
assumptions made in Scenario 4.0.2. Let Q C R¢ (d = 2,3) be a bounded, convex
polyhedral domain with boundary 0f2, whose inner dihedral angles at 02 in the
case d = 3 are assumed to be smaller than %71’. We consider the differential operator
A := —A and associate to it the bilinear form

aly, d) = /Q Vy-Ve  Vyoe H\Q).

With the above assumptions we conclude that there exists some 7 > d such that for
a given u € L"(Q) (1 < r <7) the elliptic boundary value problem
Ay =wu in Q,

(4.19) y=0 on 00

admits a unique solution y = G(u) € W2"(Q) N W, " (Q) (see [Dau92] for d = 3, and
[Gri92] for d = 2). Furthermore,
[yllw2r@) < Cllullzro)

holds. Moreover, for u € W=1"(Q) we have G(u) € Wy (Q) (see [Gro89] for d = 2,
and [JK95] for d = 3) with

yllwir@ < Cllullw-1-(),
where the positive constant C' is independent of u.

Remark 4.2.1. We think that our considerations also carry over to more general
elliptic operators

d
Ay = — Z a:vj (aZ]ym) +cy,

1,j=1
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with sufficiently smooth coefficients a;; and ¢, and to curved domains €2 with suffi-
ciently smooth boundary.

If not specified otherwise, let d < r < oo, a > 0 and yy € L*(Q) be given. We
now consider the control problem

(4.20) Doin J(u /Iy vol* + — /|U|

subject to y = ) and Vy € C.
Here,
(4.21) C={ze Q) |Z(x) <6 xeQ}

Since r > d we have y € W?"(Q) and hence Vy € C°(Q)? by a well-known embed-
ding result. We impose the following Slater condition:

(4.22) Jue L") : |Vi(z)| <6, x € Q, where § = G(a).

Since J is strictly convex and the set of admissible controls and states forms a
closed and convex set, problem (4.20) admits a unique solution u with associated
state y = G(u).

The KKT system of problem (4.20) is obtained with the help of [CF93, Cor. 1].
There holds

Theorem 4.2.2. An element u € L"(Q2) is a solution of (4.20) if and only if there
exist i € M(Q)? and p € L'(Q) (t < %) such that

_ _ _ A7 — 2t 1,¢/
(4.23a) / pAD / (v — y0)9 / Vo di=0 Vée W (Q)nwit(Q)
(4.23b) ptalulPu=0  nQ

(4.230) /(z— Vy)-di<0 V¥iel.
Q

Here, y is the solution of (4.19), %—i—tl, =1, and M(Q) denotes the space of regular
BOREL measures.

Again as in Remark 4.1.2 the vector valued measure [i can be represented by
some nonnegative p € M() such that

1
(4.24) A=sVyn

holds.

4.2.2. Finite element discretization. We sketch an approach from Section
3.3.2 of the book [HPUU09] which uses classical piecewise linear, continuous ap-
proximations of the states.

Let 75, denote by Definition 1.2.4 a quasi-uniform triangulation of 2 with max-
imum mesh size h. We choose the space of linear finite elements Y; := P! h(’ﬁl)
and let Yy := Y;, N H}(Q). Furthermore let us recall the definition of the discrete
approximation of the operator G. For a given function v € L*(Q) we denote by
2, = Gp(v) € Yy the solution of

a(zn, ) = / v for all ¢y € Yo,
Q
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It is well-known that for all v € L"(£2) by an embedding theorem the corresponding
state G(v) is in WH*(Q), where we recall » > d. Furthermore, using [GLRS09,
(1.2)] and [BSO08, (4.4.29)]

1G(v) = Gn(v)[lwre(0) < Cz;}él&%o 1G(v) — zallwioeoy < CRYFIG(0) [w2r (o)

d
(4.25) < Ch'* || .-
For each T € T}, let zp € R? denote constant vectors. We define
= {Z,: Q=R : Zyr = zp on T and |Zyr| <6, T € Tp}.

4.2.2.1. Variational discretization. Let us first consider variational discretization
of problem (4.20) which reads:

J —
w20 i, 300 =5 [ b=l

subJect to yn = Gp(u) and Vy;, € Ch.
Now (4.25) implies that g, := G (@) satlsﬁes the Slater condition
(4.27) |Vin(x)] < 4 for all z € Q,
and for 0 < h < hy with hg > 0 small enough. This delivers

Lemma 4.2.3. Problem (4.26) admits a unique solution u, € L"(2). There exist
pr € RY for all T € Ty, and py, € Yy such that with y, = Gy, (up,) we have

(4.28a) a(n, pr) — /(Zlh — Yo)bn — Z Vour -ur =0 Vu € Ya,

TET
(4.28b) A+ alup| Pup =0 in Q)
(4.28C) Z (ZT — Vyh|T) © Ml <0 VZh c C_;h.
TeTh

In problem (4.26) we apply variational discretization of [Hin05]. From (4.28b)
we infer for the discrete optimal control

1 2er
(4.29) up = —a 1 |pp| I py.

In order to numerically implement the infinite dimensional optimal control problem
(4.26) we essentially make use of this equation. The treatment of the nonlinear
dependence between u;, and the finite element object py, is strongly challenging. An
explanation of the numerical solution algorithm is part of Section 4.2.4 and the
Appendix C.

Furthermore, according to (4.24) we have the following analogon to Lemma 4.1.7
as representation of the discrete multipliers.

Lemma 4.2.4. Let uy, denote the unique solution of (4.26) with corresponding state
yn = Gn(up) and multiplier (por)reT,. Then there holds

1
(4.30) P = ]uT\SVyMT for all T € Tp.

PROOF. Fix T" € Tj,. The assertion is clear if p = 0. Suppose that g # 0 and
define 7, : Q — R? by

ST T\ §Br T T

| Y

> . {vyh|Ta T 7é Ta
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Clearly, 2), € Cy, so that (4.28c) implies

Mr - (5|Z—T - Vyh|T) <0,
T

and therefore, since (vyh\T)TeTh S éh,

Olpr| < pr - Vynr < 0|pgl.

Hence we obtain |“—| = SVyMT and the lemma is proved. U
Kmr

As a consequence of Lemma 4.2.4 we immediately infer that

1
(4.31) lpr| = pr - gVyMT for all T € Ty,.

We now use (4.31) in order to derive an important a priori estimate.

Lemma 4.2.5. Let uj, € L"(Q)) be the optimal solution of (4.26) with corresponding
state yn, € Yno and adjoint variables py, € Yio, pp € R T € Ty. Then there exists
ho > 0 such that

[ynllz2@) + llunllr@) + l1pall 72 ) + d lppl<C forall0 < h < hy.
=

ProOF. Combining (4.31) with (4.27) we deduce

T (Vyh\T - V§h|T) > 0lpp| — (1 —¢€)0 |pp| = ed|prpl.

Choosing ¢, = y, —9p, in (4.28a) and using the definition of G, together with (4.28b)
we hence obtain

5 Z | < Z oy - (Vynr — Vikr)

TeT, TeTh

= a(yn — Un,pn) — /Q(yh —%0)(Yn — Un)
Z/(uh—ﬁ)ph—/(yh—yo)(yh—ﬂh)

:—a/|uh| +Oé/‘uh‘r 2Uhu_/yh /yh Yo + Un) /yogh
<= [ Jual + ol e o Wil = 5 | o =0 =

« . 1 iy
=5 [t =5 [ 1+ OO+ Tl + )

where we have used y,(yo + 1) < 397 + 5(Yo + §)?. This implies the bounds on
Yn, up, and pp. The bound on pj, follows from (4.28b). O

IN

Remark 4.2.6. For the measure i, € M(Q)¢ defined by

/f diin —Z/fdx pyp for all fe CO(Q)4,

TeTh

it follows immediately that
12| mye < €
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4.2.3. Error analysis. Now we are in the position to prove the following error
estimates.

Theorem 4.2.7. Let u and uy be the solutions of (4.20) and (4.26) respectively.
Then there exists hy < hg such that

1y — ynllr2@) < Ch2=9 and ||u — up)| 1) < ChT079)
for allO < h < hy.

