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Zusammenfassung

Optimale Steuerung von nichtlinear elastischen Kontaktproblemen fiihrt zu einem nicht-
konvexen, beschrinkten Bilevel-Optimierungsproblem. Die Losungen des untergeordne-
ten Problems miissen nicht eindeutig sein und die Bedingungen erster Ordnung gelten
nur fiir sehr eingeschrinkte Settings. Zudem implizieren die Kontaktbeschrinkungen ei-
ne Nicht-Glattheit, was zu einem hochst anspruchsvollen Problem mit wenig Struktur
fithrt. Ziel dieser Arbeit ist es, die vorhandenen Ergebnisse zur Optimalsteuerung fiir
nichtlineare Elastizitit auf den Fall mit Kontaktbeschriankungen zu erweitern und spe-
zialisierte und effiziente Losungsalgorithmen zu entwickeln.

Zunéchst werden die Kontaktbeschriankungen mithilfe einer normal compliance-Regula-
risierung relaxiert. Fiir das regularisierte elastische Kontaktproblem wird die Konver-
genz der Losungen gezeigt und es werden entsprechende Konvergenzraten ermittelt, die
auch in der Optimalsteuerung Anwendung finden. Zusétzlich ergibt sich daraus auch ein
regularisiertes Optimalsteuerungsproblem. Die Existenz von Losungen wird sowohl fiir
das regularisierte als auch fiir das urspriingliche Problem nachgewiesen. Im Gegensatz
zu der vorherigen Analyse ist der Nachweis der Konvergenz der Losungen hier weitaus
schwieriger und zwei mogliche Ansétze werden vorgestellt, um diesen zu erbringen. Un-
ter strikten Annahmen kénnen die strukturellen Probleme iiberwunden werden und die
Konvergenz von Losungen kann gezeigt werden. Diese Annahmen sind jedoch bei Anwen-
dungen schwer zu verifizieren. Daher wird eine modifizierte Regularisierung eingefiihrt,
um #hnliche Ergebnisse ohne derartige Einschriankungen zu erreichen.

Das numerische Losen von Optimalsteuerungsproblemen mit nichtlinearer Elastizitét
erfordert robuste nichtlineare Loser. Daher ist es erforderlich die Energieminimierung
im untergeordneten Problem durch die formale Bedingung erster Ordnung zu ersetzen,
um ein bewéhrtes affin-kovariantes composite step-Verfahren anzuwenden. Des Weiteren
wird zum Losen der resultierenden linearen Systeme ein neuer iterativer Loser vorgestellt,
der auf einem projizierten CG-Verfahren basiert. Dieser Algorithmus beriicksichtigt
mogliche Ungenauigkeiten und Nicht-Konvexitédten und hat die gleichen Konvergenz-
eigenschaften wie ein allgemeines Gradientenverfahren. Die Kombination mit einem
Pfad-Verfolgungs-Verfahren ermdoglicht es, Losungen des urspriinglichen Optimalsteue-
rungsproblems mit Kontaktbeschrinkungen zu approximieren. Auflierdem wird eine neue
nichtlineare Update-Strategie fiir nichtlinear-elastische Probleme vorgestellt.
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Abstract

Optimal control of nonlinear elasticity with contact constraints yields a non-convex con-
strained bilevel optimization problem. For the lower level problem, solutions do not
have to be unique, and corresponding first order conditions only hold for very restric-
tive settings. Further, the contact constraints add non-smoothness, resulting in a highly
challenging problem with a severe lack of structure. The main goal of this thesis is to ex-
tend existing results in optimal control of nonlinear elasticity to the contact constrained
case and to develop specialized and efficient solution algorithms.

First, the contact constraints are relaxed by deploying a variant of the normal compli-
ance method. For the regularized elastic contact problem, the convergence of solutions
is shown, and corresponding rates are established, which also contribute to the analysis
of optimal control. Additionally, this also yields a regularized optimal control problem.
The existence of solutions is proven for the original optimal control problem and the
regularized one. In contrast to before, verifying convergence of solutions is a delicate
matter, and two approaches are presented to achieve this. Under strong assumptions,
the lack of structure can be overcome, and convergence is shown. However, these as-
sumptions are difficult to verify in applications. Therefore, a modified regularization is
introduced to establish similar results without these restrictions.

Solving optimal control problems of nonlinear elasticity requires robust nonlinear solvers.
Here, the energy minimizing property in the lower level problem is replaced by its formal
first order condition to apply a proven affine covariant composite step method. Further,
to solve the arising linear systems, a new iterative solver based on a projected CG
method is introduced. This algorithm takes into account the possible inexactness and
non-convexity and has the same convergence properties as a general gradient method.
Inserting these approaches into a path-following algorithm facilitates the approximation
of solutions to the original contact constrained optimal control problem. Also, a new
nonlinear update strategy for nonlinear elastic problems is presented and tested.
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Chapter 1

Introduction

A common problem setting in mechanics is considering a body under load and computing
the resulting deformation. However, sometimes the inverse direction is of interest. For
a given desired deformation yq, an external force is required that causes a deformation
approximating yq w.r.t. a suitable objective functional. Those kinds of problems have
received increased attention recently. Possible applications include implant design [64],
deriving biological models [39) [40], and shape optimization [80, [87]. In those settings,
we obtain a bilevel problem of the form

. J(y,
(y,ur)rolel}r/le (y U)

s.t. y € argmin I (v, u),
veA

where

Y x U :=W'"(Q) x L*(Ty)

and A is a suitable admissible set for deformations. The lower level problem ensures
that each optimal state has to be a minimizer of a hyperelastic energy functional I. This
minimizing property describes the deformation of a body subject to an external applied
force, denoted by u. Here, we choose a tracking-type functional for J, measuring the
distance to a desired deformation. Such optimal control problems pose an interesting
and challenging problem since hyperelasticity by itself is already rich in complexity. In
particular, solutions do not have to be unique since the corresponding energy functional
is usually non-convex. Additionally, any deformation y has to satisfy the orientation-
preserving condition
dety >0

at each point in the domain to guarantee at least local invertibility. As a result, this
requirement rules out the derivation of first order conditions of I, except for very restric-
tive settings. Alternative conditions were derived in [7]. Unfortunately, their application
in numerical simulations seems to be out of reach so far. Still, the techniques elaborated
there can be utilized to study regularization approaches for contact problems.
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A thorough theoretical analysis of optimal control of hyperelasticity was first conducted
in [64] 66]. Notably, the existence of optimal solutions was shown. The aim of this work
is to extend those results to optimal control of contact problems. Contact problems in
nonlinear elasticity are already highly challenging and the reader is referred to [18],56] for
an extensive overview of this topic. In order to embed contact problems into an optimal
control setting and conduct meaningful numerical experiments, a suitable regularization
method is required. A proven approach is the normal compliance method [69, [76], which
is applied in this work. This results in a regularized optimal control problem:

min  J(y,u
(y,u)€Y xU ) (1.1)
s.t. y € argmin I (v, u), '
veA

where v > 0 denotes the normal compliance parameter and I, the regularized total
energy functional. The goal is to verify that solutions of this problem approach solutions
of the original one as v — co. Common regularization methods in optimal control are the
Lavrentiev regularization, cf. [48, [49, [70, [71] [86], and the Moreau-Yosida regularization,
cf. [45, 46, [47, 52, [72]. However, due to the bilevel structure and the non-uniqueness
of solutions for the lower level problem, established techniques to show convergence do
not apply here, forcing us to seek alternative paths. Two approaches are presented here.
The first one relies on strong structural assumptions while the second one modifies the
normal compliance method to ensure convergence.

To solve numerically for large parameters v, we deploy basic path-following scheme.
Path-following methods are widely applied to solve parameter-dependent problems, see,
e.g., [23 1451 1461 147, 93]. As inner solver, the affine covariant composite step method that
was developed in [64, [67] is chosen. After applying a suitable discretization, the linear
systems in the composite step method are represented by saddle point matrices of the

form: .
M C
me (M.

Projected preconditioned conjugate gradient (PPCG) algorithms provide a proven ap-
proach to solve these systems, cf. [33] 64]. For the setting chosen here, these methods
require solving certain subsystems exactly, limiting the size of the problems that can be
considered. Thus, we construct a specially tailored iterative solver, based on a PPCG
method, to overcome the limitations. This algorithm was originally developed by Anton
Schiela and Alexander Siegl in cooperation with the author, cf. [96]. As a further re-
quirement, the newly developed method also needs to work for subsystems that are not
positive definite, which is the case for nonlinear elastic problems.

Outline

The goal of this thesis is to elaborate a mathematical theory for optimal control of non-
linear elastic contact problems. Further, solution algorithms are developed, based on a



suitable regularization scheme. The validity of these approaches is shown in theory as
well as in numerical simulations. The remainder of this chapter presents an outline of
this thesis.

Chapter 2 - Contact Problems in Nonlinear Elasticity. This chapter introduces
the general setting and the most important theoretical results regarding nonlinear elastic
contact problems. Moreover, we conduct a thorough analysis of nonlinear elasticity to
obtain a detailed understanding of the problem structure. Many results derived here
will be required when considering optimal control problems in Chapter 4.

Chapter 3 - Regularization of the Contact Constraints. To overcome the non-
smoothness due to the contact conditions, we will apply the normal compliance method,
yielding a regularized contact problem. Additionally, corresponding convergence results
and rates are derived. First order conditions in elasticity are briefly addressed as well.
The regularization approach presented here is necessary to make the optimal control
problems, which are discussed in the next chapter, numerically treatable.

Chapter 4 - Optimal Control of Nonlinear Elastic Contact Problems. Based
on the previous results, we conduct a detailed theoretical analysis of optimal control of
nonlinear elastic contact problems. Analogously to Chapter 3, the contact conditions are
relaxed, yielding a regularized optimal control problem. For this regularization approach,
corresponding convergence results are established. At this, we consider two strategies.
First, under strong structural assumptions, a convergence result can be shown. Alterna-
tively, we introduce a modified regularization, which yields similar results without too
restrictive requirements. This chapter concludes with a brief study of KKT conditions.

Chapter 5 - Numerical Algorithms. This chapter is dedicated to an algorithmic
examination. First, a cubic regularization approach is presented to solve regularized
contact problems. Also, a new nonlinear update strategy is worked out, aiming to in-
crease performance. This strategy was developed by Julidan Ortiz. For optimal control
of nonlinear elastic problems, we present an affine covariant composite step method.
To address the regularized optimal control problem, a simple path-following method is
introduced.

Chapter 6 - A Corrected Inexact Projected Preconditioned Conjugate Gra-
dient Method. To solve the large scale linear systems in the composite step method,
we introduce a corrected inexact projected preconditioned conjugate gradient (CIPPCG)
algorithm. This algorithm describes an iterative solver that has the same convergence
properties as a standard gradient method. Further, it also applies to non-convex prob-
lems such as optimal control of nonlinear elasticity.

Chapter 7 - Numerical Examples. For the numerical tests, all problems are dis-
cretized via a finite element method. In the first part, we deploy the cubic regularization
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approach from Chapter 5 to verify the convergence rates derived in Chapter 3. Addi-
tionally, the newly developed nonlinear update strategy is tested.

Thereafter, we couple the composite step algorithm with the CIPPCG method and test
the performance of the combined approach for optimal control in nonlinear elasticity.
Also, we discuss the limits of this method and possible extensions for future research.
To conclude this chapter, path-following is applied to solve regularized optimal control
problems and to approximate solutions to the original problem. At this, the composite
step method functions as the inner solver, where the CIPPCG method is utilized to solve
the arising linear systems.

Chapter 8 - Conclusion and Outlook. This chapter contains a summary of the
presented work and an outlook for future research.



Chapter 2

Contact Problems in Nonlinear
Elasticity

Models derived from linear elasticity offer an accessible approach to describe the defor-
mations of materials. Therefore, they apply to a wide range of real-world applications.
However, those models are restricted to problems with small deformations. For problems
involving large deformations, linear elasticity no longer reflects the physical reality and
has to be replaced by more sophisticated approaches. In those cases, nonlinear elasticity
can be applied to obtain an accurate representation of real-world problems, see, e.g.,
[24, 104]. Incorporating nonlinear elasticity yields another layer of complexity in form
of nonlinear and non-convex energy functions. Additionally, in the setting of contact
problems, the required constraints add non-smoothness to an already challenging prob-
lem. The aim of this chapter is to derive a complete mathematical description of contact
problems in nonlinear elasticity. The established results serve as the starting point for
the analysis of optimal control problems in Chapter

This chapter is structured as follows. In Section [2.1} we introduce the settings and nota-
tion that are necessary to analyze general problems in nonlinear elasticity. In Section [2.2]
we discuss the equilibrium equations of a deformed body which lay the theoretical foun-
dation to describe material behavior in continuum mechanics.

Section addresses different properties of materials which are essential to model real-
world materials accurately. At this, we restrict our analysis to hyperelastic materials. In
the context of hyperelasticity, the respective equilibrium equations can be transformed
into an energy minimization problem. The explicit formulation of the corresponding
energy functionals is also discussed in detail. Deriving such formulations is necessary to
conduct numerical simulations. Further, the required material properties have consider-
able consequences for the theoretical analysis. First and foremost, the loss of convexity
significantly impedes the theoretical examination of hyperelastic problems. Particularly,
the uniqueness of solutions can no longer be expected. As a result, the mathematical
implications and the relation to real-world problems have to be addressed.

Section extends the setting to incorporate contact constraints. Finally, in Section
2.5 we examine the existence of solutions to hyperelastic contact problems by utilizing

5
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the concept of polyconvex functions, which was established in [6].

In our analysis, we mainly rely on the results from [I5] [I8]. Additional overviews and
introductions to nonlinear elasticity can be found in, e.g., [24, 68, [77, [100]. An examina-
tion that is more focused on numerics was conducted in [I7]. For the analysis of contact
problems particularly, see, e.g., [54} [56] [61), 811, [1T0], 110} T11].

Parts of this chapter have been published in [95].

2.1 Deformations of three-dimensional bodies

First, we introduce the theoretical setting and notation for general nonlinear elastic
problems. Throughout this work,  C R? denotes a bounded Lipschitz domain in the
sense of [74, pp. 4-6]. The closure Q represents a three-dimensional undeformed body
in an equilibrium state and is usually referred to as the reference configuration. The
corresponding boundary I' consists of two disjoint relatively open subsets I'p and I'y
with

r=THUTy

such that each segment has a non-zero boundary measure. The first set I'p denotes the
part of the boundary where Dirichlet boundary conditions are enforced while external
pressure loads, modeled as Neumann boundary conditions, are applied on the segment
I'y. Further, the function

y:Q—R?

denotes the deformation of a body to its new deformed configuration Qq. Accordingly,
we define the deformed boundary

g =TqpUlgn
as the image of I' under y. The setting is illustrated in Figure In order to be
physically meaningful, a deformation ¥ is required to be sufficiently smooth, orientation-

preserving, and injective on 2. We only require injectivity in the interior since self-
contact on the boundary must be allowed.

I'n

Q Y
\ I‘d7N

Qq

Figure 2.1: Deformation of a body.
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At each point x € €2, we define the deformation gradient:

2] 0 o

) M
Vy(z) == ?)TZZ?(UC) ?g(x) gﬁﬁ(gﬁ)

e (2) g, (@) g3 (2)

As a result, the orientation-preserving condition
det Vy(z) >0 forall z € Q

ensures at least local injectivity. For incompressible materials, the stronger condition
det Vy(z) =1 forallz € Q

is necessary to accurately model their behavior. Materials that are not required to
satisfy this condition are called compressible materials. Over the course of the following
analysis, we will study only compressible materials. In the theory of elasticity, it is often
convenient to use the displacement notation. The displacement function

$:Q—R3 (2.1)

is defined by
é(x) = y(z) —id(x) for all z € Q,

where id :  — Q denotes the identity mapping. Again, we define the respective gradient
by

0 0 9
(@) gn(@) g

0 0 0
Vo(z) = | §2(x) g%ﬁ(ff) g%(m) :

B(z) §B(x) FE(x)
which satisfies the relation

Vy(z) =1d +Ve(z).

Here, Id denotes the identity matrix in R3*3. To denote the partial derivative of a
function f w.r.t. a direction v, we use the notation 0,. If there is no risk of ambiguity,
we just write f,. In the case that f only depends on one argument, the derivative is
denoted by f’. The space of all m x n matrices is denoted by M"™*", If not stated
otherwise, the Frobenius norm

M| :=+/tr(MTM) for M € M"™*"

is chosen as the matrix norm. For the space of quadratic matrices M"*™, we use the
abbreviation M". The subspace of matrices with positive determinant is denoted by

M? = {M € M" | det M > 0}.
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Additionally, S™ denotes the space of symmetric matrices with the corresponding sub-
space of positive definite matrices SZ. Further, the space of orthogonal matrices is
denoted by Q™ and the subspace of all rotations by

0% :={M c Q" |det M =1}.
For the set of normed vectors, we write
Sy :={veR®||v| =1}.
The standard matrix scalar product between two matrices A and B is defined via
(A, B) :=tr(ATB).

For this, we use the short notation A - B. As usual, the standard matrix multiplication
is written as AB. Next, we introduce the cofactor matrix.

Definition 2.1 (Cofactor matrix). Let M € M". For each pair of indices (i,7), we
denote by Mi’j € M"! the matrix that results from deleting the ith row and the jth
column of M. Then, the cofactor matrix is defined via

(Cof M);j := (—1)""7 det M;;.
In the case of M being invertible, the cofactor matrix satisfies
Cof M = (det M)M~T.

Under certain assumptions, the stored energy function of a hyperelastic material depends
on the cofactor matrix of the deformation gradient. This issue is discussed in detail in
Section Next, we define the principal invariants of a matrix.

Definition 2.2 (Principal invariants). Consider a matrix M € M?>. Further, let A;, Ao,
and A3 be the corresponding eigenvalues. Then, the three principal invariants Z; (M),
Zo(M), and Z3(M) of the matrix M are defined as follows:

Il(M) =trM = A 4+ Ao+ Ag,

ZQ(M) = tr Cof M = A Ao + Aodg + AgAq,

Z3(M) := det M = A\ AgAs.

If the relation is clear from the context, we use the short notation Z;, Zo, and Z3. The
triple of the principal invariants is denoted by Z(M), or just Z, respectively.

Further, we introduce the right Cauchy-Green tensor
Cly) = Vy'Vy,

which can be interpreted as a measure of strain. This interpretation is reflected in the
fact that for translations and rotations of the reference configuration around the origin,
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the right Cauchy-Green strain tensor simplifies to the identity matrix Id. Deformations
satisfying these conditions are referred to as rigid deformations. If it is clear from the
context, we use the short notation C. Related to that, we define the Green-St Venant
strain tensor

E@y:;v£+v¢+vﬂvm

The Green-St Venant strain tensor measures the deviation between a given deformation
and a rigid motion. This becomes apparent through the equivalent definition

E@yzgcm+@—my

Note that the tensor F is invariant under rotations and translations. When considering
only small deformations, it can be sufficient to reduce the Green-St Venant strain tensor
FE to its linearization

(6) = 5(V6" +V9).

Besides being restricted to problems exhibiting small deformations, this linearized tensor
is also no longer invariant under rotations. Nevertheless, there exists a wide field of
applications utilizing the linearized strain tensor, see, e.g., [34] 41, 89, [90].

Next, we consider how to describe deformations of bodies as solutions to mathematical
problems. At this, deriving equilibrium equations serves as the starting point.

2.2 Equilibrium equations

The static equilibrium of a body, subjected to external forces, is described by the stress
principle of Euler and Cauchy, which forms the foundation of continuum mechanics, cf.
[15, Axiom 2.2-1].

Axiom 2.3. Let Qq denote the deformed configuration of a body, where the respective
applied forces are represented by densities fq : Qg — R3 and uq : Fan — R3. Then,
there exists a vector field

tq :ﬁd X Sl — Rg

such that:

1. For any subdomain Aq C Qq, and at any point xq € Lan N OAgq where the unit
outer normal vector nq to I'q y N 0Aq exists, the equation

ta(rq,ng) = ug(zq)
holds.

2. Axiom of force balance: For any subdomain Aq C Qyq,

Ja(zq) dzg = —/ ta(zq,nq) dsq.

Aq dAq



10 CHAPTER 2. CONTACT PROBLEMS IN NONLINEAR ELASTICITY

3. Azxiom of moment balance: For any subdomain Agq C Qq,

/A zq X fa(xa) dra = —/ rq X tq(zg,nq) dsq.
d

0Aq
Here, x denotes the cross product.
From here, we obtain one of the most significant results in continuum mechanics.