PROOF. Let us introduce y" := G(uy,) € W (Q) N W, (Q), and 95, := Gu(u).
In view of Lemma 4.2.5 and (4.25) we have

_d _d
(432) ||yh — thWl,oo(Q) S Chl r uh”LT(Q) S Ohl T,

Let us now turn to the actual error estimate. To begin, we recall that for r > 2
there exists 6, > 0 such that

(la|"2a — [b]""2b)(a — b) > 0,|a — b|" Va,beR.
Hence, using (4.23b) and (4.28b),

a@r/ lu — up|" < a/(|u|r_2u — |un|""Pup) (u — up,)
0 0
:/p(uh—u)—l—/ph(u—uh)zl—i—lf.
0 Q

Recalling (4.23a) we have

Iz/Qp(Ay"—Ay)
~ [w=w" =0+ [ (V9" =) di

= /(y—yo)(yh —y) +/(P5(Vyh) ~Vy) - dﬁ+/_(Vyh — P5(Vy")) - dji
Q Q Q

v~

<0

where P; denotes the orthogonal projection onto Bs(0) = {x € R? : |z| < §}. Note
that

(4.33) |Ps(z) — Ps(2)| < |x — &  Va,i € R
Since x — Py(Vy"(x)) € C we infer from (4.23c)

(4.34) I< /Q(y —yo)(y" —y) + max vy () = Ps(Vy™ ()] || ] paerye-

Let « € Q, say € T for some T € Tj,. Since uy, is feasible for (4.26) we have that
Vynr € Bs(0) so that (4.33) together with (4.32) implies

VY (z) — B5(Vy"(2))| < |Vy"(2) = Vynr| + | (V" (2) = Bs (V)|
(4.35) < 2|Vy"(x) = Vynr| < ChF |lunl| e (@)-
Thus

(4.36) I'< /Q(y — o) (y" — ) + ChI7T.
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Similarly,

IT = a(gn — yn,pn) = /(Z/h — Y0)(Un — yn) + Z Vnr — VZ/h|T) “Hr
TET,

= /Q(?/h = Y0)(Jn — yn) + Z (Vi = Ps(Vinr)) - pr

TeTH
+ Y (Ps(Vinr) — V) - por
Teﬁl vl
<0
/(yh —40) (@ — ) + > (Vi — Vy(ar)) - pr
TETh
+ Y (Ps(Vy(xr)) = Ps(Viinr)) - o,
T€77L

where z7 € T, so that (Vy(zr)) € C,. We infer from Lemma 4.2.5 and (4.25)

TeT,

IT < /(yh = 0) (I — yn) + 2 max [Viuz — Vy(ar)| > eyl
=

(4.37) < /(yh —40)(Un — yn) + Chl_%HUHLT(Q)
Q

Combining I and I we finally obtain
Oéer/ lu —up|" < /(y —y0)(¥" —y) + /(yh — o) (i — yn) + Ch %
Q Q Q

. Q|y—yh|2+/ﬂ<<yo—yh><y—gh>+<y—yo><yh—yh>>

N _a
<_ / ly—unl? + C(ly =l + 15" — nll o) + OB
Q

_d
<= [ Iyl + Chlulizey + funlzey) + Ch'F
Q
and the result follows. O

Remark 4.2.8. Theorem 4.2.7 suggests to use the coupling r = 2d to obtain the
best convergence order for the control error. This would deliver errors of magnitude
O(h'/?) for d = 2 and of magnitude O(h'/12) for d = 3. We note that our numerical
results for d = 2 deliver O(h!'/*). However, presently we are not able to prove this
result for the control problems (4.20), (4.26).

4.2.3.1. Piecewise constant controls. Let us now consider the following optimal
control problem with piecewise constant controls as discretization of problem (4.20);

(438) min Jy(un) /|yh—yo| + = /|Uh|

subject to y, = Gp(up,) and Vy, € Ch,

where Uy, := {v, € L"(Q) : vpr € R for all T € T, }. It is not difficult to prove that
this problem admits a unique solution u;, € U,. Our finite element error analysis for
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this problem is based on approximation properties of the orthogonal L?-projection
Qn : L*(Q) — Uy, defined by

(Qu)(o) = f

1
v:—/vforallveLQ(Q),xET.
v Tl Jr

For v € L"(2) we have the stability estimate

. 1
/U ) = (Z |T\1_T‘|!1'U||L1(T>|r>
T TeTh

1
< <Z HUHET(T)> = llvllzr @),

TeTy

(439) ||th||L’V‘(Q) = (Z |T|1—r

TeT,

and for ¢ € W(Q) the approximation property

(4'40) H¢ - Qh¢“LT(Q) < Chl”d)HW“(Q% 0<i<l,
holds, see [EG04, Prop. 1.135]. Furthermore,
1G(v) = Gr(Qnv)|lwreo) <
||g(1)) - g(QhUWW“’O(Q) + “g(QhU) - gh(QhU)le,oo(Q) =I1+11.
Now, for v € L"(2), by (4.25) and (4.39) there holds
IT < ChY | Quovll @) < CRYF vl roy-
Furthermore
IVG (0 = Quo)llLe(@ye < ClIVG(0 = Qo) 1 yal VG (0 = Qo) 5L g
< CHU - thusvflw(g)”l) - QhUH};(ﬁg)a
where we have used the LYAPUNOV inequality ([Fri69, Thm. 10.1]) with 0 < g :=
1— ¢ < 1. Now, for we W' (Q) with 2 + £ =1 we have

Jo=@wu = [ @-Qu)w-@u) < o - Quolluo o - Quollm
Q Q

< Chllv = Qv e llwllyyr (g)-
This yields

v — v )w
v — Quollw-1r0y = sup fﬂ(—Qh)

< Chlv| @),
0£weW L' () ||7~UHWM’(Q)

so that we obtain again by (4.40)

d
IVG (v — Qo) r=eye < ChF o1y

Hence I can also be estimated by

I =G — Quv)lwice() < CIVGW — Quv)|| eyt < CAF |0 1r(y-

Finally we conclude

(4.41) 1G () = Gu(Qno) wie) < CRYF 0]l Lrey-
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Thus, with v := @ € L"(2) we have that for h > 0 small enough the function
Un := Gn(Qnv) satisfies the Slater condition (4.27). For the optimal control problem
(4.38) the result of Lemma 4.2.3 is valid if we replace (4.28b) by

(4.42) /(ph + afun | 2up)vp = 0 Yoy, € Up,.
Q

Furthermore Lemma 4.2.4 holds accordingly and the analogon to Lemma 4.2.5 reads

Lemma 4.2.9. Let u, € Uy, be the optimal solution of (4.38) with corresponding
state yn, € Yyo and adjoint variables py, € Yro, gy, T € T Then there exists hg > 0
such that

Nynllz2@) + l|unl Lr@) + Z lpur| < C for all 0 < h < hyg
TeT,

holds.
PROOF. Since 0 < Jy(up) < Jp(Qpt) < C uniformly in h we have
Hyh”p(g) + HuhHLr(Q) < (C forall 0 < h <hy.
We continue with the estimate
- 1 N
By (V?/h|T - v.7Jh|T) = 6|pp| — |NT|5Vyh|T - Vinr
> Olpr| = |pr| [V Gnr|
€ €
> 6|/1’T’ - (5 - Z)WT’ = Z‘MTL

for some ¢ > 0. Choosing ¢, = y, — gy in (4.28a) and using the definition of G,
together with (4.42) we hence obtain

8 ~
1 Z lpr| < Z tr - (VY — Vi)

TeTh TeTh

= a(Yn — Yn, Pn) — /Q(yh —Y0)(Yn — Un)

= /(Uh — Qnv)pp — / yp + / yn (Yo + Un) — / YoUn
Q Q Q Q
r—2 1 2 1 2 1 ~2
< —a [ Jup|" up(up, — Qpu) — B Yp T+ B Yo + B Y,
Q Q Q Q

o / unl” + a / un ™ 2up Qo + C / R+ )
Q 9] Q

< ;g @l + € 06+ )

IN

— allunlfs oy Q0@ + C / (R +72)

< C(lQnvllzr@y + IollZ2i0) + I191172(@);

where we again have used yi,(vo + 1) < 2y2 + 2(yo + §»)?. This implies the bound
on . U

Theorem 4.2.10. Let u and uy, be the solutions of (4.20) and (4.38) respectively.
Then there exists hy < hg such that

ly = wall 2y < CR2O=D and [ju — up|ro) < CRFO—
for allO < h < hy.
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PROOF. Let us introduce " := G(up,) € W"(Q) N Wy (Q), and g, := Gn(Qpu).
In view (4.25) we have

4 4
y" = ynllwroo@y < CRY " |un|zr) < CRYF.

Let us now turn to the actual error estimate. Using (4.23b) and (4.42) we have

a@r/ lu — up|" < a/ (Ju| 2w — Jup|"%up) (uw — up)
Q Q

= /p(uh —u)+ / Pr(Qnu — up) —04/ [un| " ?up (v — Quu) .
JQ Q QS———

d €U et
vV

=0

v~ v~

=:1 A1 N

To estimate the terms I and I we follow the lines of the proof of Theorem 4.2.7
and obtain

(4.43) I< /(y —yo)(y" —y) + Ch' 7,
Q
as well as

11 < /(yh —40)(Jn — Yn) + 2max |Viyr — Vy(zr)| Z Iy
0 TETn =

< /Q(yh = %0)(Jr — yn) + CIIV(Gn — y) || oo (0)0-

As in inequality (4.41) with v := u we estimate
IV (@ — )| z=(@ye = [V (Gn(Qute) = G(w)| g aye < CRIF
and thus
IT < /Q(yh — o) (Gh — yn) + ChV 7.
Combining I and I we finally obtain
a0, [ Ju=wl+ [ 1y = < Ch(lullzey + unlsey) + o

and the result follows. O

4.2.4. Numerical experiments. We now consider the finite element approx-
imation of problem (4.20) with the data from Example 4.1.11. The optimization

problem then has the unique solution u(z) = —1p,()(z). We note that we obtain
equality in (4.23b), i.e. p = —u for all » > d. For all numerical computations we
take r = 4.

4.2.4.1. Variational discretization. We solve problem (4.26), where we essentially
make use of the structure of uy in terms of equation (4.29). With our choices for the
specific example the optimal control u;, € L*(2) with corresponding adjoint state
pn € P, (Ty) satisfies
Sl -2 1 1
(4.44) up = —a 3 |pp| 3pp = —a 3sign(py)|pal®.
Now the idea is to minimize over the subset

Up = {u € L*(Q) : u satisfies (4.44) with u, = u for some p, € P, (Ty)}.
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In order to use the Matlab optimization routine fmincon one has to provide the
objective Jy,(u) for those elements u € Uy, especially the term

(4.45) Lt =2 [l =5 S [ el

TeTh

We transform the involved integrals over triangles onto the standard 2-simplex 7" in
R2. For a trlangle T = conv hull{ay, a;, as} in R? there exists by (1.13) a diffeomor-
phism Fr:T — T with

F‘T(i') = ATZi‘ + ap,
where Ap € R?*? is a regular matrix. For any integrable f : T — R the transfor-
mation-theorem gives

/T f(e)di = / FEEE / F(Fr(#))| det(DFr(2))] d2
— | det(Ar) / F(Fr(#)) d

1 1—-21
(4.46) Y / / F(Br(iy, 2)) dis dity.
0 0

Let ¢; : T"— R for i = 1,2,3 be the local linear finite element basis functions
corresponding to the vertex a; ; on the element 7. Their associated linear finite
element basis functions on the standard simplex 7" are given by

@1@1@2) =1—1a1 — Iy, 952(92’17132) = 11, 953(92’1,@2) = Iy.
By setting p; := pn(a;—1) € R for i € {1,2,3} we consider the local affine linear
function p: T'— R

D = DT = P1¥1 + D22 + P3P3.
Obviously for (#1,22) € T one obtains
(ﬁT(ii“hfz)) = p1P1(21, T2) + papa(1, T2) + p3ps (21, T2) =: p(1, T2).
Finally for evaluating (4.45) we set f := ]p|3 in (4.46) and compute

s [ A e = [ fEeyds = [ o)t as

This integral can be computed analytically and is part of Lemma C.1 in the appen-
dix. Moreover for evaluating the right-hand-side of the state equation one needs to

assemble the vector
Z /81gn Ph|T |Ph\T| Gbg] .
j=1

~ _1
u = |:/ u¢]:| fnd 3
Q j=1 T€Th

Therefore we need to know the integrals [, sign(pur) ]ph|T|§g0i fori € {1,2, 3} involv-
ing the local basis functions ¢; on T'. Again from the previous setting let p := ppr

and f; := sign(p)|p|3¢; so that we need to compute

(
1 L o A
ﬁ/Tfi(x)dx:/Tfi(FT(x))dx:/TSlgn( (2))[p(2)| %( ydi =: I,.

It turns out that also these integrals can be computed analytically. This is carried
out in Lemma C.2 in the appendix. To speed up the numerical performance of a
generalized NEWTON method for the control-reduced problem it is also required to
have derivative information at hand. The difficult part is to derive the right hand
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(a) Control uy,. (b) Adjoint state py,.

FIGURE 4.5. Variational discretization.

nt ‘ HU — uhHL‘l(Q) EOC ‘ HU — uhHLQ(Q) EOC ‘ Hy — thLQ(Q) EOC

32 0.834633 - 1.360030 - 0.220346 -
128 0.588566 0.549 0.904770 0.640 | 0.797200 1.597
512 0.484191 0.293 0.582014 0.661 0.035210 1.225

TABLE 4.2. Errors and EOCs for variational discretization.

side of the state equation with respect to p,. More precisely we locally end up to
compute the numbers
0l
] ap] Y
which are explicitly stated in Lemma C.3.

Figure 4.5 illustrates the optimal solution u;, and corresponding adjoint state pj,
on a mesh consisting of nt = 512 triangles. We note that due to relation (4.29) the
variational control has to be a continuous function. The exact control however has
a jump. We conclude that variational discretization combined with piecewise linear
and continuous finite elements for the state approximation is not ideally suited to
approximate control problems with gradient constraints on the state. To illustrate
this fact we in Table 4.2 present some numerical computations for up to nt = 512
elements.

Led by the findings of [DGH09¢c] we think that variational discretization com-
bined with the lowest order Raviart—Thomas finite element as state approximations
in a mixed formulation of the state equation seems to be a more appropriate choice.
However, many existing finite element codes use standard finite elements, so that
there exists a demand in these approximation approaches also in optimization of
elliptic PDEs in the presence of gradient constraints on the state. Therefore, in the
present work we also investigate piecewise constant control approximations com-
bined with piecewise linear, continuous approximations of the state.

4.2.4.2. Piecewise constant controls. We use piecewise constant, discontinuous
Ansatz functions for the control w;,. For the numerical solution we use the rou-
tine fmincon contained in the Matlab optimization toolbox. The state equation
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WA

A
R

VNN

-2 -2 -2 -2

(a) Control uy,. (b) State yp.

FIGURE 4.6. Piecewise constant controls.

-2 -2

FIGURE 4.7. Discrete multiplier for piecewise constant controls.

is approximated with piecewise linear, continuous finite elements on quasi-uniform
triangulations 7, of By(0). The gradient constraints are required element-wise. The
resulting discretized optimization problem then reads

. 1 9 a .
ur},nEITI}h Jh(uh) = §Hyh - y0HL2(Q) + ?HuhHLT(Q)

subject to y, = Gu(up) and |Vyyr| <0 = VT €T,

N | —

In Figures 4.6, 4.7 we present the numerical approximations uy, ¥, and u, on a grid
containing nt = 8192 triangles, where p; is obtained by [, according to relation
(4.31). Figure 4.7 clearly shows that the support of yy, is concentrated at |z| = 1.
In Table 4.3 we document the experimental order of convergence. The controls
show an approximation behavior which is slightly better than that predicted by The-
orem 4.2.10. However, this may be caused by the fact that |||z (q), ||un|lre@) < C
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nt‘ |’u_uhHL4(Q) EOC ‘ ”U'_uhHLQ(Q) EOC ‘ ”y—thLQ(Q) EOC

32 0.834550 - 1.376190 - 0.230207 -
128 0.541825 0.679 0.845567 0.765 0.081135 1.639
512 0.457207 0.255 0.603292 0.506 0.032682 1.363

2048 0.363216 0.338 0.411190 0.563 0.013326 1.318
8192 0.295328 0.301 0.274811 0.587 | 0.005277 1.348

TABLE 4.3. Errors and EOCs for piecewise constant controls.

uniformly in A. The L?-norm of the state seems to converge at least with linear or-
der. This can be explained by the high regularity of the exact solution. In the
second column of Table 4.5 we display the values of 3 ;- [pp[. These values are
expected to converge to 2w as h — 0, since this gives the value of p applied to the
function which is identically equal to 1 on .

In order to motivate the convergence behavior of ||u—uy||12(q) we briefly consider

4.2.4.3. TYCHONOV regularization. Since v € L"(2) with r > d > 2 we may
also penalize with the L?-norm of the control. The corresponding optimal control
problem reads

. 1 2 « 2 o T
o In(un) = §||yh — Yollz2() + §||Uh||L2(Q) + ;Huh”Lr(Q)

subject to y, = Gp(up) and |Vypr| <6 = VT €T

N | —

An analytic solution can be obtained by adapting the constants in our example.
Since the variational equality for the control for this control problem reads

/(ph + a(up + Jup|" " 2up))vn, = 0 for all v, € Uy
Q

we have a solution for the same data as before except for « = 0.5. An analysis along
the lines of Theorems 4.2.7, 4.2.10 now shows that we also get

l_d
||U — uh||L2(Q) S Ch2(1 T),

with C' = C(J|ullzr@), |unl|zr@))- Since in the present example we have u €
L>(Q) and that [|up||L=(q) is uniformly bounded in h we expect the error behav-

ior |lu — upl|r2(0) ~ O(hz~%) for h — 0. In Figure 4.8 we present the numerical
approximations u, and gy, on a grid containing nt = 8192 triangles. In Table 4.4
we investigate the experimental order of convergence for different error functionals.
All convergence orders are in the same range as those obtained in the case without
TycHONOV regularization and piecewise constant controls. We observe that the
control does not oscillate that much along 9B1(0) as in the unregularized case.
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(a) Control uy,. (b) Multiplier OLT)TET;{

FIGURE 4.8. TYCHONOV regularization.

nt ‘ ||u—uh||L4(Q) EOC ‘ ||u—uh||Lz(Q) EOC ‘ ||y—thL2(Q) EOC

32 0.863533 - 1.224542 - 0.383556 -
128 0.530078 0.767 0.772724 0.723 0.114305 1.902
512 0.425213 0.330 0.503372 0.642 0.049405 1.257

2048 0.352524 0.275 0.348416 0.541 0.021354 1.232
8192 0.289696 0.286 0.241345 0.534 0.009586 1.166

TABLE 4.4. Errors and EOCs for TYCHONOV regularization.

nt| > |ppl Y0 |pgl
TET TeTh

32 0 0.923
128 | 2.498 3.657
012 | 4.217 4.958

2048 | 5.213 5.603
8192 | 5.740 5.940

TABLE 4.5. Multiplier approximations for piecewise constant controls
(middle) and for TYCHONOV regularization (right).
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CHAPTER 5

Summary and conclusions

Let us summarize our investigations in structure exploiting GALERKIN schemes
for the problems of consideration within the last chapters. Throughout this man-
uscript we permanently apply the variational discretization concept proposed by
Hinze in [Hin05]. Not explicitly discretizing the control allows for crosswisely test-
ing variational inequalities from the analytic and variational discretized optimal
control problems with their optimal solutions. This technique is a generally appli-
cable and elegant starting point to derive a priori error estimates under the further
use of finite element error estimates for the state equation.