Theorem 2.4 (Cauchy’s theorem). Let fq : Q4 — R® and uq : Tqny — R3 be force
densities, where fq is continuous. Further, the Cauchy stress vector field

tdiﬁdX51%R3

is assumed to be continuously differentiable w.r.t. the variable xq € Qq for each n € Sy.
Additionally, it is assumed to be continuous w.r.t. the variable n € Sy for each xq € Qq.
Then, the axioms of force and moment balance imply the existence of a continuously
differentiable tensor field

Ty : ﬁd — M3

such that the Cauchy stress vector satisfies
ta(zg,n) = Ty(xq)n for all xq € Qq and all n € 5.

In addition, the following equations hold:

—divy Td(l’d) = fd(xd) f07’ all zq € Qq,
Td(l’d) = Td(:L’d)T f07’ all zq € Qq, .
Td(a:d)nd = ud(azd) f07’ all xq € Pd,N' (2.4)

Here, nq denotes the unit outer normal vector along the deformed boundary segment
Lan. The tensor Tg(xq) is called the Cauchy stress tensor at the point xq € Q4.

Proof. See [15, Proof of Theorem 2.3-1]. O

The main consequence of this theorem is the coupling of the external applied forces fq
and uq with the tensor Ty by partial differential equations and boundary conditions.
Additionally, we obtain the divergence structure of the resulting equations which allows
variational formulations. However, these equations are formulated in dependence of
the unknown deformed configuration 4. In order to transfer these equations into the
reference configuration €2, the Piola transform is applied.

2.2.1 Piola transform

Definition 2.5 (Piola transform). Consider a mapping Ty : Qq — MB3. Then, the Piola
transform T : Q — M3 of Ty at a point z € Q is defined by

T(z) == (det Vy(x))Ta(xa)Vy(2) ™", x4 =y(2).
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In the case that Td is the Cauchy stress tensor, its Piola transform is called the first Piola-
Kirchhoff stress tensor. Note that this tensor is not symmetric in general. However, it
can sometimes be convenient to work with symmetric tensors in order to simplify the
constitutive equations. This can be achieved by utilizing the second Piola-Kirchoff stress
tensor

() = Vy(a) T (z) = (det Vy(x))Vy(2) " Ta(za) Vy(z) ", za = y(2).

Nevertheless, we restrict our examination mostly to the first Piola-Kirchhoff stress tensor
due to its relevance in hyperelasticity. Before we can apply the Piola transform to the
equilibrium equations (2.2)-(2.4)), we have to consider the retraction of the applied forces.

2.2.2 Applied forces

Our goal is to associate the applied forces fq and ugq with forces, denoted by f and wu,
that act on the reference configuration. Moreover, this association has to be consistent
with the Piola transform applied to Equations -. With that in mind, we define
f:Q—=R3and u:I'y — R? as follows:

f(z) := (det Vy(x)) fa(zq), z€Q, xq=1y(x)
and
u(zx) := det Vy(x)|Vy(a;)7Tn(x)\ud(xd), x €'y, zqg = y(z),

where n denotes the unit outer normal vector field of Q. This definition yields the
equalities

f(z)dx = fa(xq)dezq and w(z)ds = uq(zq)dsq.

Here, we use the notation from [15, Chapter 2] and the formulas for the deformed volume
elements

drq = det Vy(z)dz and dsq = det Vy(z)|Vy(z) Tn(z)| ds.

With these definitions at hand, we can transfer the equilibrium equations back to the
reference configuration €.

Theorem 2.6. Consider the setting of the boundary value problem —, whereby
y denotes the respective deformation of the body. Further, assume that the applied body
forces f: Q2 = R3 and v : 'y — R? satisfy fdx = fadrq and uds = uqdsq. Then, the
first Piola-Kirchoff stress tensor, defined by

T(x) := (det Vy(x))Ta(za) Vy(z) ",

satisfies the following equations:

—divT(z) = f(x) forallz € Q,
Vy(z)T(x)T = T(2)Vy(z)" forallz € Q, :
T(z)n(z) = u(x) forallz € T'y. (2.7)

Here, n denotes the unit outer normal vector field of T'n .
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Proof. For the proof, see [15, Proof of Theorem 2.6-1]. O

For the analysis of hyperelastic problems in Section 2.3 we have to analyze the structure
of applied forces in detail.

Definition 2.7 (Dead load). An applied body force f : Qq — R? is called a dead load if
the associated function f : Q — R3, acting on the reference configuration, is independent
of the corresponding deformation y.

This definition applies to boundary forces analogously.

Remark 2.8. Note here that modeling applied forces as dead loads is a mathematical
simplification which only holds for a limited number of practical problems. Considering
volume forces, the most common example is the gravity field. An example for boundary
forces is the simple choice

ug(xzq) =0 for allzq € Tq N.

Consequently, the associated boundary force on the reference configuration has the trivial
form
u(x) =0 forallz eTy.

However, besides this simple setting, the problem structure usually does not allow to
model boundary forces as dead loads.

Another important class are conservative forces.

Definition 2.9 (Conservative forces). Let fq : Q¢ — R? and ugq : Fan — R3 be
applied body forces acting in the deformed configuration. Assume there exist mappings
f OxR? - R3and §: 'y x Mi — R3 such that the associated forces in the reference
configuration are of the form

f(z) = f(z,y(z)) forall z € Q

and
u(z) = u(z, Vy(z)) forall z € I'y.

Additionally, define the set of sufficiently smooth test functions by
Vi={v: Q=R vx)=0 forallzcTIp}.

Then, fq and uq are called conservative if there exist functions F:QOxR— R and
U:Ty xR3x Mi — R with corresponding integrals

Eply) = /Q F(z,y(z) du

and
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such that the Gateaux derivatives of F and E; satisfy

B (y)v = /Qf(ﬂf,y(x))v(x) dx

and
Byl = [ ita, Vy()o(e) ds

forallveV.

Obviously, dead loads are conservative forces while conservative forces provide a more
general class of functions. The question of the required structure of applied forces
reemerges when we study hyperelastic problems in Section [2.3]

So far, we have succeeded in retracting the problem back to the reference configuration €.
Still, the system — describes three equations with nine variables. These are the
three components of the deformation and the six components of the first Piola-Kirchhoff
stress tensor, considering the symmetry of the Cauchy stress tensor. Consequently, the
corresponding system is underdetermined. This discrepancy corresponds to the physical
interpretation that Equations — are entirely independent of the material. In
order to close this gap, we introduce additional assumptions on the class of admissible
materials in order to obtain a well-posed problem.

2.3 Material properties

In this section, we study the necessary physical and mathematical requirements to derive
realistic models that describe materials and the corresponding deformations. Thereby,
we focus on elastic materials and, in particular, hyperelastic ones. For hyperelastic mate-
rials, the system of equilibrium equations can be transformed into an energy minimiza-
tion problem. From there, we discuss the non-convexity of the corresponding energy
functional, and, consequently, the non-uniqueness of solutions, both in theory and in
real-world applications.

To overcome the lack of convexity, polyconvex functions are introduced, which provide
the theoretical foundation for proving the existence of solutions to hyperelastic problems
in Section [2.5] Finally, an explicit model for the elastic energy is elaborated. This model
is applied in the numerical tests conducted in Chapter [7]

2.3.1 Elastic materials

Elasticity can be used to model a wide range of materials such as steel, rubber, aluminum,
and biological soft tissue. Therefore, it is frequently applied to describe problems related
to real-world applications, cf. [24] 34 [41], [89] 90} 104].

First, we introduce the mathematical definition of elasticity and discuss how it affects
the results established so far. We call a material elastic if at each point zq = y(z) in
the deformed domain g, the Cauchy stress tensor Ty(xq) is entirely determined by the
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deformation gradient Vy(z) at the respective point # € . This yields the following
definition.

Definition 2.10 (Elastic material). A material is called elastic if there exists a mapping
T:Qx M3 — s
such that for each point z4 := y(z) in the deformed domain Qq, the equation
Ta(wa) = T(x, Vy(x))
is satisfied.

The mapping T is called the response function for the Cauchy stress. As mentioned
above, at a fixed point x4 € g, the Cauchy stress tensor T does not depend on
the function values of the deformation y(x) but only on its gradient. This condition
is consistent with our prior analysis since such a dependency would imply that rigid
translations can affect the Cauchy stress tensor.

One possible extension to this definition is the inclusion of the dependency on the de-
formation gradient evaluated at all other points x in €. This approach gives rise to the
theory of nonlocal elasticity, see [28] or [I5, Chapter 3]. Nevertheless, classic elasticity
has proved to be a suitable tool in describing real-world problems, and thus, it will be
the only definition considered in this work. For a detailed discussion of elastic materials,
the reader is referred to [15) [77, [100] and the references therein.

Sometimes, only materials are considered whose response is the same at each point.
Such materials are called homogeneous. Mathematically, this property can be defined
as follows.

Definition 2.11 (Homogeneous material). A material in a reference configuration ( is
called homogeneous if its response function is independent of the particular point = € €.
Thus, for each x4 := y(z) € Qq, the response function for the Cauchy stress satisfies

Ty(za) = T(Vy(z)).

Note that this definition only applies for the reference configuration. If the deformed
state is chosen as the reference configuration, this property is not necessarily satisfied
anymore.

Again, we want to study elastic problems defined on the reference configuration €.
Thus, we have to examine how the elasticity property affects the first and second Piola-
Kirchhoff stress tensor. The respective implications are addressed in the following the-
orem.

Theorem 2.12. The elasticity property stated in Definition implies the existence
of two mappings B _
T:QxM3 -M® and L:QxM} — S
such that B R
T(z, M) = (det M)T'(z, M)M~T
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and N R
S(z, M) = (det M)M 1T (x, M)M~T

forallz € Q and M € Mi Additionally, the first and second Piola-Kirchhoff stress
tensor satisfy the equations

T(z) = T(x, Vy(x))
and

() = S(x, Vy(z))
for all z € Q.

Proof. See [15, Chapter 3]. O

The mapping T is called the response function for the first Piola-Kirchoff stress. Accord-
ingly, 3 is referred to as the response function for the second Piola-Kirchhoff stress . Due
to its relevance in hyperelasticity, we mainly focus on the first one. The response function
T can be incorporated into equilibrium equations defined on the reference configuration
Q.

Lemma 2.13. Consider the setting of Theorem where y denotes the deformation
of the body. In addition, Dirichlet boundary conditions on I'p with the corresponding
function yp : Tp — R3 are required. Then, there exist functions f : Q x R — R3 and
w: 'y X M:j_ — R3 such that

—divT(z, Vy(z)) = f(z,y(z)) for all z € Q, (2.8)

T(z, Vy(z))n(z) = iz, Vy(z)) for allx € T'y, (2.9)

y(z) = yp(x) forallz € I'p. (2.10)

Proof. See [15, Chapter 4]. O

Analogously, we can derive equilibrium equations for the response function Y for the
second Piola-Kirchoff stress.

Lemma 2.14. Consider the setting of Lemma|2.15 Then, there exist functions
f:OxRP > R3 andﬁ:FNxMi%R?’ such that

—div Vy(z)2(x, Vy(z)) = f(z,y(z)) for allz € Q, (2.11)

Vy(2)S(z, Vy(z))n(z) = a(z, Vy(z)) forall z € Ty, (2.12)

y(z) = yp(x) forallz € I'p. (2.13)

Proof. See [15, Chapter 4]. O

Equations (2.11))-(2.13]) are of particular interest since they can be utilized to show the
existence of solutions, at least under strong structural assumptions. An analysis of this
issue is considered in Section 2.5
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2.3.2 Hyperelastic materials

An intuitive interpretation of hyperelasticity is assuming the existence of an inner energy
of the body. At this, deformations are the natural consequences of minimizing such an
energy when the body is under stress. Consequently, the question arises whether the
equilibrium equations can be transformed into a minimization problem.

As the subsequent analysis will show, such a transformation is possible if the response
function T' can be written as the derivative of an energy function. This motivates the
following definition.

Definition 2.15 (Hyperelastic material). An elastic material is called hyperelastic if
there exists a function

W:QxM - R
that is differentiable w.r.t. the variable M € I\\/JI:j’r for each = € Q. Further, it satisfies

T(z, M) = g%(az,M) for all z € Q and M € M3.

The function W is commonly referred to as the stored energy function.

Although this definition of hyperelastic materials seems to be motivated purely by math-
ematical arguments, it is equivalent to the more physical interpretation that the work
in closed processes should be positive. This is a widely accepted property of real-world
materials. For a more detailed discussion of this issue, the reader is referred to [100] and
the references therein.

Given a hyperelastic material and the corresponding conservative applied forces fq and
uq, then the respective energy functional I reads as follows

1) = [ 1@ Vy(a)) do— [ Flay@) do— [ Oyl), V@) ds
Q Q I'n
where F and U are defined as in Definition In literature, I is usually called the total
energy functional. The first term of I is called the strain energy of the material, and we
write

Istrain(y) = /QW<IL',V:U($)) dz.

It can be shown that minimizers of the energy I also satisfy the equilibrium equations
29)-E10).

Theorem 2.16. Consider the setting of Theorem [2.6 for a hyperelastic material sub-
jected to applied conservative forces fq : Q x R — R3 and ugq : Ty x I\\/JI§r — R3. The
associated forces are denoted by f OXRP 5 R and §: Ty x Mi — R3. Further, let
yp : I'p — R3 denote the function corresponding to the Dirichlet boundary conditions
and let I denote the total energy functional. Then, each sufficiently smooth mapping

from the set
U:={v:Q—=R>| v(z)=yp(z) forallzecTp}
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that satisfies

veEW
solves the following system:
—div 8—W(fn, Vi (x)) = flaz,¢(x)) for all z € 0,
oM
oW A
a—M(m, Vy(x))n = a(x, Vip(z)) for allz € 'y,
Y(x) =yp(x) for allz € I'p.

Proof. See [15, Proof of Theorem 4.1-2]. O

Describing deformations as energy minimizers allows the derivation of existence results
while not relying on too regular settings. This topic is discussed thoroughly in Sec-
tion Although hyperelasticity corresponds to the nature of real-world materials, it
is not sufficient to derive an explicit formulation of the respective energy functions. In
order to achieve this, further material properties have to be taken into consideration.

2.3.3 Material frame-indifference

In contrast to the assumptions made so far, material frame-indifference is an axiomatic
property. It states that the Cauchy stress tensor is independent of the particular orthog-
onal basis in which it is computed. This axiom also has a more general counterpart in
physics where this property is assumed to hold for any observable quantity.

In the case of elasticity, only rotations of the chosen and fixed basis have to be considered.
Translations of the origin can be ignored since they do not affect the deformation gra-
dient. Describing frame-indifference in purely mathematical terms yields the following
formulation.

Axiom 2.17 (Axiom of material frame-indifference). Let y be a deformation with its
corresponding deformed domain Qq. Further, consider a rotation R € @i’_ and the cor-
responding new deformation vy, : Q — R3, defined by vy, := Ry. The rotated domain is
denoted by Q. and the respective points by m, = y.(x). Then, the respective Cauchy
stress vector fields tq : Qq x S1 — R3 and t, : Q. x S1 — R3 satisfy

te(zr, Rn) = Rtq(xq,n) for allz € Q and n € Sy.

Frame-indifference naturally adds further requirements for the stored energy function
W, which are discussed in the next theorem.

Theorem 2.18. The stored energy function 1474 of a hyperelastic material satisfies the
aziom of frame-indifference if and only if for each point x € €,

W(x, RM) =W (x,M) forall M € M3 and R € 03,
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or equivalently, there exists a function
W:Qx S?; - R

such that R
W(x, M) =W (x, M*M) for all M € M3..

Proof. See [15, Proof of Theorem 4.2-1]. O

The second condition is of particular interest since it states that the stored energy
function can be expressed as a function of the right Cauchy-Green strain tensor C. As
the analysis in Subsection [2.3.6] will show, frame-indifference already excludes convex
functions as candidates for the stored energy function W, see also [15, Theorem 4.8-1].

2.3.4 Isotropic materials

In physical terms, isotropy means that at each point, the response of a given material
does not depend on the direction. In mathematical terms, this property can be described
as follows.

Definition 2.19 (Isotropic material). Let T be the response function for the Cauchy
stress. An elastic material is isotropic at a point x in € if

T(x,MR) =T(x,M) forall M € M? and R € Q3.

An elastic material occupying a reference configuration  is isotropic if it is isotropic at
each point z in €.

This definition implies that the Cauchy stress tensor remains unchanged when the refer-
ence configuration Q) is rotated around the point z. Note that isotropy in the reference
configuration is not necessarily carried over to the deformed configuration. Isotropy also
yields a more specific characterization of the response function for the Cauchy stress.

Theorem 2.20. The response function T for the Cauchy stress tensor is isotropic at a
point x € Q) if and only if there exists a mapping T (x,-) : S?; — S? such that

T(x, M) =T(z, MMT) for all M € M3
Proof. See [15, Proof of Theorem 3.4-1]. O

Analogously to the axiom of frame-indifference, isotropy leads to additional conditions
for the stored energy function W. In the context of hyperelasticity, we obtain the
following characterization.

Theorem 2.21. The stored energy function 144 of a hyperelastic material is called
isotropic at x € Q if and only if

W(z, M) =W (zx, MR) for all M € M3 and R € Q3.
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Proof. The proof can be found in [I5, Proof of Theorem 4.3-1]. O

Although isotropy is not necessary to show the existence of solutions to hyperelastic
problems, it is a key property to derive an explicit model for stored energy function w.
The first step to go from purely theoretical properties to an explicit representation of
the corresponding tensors is achieved in the Rivlin-Ericksen representation theorem.

Theorem 2.22 (Rivlin-Ericksen representation theorem). Consider a mapping
T: Mi — S3. Then, the conditions

T(RM) = RT(M)R" and T(MR)=T(M) forall M € M and R € 0%

are equivalent to

T(M)=T(MMT) forall M € M3,
where the mapping T: S3 — S3 is of the form
T(A) = ao(Z(A)) Id +a1(Z(A)A + aa(Z(A) A% for all A € 2.

Here, ag, a1, and as are real-valued functions of the three principal invariants of the
matriz A as defined in Definition [2.2

Proof. See [15, Proof of Theorem 3.6-1]. O

The incorporation of the Rivlin-Ericksen representation theorem into our setting allows
a first explicit description of the response function X.

Theorem 2.23. Consider an elastic, isotropic, and frame-indifferent material. Then,
Ta(za) = T(x, Vy(2)) = T(x, Vy(z)Vy(z)")
with T(x,-) : S — S* defined by
T(z, A) == ag(z, Z(A)) Id +a; (z, T(A) A + aa(z, Z(A)A*  for all Ac S2,

where ag(z,-), ai(z,-), and as(z,-) are real-valued functions of the three principal in-
variants of the matriz A. Further, the second Piola-Kirchhoff stress tensor is of the
form . }
S(x) = Sz, Vy(o)) = S(z, Vy(2)" Vy())
such that the response function S(z,-) : S3 — S3 is of the form
S(x, B) = Bo(x, Z(B))Id +p1(x,Z(B))B + Bo(x,Z(B))B? for all B € S2..

The corresponding functions Bo(x,-), B1(x,-), and P2(x,-) are real-valued, whereby their
arguments are the three principal tnvariants of the matriz B. In reverse, if at least
one of the response functions T orY is of the stated form, then the axiom of material
frame-indifference holds and the material is isotropic at the point x.

Proof. For the proof, see [I5, Proof of Theorem 3.6-2]. O

Theorem already provides a rough structure of the explicit representation of the
response functions.
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2.3.5 Material behavior for large strains

A physically intuitive condition is to require that extreme strains correspond to large
stresses. For hyperelastic materials, this condition translates to the stored energy func-
tion W approaching infinity if one of the eigenvalues of the matrix C' = M7 M approaches
zero or infinity. Denoting the respective eigenvalues by A1, A2, and A3, we can restrict
the analysis to keeping A2 and A3 in a compact interval in |0, oo[. Then, we obtain:

A — 0t e detM — 07,
Al = 00 & | M| — oo,

A1 = 00 < || Cof M|| — o0,
A — 00 < det M — oo.

The first condition yields the following implication for the stored energy function W:
det M — 07 = W(z, M) — oo, M € M3. (2.14)

This condition reflects the idea that for realistic materials, compressing a given volume
to zero requires an infinite amount of energy. Additionally, the last three conditions
describe the implication

(|M|| + || Cof M|| + det M) — 0o = W (x, M) — oo, M € M3..

A sharper version of this assumption, which is required for the existence theorem in
Section leads to the following coerciveness condition.

Assumption 2.24. There exist constants a,p,s,r > 0, and b € R such that at each
point x € §, the coerciveness inequality

W (z, M) > a(||M|[P + || Cof M||* 4 (det M)") +b  for all M € M3
holds.

The coerciveness inequality represents a measure of the material’s strength and a nec-
essary growth condition required for the stored energy function. For a detailed analysis
of this topic, see [I5, Chapter 4].