In Chapter 2 we derive new results for optimal DIRICHLET boundary control
problems with control constraints on smooth bounded domains in two and three
space dimensions. The proven orders of convergence, which also are numerically
confirmed, can even be increased in two space dimensions by additional assump-
tions onto the underlying mesh of computation. Another potency of variational
discretization lies in the natural behaviour of control active sets as their boundary
not necessarily needs to be resolved by edges from the computational grid. This of
course leads to increased costs of implementation. However its practicability is fig-
ured out in the second part of Chapter 2. Moreover we introduce the useful notation
of additive mass-matrix splitting and highlight that variational discretization keeps
the sparsity structure in Jacobian matrices.

In Chapter 3 we focus onto elliptic optimal control problems, when pointwise
constraints onto the state come into play. Since a priori error analysis even for
variational discretization is already carried out in the cited literature, we concentrate
onto a posteriori structure exploiting GALERKIN concepts. With the design of a goal-
oriented error estimator we extend the dual weighted residual approach proposed
in [BR96] by Becker and Rannacher to the state constrained case. Our approach
avoids the appearance of additional control error terms in error representations. We
even extend some of these techniques to an optimal control problem with additional
control constraints. This setting numerically requires to introduce a regularization
of the state constraints. By choosing a Moreau-Yosida penalization we construct
computable a posteriori error estimators. Numerous numerical examples highlight
the performance and effectiveness of the adaptive solution loop.

The concept of variational discretization is not restricted to conforming finite
elements. In Chapter 4 we approximate the elliptic state equation by lowest or-
der Raviart-Thomas elements in a mixed formulation. In this way of discretization
the gradient of the state is represented by an own quantity and better reflects the
gradient constraints, which are of main interest within this chapter. A priori error
estimates for the control and the state are proven for two replenishing scenarios
which distinguish in the control costs in the objective and the presence of additional
control constraints. The experimental order of convergence measurements show bet-
ter behaviour of the state variable then predicted. Moreover variational discretized
finite elements for the second scenario with L"-norm of the control in the objective
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are numerically implemented. The arising formulas show, that easy numerical man-
ageability of variational discretization relies on quadratic objectives, which is often
the case in practice.

Finally structure exploiting GALERKIN methods are a powerful tool on both
sides: On the a priori part to elegantly investigate and prove finite element error
estimates and on the a posteriori part to save degrees of freedom due to problem
adapted meshes and model reduction. But these methods are just one possible
approach. Todays and future applications in terms of highly nonlinear, time depen-
dent optimal control problems enforce us to efficiently combine these techniques with
parallel computing, automatic differentiation or multigrid methods for instance.



APPENDIX A

Control constraints

The additive mass-matrix-splitting routine assem mass

Algorithm A.1.

% split mass matriz into 8 parts w.r.t. CHI= —1/alxP + U0

function [M_tilde_IS, M_tilde_Aa, M_tilde_.Ab]= assem_mass(CHI, ua, ub)
global Mesh

persistent int_T_ij i112 j233 Mat_np_.nt_-100 Mat_np_nt_-010 Mat_np_nt_001

if size(int_T_ij, 2) =Mesh.nt
% assemble local mass matriz

% \int-T \phi_i \phi_j 17
int_T_ij= [Mesh.area()./6 % 11
Mesh. area ()./12 % 12
Mesh. area ()./12 % 13
Mesh. area ()./6 % 22
Mesh . area ()./12 % 28
Mesh. area () ./6]; % 33

i112= [Mesh.pn100(), Mesh.pnl00
j233= [Mesh.pn010 (), Mesh.pn001

(), Mesh.pn010() ];
0
Mat_np_nt_100= sparse(Mesh.pn100 (
0(
(

, Mesh.pn001() |;

), 1:Mesh.nt, true, Mesh.np, Mesh.nt);
), 1:Mesh.nt, true, Mesh.np, Mesh.nt);
), 1:Mesh.nt, true, Mesh.np, Mesh.nt);

Mat_np-nt_-010= sparse(Mesh.pn01
Mat_np-nt_-001= sparse(Mesh.pn001
end

mij_Aa= zeros (6, Mesh.nt);
mij_IS= zeros (6, Mesh.nt);
mij-Ab= zeros (6, Mesh.nt);

int_T1_ij= sparse(6, Mesh.nt);
int-T2_ij= sparse(6, Mesh.nt);
int_-T3_ij= sparse(6, Mesh.nt);
int_T4_ij= sparse (6, Mesh.nt);
int-T5_ij= sparse(6, Mesh.nt);

CHI123.m101= 1.0.%(CHI(Mesh.t (1:3, :))>ub) — 1.0.x(CHI(Mesh.t(1:3, :))<ua);

%

% 1st case: all active or all inactive
all_act_Aa= sum( CHI123.m101) ==-3;
all_ina_IS= sum(abs(CHI123_.m101) )= 0;
all_act_Ab= sum( CHI123.m101) = 3;

mij_Aa(:, all_act_-Aa)= int_T_ij(:, all_act_Aa);
mij IS (:, all_ina_IS)= int_-T_ij(:, all_ina_IS);
mij-Ab (:, all_act_-Ab)= int_-T_ij(:, all_act_Ab);

%
% 2nd case: exactly ONE active or exactly TWO active
% (hence ezactly ONE inactive)

ONE_act_Aa= (sum(abs(CHI123.m101))==1) & (sum(CHI123.m101)==-1);
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ONE_act_Ab= (sum(abs(CHI123.m101))==1) & (sum(CHI123.m101)=— 1);
TWO_act_Aa= (sum(abs(CHI123.m101))==2) & (sum(CHI123.m101)==-2);
TWO_.act-Ab= (sum(abs(CHI123.m101))==2) & (sum(CHI123.m101)=— 2);
ONE= ONE_act_-Aa | ONE_act_Ab | TWO_act_Aa | TWO_act_Ab;

if any(ONE) % not empty 2nd case

% ONE triangle number with 2nd case (1..nt)
% ONE_loc local ONE number on this triangle (1,2,8)
% uaub ua active / ub active (ua,ub)

[j, k]= find (CHI123_.m101.*repmat(ONE_act_-Aa, 3, 1));

ONE= k’;
ONE_loc= il
uaub= uaxones (1, length(j));

[j, k]= find (CHI123_.m101.*repmat(ONE_act_Ab, 3, 1));

ONE= [ONE k’];
ONE_loc= [ONE_loc j’];
uaub= [uaub ubxones (1, length(j))];

[i, k]= find ((CHI123.m101 + 1).*xrepmat(TWO_act-Aa, 3, 1));
ONE= [ONE k'];

ONE_loc= [ONE.loc j’];

uaub= [uaub ua*ones (1, length(j))];

[i, k]= find ((CHI123.m101 — 1).kxrepmat(TWO.act-Ab, 3, 1));
ONE= [ONE k']

ONE_loc= [ONE_.loc j’];

uaub= [uaub ubxones (1, length(j))];

nl= Mesh.p(:, Mesh.t(sub2ind ([4, Mesh.nt], mod(ONE_loc , 3)+41, ONE))); %
successor of local ONE number
n2= Mesh.p(:, Mesh.t(sub2ind ([4, Mesh.nt]|, mod(ONE_loc+1, 3)+1, ONE))); %
succesuccessor of local ONE number
n3= Mesh.p(:, Mesh.t(sub2ind ([4, Mesh.nt], ONE._loc ,ONE))); %
local ONE number

CHI.nl=  CHI(Mesh.t (sub2ind ([4, Mesh.nt], mod(ONE_loc , 3)+1, ONE))) ’;
CHI_n2=  CHI(Mesh.t (sub2ind ([4, Mesh.nt], mod(ONE_loc+1, 3)+1, ONE))) ’;
CHI_.n3=  CHI(Mesh. t(sub2ind ([4, Mesh.nt], ONE_loc , ONE))) ’;

n4= nl + repmat ((uvaub — CHI.nl1)./(CHI.n3 — CHI.nl), 2, 1).%(n3 — nl); %
intersection of CHI between nl and n3 with ua / ub

n5= n2 + repmat ((uaub — CHI.n2)./(CHI.n3 — CHI.n2), 2, 1).%x(n3 — n2); %
intersection of CHI between n2 and n3 with ua / ub