Assumption [2:24] is naturally embedded into the setting to show existence of solutions to
hyperelastic problems since coerciveness is often a necessary requirement when studying
minimization problems. On the contrary, Condition adds significant restrictions
on possible candidates for the stored energy function such as the exclusion of convex
functions.

2.3.6 Non-convexity of the stored energy function

We recall that Theorem yields an energy minimizing approach for hyperelastic prob-
lems. Techniques to show the existence of solutions to minimization problems usually
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require the convexity of the considered objective function. In that context, the ques-
tion arises whether the stored energy W can be chosen as a convex function. However,
as mentioned above, the priorly introduced physical restrictions already rule out this
possibility.

Theorem 2.25. Consider x € § such that the function
. o
W(z,-): M} =R
is convexr. Then:
1. The convexity of W(a:, -) implies that Condition (2.14]) cannot hold.
2. The convexity of W(ac, -) contradicts the aziom of frame-indifference.

The proof of this theorem is rather technical and does not yield further insight into the
problem structure. Therefore, the reader is referred to [I5, Proof of Theorem 4.8-1]. The
lack of convexity poses significant difficulties in the theoretical analysis of hyperelastic
problems. However, with the application of polyconvex functions in [6], this issue was
resolved and a rigorous existence theory has been established. Still, we cannot expect
the uniqueness of solutions.

Non-uniqueness of solutions

The possible non-uniqueness of solutions is not just a mathematical artifact due to an
unsuitable or incomplete problem description. In fact, it has a real-world interpretation.
For this reason, we want to study an intuitive example. Consider a horizontal cantilever
fixed at a wall, as depicted in Figure On the frontal face, a constant boundary
force is applied, which is represented by red arrows. In addition, this boundary force
acts orthogonally to the surface, and the weight of the cantilever is neglected. For
sufficiently large forces, the following behavior can be expected. First, we obtain an
unstable solution with very small displacements as illustrated in Figure In numerical
simulations, the instability is reflected in a non-positive definite Hessian matrix of the
total energy function at the current iterate. Also, the slightest perturbation of the
boundary force can lead to significant changes of the solution.

In addition to the unstable solution, we also obtain two stable solutions which are shown
in Figure 2.4l There, the boundary forces make the body snap upwards or downwards,
respectively. Due to symmetry, the two solutions cannot be distinguished w.r.t. the
elastic energy. In literature, this effect is usually referred to as buckling and is observed
for a wide range of problems. Buckling and other effects that yield non-uniqueness
of solutions of real-world problems were discussed in, e.g., [I5, 24]. Regarding non-
uniqueness in elasticity in general, there exists a large amount of literature. For a
deeper analysis of this issue, the reader is referred to [27, [83], 98], 99 [103]. This example
already shows that even in a very simple setting, the uniqueness of solutions is ruled out.
Consequently, the possible non-uniqueness has to be taken into account in the theoretical
analysis and the numerical simulations.
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Figure 2.2: Undeformed cantilever.

Magnitude deformation
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Figure 2.3: Unstable deformation.
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Magnitude deformation
5,696e-01

0.42721
0.28481

0.1424

7.278e-11

Figure 2.4: Stable deformations.

Computing multiple non-unique solutions analytically seems to be out of reach in the
general setting of three-dimensional hyperelasticity so far. Nevertheless, there exist
several methods to compute multiple solutions numerically. One approach that seems
promising is the deflation technique developed in [29] to find distinct solutions of non-
linear partial differential equations. However, applying this approach to optimal control
problems combined with elasticity is beyond the scope of this work and remains a subject
of future research.

In summary, we have shown that the convexity of the stored energy function is incom-
patible with the physical restrictions required to model real materials. Additionally, the
uniqueness of energy minimizers has been ruled out for general settings in theory as well
as in real-world applications. The lack of uniqueness becomes a major issue for optimal
control of hyperelastic problems in Chapter[d To show at least the existence of solutions
to hyperelastic problems, we continue by studying an approach that does not rely on
convex energy functions.

2.3.7 Polyconvex functions

The concept of polyconvex functions is one possible way to compensate for the lack of
convexity and show the existence of solutions, though not uniqueness. This approach
was elaborated in [0]. First, we define polyconvex functions.

Definition 2.26 (Polyconvex function). Consider sets Z C M? and
Z :={(M,Cof M,det M) e M* x M® xR | M € Z}.

Then, a function W : Z — R is called polyconvex if there exists a convex function
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W : Z — R such that
W(M)=W(M,Cof M,det M) forall M € Z.

In contrast to convexity, polyconvexity is consistent with the physical assumptions made
so far, see Subsection In [6], techniques to show the existence of solutions to hy-
perelastic problems were introduced. Unlike other approaches, the choice of polyconvex
functions allows to prove existence of solutions without relying on strong structural re-
quirements that rule out many problem classes. As a result, choosing polyconvex stored
energy functions is the common approach to prove the existence of solutions to hypere-
lastic problems, and we restrict ourselves here to this technique. The analysis conducted
in [6] and an alternative technique are studied in Section

2.3.8 Models for the stored energy function

In the previous analysis, we introduced physical assumptions to narrow the choice of
the stored energy function w. Although the previous results are sufficient to show the
existence of solutions, we still lack an explicit model of W.

So far, we have restricted our analysis only to a certain class of materials, i.e., hyperelastic
and isotropic ones. Thus, there is still some freedom of choice when it comes to the
specific materials used. This additional information is sufficient to derive an explicit
model of the stored energy function w.

In the subsequent examination, we discuss how such a model can be constructed. Thereby,
only homogeneous materials are considered. First, we introduce the following definition,
cf. [15, Chapter 3].

Definition 2.27 (Natural state). A reference configuration Q is called a natural state
if the response function T' of the Cauchy stress tensor satisfies

T(x,1d) =0 for all z € Q.

This definition corresponds to the physical interpretation that the reference configuration
is a stress-free state. The existence of such stress-free states is a physically reasonable
assumption for solid materials.

For a given material, and under suitable smoothness assumptions, it is possible to derive
an explicit description of the material behavior near a natural state. The material
dependency enters this description via two positive constants A and u.

Theorem 2.28. Consider an elastic, isotropic, and homogeneous material whose ref-
erence configuration is a natural state. Further, assume that for each x € Q, the func-
tions Bo(z,-), Bi(z,-), and Ba(x, ) defined in Theorem are differentiable at the point
(3,3,1), which corresponds to the three principal invariants of the identity matriz. Then,
there exist constants \ and p such that the response function ¥ of the second Piola stress
tensor can be expressed as a function of the Green-St Venant strain tensor E and satisfies

Y(M) =3(E) == Atr E)Id +2uFE + o(E), M € M. (2.15)
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with )
E = §(MT + M+ MTM).

Proof. See, [15, Proof of Theorem 3.8-1]. O

In our setting, the constants A and u coincide with the Lamé constants of the respective
material. Thus, we do not distinguish between them and the material parameters A
and p. These parameters are related to the well-known Poisson ratio v and the Young
modulus Fy via the relations

_ LEyv _ B
A arna—a) M T say
For the inverse relation, we obtain
2
yo— A and E, = MEAT2D
2(A + ) A+

These parameters have a direct physical interpretation. In linear elasticity, and for a
given material, the respective Poisson ratio is a measure of lateral contraction while the
Young modulus is a measure of stiffness. In practice, all these constants can be deter-
mined experimentally. For a detailed discussion, the reader is referred to [I5, Chapter
3].

Recall Equation . The simplest choice that satisfies this equation and is consistent
with the assumptions made in Theorem [2.28)| is

Y(E) := \tr E)Id+2uE, I1d+2E € S3. (2.16)

An elastic material whose response function is of the stated form is called a St Venant-
Kirchhoff material. One major drawback of these models is that in the case of hyperelas-
tic materials, the corresponding stored energy function is not polyconvex [15, Theorem
4.10-1]. Consequently, the existence of solutions has not been proven yet in a general
setting. In addition, the term det Vy is not a part of the model. Thus, Condition
cannot be enforced. This lack of structure restricts the usefulness of these models to
problems with small strains. Still, St Venant-Kirchhoff materials contain more informa-
tion than models that arise from linearized elasticity. For this reason, and due to their
simplicity, they are applied in a wide range of applications, cf. [75].

Going back to Theorem the elaborated results yield a similar characterization of
the stored energy function W.

Theorem 2.29. Consider an elastic, isotropic, and homogeneous material whose refer-
ence configuration is a natural state. In addition, let the reqularity assumptions defined
in [15, Theorem 4.5-1] be satisfied. Then, the stored energy function W can be written
as a function of the Green-St Venant strain tensor E, satisfying

~ A
W(M) = W(E) i= 5 (tr B + ptr B2 + o | BJ[%), M € M3,
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with )
E:= 5(MT + M + MTM).

Proof. The proof can be found in [I5], Proof of Theorem 4.5-1]. O

With these requirements on W at hand, we can finally derive an explicit model that is
consistent with all the previous assumptions made.

Theorem 2.30. Consider two given Lamé constants A > 0 and pu > 0. Then, there
exist constants a,b,c,d,a > 0, 8 € R, and e € R such that the polyconvex stored energy
function W defined by

W (M) = a||M||* + b|| Cof M||* + c¢(det M)? — dIn(det M) + e (2.17)

satisfies the equation

W(M) = W(E) = S (1r B + utx B + O(| B}
and the coerciveness inequality
W (M) = a(||M]|* + || Cot M|[* + (det M)?) + 5,
for all M € Mi and
E .= %(MT + M+ M M).
Proof. For the proof, see [15, Proof of Theorem 4.10-2]. O

The model defined in Equation explicitly depends on the term det M. This
property is essential in order to incorporate the compression condition stated in (2.14).
Last, we have to address how to compute the parameters a, b, ¢, and d from given Lamé
constants A\ and p. One possible approach to do this has been analyzed in [I5, Proof
of Theorem 4.10-2]. However, the proof is rather technical and does not yield further
insight into the problem. Therefore, we only consider models with given parameters,
whereby we skip the explicit derivation. The type of model introduced in Theorem [2.30
describes compressible Mooney-Rivlin materials, cf. [16]. Similarly, compressible neo-
Hookean materials are described by the model

W (M) = a||M||? + b(det M)? — clog(det M),

with positive constants a, b, and c. For St Venant-Kirchhoff materials, we obtain

W(M)=W(E) := %(tr E)? + utr B

A more detailed analysis on different types of models can be found in, e.g., [21I], [77].
In this thesis, the numerical simulations are restricted to compressible Mooney-Rivlin
materials.

In summary, all necessary physical and mathematical properties have been established
to sufficiently describe the real-world behavior of isotropic and hyperelastic materials.
Further, we have derived an explicit representation of the respective energy functionals.
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2.4 Contact problems

First, let us introduce the setting. Analogously to before, Q C R? denotes a bounded
Lipschitz domain (in the sense of [74], pp. 4-6]) representing the three-dimensional body.
Additionally, the respective material is assumed to be isotropic and hyperelastic. The
boundary I' consists of three disjoint and relatively open subsets such that

I'=T'pul’yUTIg,

whereby each segment has a non-zero boundary measure. Here, I'p denotes the segment
where Dirichlet boundary conditions are enforced and I'y denotes the Neumann bound-
ary where the external pressure load acts. For the remainder of this work, we make the
simplifying assumption that all applied forces are dead loads.

Further, we extend this framework to contact problems where deformations of the body
are restricted by an obstacle. The corresponding non-penetration conditions are imposed
on the contact boundary I'c. The deformation function

y:Q—R?

is an element of the vector valued Sobolev space W1P(Q, R3) with p € [2,00). For the
sake of brevity, we just write W1P(Q) and omit the image space for all vector valued
spaces. Also, we will suppress the explicit notation of trace operators if it is not required
for the analysis. Further, we do not distinguish between sequences and their elements
when it is clear from the context. In Sobolev spaces, the orientation-preserving condition
can only be satisfied in the weaker form

det Vy(x) >0 for a.e. z € Q. (2.18)

If y is not continuously differentiable, this condition does not even guarantee local invert-
ibility. In [19], the authors studied deformations that are almost everywhere injective.
This result was achieved by introducing the additional requirement

/det Vy(z) dx < voly(Q).
Q

However, it is unclear how to transfer this condition to a numerical approach and, thus,
we do not consider it here. For further studies on local and global invertibility, the reader
is referred to [8, 30, 311, [106].

Regarding boundary conditions, the deformation y is required to be the identity map-
ping on I'p. On the segment I'y, we consider an applied force u € LI(T'y,R3) with
q € (1,00). The boundary force also acts as control in the optimization setting dis-
cussed in Chapter 4. With that in mind, we introduce the notation Y := W1?(Q) and
U := LY(Ty) to denote the state space and the control space, respectively. Although
volume forces are not considered here, they could be included in our framework.
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2.4.1 Contact constraints

Physically speaking, we want to add an obstacle, denoted by ¥, which the body can-
not penetrate. Therefore, non-penetration constraints on the contact boundary I'c are
introduced. For simplicity, only constraints of the form

y3 >0 a.e.onI'¢ (2.19)

are considered, meaning that the third component y3 of y should be non-negative. This
restriction describes the plane spanned by the first two canonical basis vectors acting as
an obstacle. By incorporating these constraints, we can model static contact problems
without friction. Note that the set

C={veY|vg>0 ae onl¢c}

is weakly closed in Y. Our setting is illustrated in Figure 2.5

'y

Figure 2.5: Contact problem.

Contact constraints add significant difficulties to an already highly nonlinear and non-
convex problem. Among those is the non-smoothness due to the sudden change of
behavior in the contact region. Additionally, the area of contact is unknown before
the computation, which impedes enforcing contact constraints for more complicated
geometries. The type of constraints studied here significantly simplifies the theoretical
and numerical examinations. Therefore, a brief survey of alternative contact conditions
is given.

Bilateral contact

Let n denote the outer normal vector field of the boundary segment I'c. One way to
define contact constraints is to require that the normal displacements vanish:

¢n=¢-n=0 ae onlc.

This description corresponds to a setting where the body is glued to the obstacle, see
[43, Chapter 5]. Bilateral contact conditions were studied in [63] [79]. For general cases,
this kind of constraint is far too restrictive. By contrast, the Signorini contact condition
allows for modeling a wider range of problems.
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Signorini contact condition

In this setting, deformations are restricted a priori according to the distance between the
obstacle ¥ and the body 2. Let g : I'c — R denote the corresponding function which
measures the distance at each point « € I'¢ along the unit outer normal vector n. Then,
enforcing a non-penetration condition along the normal n corresponds to requiring that

¢n < g ae.onlc. (2.20)

The Signorini contact condition was first analyzed in [97] and has been extensively
studied ever since, see, e.g., [20, 53| 56]. Apparently, Condition is a strong sim-
plification since it is far from obvious that contact will always occur along the outer
normal n. The validity of such conditions depends on the geometry and the initial set-
ting. Thus, the question arises whether the Signorini condition sufficiently describes
the underlying contact problem. At least for small displacements, and if the boundary
segment I'c and the obstacle U are very close and essentially parallel, cf. [56, Chapter
2], Condition is a suitable approximation. A more detailed discussion of this topic
can be found in [25] [73]. For settings involving large deformations, and in particular
for multi-body problems, closest point projections are widely applied to model contact
conditions, see, e.g., [59, 60, 109 110].

Additional complications arise in the case of multi-body contact problems. These prob-
lems require specialized discretization schemes that apply to non-matching grids such as
the mortar method, see, e.g., [12, 50}, 81l O1], 108, 110, 111]. A further option to model
contact conditions is the normal compliance method, which is studied in Chapter

In summary, the study of more sophisticated contact constraints and geometries is still
the subject of current research and remains beyond the scope of this work. A more de-
tailed discussion about modeling contact constraints, though not for nonlinear elasticity,
can be found in [73], [9I]. Applying contact constraints in nonlinear elasticity has been
discussed in [8T], [IT0, ITI]. For an overview of contact problems in general, the reader
is referred to [43], [56].

2.4.2 Contact problems in hyperelasticity

Recalling Theorem [2.16, we know that under certain smoothness assumptions minimizers
of the total energy functional I describe deformations of a body. In contrast to before,
the total energy functional

I:Y xU—RU{oo}

is a function of the deformation y and of the applied force u. The corresponding boundary
force uq acting on the deformed segment I'g  is a dead load by assumption. As a result,
u does not depend on the deformation y. Consequently, we write

I(y,u) = /QW(;U,Vy(x))dw—/F y(x)u(x)ds. (2.21)

N
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This notation is later required to analyze optimal control problems combined with elas-
ticity. We also define the splitting

I(y, u) = strain(y) - Iout(yy U)

with
Lstrain (y) := /QW(:U,Vy(x))dx and  Tout(y, u) ::/F y(z)u(x) ds. (2.22)

Further restrictions on the function spaces and the stored energy function W are required
since we have to ensure that the resulting energy minimization problem is well-posed and
that our setting corresponds to the physical model elaborated in the previous sections.
The necessary properties are summarized in the following assumption.

Assumption 2.31. Let W:Qx Mi — R be the stored energy function of a hyperelastic
material and let (p,r,s,q,q") €]1,00[° be fized with p > 2, s > 1%, and r > 1. Assume
that the following properties hold.

1. Polyconverxity: For almost all x € ), there exists a convex function
W(z,-,-,-) : M3 x M3x]0, 0o[— R such that

W (z, M) = W(x, M,Cof M,det M) for all M € M3..
Further, the function
W(-, M,Cof M,det M): Q — R
is measurable for all (M, Cof M,det M) € M? x M?x]0, oo|.
2. For almost all x € Q, the implication
det M — 07 = W(z, M) = oo
holds.

3. The sets of admissible deformations are defined by

A= {y e WHP(Q), Cof Vy € L¥(Q), det Vy € L"(Q),
y=1id a.e. onT'p, det Vy >0 a.e. in Q, y3 >0 a.e. on ¢}

and
A= {y e WP(Q), Cof Vy € L*(Q), det Vy € L"(),

y=1id a.e. on 'p, det Vy > 0 a.e. in Q}.
4. Coerciveness: There exist constants a € R and b > 0 such that

W (x, M) > a+b(|M|P + | Cof M||*+ |det M|") for all M € M3.
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5. The exponents q,q' €]1,00[ satisfy ¢t + ¢ 1 =1,

2
q'<37p forp <3, and ¢ < oo forp > 3.
-p

6. For the zero boundary force u, € U, the identity mapping id : Q — Q satisfies
id € argmin, ¢ 4 I(v,u.) with I(id, u.) < oo.

The first assumption states the polyconvexity of the stored energy function W. This
property is necessary to compensate for the non-convexity of W and show the existence
of solutions to hyperelastic problems.

Assumptions (2) and (4) describe the physical behavior of the material for large
strains. In this context, Assumption [2.31{2) corresponds to the condition that com-
pressing a given volume to zero requires an infinite amount of work. Assumption M(AL)
is a sharper version of the coerciveness property stated in Assumption [2:24] since the
exponents p, s, and r satisfy stronger restrictions here.

Further, from Assumption M(Zi), we obtain the admissible set of deformations A, for
the obstacle constrained case. Later, we introduce a regularization approach for the
contact constraints which allows us to operate on the relaxed admissible set A.

The definition of the admissible set A and the first assumption ensure that the integral
Lstrain(y) is well-defined for all y € A, cf. [15, Proof of Theorem 7.7-1].

The coerciveness of the strain energy Istrain is implied by Assumption M(Zl), see, e.g.,
[15, Proof of Theorem 7.3-2].

Assumption M(E)) is a technical requirement to apply the Holder inequality and ensure
the existence of compact trace operators.

Finally, Assumption [2.31[6) guarantees that A and A. are not empty. Also, for some
fixed boundary force u € U, we obtain inf,¢c 4, I(v,u) < 0o and inf,c 4 I(v,u) < co. Note
here that the non-emptiness of the admissible sets essentially depends on the boundary
conditions imposed on I'p. Since admissible deformations coincide with the identity
mapping on I'p, the non-emptiness of the admissible sets A and A. follows directly.
However, this implication no longer holds for general boundary conditions imposed on
I'p. In those cases, the non-emptiness of the admissible sets is assumed a priori. This
is basically an assumption on the function yp, which describes the boundary conditions
onI D-

For a detailed discussion of these requirements, the reader is referred to [15, Chapter
7] and [I8]. We assume that these assumptions are satisfied throughout this work.
With Assumption [2.31] at hand, modeling contact problems corresponds to a well-posed
minimization problem.

Definition 2.32 (Contact problem). Let u € U be a fixed boundary force applied to a
hyperelastic body. Further, the deformation of the body is restricted by Condition (2.19)).
Then, the resulting deformation y satisfies

y € argmin I (v, u). (2.23)
’Ue.Ac
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With Theorem in mind, the question arises whether the minimization problem
(2.23) also corresponds to solving some kind of equilibrium equations. However, in the
case of contact problems, the relation can only be derived formally.

Theorem 2.33. Let y be a sufficiently smooth solution to the energy minimization
problem
y € argmin I (v, u).
’UG.AC

Then, y formally solves the following boundary value problem:

—divT(Vy(z)) = for all x € Q,
T(Vy(x))n(z) = ( ) for allz € Ty,
y(z) = id(z) for allz € I'p,
y3(xz) >0 for all z € To,
T(Vy(z))n(z) =0 if v € To and ys3(z) > 0,
T(Vy(z))n(z) = Ma)na(y(z)) with AM(x) <0 if x € ¢ and y3(x) = 0.

Proof. For the proof, see [15, Proof of Theorem 5.3-1]. O

2.5 Existence theory for nonlinear elastic problems

So far, we have established that deformations of a body can be modeled as energy
minimizers of the total energy function

:/QW(x,Vy(:z:))da:—/FNy(x)u(a:) ds

over a suitable admissible set. Proving the existence of minimizers is a delicate matter.
As previously mentioned, the restrictions imposed on the stored energy function W
rule out convexity. Thus, techniques that require the weak lower semi-continuity of the
functional no longer apply. As a further consequence, uniqueness of minimizers cannot
be expected.

In this section, we derive an existence result for hyperelastic contact problems in the
setting of polyconvexity based on the results in [0, 15, 18]. Over the course of this
examination, we aim for slightly more general results which are required in the optimal
control framework. In view of the optimal control problem studied in Chapter [4] the
setting is restricted to obstacle problems where applied forces only act on the boundary.
Besides polyconvexity, there exists another approach to show existence of solutions by
examining the equilibrium equations directly.

2.5.1 Existence results by differential calculus

Under strong structural requirements, the implicit function theorem can be applied in
order to derive the existence of solutions to the equilibrium equations. This idea was first
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considered in [I0T}, [102]. However, this approach only applies in very restricted settings.
For example, the analysis conducted in [I5, Section 6] is restricted to pure displacement
problems of the form
—div(Id +V¢)S(E(¢)) = f in Q,
¢p=0onT.

This system describes the equilibrium equation derived in Lemma for the displace-
ment function ¢. Then, the existence of solutions can be shown for elastic, isotropic,
and homogeneous materials whose reference configuration is a natural state.

Theorem 2.34. Consider a domain 0 with C?-boundary and the spaces
E:={i(C-1d)eS®|Ces}

and
VPi={ve W*(QR*) |v=00nT}.

Further, let ¥ € C?(E,S?) be a mapping satisfying
S(E) = Mtr E)Id4+2uE + O(| E||?)  with A > 0 and p > 0.

Then, for p > 3, there exists a neighborhood F of the origin in LP(2,R?) and a neigh-
borhood V' of the origin in VP such that for each f € F, the equation

—div((Id +V0)2(E(v))) = f in Q
has ezactly one solution in V.

Proof. The proof can found in [I5, Proof of Theorem 6.7-1]. O

Although this approach yields smooth solutions, it only holds for small deformations
and does not apply in the case of mixed boundary conditions. This rules out a wide
range of problems, including contact problems. Therefore, choosing a hyperelastic and
polyconvex setting is our method of choice. For a detailed discussion of the alternative
approach presented above, the reader is referred to [15, Chapter 6].

2.5.2 Existence theory for polyconvex functions

Here, we only give a brief summary of the proof conducted in [I5,[18]. At this, we focus on
results that are also necessary for the analysis of optimal control problems. Techniques
for showing existence of solutions to hyperelastic problems in the setting of polyconvexity
were introduced in [6]. The extension to contact problems was first considered in [I§].
There, the authors studied a more general setting compared to the one considered in
this work. As discussed in Section we cannot expect uniqueness of solutions due
to the non-convexity of the stored energy function W both in the mathematical setting
and in real-world applications. Before we show the existence of solutions to hyperelastic
problems, a rough sketch of the proof is presented:
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Consider an infimizing sequence ¥, C A, of the total energy function I. From there, the
first critical point is proving the existence of a weakly converging subsequence y;, with
its weak limit 7 being an element of A, again. Further, we have to verify the weak lower
semi-continuity of I w.r.t. the sequence y;. Then, combining these two results yields the
estimate
I(y) < liminf I'(yg)
k—o0

and the existence of at least one global minimizer 5 € A.. Since the set A, is non-convex,
we cannot deduce its weak closedness. Analogously, due to the non-convexity of I, we
cannot expect weak lower semi-continuity of /. Nevertheless, it can be shown that both
properties hold for infimizing sequences. First, the following result is required.

Theorem 2.35. Let y, be a sequence in Y. Then, the following implication holds:

gn =y s N = Cof Vj
Cof Vy, — N in L(Q), -V
. d =detVy.
det Vy, — d in L"(2).
Proof. For the proof, see [6l Lemma 6.1 and Theorem 6.2]. O

From there, we can derive the weak lower semi-continuity of I for particular sequences.
Additionally, the outer energy Iout(y,u) is even weakly continuous.

Lemma 2.36. The outer energy Iy ts weakly continuous. Further, the total energy
functional I is weakly lower semi-continuous w.r.t. sequences that leave the strain energy
Tstrain bounded.

Proof. We start by showing the weak continuity of the outer energy function oy (y, w).
At this, we extend the analysis of [I5, Proof of Theorem 7.1-5] to the case where the
boundary force is no longer fixed. Consider a weakly converging sequence (yy,u,) in
Y x U whose limit (y,%) is again an element of Y x U. Assumption [2.315) and [74,
Theorem 6.2] imply the existence of a continuous and compact trace operator

Y — LY.
Thus, 7(yn) — 7(y). Additionally, Holder’s inequality and the continuity of the trace

operator yield the estimate

Mm@mHSA\ﬂwM%SHNwMuMNWUSQMWMM,
N

for some constant C' > 0. Since the outer energy I, is bilinear, the derived boundedness
implies that oy (y,w) is continuous. We rewrite

Iout(yn; un) - Iout(ya ﬁ) = out(yn — Y, un) + Iout(ya un) - Iout(y7 H)

Combining the boundedness of u,,, the continuity of I,,; and the existence of a compact
trace operator 7 yields that the term oy (yn — ¥, up) converges to zero as n approaches
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infinity. Due to the definition of weak convergence, the second term oy (7, tn) —Iout (U, @)
converges to zero as well. This concludes the first part of the proof. For the sake of
brevity, the reader is referred to [15, Proof of Theorem 7.7-1] for the proof of the second
statement. O]

The next lemma is a slightly modified version of the results in [I5, Proof of Theorem
7.3-2]. Here, we obtain a lower bound and a modified coerciveness property for the total
energy functional I.

Lemma 2.37. Let u,, C U be a bounded sequence. Then, there exist uniform constants
a >0 and b € R such that the total energy functional satisfies the estimate

I(v,up) > al|v||y +b forallve A and alln € N.

Proof. Assumption m(ll) implies that there exist constants ¢ > 0 and d € R such that
the strain energy satisfies

Lstrain(v) > c|jv||}, +d  for all v e A,

Lemma the existence of a trace operator 7 : Y — qu(F) and Holder’s inequality
yield the estimate

see also [15 Proof of Theorem 7.3-2]. Following the argumentation in the proof of

Hout (v, un)| < /F |7 (v)un| ds < |[7(V)]| Lo (p gy lunllv < Cllvlly,
N

for some C' > 0. Since p > 1,
I(Uyun) > Istrain(vyun) - ’-lout(vvun” > aHUHZ;/ +b
holds for suitable a > 0 and b € R. This concludes the proof. O

Apparently, this result implies the coerciveness of the total energy functional I w.r.t.
to the first argument if the sequence wu,, is bounded. In order to show the existence of
solutions in hyperelasticity, the previous lemma only needs to hold for fixed boundary
forces u € U. Nevertheless, considering this more general result for bounded sequences
is required in Chapter [ for studying optimal control problems.

We continue by proving that the weak limit of sequences in A. is again contained in
the admissible set A, if the corresponding strain energy values are bounded. This is far
from obvious since the set A, is not weakly closed in the space W1P(Q).

Lemma 2.38. Let y, — 7 be a weakly converging sequence in A. that leaves the strain
enerqy Isirain(Yn) bounded. Then, § € A..

Proof. The techniques used here follow along the lines of [I5, Proof of Theorem 7.7-1].
First, we know from Assumption M(4) that the stored energy function W is coercive
w.r.t. the sequence (yy, Cof Vy,, det Vy,,). Consequently, the sequence
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(Yn, Cof Vyp, det Vy,,) is bounded due to the boundedness of the strain energy Istrain(yn)-
By reflexivity, we obtain a weakly converging subsequence

(Yn,,» Cof Vyp, ,det Vy,, ) — (7,¢,d) .
Thus, Theorem applies and
(¢,d) = (Cof 7, det V7)

holds. Next, we have to verify that y satisfies the Dirichlet boundary conditions. Due
to the compactness of the trace operator

7 WWP(Q) — LP (D),

cf. [I5, Theorem 6.1-7], we can extract a pointwise converging subsequence of y,,, such
that its trace converges ds-almost everywhere on I'. Consequently, 7 satisfies the Dirich-
let boundary conditions on I'p. The orientation-preserving condition

dety > 0 a.e. in

results from the boundedness of Igain (Yn, ). This can be shown via proof by contradic-
tion. Following the argumentation in [I5, Proof of Theorem 7.7-1], it suffices to restrict
the analysis to the case dety > 0 a.e. in 2. However, if this is assumed, we can find a
subsequence, denoted again by ¥y, , such that

Tstrain (ynk) — 00,

which contradicts the boundedness assumption of Igtrain (Yn, ). Finally, it has to be shown
that
Y3 >0 ae. onl'c.

This simply results from the weak closedness of the set C. From there, we conclude
y e A.. O

The same argumentation applies for A. With Lemma [2.3§ at hand, we can derive the
subsequent existence result, which was first established in [I8, Theorem 4.2] for a more
general setting.

Theorem 2.39. Let u € U be some fixed boundary force. Then, the total energy func-
tional I(-,u) has at least one minimizer in A..

Proof. Let y, C A be an infimizing sequence. Assumption M(G) and Lemma
yield the boundedness of I(yy,u) and y,. Due to reflexivity of Y, there exists a weakly
converging subsequence, also denoted by y,. The weak limit is denoted by 7. Since
I(yn,u) and y, are bounded, we obtain the boundedness of the strain energy Israin(yn)
as well. As previously established, Lemma[2.38 and the weak closedness of the set C yield
y € A.. Accordingly, Lemma yields that the total energy functional I is weakly
lower semi-continuous w.r.t. the sequence ¥,,. Then, the fact that 7 is a minimizer results
from

. N < f _
ylenjcl(y,U)_I(y,U)_lggggfI(yn,u) ylenjcf(y,U)-

This concludes the proof. ]
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2.6 Summary

In summary, we studied how to describe deformations of nonlinear elastic bodies with
obstacle constraints mathematically. In our analysis, we started from Cauchy’s theorem
and incorporated various material properties such as hyperelasticity to obtain a well-
posed but non-convex energy minimization problem of the form

y € argmin I (v, u).
’UGAC

Also, under some restrictions, an explicit formulation of the corresponding energy func-
tions has been established. By considering polyconvex stored energy functions, it is
possible to prove the existence of energy minimizers within a reasonable framework.

However, these minimizers are not necessarily unique. This non-uniqueness corresponds
to the physical behavior of real-world hyperelastic materials, as discussed in Section
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Chapter 3

Regularization of the Contact
Constraints

Describing a nonlinear elastic body in contact corresponds to a non-convex constrained
minimization problem. For those kinds of problems, primal-dual active set strategies
are quite popular, as discussed in, e.g., [51]. Recently, truncated non-smooth Newton
multigrid (TNNMG) methods, cf. [35] 36], and filter-trust-region methods, cf. [110], are
applied more and more frequently. A further approach was pursued in [64]. There,
the obstacle condition was replaced by a pressure-type boundary condition on the de-
formed domain. However, this approach is only valid formally and has further analytical
drawbacks. For a detailed analysis, the reader is referred to [15, Chapter 5] and [64].
The analytical difficulties due to non-smoothness are increased even further when we
embed nonlinear elastic contact problems into an optimal control setting. For those rea-
sons, we opt for a regularization approach, in particular, the normal compliance method,
cf. [69] [76]. Thereby, we remove the non-smoothness and facilitate the application of
efficient solution algorithms in the optimal control setting.

This chapter is structured as follows. The normal compliance method is introduced in
Section [3.1] Additionally, we show that this approach is consistent w.r.t. the original
contact problem . Section addresses equilibrium conditions for regularized
contact problems. Finally, Section is dedicated to derive asymptotic convergence
rates for the normal compliance method applied to contact problems.

Parts of this chapter have been published in [95].

3.1 Normal compliance method

The basic idea of the normal compliance method is to allow violations of the constraints
and penalize these violations according to their extent. In this context, we introduce a
penalty functional P :Y — ]RaL of the form

1
P(v) := k:/p )" ds, keN, k>1, wveY, (3.1)
C

39
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where
[v] | := max(—wv3(-),0) on T'c.

Additionally, we multiply the penalty functional with a positive parameter + and add it
to the total energy functional I. The resulting penalized total energy functional reads
as follows:

Further, assume that for p < 3, the inequality k£ < 32_—pp holds throughout the subsequent

analysis. Under this assumption, there exists a trace operator 7 : Y — LF (T), see [15),
Theorem 6.1-7]. Consequently, the penalty function is well-defined, convex, and weakly
lower semi-continuous. The normal compliance approach was studied in [69) [76]. Since
then, different variants have been applied in, e.g., [4, B 26, 43 56, 57, 58, 85]. For an
overview of penalty methods in general, see [56], [109].

With the regularized total energy functional at hand, we can drop the contact constraint
and obtain the relaxed admissible set A as defined in Assumption [2.31)(3). For a fixed
penalty parameter v > 0, this leads to a relaxed minimization problem.

Definition 3.1 (Regularized contact problem). Consider a fixed boundary force u € U
and a positive penalty parameter v. Then, a deformation y is called a solution to the
regularized contact problem w.r.t. v if y solves the minimization problem

y € argmin I, (v, u). (3.2)
veEA
The motivation behind this approach is that for increasing parameter v, the resulting
solutions yield increasingly better approximations of solutions of the original contact
problem . Before we can prove this statement, we have to examine whether the
regularized problem admits at least one optimal solution.

Theorem 3.2. Lety > 0 be a fized penalty parameter and u € U be some fixed boundary
force. Then, the regqularized total energy functional I,(-,u) has at least one minimizer

in A.

Proof. Since the penalty function P is weakly lower semi-continuous, the argumentation
from the proof of Theorem [2.39] applies here as well. O

In order to conclude that the normal compliance method can be applied to nonlinear
elastic contact problems, it has to be verified that solutions of the regularized problem
approach solutions of the original one as vy — oo. At this, we use well-
established techniques to analyze regularization approaches which can be found in, e.g.,
[56]. Before that, we need to establish that in hyperelasticity, bounded boundary forces
leave the resulting regularized total energy bounded.

Lemma 3.3. Let v, — 00 be a positive sequence of penalty parameters and let u, be
a bounded sequence in U. Additionally, let y, be a sequence of corresponding energy
minimizers satisfying

Yn € argmin I, (v, uy).
veEA
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Then, I, (Yn, un), Istrain(yn), and I(yn,u,) are bounded. Further, y, is bounded in Y.

Proof. The boundedness from below results from Lemma [2.37] For the boundedness
from above, Theorem implies the existence of a state § € A, with Istrain(7) < 00.
Consequently, there exists a constant C' > 0 such that

I’yn (yn7un) < I'yn (gyun) = I(gaun) < Istrain(g) + |Iout(ga Un)| < C.

The last estimate follows from Hoélder’s inequality as applied in the proof of Lemma [2.37]
The boundedness from above of I(yy, u,) simply follows from the previous estimate and
the property v, P(y,) > 0. Again, Lemma which also holds for

I’yn (yna un) > I(yna Un)a

implies the boundedness of y,,. From there, we can derive that Iyt (yn, t,) is bounded
due to Holder’s inequality. Finally, this yields the boundedness of Igyain(yrn), which
concludes the proof. O

A similar result was shown in [66]. With this at hand, we can derive a continuity result
for our regularization approach.

Lemma 3.4. Let v, — oo be a monotonically increasing sequence of penalty parameters.
Further, consider a weakly converging sequence (Yn,un) — (g, ) such that

Yn € argmin I, (v, uy).
veA

Then, (y,u) € A. x U and
y € argmin I (v, ).
vEA.

Additionally,

nh—golo L, (Yn, un) = 1(y, ).
Proof. The weak convergence of (yy,u,) implies its boundedness in Y x U. Thus, we
also obtain the boundedness of the outer energy Ioy;(yn, u,) analogously to the proof of
Lemma Consequently, Isirain(yn) is bounded as well. Hence, Lemma applies
and § € A. Next, the relation

I’yn (yna Un) - I(yn, Un)

P(yn) = T

yields lim, o P(y,) = 0 since the numerator is bounded as previously established. By
combining this result with the weak lower semi-continuity of P, we obtain

0< P(y) < linginf P(y,) = 0.
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This yields 57 € A.. Finally, we show that 7 is again a solution to the original contact
problem ([2.23)). From Theorem we derive the existence of a state § € A, with

g € argmin I (v, w).
’UGAC

Furthermore, the weak lower semi-continuity of the total energy I w.r.t. (yn,u,) follows
from the boundedness of Istrain(yn) and Lemma Consequently, we obtain

limsup I, (yn, un) < limsup I, (g, up) = limsup I (g, up) = lim I(y, uy)
n—oo

n—oo n—oo n—o0

= I(y,u) < I%Hl)g}fl(yn,un) < l%r_ligfl%(yn,un).

Hence,
hm I’Yn (ym un) = I(yv ﬂ)

n—o0

A similar argumentation was applied in [66, Proof of Lemma 3.3]. From the above
results, we derive

which shows that ¥ is a minimizer of the total energy functional I(-,%) in A..
O]

Finally, we prove that limit points of regularized solutions exist and satisfy the original
contact problem.

Proposition 3.5. Let u € U and 7, — 0o be a monotonically increasing sequence of
penalty parameters. Further, y, denotes a corresponding sequence of minimizers satis-
fying
Yn € argmin I, (v, u).

veA
Then, y, has a weakly converging subsequence. The limit point § of any such sequence
satisfies

y € argmin I (v, u).
UG.AC

In particular, the energy values also converge: L, (yn,u) — 1(y,u).

Proof. The boundedness of y, follows from Lemma [3.3] enabling us to extract a weakly
converging subsequence. Application of Lemma to each of these subsequences yields
the desired result. The convergence of the energy values results from I., (y,,u) being a
monotonically increasing and bounded sequence. O

We conclude that the normal compliance method describes a suitable approach to ap-
proximate contact problems in hyperelasticity. Sometimes, it is of interest whether an
inverse result of Proposition holds.
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Remark 3.6. Let u € U be a fixed boundary force and y a corresponding energy mini-
mizer which satisfies
y € argmin I (v, u).
vEA.
Further, let v, — oo be a monotonically increasing sequence of penalty parameters.
Then, it remains unclear whether there exists a sequence y, with

Yn € argmin I, (v, u)
veA

and Yp — Y.

The main obstacle here is the non-uniqueness of energy minimizers. However, in cases
where the uniqueness of solutions can be verified, we obtain an inverse version of Propo-
sition

Corollary 3.7. Let v, — o0 be a monotonically increasing sequence of penalty pa-
rameters. Assume that for a fized boundary force u, the contact problem admits
a unique solution, denoted by y. Then, there exists a subsequence yn, of reqularized
solutions corresponding to 7y, such that y,, — 7y and I - (Yny,uw) = 1(7, u).

Proof. The existence of a sequence ¥, of solutions to follows from Theorem
Proposition yields a subsequence y,, that converges weakly to a solution y. of the
contact problem . Since the solution of is unique, we obtain y, = y. The
convergence Iy, (yn,,u) = I(y,u) also follows from Proposition O

This result only applies to a limited range of problems since the uniqueness of solutions
cannot be expected, not even in very simple settings. The question of whether approx-
imating sequences exist reemerges in Chapter 4 There, we will analyze regularization
approaches for optimal control problems.

3.2 Equilibrium conditions of local energy minimizers

In view of numerical algorithms to solve general hyperelastic problems, the character-
ization of minimizers is a central topic. In particular, it is of interest whether a local
minimizer y, € A of the regularized total energy functional I, satisfies some kind of
first order optimality condition. Note that our regularization term P does not alter the
properties of the total energy function I. Since the critical term is the strain energy
Istrain, and since we want to stay in line with already existing literature on this topic,
we restrict our analysis to I. Still, the elaborated results apply to the regularized stored
energy function I, as well. First, we define local minimizers in the following way.