Tl= Ti-area(nl, n2, n5);
T2= Ti_area(nl, n5, nd);
T3= Ti_area(n4, n5, n3);

pi= zeros(7, 2, length(ONE));
1/2#(nl

pi(l, :, ) + n2);
pi(2, :, )= 1/2%(n2 + nd);
pi(3, :, :)= 1/2x(nl + nb);
pi(4, :, )= 1/2%x(nl + n4);
pi(5, :, )= 1/2%x(n4d + nd);
pi(6, :, )= 1/2%(n3 + nd);
pi(7, :, )= 1/2%x(n3 + nd);

% pi in global barycentric coordinates pil pi2 pi3 (i= 1...7)
p= zeros (7, 3, length(ONE));
for j= 1l:length(ONE)

p(:, :, j)= ([Mesh.p(1:2, Mesh.t(1:3, ONE(j))’);
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ones (1, 3)]\[pi(1:7, 1:2, j)’;
ones (1, 7)]) ’;
end
% 11; 12; 18; 22; 23; 33
int_T1_ij (:, ONE)= int_Tk_ij(Tl, p, [1 2 3]);
int_T2_ij (:, ONE)= int_Tk_ij (T2, p, [3 5 4]);
int_T3_ij (:, ONE)= int_Tk_ij (T3, p, [5 7 6]);
mij_Aa(:, ONE._act-Aa)= int_T3_ij(:, ONE_act_Aa);
mij_IS (:, ONE_act-Aa)= int_-T1_ij(:, ONE_act-Aa) + int_-T2_ij(:, ONE.act-Aa);
mij_IS (:, ONE_act_Ab)= int_T1_ij(:, ONE_act_Ab) + int_T2_ij(:, ONE_act_Ab);
mij_Ab (:, ONE_act_Ab)= int_T3_ij (:, ONE_act-Ab);
mij_Aa(:, TWO.act-Aa)= int_T1_ij(:, TWO.act_Aa) + int_-T2_ij(:, TWO.act_Aa);
mij_IS (:, TWO.act_Aa)= int_T3_ij (:, TWO_.act_Aa);
mij_IS (:, TWO.act-Ab)= int_T3_ij (:, TWO.act_Ab);
mij_Ab (:, TWO.act_Ab)= int_T1_ij (:, TWO.act-Ab) + int_-T2_ij (:, TWO_act_-Ab);
end
%
% 3rd case: three differently active (two active and ONE active)
ONE_act_Aa= (sum(abs(CHI123.m101))==3) & (sum(CHI123.m101)=— 1);
ONE_act_-Ab= (sum(abs(CHI123.m101))==3) & (sum(CHI123.m101)==-1);
ONE= ONE_act-Aa | ONE_act_Ab;
if any(ONE) % not empty 3rd case
[i, k]= find ((CHI123.m101==—1).*repmat (ONE_act_-Aa, 3, 1));
ONE= ko
ONE_loc= i
uaub= uaxones (1, length(j));
[j, k]= find ((CHI123.m101==1).*repmat (ONE_act_Ab, 3, 1));
ONE= [ONE k’];
ONE_loc= [ONE_loc j’];
uaub= [uaub ubxones (1, length(j))];
nl= Mesh.p(:, Mesh.t(sub2ind ([4, Mesh.nt], mod(ONE_loc , 3)+1, ONE))); %

successor of local ONE number

n2= Mesh.p(:, Mesh.t(sub2ind ([4, Mesh.nt],

mod(ONE_loc+1, 3)+1, ONE))); %

succesuccessor of local ONE number

n3= Mesh.p(:, Mesh.t(sub2ind ([4, Mesh.nt],

ONE_loc , ONE))); %

local ONE number

CHI_.nl=  CHI(Mesh.t(sub2ind ([4, Mesh.nt], mod(ONE_loc , 3)+1, ONE))) ’;

CHI_n2=  CHI(Mesh.t (sub2ind ([4, Mesh.nt], mod(ONE_loc+1, 3)+1, ONE))) ’;

CHI_n3=  CHI(Mesh.t (sub2ind ([4, Mesh.nt], ONE_loc , ONE))) ’;

n4= nl + repmat ((uaub — CHI.nl)./(CHI.n3 — CHI.nl), 2, 1).%(n3 — nl); %
intersection of CHI between nl and n3 with ua / ub

n5= n2 + repmat ((uaub — CHI.n2)./(CHI.n3 — CHI.n2), 2, 1).%(n3 — n2); %
intersection of CHI between n2 and n8 with ua / ub

uaub2= ua + ub — uaub; % opposite

n6= nl + repmat ((uaub2 — CHI.nl)./(CHI.n3 — CHI.nl), 2, 1).%(n3 — nl); %
intersection of CHI between nl and n8 with ua / ub

n7= n2 + repmat ((uaub2 — CHI.n2)./(CHI.n3 — CHI.n2), 2, 1).%(n3 — n2); %
intersection of CHI between n2 and n8 with ua / ub

Tl= Ti_area(nl, n2, n7);

T2= Ti_area(nl, n7, n6);

T3= Ti_area(n4, nb5, n3);
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T4= Ti_area(n6, n7, nd);
T5= Ti_area(n4, n6, nd);

pi= zeros (11, 2, length(ONE));

pi( 1, :, )= 1/2x(nl + n2);
pi( 2, :, )= 1/2%(n2 + n7);
pi( 3, :, :)= 1/2%(nl + n7);
pi( 4, :, )= 1/2%(nl + n6);
pi( 5, :, )= 1/2%(nd + nd);
pi( 6, :, )= 1/2%(n3 + nd);
pi( 7, :, )= 1/2%(n3 + nd);
pi( 8, :, )= 1/2%(n6 + n7);
pi( 9, :, )= 1/2%x(nd + n7);
pi(10, :, :)= 1/2%x(n5 + n6);
pi(11, :, )= 1/2%(nd + n6);

% pi in global barycentric coordinates pil pi2 pi8 (i= 1...11)
p= zeros (11, 3, length(ONE));
for j= 1l:length (ONE)
p(:, :, j)= ([Mesh.p(1:2, Mesh.t(1:3, ONE(j))’);
ones (1, 3)|\[pi(1:11, 1:2, j)’;
ones (1, 11)]) ’;
end

% 11; 12; 13; 22; 23; 33

int_-T1_.ij (:, ONE)= int_-Tk_ij(T1, p, [1 2 3]);
int_T2_ij (:, ONE)= int_Tk_ij (T2, p, [3 8 4]);
int_T3_ij (:, ONE)= int_Tk_ij (T3, p, [5 7 6]);
int_T4_ij (:, ONE)= int_Tk_ij (T4, p, [8 9 10]);
int_T5_ij (:, ONE)= int_Tk_ij (T5, p, [5 11 10]);

mij_Aa(:, ONE_act-Aa)= int_-T3_ij (:, ONE_act-Aa);

mij_IS (:, ONE_act-Aa)= int_T4_ij (:, ONE_act-Aa) + int_T5_ij(:, ONE_act_Aa);
mij_Ab (:, ONE._act-Aa)= int_T1_ij(:, ONE_act_Aa) + int_-T2_ij(:, ONE_act_Aa);
mij_Aa(:, ONE._act_Ab)= int_T1_ij(:, ONE_act_Ab) + int_-T2_ij (:, ONE_act_Ab);
mij_IS (:, ONE_act_Ab)= int_T4_ij(:, ONE_act_Ab) + int_T5_ij(:, ONE_act_Ab);

mij-Ab (:, ONE.act_Ab)= int_T3_ij (:, ONE_act_Ab);
end

%

% 4th case: two differently active and ONE inactive
ONE= (sum(abs(CHI123.m101))==2) & (sum(CHI123.m101)=—= 0);
if any(ONE) % not empty 4th case

[j, k]= find ((CHI123_m101==0).%repmat (ONE, 3, 1));

ONE= K’

ONE_loc= i

uaub= (ub—ua) /2% (CHI123_m101(sub2ind ([3, Mesh.nt], mod(ONE_loc, 3)+1, ONE)) + 1)
+ ua;

ONE_T1_act_Aa= ONE(CHI123_m101 (sub2ind ([3, Mesh.nt], mod(ONE_loc, 3)+1,

ONE) ) ==—1);

ONE_T1_act_Ab= ONE(CHI123_m101(sub2ind ([3, Mesh.nt], mod(ONE_loc, 3)+1, ONE))=—
1);

nl= Mesh.p(:, Mesh.t(sub2ind ([4, Mesh.nt], mod(ONE_loc , 3)+1, ONE))); %

successor of local ONE number
n2= Mesh.p(:, Mesh.t(sub2ind ([4, Mesh.nt], mod(ONE_loc+1, 3)+1, ONE))); %
succesuccessor of local ONE number
n3= Mesh.p(:, Mesh.t(sub2ind ([4, Mesh.nt], ONE._loc ,ONE))); %
local ONE number

CHI_.nl=  CHI(Mesh. t(sub2ind ([4, Mesh.nt], mod(ONE_loc , 3)+1, ONE))) ’;
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CHI_.n2=  CHI(Mesh. t(sub2ind ([4, Mesh.nt], mod(ONE_loc+1, 3)+1, ONE))) ’;
CHI_.n3=  CHI(Mesh. t(sub2ind ([4, Mesh.nt], ONE_loc , ONE))) ’;

nd4= nl + repmat ((uaub — CHI.nl)./(CHI.n2 — CHI.nl), 2, 1).%(n2 —
intersection of CHI between nl and n2 with ua / ub

n5= nl + repmat ((uaub — CHI.nl)./(CHI.n3 — CHI.nl), 2, 1).%(n3 —
intersection of CHI between nl and n8 with ua / ub

uaub2= ua + ub — uaub; % opposite

n6= nl + repmat ((uaub2 — CHI.nl)./(CHI.n2 — CHI.nl), 2, 1).%(n2 —
intersection of CHI between nl and n2 with ua / ub

n7= n2 + repmat ((uaub2 — CHI.n2)./(CHI.n3 — CHI.n2), 2, 1).%(n3 —
intersection of CHI between n2 and n8 with ua / ub

Tl= Ti_area(nl, n4, nb)
T2= Ti_area(n3, n5, n4)
T3= Ti-area(n3, n4, n6);
T4= Ti_area(n3, n6, n7)
T5= Ti_area(n2, n7, n6)

pi= zeros (11, 2, length(ONE));

pi( 1, :, )= 1/2%x(nl + nd);
pi( 2, :, )= 1/2%x(nd + nd);
pi( 3, :, )= 1/2%(nl + nd);
pi( 4, :, )= 1/2%x(n3 + nd);
pi( 5, :, )= 1/2%(n3 + nd);
pi( 6, :, )= 1/2%(nd + n6);
pi( 7, :, )= 1/2%x(n3 + n6);
pi( 8, :, )= 1/2%(n6 + n7);
pi( 9, :, )= 1/2%(n3 + n7);
pi(10, :, :)= 1/2%(n2 + n6);
pi(11, :, :)= 1/2%(n2 + n7);

% pi in global barycentric coordinates pil pi2 pi8 (i= 1...11)
p= zeros (11, 3, length(ONE));
for j= 1:length (ONE)
p(:, :, j)= ([Mesh.p(1:2, Mesh.t(1:3, ONE(j))’);
ones (1, 3)]\[pi(1:11, 1:2, j)7;
ones (1, 11)]) ’;
end

% 11; 12; 13; 22; 28; 33

int_T1_ij (:, ONE)= int_Tk_ij(T1, p, [1 2 3]);
int-T2_ij (:, ONE)= int_-Tk_ij (T2, p, [2 4 5]);
int_T3_ij (:, ONE)= int_Tk_ij (T3, p, [4 6 7]);
int_T4_ij (:, ONE)= int_Tk_ij (T4, p, [7 8 9]);
int-T5_ij (:, ONE)= int_-Tk_ij(T5, p, [8 10 11]);

mij_Aa(:, ONE_Tl.act-Aa)= int_T1_ij(:, ONE_T1l.act_Aa);

mij_IS (:, ONE_Tl.act-Aa)= int_-T2_ij(:, ONE_Tl.act-Aa) + int_T3_ij(
ONE_T1l.act-Aa) + int_-T4_ij(:, ONE_Tl.act_Aa);

mij_Ab (:, ONE_Tl.act-Aa)= int_T5_ij (:, ONE_T1l._act_Aa);

mij_Aa(:, ONE_T1l.act_Ab)= int_T5_ij (:, ONE_T1.act_Ab);

mij_IS (:, ONE.T1.act_Ab)= int_T2_ij (:, ONE.T1.act_Ab) + int_T3_ij(
ONE_T1l.act-Ab) + int_T4_ij(:, ONE_T1l_act_Ab);

mij_Ab(:, ONE_T1.act_Ab)= int_T1_ij(:, ONE_T1.act_Ab);

end

%

%

nl); %
nl); %
nl); %
n2); %

L]

L]

assemble global mass matrices

M_tilde_Aa= local2global (mij_-Aa);
M_tilde_IS= local2global (mij_IS);
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M_tilde-Ab= local2global (mij_Ab);

function ar= Ti_area(xl, x2, x3)

ar= 0.5%(x1(1,

end

function int= int_Tk_ij(Tk, p,
int= repmat (Tk./3, 6,

end

function M= local2global (mij)
M= sparse(ill2, j233,

M= M+ M’
M= M +

spdiags(Mat_np-nt_100*mij (1, :)’
Mat_np-nt_010+mij (4, :)’
Mat_np_nt_001*mij (6,

end

end

0) .xx2(2,
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:) 7, 0, Mesh.np, Mesh.
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.#p(quad_pts,

.+xp(quad_pts,
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APPENDIX B

State constraints

A tailored Cholesky-factor update R_update_indexchange

Let A € R™ ™ be a symmetric, positive-definite matrix. Consider the index
subsets ©,0 C @ := {1,...,m} and set n := card(®) and 7 := card(d). Since the
principal minor A is also symmetric and positive-definite (compare [HJ85]) there
exists the upper triangular matrix Rq € R"*" with Aq = R(DR%. We assume that
R is already given to us.

We are looking for an efficient computation of the upper triangular CHOLESKY-
factor Rd) € R™ 7™ that satisfies A® = RCbRg)’ where we essentially make use of the

already known factor Rq. Speaking in a functional computer language we aim to
implement an efficient routine R_update_indexchange, which is called via

lstd) = R update_indexchange(A, Rg, ®, D).

For ® = @ we of course have to compute the CHOLESKY-factor 1~1® from scratch.
On the other hand Ry is the empty square matrix if ® = @. We therefore consider
0,0 # @. If ©= 0 again Rz = R is trivial. Let us assume © # @ from now on.
The new factor RCD can be obtained by considering loops over the two cases

(1) k € ®\ © (k-th equation disappears),
(2) k € ®\ O (k-th equation appears).

Case (1): {k} = ©\ ®. We emphasize the k-th row and column in Ag and its
factorization as follows:

Ay ap A R{l 0 0 Rii ri2 Ris
Ap=|al, a al;|=|rl, r 0 0 r rl|=RiRp.
A?ﬁ’) Aoz A33 R{g I3 R?;?) 0 0 R33

This k-th row and column disappears when considering ACD and its factorization

Ay Az RlTl 0 Ry Rz .
Ax = = =R-RA.
(0) ~ ~ - OO
A{g A33 R{; R?’:& 0 R33
One immediately finds
Ry = Ry,
Ri; = Ry3,
Rgg)ﬁgg = R§3R33 + 1‘231‘53.
The last equation tells us that the factor f{gg is obtained by a rank-1 modification
and can easily be computed for instance in Matlab via

Ry; = cholupdate(Ra3, ro3, +).
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Case (2): {k} = ©\ ®. We now emphasize the absence of the k-th row and
column in Aq and its factorization

All A13 R{l 0 Rll R13

Agp = . =, . =RpRo,
Az Asg Riz Ry [0 R
where in contrast to
A an Agg R{l 0 0 Ri T2 Ris o
Ay = a% a ay|=|th, 7 0 0 7 13| =RgRg
A13 g3 A33 R{3 f'23 Rg3 0 0 R33
these parts appear. A blockwise comparison gives the equations
Ri =Ry,
= np-T
ri2 = Ry ag,
Ri; = R,
r = \/a— f'cll;f'lg,
- 1 T~
Ia3 = H (332 - R131'12) )

sYAR . T =~ =T

Again the last equation tells us that Ras is the outcome of a rank-1 update of Ris
and can similarly be realized in Matlab via

Ras = cholupdate(Ras, Fa3, —).

Remark B.1. We indeed observe an efficient exploitation of the already computed
factor Rq. The new matrix RCD is obtained via loops over disappearing and ap-
pearing indices in each of which we have to perform rank-1 updates and possibly
forward solves.

Remark B.2. Certainly similar considerations are required in order to develop
tailored updates for a symmetric indefinite factorization, when the underlying matrix
A is only indefinite and symmetric.



APPENDIX C

Constraints on the gradient of the state

Details for variational L"-discretization

Let 7' denote the standard 2-simplex in R2. Further let ¢; : T — R with

be the linear finite element basis functions on the standard simplex T. For given
numbers p1, p2, p3 € R we define the affine linear function p : T'— R by

P(E1, B2) = p1P1(B1, B2) + papa(Z1, T2) + p3pa(d1, Ta).
For abbreviating often recurring cases we further introduce the symbols

cio3  :for py =po =ps
ci23  :for py =po # p3
C31,2 - for p3 = p1 # po
C231 - for po = ps # p1
c123 : otherwise.