Definition 3.8 (Local minimizer). A deformation y € A is a WP(2) local minimizer
of I(-,u) if there exists an € > 0 such that for all v € A with

[v = yllwirq) <€

the relation I(v,u) > I(y,u) holds.
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Given a local minimizer y, € A, the aim is to verify first order optimality conditions of
the following form:
Oyl (ys,u)v =0 forallve.

However, this condition does not hold for general problems in hyperelasticity, cf. [7,
Problem 5]. The central problem is the compression condition of the stored energy
function which states that

det Vy — 0 = W (z, Vy(z)) — oo.

This condition is necessary to avoid local self-penetration of the body. As a result, the
set

Yoo = {v cy j /QVV(;E,W(J;)) dz = oo}

is a dense subset of W1P(Q) for p < co. Consequently, proving Gateaux differentiability
seems to be out of reach, at least for spaces weaker than W1°°(£2). So far, there exist two
main approaches to overcome this problem and derive first order optimality conditions.
In the first approach, only energy minimizers in the space W1°°(Q) are considered.

3.2.1 First order conditions for non-degenerate minimizers
Here, minimizers are assumed to satisfy the following non-degeneracy property.

Definition 3.9 (Non-degenerate deformation). Let y € A be a deformation. Then, y is
called non-degenerate if there exists an € > 0 such that

det Vy(z) > e for ae. z € )
is satisfied.

For compressible Mooney-Rivlin models, an analysis of first order optimality conditions
based on a non-degeneracy property has been conducted in [66, Theorem 4.6]. There, the
authors proved that a non-degenerated energy minimizer y, € W5°°(Q) indeed satisfies
the optimality condition

AyI(ys,u)v =0 for all v € WH™(Q).

A major drawback of this approach is that the regularity and non-degeneracy assump-
tions cannot be proven a priori. In contrast, sometimes it can be shown that minimizers
are not in Wh*°(Q), see, e.g., [9]. Although this seems counter-intuitive, in the case of
cavitation, the unboundedness of the stored energy function W at some point can be
more than compensated by smaller values elsewhere. For a detailed discussion of this
topic, the reader is referred to [7, Problem 6.

Additionally, operating in the space W1>°(Q) has consequences in the optimal control
setting. There, the requirement that a minimizer y, is an element of W1 () prevents
the derivation of KKT conditions. A thorough analysis of this issue is conducted in
Chapter 4l The presented lack of structure renders this approach unsuitable for theo-
retical discussions of energy minimizers and optimal control problems.
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3.2.2 Alternative first order conditions

An alternative method has been discussed in [7]. Imposing a suitable growth condition
on the stored energy function W yields alternative first order optimality conditions.
However, it is not clear how to transfer these results to a numerical implementation. Still,
the techniques studied there contribute to the analysis of regularization approaches for
elastic contact problems. Therefore, we recapitulate the most important results. In the
following analysis, we use the short notation W’ to denote the matrix-valued derivative of
w. First, we introduce the required growth condition on W as defined in [7, Assumption
C1].

Assumption 3.10. Let W I\\/Jli — R be the stored energy function of a homogeneous,

isotropic, and hyperelastic material. Then, assume that %4 satisfies the following growth
condition:

W/ (M)MT|| < K(W(M)+1) for all M € M, (3.3)
where K s a positive constant.

This assumption implies that the stored energy function W has polynomial growth, cf.
[7, Proposition 2.7]. From there, we derive the following result elaborated in [7, Lemma
2.5].

Lemma 3.11. Assume the stored energy function 1474 satisfies Assumption with the
corresponding constant K > 0. Then, there exists an € > 0 such that for each C € I\\/Jli
with

IC —1d| < e,

the inequality
W/ (CMYMT|| <3K(W(M)+1) forall M € M2
holds.

Proof. The proof follows along the lines of [7, Proof of Lemma 2.5]. First, we show that
there exists an € > 0 such that for each matrix C' € I\\/JE’r with

IC—1d| < e

and for all M € Mi, the estimate

W(CM)+1< Z(W(M)+1) (3.4)

| W

holds. We define
C(t):=tC+(1—1t)Id fort e [0,1].
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For sufficiently small € € (0, g)) with [|C — Id || < &, we obtain ||C(¢)~"| < 2 for all
t € [0,1] due to || Id || = v/3 < 2. From there, we derive

. . La .
W(eM) ~ ) = [ ey = / W(CW)M) - ((C — 1d)M) dt
/ W(CEM)(CEHM)T - (€ ~1)C() ™) dt
G3) X
< K/O (W(CH)M) +1)-[|C—1d] - [|C(t)""|| dt
< 2Ke /I(W(C(t)M) +1)dt.
0

Defining )
((M):= sup W(CM)
Cillc—1d || <e

yields

W(CM) — W(M) < (M) -~ W(M) < 2Ke({(M) +1) < Z(¢(M) + 1),

W

and consequently,

Solving for ¢(M) leads to
W(OM) < (M) < SW(M) + 5,

which shows (3.4]). Finally, for [|[C —Id || < €, we obtain

(B-3)
W' (CM)M™|| = HW'(CM)(CM)TC*TH? KE(W(CM)+1)lc~T|
B , o
< SKW(M)+1D[C77 ] < 3K(W(M) +1).
This concludes the proof. ]

Lemma essentially describes a sensitivity result for the stored energy function W
for small perturbations induced by a matrix multiplication in its argument. With the
necessary estimates at hand, we can derive alternative first order optimality conditions.
The following result was elaborated in [7, Theorem 2.4].

Theorem 3.12. Let u be a fized boundary force and let the stored energy function W
satisfy Assumption [3.10. Further, define the admissible set of deformations by

Ag:={y e WP(Q) |y =id a.e. onTp, detVy > 0 a.e. in Q}
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and the set of test functions by
d:={pc CYR*R? | ¢ =0 o0nTp, ¢ and Vo are uniformly bounded }.

Then, a local minimizer y. of the total energy function I(-,u) in the set Ag satisfies

/Q (W (Vo () Vi (2)T) - Vipl()) iz — / w(@)ply(x) de =0 (3.5)

I'n
forallpe ® .
Proof. For t € R, consider the disturbed deformation
yi(x) = yu (@) + (Y« ().

The goal is to compute the limit

lim = (1) — 1(3.)).

What sets this approach apart from other methods is the utilization of small perturba-
tions of the deformed domain. Usually, only perturbations of the undeformed domain are
studied. The technique considered here allows us to rely solely on the growth condition
defined in Assumption to derive optimality conditions. Computing the respective
deformation gradient yields

Vyi(z) = (Id+tVep(y«(x)))Vy(z) for a.e. z € .
First, note that for sufficiently small |¢|, the disturbed gradient satisfies
det Vyi(z) >0 for a.e. xz € Q.

Consequently, for suitable ¢ € R, the disturbed deformation y; is again an element of the
admissible set A4;. Additionally,

li - = 0.
tg%Hyt Yy =0

Since y, is a local minimizer by definition, I(y;) > I(y.) holds for sufficiently small |¢|.
For the outer energy I, we directly obtain

t—0

i (Lo (1) + Lo (32)) = — / ) (o)

Next, we compute
1 1 La .
;(Istrain(yt) - Istrain(y*)) = E A %W((Id —|—stV<p(y* (x)))Vy* ([E)) dsdx

1
N /Q/O W/((1d +5t V(3. () Vi) - (Vo (ye () V() ds da.
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Lemma and the uniform boundedness of V¢ yield the following estimate for the
integrand:

W' (A +5tVip(y () Vs (2)) - (Vep(ys (2)) Vi ()|

< 3K (W (Vya(z)) + 1) sup, V)],

where K is a positive constant. Thus, the theorem of dominated convergence applies,
cf. [62, Theorem 1.8], and passing to the limit ¢ — 0 leads to the desired result. O

Although we have been able to derive optimality conditions in a reasonable setting,
it remains unclear how to transfer these results to a numerical approach. The main
obstacle is that the test functions in are defined on the entire space R3. Therefore,
it is not obvious how this optimality condition translates to an approximation in a finite
dimensional setting, e.g., finite elements. Nevertheless, the elaborated techniques offer
valuable insight into the problem structure, and they will prove essential for further
analyzing our regularization approach in the following section.

3.3 Asymptotic rates of the normal compliance method

Summarizing the previous results, we have introduced a suitable regularization approach
to approximate the original contact problem . Correspondingly, a convergence
result for sequences of regularized solutions has been established in Proposition [3.5] at
least in the sense of subsequences. In addition to the previous results, we would like to
derive convergence rates for both the regularized energy values and the corresponding
minimizers. For sequences 7, — oo, we are thus interested in estimates of the form:

in I N inl < —p1 .
1{161}4& (U, u) Ivrél.zl Tn ('U7 u) — 61771 ) (3 6)

and
lyn = YllLro) < 27,2, (3.7)

with positive constants c1, co, p1, and ps. Here, y,, and 3 are solutions of the correspond-
ing regularized contact problem and the original one , respectively. Since
Proposition only yields the weak convergence y,, — 7 in W1P(§), strong convergence
can only be expected in LP(f2), assuming the compact embedding W1P(Q) — LP(Q)
holds. Still, deriving a convergence result as defined in seems to be out of reach
with the current tools and techniques at hand. The total energy functional I does not
explicitly depend on |y[|z»(q), but on the deformation gradient Vy. Additionally, the
non-uniqueness of energy minimizers further impedes a thorough convergence analysis.
However, by using refined arguments and an assumption on the geometric setting, we can
derive a priori estimates on the rate of convergence, at least for the energy values. Such
an estimate is possible due to the uniqueness of the optimal energy values I, (y,,u),
in contrast to the corresponding minimizers ¥,, which are not unique. Besides this, an
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estimate for the maximum constraint violation of the regularized solutions ¥, can be
derived.

The elaborated convergence rates not only yield an estimate for the quality of our regu-
larization approach, but they also contribute to the analysis of optimal control problems
in Chapter 4l To this end, we will use ideas from [7} [47].

3.3.1 Asymptotic rates of the energy

Consider the case p > 3. Then W1P(Q) is continuously embedded into the space C?(Q)
of Hélder continuous functions for some suitable 8 €]0,1[. Further, the following as-
sumption on the geometry of the boundary conditions is made.

Assumption 3.13. Assume that there is a constant K > 0 such that for each ¢ > 0,
there exists an invertible mapping 1. € WH>(R3,R3) N C1(R3,R?) satisfying

[ — id [[ppr1.00 (3 R3) < K, (3.8)
e =id on I'p, and
Ye(x)3 >0  for all z € T with xg > —e.

Denoting
Ac={yc Alys > —eonT¢},

the inclusion y € A, implies 1. oy € C. Next, Assumption [3.10]is incorporated. From
there, it is possible to derive an upper bound for the change in energy if we perturb the
current deformation by applying the transformation . from Assumption [3.13

Lemma 3.14. Let u € U be a fized boundary force and let Assumptions and[3.13
hold. If e > 0 is sufficiently small, then there exist positive constants co and ¢y such that

I(I/)E oy, u) - I(y, u) < CO(Istrain(y) + 01)57
forally € A..

Proof. Consider the following splitting

I(¢6 SRR u) - I(y, u) = strain(we o y) - Istrain(y) - Iout(we oy, u) + Iout(y7 u)

First, we derive an estimate for the term Istrain(¥e © ¥, u) — Istrain(y, u). Let € > 0 be
sufficiently small and let C, M € M2 such that ||C —Id || < e. Further, we define

C(M):= sup W(CM).
C:||C—1d ||<e

Following the techniques in the proof of Lemma [3.11] we obtain

W(CM) — W (M) < 2Ke(C(M) +1) < 3Ke(W (M) + 1). (3.9)
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We will utilize these results to derive a similar estimate for the total energy functional
I. By definition, 1. is continuously differentiable and y € WP(Q). Thus, the chain rule
applies to 1. oy, and the respective derivative is well-defined in LP(Q), see, e.g., [62]
Theorem 6.16]. With the notation for the deformation gradient in mind, we denote the
derivative of ¥, oy by Vi.(y)Vy. Further, due to Condition combined with the
embedding W1P(Q) < C#(Q), there exists a constant K; > 0 such that

Ve (y(x)) —Id || < Kye for all z € Q.
The same reasoning yields
det Vip (y(x)) > 0 for all z € Q.

For sufficiently small e, Estimate ([3.9) transfers to the strain energy as follows:

Istrain(ws © y) - Istrain(y) = /QW(V%(?/(JC))VZ/(@")) - W(Vy(%’)) dx
< Ce/W(Vy(:C)) +1da,
Q

for suitable C' > 0. Similarly, for the difference of the outer energies, we obtain

e 0) ) + o) = [ (00) + y(Du(e)ds 2 e

for suitable ¢ > 0. Finally, combining the two estimates yields
I(wa °Y, u) - I(y7 u) < CE(Istrain<y) + VOI(Q)) +ce,
which concludes the proof. O

This lemma implies the following result.

Corollary 3.15. Let u € U be a fized boundary force and let Assumptions and
hold. Then, there exists a constant C > 0 such that for sufficiently small € > 0, the
estimate

0 < min I(v,u) — min I(v,u) < Ce
vEAC vEAe

holds.

Proof. First, we choose ¢ as defined in Lemma [3.14 Further, let y. and y. be mini-
mizers of I(-,u) in A, and A., respectively. Note that min,c 4. I(v,u) is bounded as &
approaches zero. Consequently, this holds for Isiain(ye) as well. Then, by Lemma
there exist positive constants cg, c¢i, and co such that

0< I(y*vu) - I(y57u) < I(¢E(y5)au) - I(ya’u) < CO(Istrain(ya) + 61)5 < coe.
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The minimization problem minye 4. I(v,u) can be interpreted as a relaxed contact prob-
lem where some violation of the constraints is allowed. In Corollary we have proven
that the difference between the minimal energy values for the relaxed problem and the
original contact problem approaches zero at least linearly with the maximum violation
e of the contact constraints. Thus, by examining the relation between the penalty pa-
rameter v and the maximum violation e, we can derive a convergence rate w.r.t. .

3.3.2 An estimate for the constraint violation

It remains to show that for sufficiently large «y, energy minimizers of I, are contained
in A., where e = O(y~ ") for a certain rate p. For this, we use that the corresponding
sequence of minimizers y, is bounded in CB(Q) for p > 3.

Our analysis here is based on the techniques applied in [47, Proposition 2.4]. Consid-
ering the maximum constraint violation function [y];+ on I'c, it follows that [y]+ enters
the regularized contact problem via the penalty function P. Given the definition
P(y) = %||[y]+||lzk (o)’ the question arises whether under suitable regularity assump-
tions, we can estimate the maximum constraint violation ||[y]+ || Lo (1) against the norm
[[y]+lr(ryy- To do so, we first derive an upper bound for the supremum norm in a
general setting.

At this point, we require additional assumptions on the boundary segment I'c in order to
simplify the computations. Thus, the segment I'¢ is assumed to be a flat two-dimensional
sub-manifold of R?. Nonetheless, under suitable assumptions, the following results still
hold if I'¢ is curved. However, this is fairly technical and does not yield further insight.
Consequently, only the simple case is considered here. Further, the following requirement
on the boundary segment I'c is added.

Assumption 3.16. Let I'c satisfy a uniform interior cone condition in the following
sense: for each point x € I'c, it is possible to construct a two-dimensional circular sector

Srg(xz) CTe (3.10)

with center at x, radius R’ > 0, and center angle 6 > 0. Then, assume that R’ and 6
can be chosen independently of x.

Here, each circular sector Sg g(x) C I'c is interpreted as a two-dimensional sub-manifold
in R3. Due to the flatness assumption on I'c, this is a meaningful definition. We assume
that Assumption[3.16]holds throughout the subsequent examination. Next, we can derive
the following estimate.

Proposition 3.17. Let B €]0,1] and s > 1. Further, let f € C%(T'c) N L*(T¢) be a
positive function. Additionally, let || fllcsryy < M and || fllLsrp) < 1. Without loss of
generality, assume that 0 € T'c and f(0) = || f||zeo ). Due to Assumption there
exists a circular sector Sp9(0) C T'c with R' < 1. Then, the following estimate holds:

Bs
£ llzre < (s, 6, B0, MYIFIEEE,
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where the positive constant c(s, 3, R',0, M) only depends on the exponents B and s, the
angle 0, the radius R', and the upper bound M.

0\ (Wl
=T ] =\l ) 3.11
<||f||cﬁ(rc)> < HfHCB(FC) ( )

We choose the maximum positive o < 1 such that for R:= aR, the inequalities

Proof. First, we define

5\ B
(£) s<1ea’s<a (3.12)
and R < R’ hold. As a result,
SI:E,O(O) - SR/’Q(O). (313)

In addition, recall Bernoulli’s inequality [14]:
(14+2)" > 1+ nx, (3.14)
for real numbers x > —1 and n > 1. The Holder continuity of f yields the estimate
f@) = f0) = || fllesryllz =0l for all & € Spg(0). (3.15)

Combining the previous results leads to the following estimate:

1oy = / @) de > / )l dr

T'e S 6(0)
)
= / 11(0) = [ fllos ey Il — O dx
SR,B(O)
(3-11) s s
Dl [ 1R~ o= 0l da

R,0
R
= 205100,y | RS =rrar

BI2)EII s  [F ro
= US1O Voeey B [ (1= s55) v

At this point, we have to distinguish between two cases. The first case is a?s =1, which
implies R < R’. In this case, we obtain

R
S S 7‘5
2181001 ey B [ (1= ) v

S S S’I’B+2 akt
= 21810 (0)| 1/ 1530y B[4 = oy |

2

= 21810 ()10 0 R 2805 (3(B+2) — sa?).
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Due to the condition a’s = 1, we know that the constant

.
cols B, R',0) i= 21810055 (5(8+2) = 50”) 57 0

does not approach zero even if R — 0. Thus, we can insert the definition of R and
obtain the estimate

Bs+2

s s | £l Loo B
100y 2 calos B, RO Mo (HAESS )

||chl3(rc)

Now, solving for || f|| oo (r.) yields

- ﬂ 52 S
Wi < ol 707G IFIEE

< c(s, B, R0, M) FIE02,

which shows the desired result. For the second case, we have afs < 1, which implies
R = R'. This leads to the estimate

R
s S P
218100 e B [ (1= s55) rar
5 s gat2 1R
= 2’51,0(0)|Hf”c’ﬁ(rc)R6 [%rz o W}o
5 s (15 sRA+2
= 2!51 9(0)|Hf\|cﬁ(rC)R’B (%RQ - (,B-IEQ)RB)

= 2S00 o BB (4~ ) -

By applying R = R', we can define the constant

cols, B, R,0) := 21510 (O)|(R)? (3 = 7h57) > 0.

which does not depend on R. Analogously to the computations above, we insert the
definition of R and obtain

Bs
) : ; Iflzeorey ) A
11500y > co(s, B R O s ( ez ) |

Solving for || f[| oo (r,) and using || f||zsr,) < 1 yields

_1 s
[ flleerey < co(s, B, R,0)75 | fllrsre) < (s, B, R, )HfH,Ej;L;C)

Taking both estimates together concludes the proof. O
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Inserting [y]+ into Proposition we see that the maximum constraint violation can
be estimated by the penalty function since P(y) := || [y]+ H’Ek (To) Thus, we successfully
shifted the problem of deriving a convergence rate of ||[y]+ || Lo (1) to the penalty function
P. Intuitively, it is clear how to proceed. For each sequence ~,, — oo, the corresponding
minimal energies I, (yn,u) are bounded due to Lemma Consequently, P(yy,) has
to approach zero at least at the same rate as -y,. Proposition [3.17] provides us with the

tools to derive an explicit convergence rate.

Corollary 3.18. Let v, — oo be monotonically increasing and let y, CY be a bounded
sequence. Then, there exists a constant ¢ > 0 such that

5
1[Ynl+ [l Loe (o) < eP(yn)¥572.

Proof. The continuous embedding of WP(Q) into the space C?(Q) yields the bound-
edness of [y,]+ in the space C?(I'¢). By definition, P(y,) = %H[yn]JrHik(Fc). Thus,
Proposition [3.17] applies, and we obtain the stated estimate. ]

From this result, we can directly deduce a convergence rate for the regularized total
energy.

Theorem 3.19. Let u € U be some fized boundary force. Additionally, let v, — 0o be a
monotonically increasing sequence of penalty parameters and y, a sequence of minimizers
to the corresponding regularized contact problems (3.2)). Further, assume that WP (Q)
is continuously embedded into the space CP () and that Assumptions and
hold. Then, there exists a constant ¢ > 0 such that

B
||[yn]+||Loo(Fc) S c,yn (k—l)ﬁ_'.g’

__ B
min I(v,u) — I(yn,u) < cyp (k—1)B+2
vEA.

52;1& I(v,u) — ffélﬂ L, (v,u) < ey

8
(k—=1)B+2

Proof. In the proof, we use the generic positive constants ¢ and d which change through-
out the estimates. Lemma [3.14 yields the transformation functions v, with

en = [[[yn]+ll oo (re)-
By optimality of ¥,, and Lemma we obtain the estimate
P (Yn) = Ly, (Yn,u) — I(yn,u) < min I, (v,u) — I(yn,u) = min I(v,u) — I(yn, )
veEA. vEA.