Lemma C.1. Let py,ps,p3 € R. There holds

(1 4
§|p1|3, C123
4 10
3 (7Tp2—10p3)p2|p2|3 +3|p3| 3 c
70 (pzfps)f1 o 12,3
~oanid g ) 3 (Tpi—10p2)pi|p1[3 +3|p2| 3
/T p(2)]3 dT = ¢ 55 (1—p2)? " C31,2
3 3|p1 '3 +(7p3—10p1)ps|ps|3 c
70 (p3—p1)2 ) . . 23,1
9 (p2—ps3)|p1| 3 +(p3—p1)|p2| 3 +(p1—p2)|p3| 3 c
\ 70 (p1—p2)(p2—p3)(p3—p1) ’ 12,3

PROOF. For better readability we write & = (z,y) instead of & = (Z1,22). We

compute
A 4 1 1—x 4
/|p(:%)|3d£:/ / p1(1— 2 — ) + o + pay|+ dy da

for the different cases. For p; = py = p3 the above term simplifies indeed towards

1—x
// |p1|3dydx— |]91|3

Let p; = ps # p3. The inner primitive is given by

s 3 Ipa(1 —y)+p3y|%
p2o(l —y) +pay|3dy = = ;
/ ’ 2( ) 3 ‘ 7 (p3 — p2)s1gn(p2(1 - y) +p3y>
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Hence,

1—2
/ pa(1 — ) + pay|5 dy
0

3 Ipal 3 [par + ps(1 — 2)[5

7(ps — p2)sign(pz) 7 (ps — pa)sign(pax + ps3(1 — -73))

The primitive of the last part is given by

/ ‘P2$+P3(1—x)|% __3’P2$+P3(1—$>’%+C

sign(paz + p3(1 — x)) 10 (p3 — p2)

so that we infer

1—x
// p2(1 — ) + psyl’ dy dz

_ 3 o 3 1 3 |ps|® |192|3
7 (ps — p2)sign(p2) Tps—pa \10ps —po 105 —

3 7, 10 10
= %w <—10|p2|331gn(1)2)(p3 — p2) + 3|ps| 3 — 3|p2|3 )
_ 3 (7p2 — 10ps)pa|pa|3 + 3|ps| 5

70 (Pz —P3)

The cases p3 = p1 # pe and py = p3 # p; are obtained by cyclic permutation. The
case of mutually different p; (i = 1,2,3) can be computed with a similar technique.

O
Lemma C.2. Let py,ps,p3 € R. For
s A AN L A AN ga
Iii= [ sien(i(@)lp(@)] 4 4i0) di
T
there holds
(1. 1
gSlgn(pl) 13, C123
3 (14p3—5(8pa— 71>3)2?3)|:02|’3 olps| ¥
280 (p2—p3)? ) C12,3
I — 1(14131—5 8p1— 7p2)pz)|p1|3 —9lpa| ¥ .
1 280 (p1—p2)3 1 31,2
9 (2p1—5p3)p1lp1|3 +(5p1—2p3)ps|p3|3 c
140 (pS,pl)B 9 .\ . o 23,1
4 10 10
9 (7(p2+ps)p1—10p2ps—4p3 ) (p2—p3)p1 [p113 —3(p3—p1)2|p2| 3 +3(p1—p2)2|ps| 3 .
\ 280 (p1—p2)?(p2—p3)(P3—p1)? v 1,23
(1 - 1
gSlgn(pl) 13, C123
) 4 10
"3 (14p3—5(8p2—Tp3)ps ) p2|3 ~9lps| 3
280 (p2 p3) ’ €12,3
I, — 9 (5p2— 2p1)p1|p1| 3 +(2p2—5p1)palpal 3 c
2= 140 (p1—p2)3 ’ 31,2
3 —9Ipil K +(14P§ 5(8ps— 7p1)p1)|p3\3
280 (p%O pl) ’ 4 10 62371
9 3(p2—p3)2Ip1| ® +(7(p1+ps)p2—10p1ps—4p3 ) (P3—p1)palp2| 3 —3(p1—p2)?|ps| 5 c
\ 280 (p1—p2)2(p2—p3)2(p3—p1) v P23
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(1 - 1
gSlgn(Zh) Ip1]3, C123
4 4
_ 9 (5p3—2p2)p2|p2|3 +(2p3—5p2)ps|p3|3 c
140 (p2—p3)? ’ 12,3
4 10
3 (14p2—5(8p1—7pa)p2 ) p1| 3 —9p2| 3
Iy = ¢ 350 L )’ i €312
3 —9Ipal 3 +(14p3—5(8ps—Tp1)p1 ) Ips |3
280 (p3—p1)3 W ., €231
9 —3(p2=p3)*Ip1| T +3(p3—p1)?|p2l 3 +(7(p1+p2)p3—10p1p2—4p3 ) (P1—p2)p3lps|3 c
{280 (p1—p2)(p2—p3)? (ps—p1)? v Th23

PrRoOOF. We only consider the second integral I5 since the others are obtained
by cyclic permutation. The first case p; = p, = p3 easily gives

1 11—z
‘ 1 1. 1
b= [ [ seolnliedyds = Ssignpln
0 0

Let us exemplarily consider the case p; = ps # p3. We have

1 1—x
i 1
I = / / sign(p2(1 — y) + psy)|p2(1 — ) + psy| 32 dy dx.
o Jo
The inner primitive is given by

3|pa(1 —y) + psyls

) 1
/81gn(p2(1 —y) +p3y)|p2(l —y) + psy|® dy = 1 + ¢,
P3 — P2
so that we continue
3 : . 3 |paf?
[2:—/ pox 4+ p3(l —x)|3xdr — = .
4(1?3—]72) 0 ‘ ( )‘ 8 p3 — P2

Substituting pes(z) := pexr+p3(1—x) and applying partial integration the remaining
primitive is given by

wl~

/ [pas (@) |52 da = (Sign(st(ﬂf))p23($)ng - / sign (pas(x) )pas ()

7(p2 — p3)
3 . 7 3 10
= =) (Slgn(ng(x))pzs(x)m " 100 —p3) pas(w)3 + c)
_ 3 10(ps — pa)sign (pas(2))[pas(@) |52 + 3lpas(x)| 5 L
70 (p3 — p2)? '
Therefore we end up with
L3 (_ 3 10(ps — pa)sign(ps)|psl® + 3[pal ¥ —Brpgr%?) 3 |mb
4(ps —p2) \ 70 (p3 — p2)? 8 p3 — p2
3 —30(ps — p2)Ip2l3p2 — lpal ¥ + 9Ips| 5 — 35(ps — p2)?Ipal3
280 (ps — p2)?
3 (14p3 — 5(8py — Tps)ps) pa5 — 9| ®
280 (p2 — p3)? .
The remaining cases are obtained by similar arguments. U

Lemma C.3. Let p1,ps, ps € R with (p1,pe,ps3) # (0,0,0). For
oI,

Gij = 8pj
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there holds

Gn =
( 1 _2
1_8|p1| 3,
) 1 10
1 (14p3—60p3p3+105pop3 —140p3)sign(pz)|p2|3 +81|ps| 3
280 (p2—p3)* L 1 ’
1 (14p}—60pTp2+105p1p3 —140p3)sign(p1)|p1|3 +-81|p2| 3
280 (41?1—;)2)4 . )
3 (2p? —10p1p3+35p3)|p1|3 —3(10p1 —p3)ps3|p3| 3
140 (p3—p1)* ’
4
(2p1—7(pa+p3)p3+(14p3+29p2ps+14p3)p3 —40(p2p3+p3ps )1 +35p3p3 ) (P2—ps) |p1 | 3
10
+9(p3—p1)3|p2| 3
10
3 +9(p1—p2)3|ps| 3
\ 140 (p1—p2)3(p2—p3)(P3—p1)>
Goo =
( 1 _2
E’Pﬂ 3,
3 2 2 3\ o i 10
1 (14p} —60p3pi+105p3p1 —140p3)sign(p1) |p1] 3 +-81|ps| 3
280 (pa—p1)? . )
3 (2p3—10p2p3+35p3) 2|3 —3(10p2—p3)ps|ps|3
140 o (p2—p3)* ) )
1 81|p1| 3 +(14p3 —60p1p34105pTp2 —140p3)sign(p2) |p2| 3
280 (p1—p2)* ’
10
9(p2—p3)|p1|3
4
+(2p8—7(p3+p1)P3+(14p3 +29p1p3-+14p3)p3 —40(p1p3+p3ps)p2-+35p3p3 ) (p3 —p1 ) p2 |3
10
3 +9(p1—p2)3|ps| 3
\ 140 (p1—p2)3(p2—p3)3(p3—p1)
Gas =
(1 _2
1_8|p1| 3,

4 4
3 —3(10ps—p1)p1p1|3 +(2p3—10p1p3+35p2)|p3|3

140

(p3—p1)* )

) 1 10
1 —(140p3—105p3p3+60p3p2 —14p3)sign(ps) ps| 3 +81|p2| 3

280

(p2—p3)* ’

10 . 1
1 8l|p1| 3 —(140p3 —105p2p? +60p3p1 —14p3)sign(p2) |p2 |3

280

\ 140

(p1—p2)* ’

9(p2—p3)3|p1]

+9(p3—p1)3|p2|

3 +(2p8=7(p14p2)p3+(14p3 +29p1 p2+14p3)p3 —40(p? p2+p1p3)P3+35p3p3 ) (p1—p2) P3|

1

o)

[z o

1

[T

G12 =

250

(p1—p2)(p2—p3)3(p3—p1)3

(p1—p2)3(p2—p3)2(p3—p1)?