< I(te, 0 Yn,u) — L(Yyn,u) < c(Lstrain(yYn) + d)”[yn]JrHLOO(FC)a
(3.16)

for sufficiently large ~,. Taking into account the boundedness of Igtrain(yn) due to
Lemma [3.3] we can derive

P(yn) < v lynl+ Nl oo re)-
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Further, due to Corollary the estimates

6 B 5
lyn)+ll 2o ey < cPyn) 72 < e (v | ynl <l o (rey) 72

hold. Finally, solving for ||[yn]+ ||re () yields

__ B
H [yn]+||L°°(1"C) < cyn (k—1)B+2 :

and combined with (3.16)), the desired result. O

For this proof, an anonymous referee contributed valuable remarks that helped to sim-
plify some argumentations. From a theoretical point of view, the convergence of the
energy hinges on an a priori bound on the Hélder continuity of the solutions for some
£ > 0. In practical computations, S can be quite large, e.g., 5 — 1. A thorough nu-
merical study of this issue will be conducted in Chapter [7] As we will see, the results
derived there indicate a faster convergence rate than predicted by the theoretical results
established in this chapter.

3.4 Summary

In summary, we have successfully applied the normal compliance approach to nonlinear
elastic contact problems to obtain a regularized problem of the form:

y € argmin I, (v, u).
veA
Relaxing the contact constraints simplifies the numerical treatment significantly. Ad-
ditionally, we verified that this regularized problem is well-posed and can be utilized
to approximate solutions to the original contact problem . Moreover, under suit-
able structural assumptions, corresponding convergence rates have been established. For
sequences 7y, — 00, we elaborated estimates of the form

min I(v,u) —min I, (v, u) < e17,",

and

yn)+ Il oo (re) < 27, ",
where y,, denotes the sequence of regularized solutions corresponding to Problem (3.2]).
However, similar estimates for the norms [|yn|[w1»Q) and ||yallr(q) seem to be out of

reach in the current setting. Further, it is not possible to derive first order optimality
conditions in a general setting due to the fact that

Yoo = {v cy ‘ LW(x,vU(x))dx - oo}

is a dense subset in the space W1P(Q). Under suitable assumptions, this issue can be
overcome by choosing the space W1>°(Q). Still, results that apply to general cases have
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not been derived yet. Also, the alternative first order optimality condition turned
out to be unsuited for the application in numerics so far. Thus, first order optimality
conditions can only be derived formally, and a thorough analysis of this issue remains a
subject of future research.



Chapter 4

Optimal Control of Nonlinear
Elastic Contact Problems

Optimal control problems in nonlinear elasticity have recently received increased atten-
tion. Most notably, in [64] 66], an optimal control problem in hyperelasticity was used
to compute designs of implants. In that context, an existence result was established, and
the elaborated techniques serve as the starting point for our analysis. Further examina-
tions were conducted in [39, [40]. There, the authors studied biological models, including
the movement of heliotropic flowers. In addition, nonlinear elasticity is increasingly con-
sidered for shape optimization problems, see, e.g., [80, 87]. One application of this is the
optimal design of structures.

The aim of this chapter is to extend existing results to optimal control of contact prob-
lems. In addition, suitable regularizations of the contact constraints are introduced to
apply robust solution algorithms as developed in [67]. Correspondingly, convergence
results are established for these new approaches.

This chapter is structured as follows. In Section[4.1] we derive an optimal control problem
where a nonlinear elastic contact problem acts as the constraint. This yields a bilevel
optimization problem that inherits all the theoretical difficulties from nonlinear elasticity.
First and foremost, the bilevel structure does not admit a unique solution due to the lack
of convexity. Thereafter, we apply the normal compliance method to remove the non-
smoothness resulting from the contact constraints. This leads to a regularized optimal
control problem. The existence of solutions to both problems is discussed in detail.
Section addresses the convergence of the regularization approaches introduced in the
prior section. At this, we modify the normal compliance method to derive convergence
results. This new approach better reflects the structure of the entire optimal control
problem, and as a result, strong structural assumptions are not required. Finally, Section
briefly discusses the derivation of KKT conditions.

Parts of this chapter have been published in [95].

o7
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4.1 Optimal control of contact problems

In the optimal control setting, we want to minimize an objective functional
J:YxU—->R

of the form )
«
J(y,u) = 5”9 - de%Q(Q) + 5”“”%]7 (4.1)

where yq € L?(Q) represents the desired state and o > 0 denotes the regularization
parameter. This standard tracking type functional is obviously weakly lower semi-
continuous and coercive w.r.t. its second argument. Here, we require p > 2 and ¢ = 2
for the spaces Y = W'P(Q) and U = L4(I'y). An alternative to choosing a tracking
type functional was discussed in [39, 40]. There, the objective was shifted to approxi-
mate a desired direction instead of a desired deformation. This approach leads to more
complicated objective functionals and requires a thorough examination. Such a study
would be beyond the scope of this work, and therefore, we restrict the analysis here to
tracking type functionals instead.
As the constraint, each optimal state y, also needs to be a minimizer of the total energy
functional:
Ys € argmin I (v, uy),
vEA.

where u, is the corresponding optimal control. With the objective functional at hand,
the optimal control problem reads as follows:

(y,uI)HEIXI}XU J(y’ U)
(4.2)

s.t. y € argmin I (v, u).
vEA.

4.1.1 Existence of optimal solutions

When proving the existence of optimal solutions to Problem , we encounter several
difficulties. As already mentioned in Chapter [3] it is not possible to derive first order
optimality conditions for the lower level problem without strong additional assumptions.
Further, the total energy functional I is non-convex, and therefore, its minimizers do not
have to be unique. In [64, [66], the existence of solutions to an optimal control problem
in hyperelasticity without contact constraints has been proven. We can directly transfer
the results from [64] 66] to our analysis. Before the existence of solutions is addressed,
we introduce the following definition.

Definition 4.1 (Solution set). The solution set S is defined as
S = {(y,u) eYxUlye argmin[(v,u)}.
vEA.

The next theorem establishes the existence of optimal solutions to Problem (4.2]).
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Theorem 4.2. The optimal control problem (4.2)) has at least one optimal solution in
S.

Proof. The proof follows the lines of [66, Proof of Theorem 3.1]. Let (yn,u,) C S be
an infimizing sequence, whereby J(yp, u,) is bounded. We know that such a sequence
exists due to Assumption [2.31] and due to the definition of the tracking functional J.
The coerciveness of J w.r.t. the second variable yields the boundedness of u,. The
boundedness of I(yy,u,) follows from the same arguments as applied in the proof of
Lemma Accordingly, Lemma [2.37] implies the boundedness of y,. From there, we
can deduce the boundedness of the strain energy Isirain(yn)-

Now, the reflexivity of Y x U yields the existence of a weakly converging subsequence,
which we also denote by (yn,u,). Its weak limit is denoted by (y,u) € Y x U. Here,
Lemma and the weak closedness of C ensure that 7 € A.. Next, we have to verify
that (7, u) satisfies again the constraint:

y € argmin I (v, u).
’UG.AC

Theorem [2.39] guarantees the existence of a state § € A, satisfying

g € argmin I (v, u).
’UG.AC

Also, Lemma yields the weak lower semi-continuity of I w.r.t. the sequence (yy, uy)
and the weak continuity of the outer energy I,u:. Then,

lim sup I(yn, un) < limsup I(y, un) = 1(y,u) < liminf I(yn, un),
n—00

n—oo n—o0

and consequently,
lim I(yn,un) = I(g, ).
n—oo

From there, we obtain
15,7) < 1(7,) = lim I(ys.u,) < lim 1(3,un) = 1(5.7).

Thus, (y,u) satisfies the constraints of the optimal control problem (4.2)). Finally, the
estimate

inf  J(y,u) < J(G,7) < iminf J(yn,un) = inf J(y,

oo T w) < T ) < Timinf J(yn, un) = inf J(y,u)

concludes the proof. O

4.1.2 Regularized optimal control problem

Although the existence of optimal solutions has been established, the numerical compu-
tation of such solutions poses significant challenges due to the contact constraints and
the resulting non-smoothness. In order to apply the specialized algorithm developed in
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[67], we deploy the normal compliance method to relax the constraints. This leads to
the following regularized problem:

min  J(y,u
(y,u)eY xU (y ) (43>
s.t. y € argmin I, (v, u), '
veA

for some fixed parameter v > 0. Two popular approaches for regularizing optimal con-
trol problems are the Lavrentiev regularization, cf. 48], 49, [70l [7T], [86], and the Moreau-
Yosida regularization, cf. [45] 46, 47, [52), [72]. Both approaches are designed to relax
state constraints. The Moreau-Yosida method deploys a regularization for the charac-
teristic function of the respective state constraints while the Lavrentiev approach aims
at regularizing the state constraints directly. A comprehensive overview of regularization
methods for optimal control problems can be found in [11].

The main reason why these established methods do not apply in our setting is the
bilevel structure of the optimal control problem with no solution operator or first order
optimality conditions for the lower level problem. As a result, the usual techniques
to analyze regularized optimal control problems cannot be utilized in our case. Still,
it is possible to prove that the regularized optimal control problem is a suitable
approximation of the original one , at least under sufficient assumptions. First, the
existence of optimal solutions is shown.

Theorem 4.3. Let v > 0 be some fixed penalty parameter. Then, the optimal control
problem (4.3)) has at least one optimal solution.

Proof. The regularization does not alter the two crucial properties of the total energy
functional I which are coerciveness and weak lower semi-continuity w.r.t. infimizing
sequences. Thus, the existence of optimal solutions can be proven analogously to the
proof of Theorem O

4.2 Convergence analysis for the regularized optimal con-
trol problem

The crucial part of every regularization scheme is to verify that solutions of the regu-
larized problem approach solutions of the original one as the regularization parameter
approaches its limit. However, the bilevel structure, the lack of first order optimality
conditions, and the non-uniqueness of energy minimizers in hyperelasticity impede a
convergence analysis along traditional lines. Thus, in order to obtain a satisfactory con-
vergence result, we will need some additional structure or information on the problem.
In this section, we discuss two alternative methods to show the desired convergence
result. In the first approach, we utilize a structural assumption, namely that optimal
solutions can be approximated by regularized solutions. In the second one, we modify
the regularized energy functional by adding a small fraction of the objective functional
to better couple optimality with the constraints. This allows us to obtain convergence
of solutions without strong assumptions.
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4.2.1 Convergence under a reachability assumption

In our setting so far, one critical case cannot be excluded. If no optimal solution pair
of the original problem can be approximated by a sequence of solutions of the
regularized contact problem , we have no chance of proving any convergence result
at all. In the general setting of hyperelastic contact problems, this case cannot be ruled
out. Therefore, we have to require additional structure.

In this context, the following property ensures that solutions of the original contact prob-
lem can be approximated by solutions of the regularized contact problem .

Definition 4.4 (Reachability). A feasible solution (y,u) € S is called reachable if for
each sequence v, — 00, there exists a subsequence +,, and a corresponding sequence
(Uny» Un,, ) C A x U satistying ¢, — v, Upn, — u, and

Uny € argmin Iy, (v, ;).
veA

The set of all reachable pairs is denoted by R C S.

Note that this definition is a slightly more general version of Remark Although it
admits more flexibility since the boundary force u is not fixed, verifying this property
seems to be out of reach for general settings. At least in cases where the lower level
problem admits a unique solution, Corollary implies reachability. Since R C S, we
obtain the estimate
min J(y,u) < inf J(y,u).

(yu)eS (4,u) < (yu)€R (@,u)
However, it is not clear whether both values coincide. In order to obtain a complete
convergence result, the following assumption is necessary.

Assumption 4.5. Assume that

min J(y,u) = inf J(y,u).
(nin (, u) o (y, u)

This assumption is satisfied if at least one optimal solution of Problem is also
reachable. So far, there does not exist an approach to verify the reachability property for
general problems. Such a verification is only possible in settings where the hyperelastic
lower level problem admits a unique solution. This leaves us with a theoretical gap,
and in the current setting, it remains unclear whether this gap can be closed. Next, we
derive our first convergence result.

Theorem 4.6. Let Assumption[{.5 hold. Further, let v, — oo be a positive and mono-
tonically increasing sequence of penalty parameters. In addition, let (yn,un) C AX U be
a sequence of optimal solutions to the corresponding regqularized optimal control problems

(4.3). Then,

m J(Yn, un) = min J(y,u).
Jim J(yn, un) (min (y,u)
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Furthermore, there exists a subsequence (Yn, ,Un,) and a pair (g,u) € A, x U such that
Yn, =Y Y and u,, — @ in U. Additionally, (g, @) solves the original optimal control

problem

. J ,
(y,uI)nelir/lXU (y U)

s.t. y € argmin I (v, u).
vEA.
Proof. We start by proving the boundedness of J(y,,uy). Recalling the identity map-
ping id, it follows that J(id,u,) < oco. Here, u, denotes the zero boundary force on
I'n. Due to Assumption [2.31]6), the pair (id,u.) € Y x U satisfies the regularized con-
straint for every parameter -y,. This holds since the identity mapping is a natural
state and id € C. Therefore, the boundedness of J(y,,u,) can be concluded so that
lim sup,, o0 J (Yn, un) < 00.
Let (y,u) be any reachable pair. Then, we can choose a subsequence (Y, , Uy, ) such that

lim sup J(yn, upn) = lim J(yn, , tn, )-
n—oo k—o00
There also exists a sequence (Yp, , Un,) C A x U corresponding to -y, with g,, — y in
Y and @y, — u in U satisfying
Uny € argmin Iy, (v, tp,).
veA

The compact embedding Y < L?(2), cf. [2], implies §,, — vy in L?(Q2). Consequently,
we conclude by optimality of (yp, ,un,) and strong continuity of .J:

lim sup J (yn, un) = kli)ngo I (Yny,, Un,,) < kli)rgo J(Uny» Uny,) = J(y,u) for all (y,u) € R.

n—oo

Therefore,
limsup J(yn, un) < inf J(y,u).

n—00 (yw)eR

The coerciveness of the objective functional J w.r.t. the second variable yields the bound-
edness of u,. Thus, Lemma implies the boundedness of y,. Hence, by reflexivity,
there exists a subsequence of (yy, , un, ) such that simultaneously

klglc}o (ynk7 unk) = linrgio%f J(Yn, un) and (ynk7unk) - (g, ).

Due to Lemma we conclude that (7, w) satisfies the original constraint

y € argmin I (v, u).
veA.

Further, by weak lower semi-continuity of J, we obtain

<limsup J(yn,un) < inf J(y,u).

n—o00 (yw)eR
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Invoking Assumption [4.5] leads to

min J(y,u) = J(y,w) = Im J(yn, un).

Jmin J(y,w) = J@T) = lim J(yn, un)
Thus, (7,w) is an optimal solution. Finally, we show strong convergence of the sequence
Up, . The Sobolev embedding theorem yields the strong convergence of y,, in L2(9).
Therefore,

1 9 1, 9
§||ynk - yd||L2(Q) - 5”@/ - yd||L2(Q)'

By incorporating the convergence J(yp, , un,) — J(¥, @), we can deduce that

! 9 o
§||Unk”L2(rN) — §||U”L2(1“N)-
Since up, is weakly converging in U, this implies the strong convergence in L*(Ty). O

In summary, we have been able to show a convergence result for the regularized optimal
control problem . This has been possible only under the assumption of reachability.
However, in applications, it is usually not possible to verify whether this assumption
holds. The following critical case is conceivable: the original contact problem may have
several solutions, some of which are in contact and some of which are not. In this
case, our regularization scheme is biased towards those solutions that are in contact
because violating the constraints allows reducing the energy. Consequently, we cannot
show convergence along the lines of Theorem The overarching problem seems to
be that the pure normal compliance regularization is unsuited since it does not capture
the entire structure of the optimal control problem. To compensate for this, we extend
the normal compliance regularization to an approach more compatible with the optimal
control problem (4.2)).

4.2.2 A modified regularization

In order to improve the coupling of optimization and feasibility, we introduce an al-
ternative regularized total energy function £,, which contains an additional term from
the objective functional. Roughly speaking, this introduces a bias of energy-minimizers
towards optimality of the objective functional J. The modified regularized energy func-
tional has the form

1
&y u) =Ly, w) + ¢35y = valli20), (4.4)
where ¢ : [0, 00[ — ]0, 0o[ is monotonically decreasing such that

lim o(y) =0.
As the following analysis will show, the latter property ensures that solutions of this
new regularized problem can approach solutions of the original contact problem ([2.23)).
First, we prove that the new regularized problem is well-posed.
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Theorem 4.7. Let w € U be a fized boundary force and let v > 0 be a fized penalty
parameter. Then, the minimization problem

y € argmin &, (v, u) (4.5)
veA

has at least one solution.

Proof. We note that the functional £, is weakly continuous w.r.t. the second variable
and weakly lower semi-continuous w.r.t. sequences that leave the strain energy Israin
bounded. Thus, the proof is completely analogous to the one of Theorem [2.39 O

Similarly, without giving the details of the proofs, we remark that the results of Lem-
ma and Lemma also hold for &,. Next, we establish that limits of the new
regularized problem solve the original contact problem.

Lemma 4.8. Let v, — 0o be a monotonically increasing sequence of penalty parameters.
Furthermore, consider a weakly convergent sequence (Yn,un) — (g, u) such that

Yn € argmin &, (v, uy).
veA

Then, (y,u) € A. x U with

y € argmin I (v, u)
UEAC

and
nh_)rrolo Eqp Yy un) = 1(7, ).

Proof. Theorem guarantees the existence of a state § € A, with Igain(9) < oc.
From there, it follows that the sequence &, (7, uy,) is bounded since u,, is bounded and

wP(y) =0 forallneN.

Therefore, we deduce the boundedness of &£, (yn, un) due to

g’)’n (yn? Un) S g’Yn (ﬁ7 'U,n)

We have to show that the pair (g,u) solves the contact problem . First, the
boundedness of (yn,un) and &, (Yn,un) implies the boundedness of Igirain(yn). Thus,
Lemma [2.38 implies 5 € .A. By the same arguments as in the proof of Theorem [3.4] we
obtain 7 € A.. Again, by using the techniques applied in the proof of Theorem and
by ¢(vn) — 0, we derive the estimates

: . _ . _ L.
lim sup £y, (yn, un) < limsup £y, (g, un) = lim sup (1@ un) + ()5 17 = vall12(@))

n—oo n—o0

=I(y,u) < hnnilo%f](y"’u”) < lgglorgfé’%(yn, Up).

Accordingly,
lim &, (Yn,un) = I1(y, ).

n—o0
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Theorem [2.39| yields the existence of a state ¢ with

y € argmin I (v, u).
’UG.AC

Therefore, it follows that

I(g,u) < I(y,u) = ILm Evn Unyup) < lim &, (9, upn) = I1(g, ).

—00

O

Similarly to Theorem [3.19 we can derive a convergence rate for the new regularization.

Theorem 4.9. Let u € U be a fized boundary force, and let v, — 0o be a monoton-
ically increasing sequence of penalty parameters. In addition, consider the setting of
Theorem [3.19 with the derived convergence rate p > 0 such that

1

1{161}4& I(v,u) — Ivrélﬂ L, (v,u) <cyn ?

for a suitable constant ¢ > 0 and

Jun

lim 27 — 0 (4.6)
1m ——- = Uu. .
y=00 p()

Further, y, denotes a sequence of corresponding minimizers satisfying

Yn € argmin &, (v, u).
veA

Then, there exists a constant C' > 0 such that

| min (v, u) = &, (yn, w)| < Cp(n)- (4.7)

vEA.

Proof. Let the sequence g, satisfy

Un € argmin I, (v, u).
veA

Then, we obtain the estimate

_ 1
Ly (Gns 1) < Ly (Yns 1) < Ly Yy 1) + () 5 19 — valliz) = EvaWnow).  (4.8)

Additionally, Theorem yields the following convergence rate

1

0 < min I(v,u) — Iy, (Gn,u) < C%:;‘
’UE-AE

Next, w.l.o.g., it suffices to study the two cases

£ in I
%(me)<5r€nf{}: (v, u)
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and
&y ymsu) > min T(v,).
In the first case, we obtain
(4.8) _1
0 < min I(v,u) = &, (Yn,u) < min I(v,u) — Iy, (Jn,u) < cym ’.
vEA. vEA.

1

By definition, ¢(7,) approaches zero at a slower rate than vn ?. This shows the first
case. In second case, the same reasoning yields

: _ : L.
min I(v,u) < &, (yYn,u) < Ey, (Fn,u) < min (v, u) + @) 5 19n = Yallz20)-
The boundedness of |7, — yallz2(q) follows from the boundedness of ||gy[ly due to
Lemma [3.3] which concludes the proof. O

Summarizing this theorem, we have proven that the optimal regularized energy values of
(4.5) approach the optimal energy value of the original contact problem ([2.23)) at least
at the same rate as the regularization function ¢ approaches zero. The restriction to
regularization functions satisfying (4.6)) will be essential in the optimal control setting.
Applying this new approach to the optimal control problem yields:
min  J(y,u)
Ww)EY XU

(y,u)eY x ' (4.9)

s.t. y € argmin &, (v, u).
veEA

Next, we verify the existence of solutions to this problem.

Theorem 4.10. Let v > 0 be some fixed penalty parameter. Then, the optimal control
problem (4.9) has at least one solution.

Proof. The proof is analogous to the proof of Theorem [4.2 O

So far, no further restrictions of the regularization function ¢ have been necessary.
However, in order derive a convergence result for the new regularized problem ,
additional structure is required. At this, we have to ensure that minimizing a part of the
objective functional in the constraint is sufficiently weighted as the penalty parameter
approaches infinity. Therefore, we introduce an additional condition for the function (.
Recall that for fixed u, the function v — min,e 4 (v, u) is monotonically increasing and
bounded. Moreover, by Proposition 3.5 we obtain
’yli_g)lo Eréijllﬂ,(v,u) = 5161% I(v,u).

In the subsequent analysis, it is necessary that ¢ approaches zero at a sufficiently slow
rate w.r.t. the elastic energy values. This property is specified in the following assump-
tion.
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Assumption 4.11. Let u € U be fized. Assume that

lim minvGAc I(Ua u) - minvGA I’Y (Ua u)

=0.
y—¥00 o(v)

With this at hand, we can state a convergence result without the assumption of reacha-
bility.

Theorem 4.12. Let v, — oo be a positive and monotonically increasing sequence of
penalty parameters. Furthermore, let (y.,u.) denote an optimal solution to Problem
. In addition, let (yn,u,) C A X U be a sequence of optimal solutions to the
corresponding regularized problems , where the reqularization function ¢ satisfies
Assumption [{. 11 w.r.t. us. Then,

Hm J(yn, un) = J (Y, us).

n—oo

Further, there exists a subsequence (Yn,,un,) and a pair (g,u) € A. x U such that
Yn, =Y inY and u,, — u in L*(Ty). Additionally, the pair (§,w) solves the original
optimal control problem

. J(y,
(y,ur)I»IEIEI}XU (y U)

s.t. y € argmin I (v, u).
’UG-AC

Proof. Let us construct a sequence (gn,us) C A x U that satisfies the regularized con-
straint (4.5) for each element of ~,. Further, it should fulfill the condition

lHmsup J(Gn, tus) < J(Ys, Us)-

n—oo

To this end, let 3, C A be a sequence satisfying

Un € argmin &, (v, uy).
veEA

We know from Theorem [£.7] that such sequences exist. The minimization property of gy,
yields
Eqp (WUnyus) — &, (s us) <0 for all n € N. (4.10)

Then, we can derive the estimate
S'Yn (g’fh u*) - g’Yn (y*7 u*) = I’Yn (gn7 U*) - I(y*7 U*)
1, . 1
+000) (3l =~ ally = 10~ vl
> min I, (v, uy) — min I (v, uy)

veA vEA.
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In combination with (4.10)), this yields

minge 4, I (v, uy) — minge 4 L, (v, uy)

I (T ur) < J (Yo, us) + ()

(4.11)

Since (yn,uy) is optimal and ¢ satisfies Assumption we obtain

lim sup J (Y, un) < Hmsup J(Gn, us) < J(Ys, ts)-
n—oo n—oo
By coerciveness of J in the second variable, u, is bounded. Consequently, y, is also
bounded due to Lemma[3.3] Thus, we can choose a subsequence such that simultaneously

lim J(yn,,un,) = iminf J(yn,u,) and  (yn,,un,) = (U, 0).

k—00 n—o00

By Lemma the pair (7, u) satisfies

y € argmin I (v, u).
'UEAC

Due to the weak lower semi-continuity of J, we conclude

S (Yo ue) < J (1) < T (Y, wng)
— 00

= lirginf I (Yn, upn) < Hmsup J(yn, un) < J(Ys, Us)-

n—oo

This estimate yields
Hm J(Yn, un) = J(ys, us) = J (7, w).

n—oQ

The strong convergence of u,, follows from the same arguments that have been applied
in the proof of Theorem O

In conclusion, if () tends to zero sufficiently slowly, then we can recover solutions
of the original optimal control problem . To quantify a priori what sufficiently
slow means, we can profit from the results elaborated in Chapter [3l Depending on the
problem characteristics, Theorem [3.19]yields a convergence rate for the energy, and thus,
a theoretically backed choice of (7).

Next, we derive qualitative estimates for the new regularized optimal control problem
. In particular, it is of interest whether proving a convergence rate analogously to
Theorem [3.19] is possible. However, this can only be achieved in special cases.

Proposition 4.13. Let (y., us) denote an optimal solution to Problem (4.2). Further-
more, let v, — 00 be a monotonically increasing sequence of penalty parameters, where
(Yn,un) C A x U is a corresponding sequence of optimal solutions to the regularized

optimal control problem (4.9)). Denote by p > 0 the convergence rate derived in Theorem
such that

1

min I(v,uy) —min Iy, (v, us) < e’



4.2. CONVERGENCE ANALYSIS 69

for a suitable constant ¢ > 0. In addition, the reqularization function ¢ satisfies As-
sumption [{. 11 w.r.t. u,. If
J(y*v u*) < J(yna un)

holds for all n € N, then the convergence rate

1

Yn©
©(n)

0< J(ynyun) - J(y*,u*) <C

holds with C > 0.

Proof. Consider the sequence g, with

Un € argmin &, (v, uy).
veA

Then, due to optimality of (y,,u,) and the estimate in (4.11)), we derive

minge 4, I(v, us) — minge 4 Iy, (v, uy)

J(y*au*) < J(yn,un) < J(?jnvu*) < J(y*7u*) +

©(n)
Since )
Yn ©
im =
n—00 ((Yp)
by definition, we obtain the desired convergence rate. O

Interestingly, the convergence rate of the optimal objective functional values directly
depends on the convergence rate of the corresponding regularized energy values. In
addition, we can prove that the regularized optimal control problem leads to smaller
values of the objective function.

Proposition 4.14. Let ~, — oo be a monotonically increasing sequence of penalty
parameters. Further, we denote by (yn,un) C A X U and (gn,0n) C A X U sequences of
optimal solutions to Problems (4.9)) and (4.3), respectively. Then, the estimate

J(yna un) < J(Qn, an)
holds.

Proof. We prove the statement by contradiction. Assume there exists an ng € N such
that

J(l&novﬁno) < J(ynmuno)-

Let yp, € A satisfy

Jno € argmin &y, (v, Uy, ).
veEA

Then, due to optimality of (yn,, Un,), We obtain

J(gnmﬁno) < J(ynoauno) < J(gnoaano)7
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and consequently,
1 - 2 1 ~ 2
§Hyno - yd||L2(Q) < §Hyno - deL2(Q)-

However, this implies the estimate

L L 1
Eyn(no» Ung) > Iy, (Gng s Ting) + ‘P(')’no)iuyno - de2L2(Q)
U 1 .
= Iy, (ing Ting ) + ‘P(%m)i”yno - de2L2(Q) = &y, (Yng> Uing )
which contradicts the minimization property of ¢y, . O

So far, more general results seem to be out reach due to the inherent difficulty of the
bilevel problem structure.

4.3 Formal KKT conditions for the optimal control prob-
lem

The inherent difficulties of nonlinear elasticity motivate the application of sophisticated
algorithms as considered in [67]. However, to do so, the lower level energy minimizing
problem has to be replaced by its first order optimality condition. Recalling the analysis
from Section it appears that so far, the only reasonable function space for differ-
entiability of Istain is WH(2). To proceed towards KKT conditions in this setting, a
local sensitivity of energy minimizers with respect to perturbations in the control would
be necessary, e.g., by the application of an implicit function theorem.

A related result was briefly discussed in Theorem and to a wider extent in [15]
Chapter 6]. There, the analysis was conducted within a W?2?(Q)-framework for p > 3.
Unfortunately, this theory also requires very strong regularity assumptions on the prob-
lem data. To apply the implicit function theorem, we have to show the W2P-regularity
of the solutions of the linearized elastic problems. Those assumptions are unlikely to be
satisfied for many problems of interest. Particularly, the crucial case of mixed boundary
conditions is generally ruled out.

Therefore, KKT conditions can only be derived in a formal way. Consider the common
notation for optimal control problems z := (y,u). In the context of formal first order
optimality conditions for I,, we define:

cy(y, w)v = 0y Iy (y,u)v — ’y/ [y]]i_1 vzds, veY.
e}

Similarly, for the modified regularization (4.5)), we obtain

ey (y, w)v = 0yE(y, u)v — ’y/ [y]]fl vzds, veY.
Te
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Then, the new optimal control problem reads as follows:

min  J(y,u
(%u)EYXU( ) (4.12)

s.t. cy(y,u) = 0.
Formally, the KKT conditions of (4.12) for given stationary point x, state the existence
of an adjoint state p such that:
J'(24) + L (22)p =0
cy(z4) = 0.
These equations serve as the starting point for the algorithmic analysis in Chapter
Remark 4.15. Replacing Problems (3.2) and (4.5) with their formal first order op-
timality conditions changes the fundamental structure of the respective optimal control
problems (4.3)) and (4.9). Replacing the minimization problems allows stationary solu-

tions that are no longer energy minimizers. This change has to be kept in mind when
numerical results are analyzed.

(4.13)

4.4 Summary

In summary, we have established a well-posed optimal control problem which incorpo-
rates the nonlinear elastic contact problem as its constraint. This yields the bilevel
optimization problem
(y,ur)nelir/le J(y7 U)
s.t. y € argmin I (v, u).
vEA.

Despite the inherent difficulties due to nonlinear elasticity and contact constraints, the
existence result from [64) [66] has been successfully extended to our contact constrained
problem. Via the application of the normal compliance method, we have obtained a
numerically treatable problem:

. J :
(y,uI)Igng (y U)

s.t. y € argmin I (v, u).
veEA
This transformation allows the application of the specialized algorithm developed in
[64, [67]. However, for the pure normal compliance regularization, a corresponding con-
vergence result has been achieved only under strong structural assumptions, and it re-
mains unclear how to verify these assumptions for general settings. By considering a
modified regularized energy functional of the form

1
&(y,u) = Ly(y,u) + e ()5 Iy = vall L2y

a convergence result was derived without relying on strong assumptions. Finally, we
discussed the derivation of corresponding KKT conditions, which remains an open prob-
lem.
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Chapter 5

Numerical Algorithms

This chapter is dedicated to an algorithmic discussion of problems involving nonlinear
elasticity with contact constraints. Here, we only consider contact problems that have
been relaxed by some regularization approach such as the normal compliance method
described in Chapter [3] This significantly simplifies the numerical treatment since non-
smoothness can be ruled out.
This chapter is structured as follows. In the first section, a cubic regularization method
in the spirit of [107] is introduced to solve unconstrained minimization problems, such
as . There, the non-convexity of the objective functional implies that the resulting
linear systems are not positive definite in general. Two common approaches to overcome
this are truncated and regularized CG methods. Truncated CG (TCG) methods usually
yield cheaper steps considering the computation time. However, the computed search
directions are often very irregular, leading to very small damping parameters and many
outer iterations. This results from the termination of the algorithm at a point where
things become particularly difficult, often resulting in irregular CG-iterates. For this
reason, we opt for a regularized CG (RCG) method, which yields more regular iter-
ates. The derived cubic regularization approach will be applied in Chapter [7]to test the
convergence rates elaborated in Chapter [3] Additionally, we present a modified update
strategy that incorporates the structural requirements of nonlinear elasticity.
Thereafter, Section [5.2] addresses the affine covariant composite step method introduced
in [64), 67]. To apply this method, we have to replace the energy minimization in (4.3)
and with the respective formal first order conditions, leading to the optimal control
problem

(y,ur)r»lel}r/le J(y7 U)

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

The inherent difficulty of this problem, due to nonlinear elasticity, requires the applica-
tion of robust solvers. In that context, an affine covariant composite method has been
successfully applied in [64, [67] to solve optimal control problems of nonlinear elasticity.
Finally, we construct a simple path-following approach in Section This allows us
to consider large normal compliance parameters v to recover solutions of the original

73
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optimal control problem (4.2)).
Parts of this chapter have been published in [94] 05].

5.1 Cubic regularization approach

In [107], the authors addressed non-convex optimization by combining affine covariant
techniques with a cubic regularization approach, based on the ideas of [37]. In particular,
the elaborated algorithms have been successfully applied to hyperelastic problems. Here,
we only introduce a simplified version of the algorithms developed in [I07]. For an
overview of affine covariant techniques in general, the reader is referred to the monograph
[23].

5.1.1 A basic cubic regularization method

Let (X, (-,-)) be a Hilbert space and f : X — R a sufficiently smooth but not necessarily
convex function. We are interested in finding solutions to the optimization problem
x4 € argmin f(x).
reX
To compute updates that improve optimality, we define a cubic model of f:

CR
ma(02) i= f(@) + f'(2)0z + (0, f"()02) + “—|0al

with the positive regularization parameter w®® and a suitable norm ||-||g. Given a direc-

tion of descent dx of f, we compute a directional minimizer of m, along dx, parametrized
by the positive damping factor 0. We accept o if the decrease predicted by the model
m, guarantees sufficient decrease of f. For a user-provided parameter n?R € 10,1[, the
decrease is measured via the condition
_ fw+oéx) — f(x) - CR
" mg(odx) —mg(0) —

R

(5.1)

In the case that this condition is violated, w®® is increased by the factor SICR > 1, and
o is recomputed. We repeat this process until the step is accepted. To avoid too small
step sizes, we also allow a reduction of w®R if the decrease predicted by the model m,
ensures a certain decrease of f. This is the case if

flz+odx) — f(x)
ma(00) — ma(0) R

with ngR > n?R > 0. To apply the reduction, w°® is multiplied with the factor SSR < 1.
For a suitable tolerance Acr > 0, the algorithm is considered converged if

[0z]le < Acr (5.2)

and if f is convex at the current iterate. In this work, ||-||g is chosen as the norm
induced by linear elasticity. The resulting cubic regularization approach is summarized
in Algorithm
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Algorithm 1 Cubic Regularization Method.
Solve:

x4 € argmin f(z).
reX

Input: initial iterate zg, parameter ng, 771CR, nQCR, sICR, SSR, and Acr.

Initialize: k = 0.

repeat
dzy, < computeDirectionO f Descent()
repeat

oy, < computeDirectional Minimizer()
f(@ptordze)—f(Tk)
Uk 5 iy (@1020) =z, (0)
if vy < 7R then
WCR - WORCR

else if vy > 7SR then
WOR ¢ CRGCR
end if
until step accepted (If Condition is fulfilled.)
Th41 < Tk + 0TLOk
wigy < Wit
k< k+1
until convergent (If Condition is fulfilled and if f”(xy) is positive definite.)

5.1.2 Computing a direction of descent

After applying a Galerkin-type discretization, the Newton equation

F(2)6x = —f'()

represents a finite-dimensional linear system with the matrix f”(z). As long as f”(x)
is positive definite, we can use a preconditioned conjugate gradient (PCG) method as
illustrated in Algorithm [2| to compute a direction of descent.

Here, we choose a BPX-type preconditioner, cf. [I3], to solve nonlinear elastic problems.
However, if f is the total energy functional (2.21)), positive definiteness is no longer
guaranteed. This is due to the lack of convexity of nonlinear elastic problems. To
overcome this, we add a positive definite matrix Rg to f”(z):

f”($) + )‘RE’

where A > 0 is gradually increased until positive definiteness is reached. For the pur-
pose of reducing the number of regularization steps, we choose a multiplicative update
formula as described in Algorithm One possible drawback of this approach is that
the regularization parameter is scaled up too much. Consequently, the updates steps are
unnecessarily damped, which can slow down the algorithm significantly.
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Algorithm 2 Preconditioned Conjugate Gradient Method.
Solve: Hx = b.
Input: initial iterate xy and preconditioner Q.
Initialize: ro = Hxg — b, do = go = Q' (—rp), and k = 0.
repeat

L gk

df Hd,

Tyl < T + agdy
Th41 < Tk + apHdy
g1 QM (=rhy1)

T
Tktr19k+1
(_ AT IS —

Bre+1 o

di+1 < gkt1 + Br+1dy
k+—k+1
until convergent

Qf < —

Algorithm 3 Update Formula for the Regularization Parameter.
Input: current regularization parameter A, starting regularization parameter Aammit,
and update parameter sp.
if A =0 then
A = AATnit
else
A As A
end if

Remark 5.1. A more sophisticated approach was considered in [64), Section 4.3]. There,
an adaptive update formula for the reqularization parameter was derived. Although adap-
tive methods are generally more technical to implement, the increased efficiency makes
their use advisable.

Combining the previous results yields a regularized preconditioned conjugate gradient
(RPCG) method summarized in Algorithm |4, By recovering positive definiteness, Algo-
rithm |4 can be applied in order to compute directions of descent of f.

For large values of A\, the Newton update dx approaches a gradient step w.r.t. the scalar
product induced by the regularized matrix

f”(l’) + )\RE

In the case of nonlinear elasticity, the natural choice for the regularization Rg is the
Hessian matrix of linear elasticity. Besides CG methods, one can use the Chebyshev
semi-iteration to solve linear systems.
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Algorithm 4 Regularized Preconditioned Conjugate Gradient Method.
Solve: Hx = b.
Input: initial iterate xg, preconditioner @), regularization update parameter ss, and
starting regularization parameter Aamjt-
Initialize: ro = Hxzo — b, dy = go = Q' (—79), A =0, and k = 0.
repeat
if df Hdj, < 0 then
A < update Lambda(\, AAmit, sA) (Algorithm
H <+ H+ ARa
restart (Restart the entire CG algorithm.)
end if
af < —

h gk

dT Ady,

Th41 < Tk + Oékdk
Tk41 < Tk + apHdg
Gr+1 < QH(—7ps1)

Tkr19k+1
ﬁk—f—l — TkTgk
A1 < Grt1 + Brg1di
k+—k+1

until convergent

Chebyshev semi-iteration

Here, only a short introduction of the Chebyshev semi-iteration is given. For a more
detailed analysis, see [42]. Consider the linear system

Hx=b (5.3)

and a suitable preconditioner (). Moreover, let ¢uin and ¢max denote the smallest and
the largest eigenvalue of Q7' H. Further, let Acpe, denote the desired accuracy. Then,
we can apply the Chebyshev semi-iteration illustrated in Algorithm [5| to solve ([5.3).
In contrast to CG methods, the Chebyshev semi-iteration is linear if the number of
iterations is fixed. For the application of this method in our setting, it remains to derive
estimates for ¢uin and ¢uax. To do so, assume Algorithm [2] has been applied to solve a
linear system with preconditioner ) and system matrix H. If the PCG method converges
in m steps, it yields the parameters «;, §; with ¢ = 0,...,m —1 and j = 0,...,m —2. Then,
we can construct the tridiagonal matrix

1 VB
ag ap
Vi 1 o VB
ag aq ap ai

vV 187n72

Bm—2 1 + Bm—2

Am—2 Am—1 Am—2
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Algorithm 5 Chebyshev Semi-Iteration.
Solve: Hx =b.
Input: preconditioner (), smallest eigenvalue ¢y and largest eigenvalue ¢uax of
Q~'H, and accuracy Acheb.

Hiali . — Smax — \/Eil — ln(AChcb) __ Smax —Smin __ Smax+Smin
Initialize: r = mex, ¢ = NGESE N =| () |+1,c= Somin oy = SmaxSmin

po = —a, dzg = Q'b, wg =2_1 =0, 6y = 0.
for k=0,...,N do
if k=1 th%n
0y, < %
else if £ > 2 then
C2
O < G
end if
if £ > 1 then
Wi < —(Oé + Hk)
end if
Thy1 < — i
0xpy1 < Q Hb— Hapq)
end for

)

dxptoaxk+0pxr_1

The eigenvalues of T}, yield adequate estimates for the eigenvalues of Q~'H, cf. [88,
Chapter 6]. Of course, such an approach is only reasonable if multiple systems involving
the matrix H have to be solved, which is the case for preconditioners applied in the
composite step method, see Section

5.1.3 Nonlinear updates

At each iterate x, Algorithm [I] computes an update dx and adds it, with possible scaling
o, to the current iterate:
T+ odx.