)

Y

( 2
1 _2
E|p1| 3,
3 2 2 3\a 1 10
1 (14p5—60p5p3+105p2p3—140p3 )sign(p2)|p2|3 +81|ps| 3
280 (p2—p3)* .
3 3(p2—10p3)p2|p2| 3 +(2p3—10paps+35p3)|p3| 3
280 (p2—p3)?* .
3 3(p1—10p2)p1|p1|3 +(2p3—10p1p2+35p3)|p2| 3
140 (p1—p2)?
4
(P3—(7p2-+4p3)p1+10p2p3 ) (p2—p3)*p1 [p1 | 3
4
—(P3—(7p1+4p3)pa+10p1p3 ) (p3—p1)*pa|p2| 3
10
9 +3(p1—p2)®|ps| 3

C123
C12,3
C31,2

C23.1

C1,2,3

Y

C123
Ci2,3
C31,2

23,1

€123

C123
C12,3
C31,2

€231

C1,2,3

C123
C12,3
C31,2

C23.1

C1,2,3



DETAILS FOR VARIATIONAL L"-DISCRETIZATION

Ga1 = «

Gag =

Gso =

Gs1 =

( 1 _2
ﬁ‘pl‘ 3,
(14p3 —60p2p3-+105pap2 — 140p3 )sign(p2) |p2| 3 +81|ps| &
1 P P5P3 p2p3 P3)S1gn(p2) P2 p3
280 . (p2—p3)* . ’
3 3(p2—10p3)pa|pa|3 +(2p3—10pap3+35p3)ps| 3
140 (p2—p3)* L
3 3(p1—10p2)p1|p1 |3 +(2p3—10p1p2+35p3) |p2| 3
280 (p1—p2)* ’
4
(p?—(Tp2+4p3)p1+10p2ps ) (p2—p3)*p1 [p1 |3
4
—(P3—(7p1+4p3)pa+10p1p3 ) (p3—p1)*pa|p2| 3
10
9 +3(p1—p2)*|p3| 3
\ 280 (p1—p2)3(p2—p3)?(P3—p1)? ’
( 1 _2
ﬁ|P1| 3,
4 4
3 (2p{—10p1ps+35p3)|p1]3 +3(p3—10p1)ps|ps|3
280 (p3—p1)? L
3 3(p2—10p3)pa|pa|3 +(2p3—10pap3+35p3) 3| 3
140 B (p2—p3)* ' )
1 81|p1| 3 —(140p3 —105p2p? +60p3p1 —14p3)sign(p2) |p2 |3
280 (p1—p2)* ’
5 10
3(p2—p3)°|p1]3
+(p3—(Tps+4p1 )pa-+10p1ps ) (ps—p1)?palpa| 3
P5—(7p3+4p1)p2+10p1p3 ) (P3—p1)*p2|p2
4
o —(P3—(Tpa+4p1)ps+10p1p2 ) (p1—p2)2ps|ps|3
\ 280 (p1—p2)?(p2—p3)3(p3—p1)* ’
( 2
1 _2
E|p1| 3,
4 4
3 (2p7—10p1ps+35p3)|p1| 3 +3(p3—10p1)ps|ps|3
140 (p3—p1)* L
3 3(p2—10p3)p2|p2| 3 +(2p5 —10p2p31-35p3) |ps| 3
280 B (p2—p3)* ’ )
1 8l|p1| 3 —(140p3 —105p2p? +60p3p1 —14p3)sign(p2) |p2 |3
280 (p1—p2)* !
10
3(p2—p3)3|p1| 3
2 2 4
+(P3—(7ps+4p1)p2+10p1p3 ) (p3—p1)?p2|pa| 3
4
o —(P3—(Tpa+4p1)ps+10p1p2 ) (P1—p2)2ps|ps|3
\ 280 (p1—p2)2(p2—p3)3 (p3—p1)? ’
( 2
1 _2
E|p1| 3,
4 4
_3 (207 —-10p1ps+35p3)|p1| 3 +3(p3—10p1 )ps|ps|3
140 o (p3—p1)* ’ .\
1 81|p2| 3 —(140p3 —105p3p34+60p3p2 —14p3)sign(ps)|ps| 3
280 (p2—p3)* . L
3 3(p1—10p2)p1|p1|3 +(2p3—10p1p2+35p3) [p2| 3
280 (p1—p2)* ’
4
—(P3—(7ps+4p2)p1+10p2ps3 ) (p2—p3)*p1[p1 | 3
10
+3(p3—p1)3|p2| 3
+(p3—(Tp1-+4p2)ps-+10p1p2 ) (p1—p2)?palps| 3
g +(P3—(TP1+4p2)p3+10p1p2 ) (P1—p2)*p3|ps

\ 280 (p1—p2)?(p2—p3)%(p3—p1)3 ’

C123

Ci12,3

C31,2

C23.1

C1,23

C123
C12,3
C31,2

23,1

C1,2,3

C123
C12.3
C31,2

C23.1

C1,2,3

C123
C12,3
C31,2

C23.1

C1,2,3
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( 1 _2
ﬁ‘pl‘ 3, C123
4 4
3 (2p{—10p1ps+35p3)|p1]3 +3(p3—10p1)ps|ps|3 c
280 B (p37p1)4 ) ) 12,3
1 8l|p2| 3 —(140p3 —105p3p3+60p3p2—14p3)sign(ps)|p3 |3 c
280 (p2—p3)* . ’ 31,2
Gz = { _3_3(p1=10p2)p1|p1|3 +(2p3 —10p1p2+35p])[p2| 3 c
140 (p1—p2)4 9 23,1
4
—(P3—(7ps+4p2)p1+10p2ps3 ) (p2—p3)*p1 [p1 | 3
3 10
+3(p3—p1)°[p2|3
4
9 +(p§—(7p1+4p2)173+10p1772)(pl—P2)2p3|P3|3 .
\ 280 (p1—p2)2(p2—p3)2(P3—p1)3 ’ 1,2,3

The proof is omitted since the same techniques apply as already used to prove
Lemma C.1 and C.2. These formulas are also checked by the computer algebra
software Maple.
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Zusammenfassung

Gegenstand dieser Arbeit ist die Untersuchung strukturausnutzender
GALERKIN Methoden fiir die Optimierung elliptischer partieller Differentialglei-
chungen. Die wesentliche Nichtlinearitiat der Probleme kommt durch Hinzunahme
von Schranken an die Kontrolle, den Zustand und dessen Gradienten zum Tra-
gen. Die betonte Struktur-Spezifik auflert sich zum einen durch konsequente
Anwendung des variationellen Diskretisierungskonzeptes fiir die Steuerung nach
[Hin05]. Diese Technik ermdglicht eine elegante und fundierte a priori Fehler-
analyse flir die diskretisierten Optimierungsprobleme. Zum anderen ermoglicht
dieser minimal-invasive Ansatz die Vermeidung von Steuerungsfehlertermen in
a posteriori Fehlerschatzern. Mit Hilfe eines solchen Werkzeuges werden ferner
durch adaptive Verfeinerung problemangepasste Finite Elemente-Raume gefunden.
Zahlreiche numerische Experimente untermauern einerseits bewiesene a priori
Fehlerabschatzungen, andererseits die Robustheit zielorientierter Fehlerschatzer
und den durch Modellreduktion resultierenden Performancegewinn.

Angelehnt an [DGHO09b] werden in Kapitel 2 optimale Randsteuerungsprobleme
unter Kontrollschranken auf glatt berandeten 2- und 3-dimensionalen Gebieten be-
handelt. Erstmalig werden Konvergenzordnungen fiir allgemeine quasi-uniforme
Gitter bewiesen. Fiir den 2d-Fall kann unter speziellen Gittervoraussetzungen und
Anwendung eines Superkonvenz-Lemmas sogar ein verbessertes Resultat gezeigt
werden. Diese Ergebnisse werden ferner in zahlreichen numerischen Studien anhand
analytischer Beispiele verifiziert. Auf Seiten der beschrankten, verteilten Steuerung
werden niitzliche Notationen zur variationellen Diskretisierung eingefiihrt und deren
Vorteilhaftigkeit auch numerisch gezeigt.

Kapitel 3 widmet sich Optimalsteuerungsproblemen mit zusatzlichen Schranken
an den Zustand. Nach ausfiihrlicher Diskussion bereits verfiigharer a priori Fehler-
abschatzungen liegt der Schwerpunkt im Entwurf und der Analyse von zielorien-
tierten adaptiven Konzepten. Bei den zugrunde liegenden diskretisierten Problemen
wird sowohl der unregularisierte Ansatz als auch Moreau-Yosida-Penalisierung ver-
folgt. Unter alleiniger Verwendung der numerischen Losungen werden wie in [GHOS]
und [GT09] auswertbare Fehlerschitzer zur zielgenauen Darstellung des Kostenfunk-
tionales entwickelt. Dazu werden numerische Experimente zur Effizienzmessung der
Schéatzer durchgefiihrt.

Abschlieend werden in Kapitel 4 Schranken an den Gradienten des Zustandes
betrachtet. Die Regularitatstheorie erfordert die separate Untersuchung zweier
Szenarien. Zum einen werden nach [DGHO09¢] fiir ein rein quadratisches Zielfunk-
tional unter Hinzunahme von Kontrollschranken erstmalig Konvergenzaussagen be-
wiesen. Zum anderen werden diese Abschitzungen wie in [GH09] durch den verblei-
benden Fall einer L"-Regularisierung der unbeschrankten Kontrolle ergéanzt. Expe-
rimentelle Konvergenzraten werden auch hier fiir beide Szenarien gemessen.
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