Instead of directly adding éx in this way, we want to take into account the required
structural properties of the considered problem. For nonlinear elastic problems, x and
x + 0z correspond to deformations of the domain 2. Therefore, we are interested in
maintaining the orientation-preserving condition:

det(z + dx) > 0

at each point in the domain 2. To achieve this, the update dx is transformed to incorpo-
rate this condition. A generalized concept of this approach is optimization on manifolds.
Since a detailed analysis of this topic is beyond the scope of this work, the reader is
instead referred to [I]. The modified update presented in this work was developed by
Julidan Ortiz in his PhD thesis which is in preparation.

Assume that the discretized domain Qp consists of a set of tetrahedrons 7} such that
Qp = \U; 71, and intersections of the tetrahedrons are only allowed on their boundaries.
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At a given deformation x, we obtain the corresponding set of deformed tetrahedrons
denoted by T,,. Moreover, consider an arbitrary but fixed tetrahedron 77, , which can
be represented by the points p; with ¢ = 1,...,4 and

Di = | Diy

Note that each point p; corresponds to a displaced vertex of the undeformed tetrahe-
dron Tj. Further, i is the local index to identify the point p; within the tetrahedron.
Accordingly, there exists a global index, denoted by i,4, to identify each vertex in Op.
For a given direction dx, we obtain the corresponding update:

51011
opi := | Opiy,
op; 2

Adding this update to T}, leads to the deformed tetrahedron Tg’ck with the new coordi-
nates:

/ ng Pig OPia
Pii= | Poy | = | Py | T | 0Py
D;., Di 5piz
This setting is illustrated in Figure [5.1

P4

Figure 5.1: Deformation of a tetrahedron.

A heuristic way to ensure det(z+dz) > 0 in a discrete setting is preserving the orientation
of all tetrahedrons during the deformation. To achieve this, we define the matrices

Piz P2y P3x Pig 5]7155 5p2:c 6p3a: 5p4a:
Ma) — ply p2y p3y p4y and de — 6p1y 6p2y 6p3y 5p4y
Piz D2. DP3. Pas op1, Op2. Ops, Opa,

1 1 1 1 0 0 0 0
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Writing Exp( - ) for the matrix exponential function, we compute
M, = Exp(My, M, 1) M, (5.4)

with the notation
DPly P2x D3x Pag
YR F Y Y
Piz D2, D3, P4
Plw P2w D3w Piw
Then,
Dig
Pi = | Diy
Diz
corresponds to the vertex coordinates of the new deformed tetrahedron ka according to
the nonlinear update formula described in (5.4]). The new update is then defined by

Op; == Pi — Di-

Repeating this process for all tetrahedrons yields a new deformation update §& for the
entire domain. One drawback of this approach is that for each vertex p; in Qp, we
compute multiple updates, one for each tetrahedron that contains the point p;. To
compensate for that, the respective displacement is averaged over the number of tetra-
hedrons containing p;. The resulting update formula is summarized in Algorithm @ u
Since the updates for each tetrahedron are independent, the computation can be easily
parallelized. We incorporate this new approach into our cubic regularization method
and obtain Algorithm [7] There, this new nonlinear update is only applied if it yields
a larger decrease of the objective function value than the linear one. By taking into
account the underlying structure of nonlinear elastic problems, we expect to improve
the performance of our cubic regularization approach. Corresponding numerical tests
are conducted in Chapter
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Algorithm 6 Nonlinear Update.
Input: current iterate x and update dzx.
for all vertices p; do
op; < (0 0 0)"
end for
for all tetrahedrons T} do
(p1,p2, p3,p4) < computeCoordinates(x, Ty,)
(0p1,0p2, dps, dps) < getLocalUpdate(dx, Ty,)
(0p1,0p2, 0ps3,0ps) < computeNonlinearUpdate(py, p2, p3, P4, 0p1, 0p2, dD3, 0D4)

(via (5.4))

0py, < 0p1, + 0p1
0Dy, < 0Da, + 0p2
0ps, < 0p3, + 0p3
0Dy, < 0Dy, + P4
end for
for all updates Jp; do
0p;j < (0p;)/numberO f AdjacentTetrahedrons
0% < transferUpdate(dp;)
end for
return 07;
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Algorithm 7 Cubic Regularization Method with Nonlinear Update.
Solve:

xs € argmin f(x).
zeX

Input: initial iterate xy, parameters wCR, U?R, ngR, CR ng, and Acg.

Initialize: k£ = 0.
repeat
dxy, <+ computeDirectionO f Descent()
repeat
oy < computeDirectional Minimizer()
6z, + computeN onlinearUpdate(zy, o6x,) (Algorithm [6))
if f(:L‘k + 5:7319) < f(xk + UkCSZL‘k) then
0Ty, < 0Ty
else
0Ty < 00T
end if .
R (AT
if v, < ntR then
CR s wCR CR

else 1f v > nZCR then
CR . ngng
end 1f
until step accepted (If Condition (5.1)) is fulfilled.)

Tyl < T + (5ka]C
CR CR

We1 & Wi

k+—k+1

until convergent (If Condition (5.2)) is fulfilled and if f”(zy) is positive definite.)
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5.2 Affine Covariant Composite Step Method

For a fixed penalty parameter v, the optimal control problem (4.12)) describes an equality
constrained optimization problem of the form

min f()

s.t. c(z) =0

that requires robust and efficient solution algorithms. Here, we choose the affine covari-
ant composite step method considered in [64, [67]. The central idea of composite step
methods is to split the Lagrange Newton step éx into a normal step on € (kerc'(z))*
and into a tangential step dt € ker ¢/(x). The normal step approaches feasibility while
the tangential step approaches optimality. This class of methods is widely applied in
equality constrained optimization and optimal control, cf. [44] [78| [84] 105l 112].

Additionally, the algorithm proposed in [64, 67] applies a simplified normal step, denoted
by ds, at the end of each iteration. This yields two major advantages. First, an affine
covariant globalization scheme can be deployed. Second, the step ds also acts as a second
order correction to avoid the well-known Maratos effect. The described splitting of the
step dx is illustrated in Figure [5.2

Finally, affine covariance ensures that norms are only evaluated in the domain space X
but not in the image space of ¢. In the case of PDE-constraints, the image space is
usually some dual space. Therefore, meaningful norms are hard to evaluate. In contrast,
norms suited to the problem in the domain space can be evaluated much more easily.

c(x) =0

Figure 5.2: Splitting of the composite step.

This section gives a brief overview of the algorithm proposed in [64] [67].
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5.2.1 Setting

Let (X, (-,-)) denote a Hilbert space and P a reflexive Banach space. Then, we can
define the optimization problem

gg(lf(x) (5.5)
s.t. c(x) =0,

where f : X — R and ¢ : X — P* are both twice continuously differentiable and

d(z) is surjective. In optimal control settings, it is common to introduce the splitting
X=YxU, z=(y,u), and

c(x) = A(y) — Bu, (5.6)

where A : Y — P* is a nonlinear operator with continuous inverse and B : U —
P* a linear and compact operator. The above regularity assumptions imply that each
stationary point x, satisfies the KKT conditions

f(z)v+pd(z)v=0 forallve X,
c(xy) =0

with the Lagrange multiplier p € P**. The Hilbert space structure allows the splitting
X =ker(x.) @ (ker ¢ (z4)) . (5.7)
Moreover, the equation
f(za)v+pd(z)v=0 forallve X
is equivalent to the system

f(x)v =0 forall v € kerc (z),
(f'(z+) +pc (z:))w =0 for all w € (ker ¢ (z,))*.

From the second equation, we obtain a formula to compute the Lagrange multiplier p:

M @) (v _ (~F()
(vt 757) )= (). >
cf. [64, Theorem 3.1]. Here, M denotes the Riesz isomorphism satisfying

(Mv)(w) = (v, w).

At a point € X, we denote the Lagrange multiplier computed via (5.8)) by ps.
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5.2.2 Computation of the update steps

As stated in the introduction, the basic idea of the composite step method is to split
the Lagrange Newton update step into a normal step 6n € (ker ¢/(x))* and a tangential
step 0t € ker ¢ (x). Additionally, we consider the positive damping factors v and 7 with
the corresponding undamped steps An and At such that

on =vAn and 0t = TAL

The two steps are added up to
dx = én + dt.

Further, a second order correction s € (ker ¢/(x))* is applied, yielding the final update
0% = dx + Js.

In the following, we discuss how to compute these updates and the corresponding La-
grange multiplier.
5.2.3 Computation of the Lagrange multiplier

Using the Lagrange formulation, we define

L(z,pg) = f(x) + pyc(z).

Instead of computing p, with (5.8)) directly, a correction dp, is computed via the system

(et “8) () = 55 (59)

where p,_ denotes the previous multiplier. Thereafter, the Lagrange multiplier p, is
updated:

This update scheme is numerically more stable than the direct approach ([5.8]).

5.2.4 Computation of the normal step

To improve feasibility, the undamped normal step An has to satisfy
c(z) + d(z)An = 0. (5.11)

In general, An is not fully determined by this system. Therefore, Equation (5.11) is
extended to a minimum norm correction problem:

in = (v, )
min —(v.v
v€X2 ’

s.it. d(z)v = —c(z).
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M d(x)*) [An) 0
(et 57) (3) = () 12
For general right hand sides
= (5)
-9

we use the short notation ¢/(z)~(g) to denote the primal component of solutions to
G12).

This leads to the system

5.2.5 Computation of the simplified normal step
The simplified normal step ds has to fulfill

c(x +6x) — c(z) — ' (x)6x + ¢ (x)ds = 0.

If v = 1, és corresponds to the second step of a simplified Newton method for the
equation c(z) = 0, where = serves as the starting point. Again, computing a minimum
norm correction yields the system

(C’Jgﬂ) S )*> (5;) - (—c<x+5x) (o) +c’(x)5x) (5:13)

from which the step s can be determined.

5.2.6 Computation of the tangential step

Consider a given normal step dn and Lagrange multiplier p,. Then, we compute the
tangential step 0t such that dx := dn + 6t approximates the minimizer of a quadratic
model ¢ of the Lagrange function £ on ker ¢/(x). Here, ¢ is defined by

1
q(0x) = f (@) + f'(2)02 + 5 Laa(@, pa) (52)%, (5.14)
yielding the optimization problem
nin q(6n + dt)
s.t. (z)dt = 0.

The condition
puc ()0t =0

allows the equivalent reformulation to

1
min (Ly (2, pz) + Law(2, p2)on) 6t + §£m (m,pw)(ét)2

stex (5.15)

s.t. (z)dt = 0.
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This reformulation increases the numerical stability of our approach since L (z,p;) — 0
as (x,py) — (Ts,pr.). If we neglect the damping parameter 7 for now, At can be
computed by solving the system

(ﬁxz/((:i)px) c/((»;v)*) (2;) _ (—Ex(x,px) —Oﬁm(w,px)M)

if Lyr(z,ps) is positive definite. With all the update formulas at hand, it remains to
derive a suitable acceptance criterion for dx.
5.2.7 Acceptance criterion

When considering feasibility, it is reasonable to require that ||0s] < ||dz||. Thus, we
choose the contraction condition

[0s]]
= < Oace .
O(r) = 115} < O <1 (5.16)

for a user-provided parameter Oacc. To ensure that this conditioned is fulfilled, we deploy
a simple predictor-corrector scheme. The basic idea is to construct a model O(dz) of
O(dx) and compute the correction dz such that

©(6z) < Oq, (5.17)

for a desired contraction factor ©4 < O,... To this end, assume that there exist positive
constants wc, wr,, and wy such that for all v,w € X, the following inequalities hold:

I/ ()~ (¢ (& +v) = ¢ ())o]| < wellvl?, (5.18)
|(Law(@ +0,p) = Laz(z,p))(v,0)] < wr o], (5.19)
(f'(z +v) = f'(@)w| < wpllv]ll|w]. (5.20)
Moreover, we define the parametrized model for the contraction rate by
6(6) = "Ll

where @Wc is an estimate from below for wg. Then, the interpolation condition

O(dzx) = O(dx)

yields the formula:

20(dx) llos]|
we = =2 .
16| 1622
Inserting this model into ((5.17)) leads to the trust region constraint
20
o] < == (5.21)
we

From there, the corrections dx and ds are computed. If is not satisfied, & is
updated again with the newly computed corrections dx and ds. The updated estimate
@ is then used to compute new corrections dx and ds. This process is repeated until
is satisfied. In the following, we study how the trust region constraint
affects the computation of the damping parameters v and 7.
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Damping of the normal steps

Consider the direction An determined by . Then, a suitable damping parameter
can be computed by

20, }
HlAnfioc )
guaranteeing that on does not violate . The contraction factor ©, < ©4 permits
some “elbow space” for the tangential step 6t. Here, ©, = ©4 would imply dt = 0.

V= min{l

Damping of the tangential step
By definition, the steps dn and dn are orthogonal. Thus, we obtain the splitting

on -+ 6t]2 = (|5l + |}3¢]>.

Inserting this property into (5.21]) yields

2
ot < \/ (Z20) - o,

and accordingly, the upper bound 7.« for the damping parameter 7:

V(2 v

1AL

T < Tmax 1=

An additional damping of At is required to approach optimality w.r.t. the objective
functional f. Therefore, T is chosen such that ét is a directional minimizer of the cubic
model

w
me(0z) == q(0x) + EfH&a:Hg

The parameter @&r is updated in each step as follows:

o = H52||3(f(a: + 62+ 5s) — q(62)). (5.22)

In summary, dt can be described as the solution to the following optimization problem:

i 5 (0 ot
(glégl(mwf< n + ot)

s.t. %Cuaxu <0y,
d(x)dt = 0.

To ensure that our algorithm also approaches optimality, we choose the natural accep-
tance criterion for the tangential step given by
f(z+dz + ds) — mg(6n)

== me(0z) — mg,(dn) (5:23)
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for 7 €]0,1[. If a tangential step is rejected, @y is updated via . As a result, 7
and s are computed again. This approach is repeated until the tangential step 0t is
accepted. In the case that iterates are very far away from the feasible set c¢(z) = 0, a
stagnation of the updates of ws can occur. Then, the focus is set on feasibility first, and
the tangential step dt is discarded, yielding dx = dn. The stagnation is measured via
the condition

- AW

W < <1 + e—— > Wt
for a user-provided parameter 0 < ¢ < 1. For the sake of efficiency, we do not discard a
tangential step if nmin < 7 for a suitable parameter 7y, > 0.
So far, we have only given a brief summary of the composite step method, and the reader
is referred to [64] [67] for a detailed discussion.

5.2.8 Convergence criterion

For given relative and absolute accuracies Acsap > 0 and Agsrel > 0, we consider the
composite step method convergent if the relative criterion

[0z]| < AcsrelllZ|| (5.24)
or the absolute criterion
2]l < Acsap and ||éz]| < Acsab (5.25)

is fulfilled. A sketch of our derived composite step method is shown in Algorithm

Algorithm 8 Affine Covariant Composite Step Method.

Solve: .
min f(x)

s.t. c¢(x) = 0.

Input: initial iterate (xo, po), initial Lipschitz constants wc,, Wg,, parameters Nmin, 7,
0, accuracies Acsap, Acsrel, and contraction factors Ouec, Oy, and Og4.
Initialize: k£ = 0.
repeat

Pr+1 < updateLagrangeMultiplier() (via )

(Ang, Aty) < computeSteps(pii1, k)

repeat

(Vs Ty 08k, Oy, Wi, ) <— computeUpdates()

until step accepted (If Conditions (5.16) and (5.23)) are satisfied.)

Tk41 ¢ T + 0xg + Sk

k+—k+1
until convergent (If Condition or is fulfilled.)

It remains to verify that the composite step method converges to a solution of (5.5)).
Showing global convergence seems to be out of reach for the affine covariant approach
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studied here. Affine covariant methods avoid the evaluation of ||c(x)|| which is required
for the usual globalization mechanisms. However, under suitable assumptions, fast local
convergence can be shown. To do so, we assume sufficient smoothness and second order
sufficient optimality conditions at a local minimizer x,, which we call an SSC point.

Theorem 5.2. Consider the optimization problem described in (5.5)). Further, assume
that the iterates of Algorithm@ converge to the SSC point x,. If Conditions (5.18)-(5.20))

hold in a neighborhood of x., Algorithm [§ admits local quadratic convergence.

Proof. See [64] Proof of Theorem 3.17]. O

5.2.9 Adaption to inexactness and nonlinear elasticity

So far, it has been assumed that all arising systems are solved exactly. However, for large
scale problems, this becomes infeasible and iterative solvers have to be deployed. In our
case, we rely on PCG methods to solve large scale linear systems. The implications of
this inexactness for the composite step method have been analyzed in [92]. Additionally,
a strategy for accuracy matching has been proposed and tested. This is important since
very tight tolerances would render each step too expensive. Also, too loose tolerances
might lead to the loss of robustness and increase the number of outer iterations. The
results elaborated in [92] can be summarized as follows. First, the relative accuracy
AcsNorm to compute the (simplified) normal step and the Lagrange multiplier update

can be constant. Second, the relative accuracy of the tangential step AcsTang can be

set to the contraction factor % of the previous step. These two conditions ensure

efficiency while maintaining at least local superlinear convergence of the composite step
method.

In the case of nonlinear elastic problems, the orientation-preserving condition dety > 0
has to be taken into account. If this condition is violated for a trial iterate = + dx, we
apply the damping

1
V< —v and T <+ —T
2 2

until x 4+ dx is feasible w.r.t. the constraint dety > 0. Afterwards, additional damping
of dn and Jt as described for Algorithm [§]is applied. This approach was also considered
in [64].

Going back to optimal control of nonlinear elastic contact problems, we can solve
only for fixed v > 0.

5.3 Path-Following

Since we want to approximate solutions of the original problem , we introduce a
path-following method. It is reasonable to assume that the difficulty of depends
on the regularization parameter v. Thus, we augment our optimization algorithm by a
path-following method, where the composite step methods acts as the inner solver. At
this, we apply a simple step-size strategy to gradually increase the parameter ~.
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Due to the inherent lack of structure of optimization problems involving nonlinear elas-
ticity, more sophisticated approaches seem to be out of reach in the current setting.
Heuristic schemes based on the convergence speed of the path-following algorithm could
be applied. However, this remains a subject of future research. There exists a large
body of literature analyzing path-following approaches, and the reader is referred to
[23, [45], [46] [47, 93] for a more in-depth discussion.

Recalling the notation Z := X x P and z := (x,p), the KKT system can be
interpreted as a parameter-dependent nonlinear equation:

F(z,v)=0.

Path-following methods are widely applied to solve parameter-dependent problems. For
convex settings, it can often be shown that a homotopy-path v — z(+y) of zeros of F(-,~)
exists. Sometimes, even sensitivity and a priori length estimates can be derived, cf. [47].
In non-convex settings, such results can only be observed a posteriori by a numerical
algorithm. Additionally, we cannot rule out the existence of several paths which may
converge to local solutions or end prematurely. Therefore, it is essential to employ a
robust correction method.

Starting at a point (zp,7p) close to homotopy-path, we want to successively compute
solutions on the path for a increasing sequence of parameters ;. Assume that (zj, k)
is a solution close to the path. For the next iterate, 4 is increased by some constant
factor s, > 1:

Yk+1 = SpVk-

With the composite step method functioning as a robust corrector, this simple approach
is sufficient. However, an adaptive choice of the update parameter is advisable in order
to reduce computational costs. Next, we utilize the composite step method to obtain a
corresponding solution pair (zx41,Vx+1) close to the path, where zj is used as starting
point. This approach can interpreted as a classical continuation method for parameter-
dependent systems. We repeat this process until a solution close to the path for the
desired parameter ymax is found. In our analysis, s, is chosen constant. This might
result in too rapid increases of v. In those cases, we expect that the globalization
mechanism of the composite step method can steer the iterate back to the path. Our
basic path-following approach is illustrated in Algorithm [9
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Algorithm 9 Basic Path-Following Method.
Solve: F(z,Vmax) = 0.
Input: starting value (zo,70), maximum path-parameter ymax, and update factor sp.
(20, converged) < compositeStepM ethod(zo, o)
if not converged then
return; (No initial solution on the path found.)
end if
do
Zk41 S 2k
Ye+1 € SpVk
Y+1 ¢ MIN(Y41, Ymax)
(2k41, converged) < compositeStepMethod (211, Vk+1)
if not converged then
return; (Algorithm did not converge for (zx41,vk+1)-)
else
k—k+1
end if
while ¢ < Yimax
return zi1; (Algorithm converged.)




Chapter 6

A Corrected Inexact Projected
Preconditioned Conjugate
Gradient Method

In the previous chapter, we introduced the composite step method in a function space
setting to solve optimal control problems. Since computations in infinite-dimensional
spaces are infeasible, discretization schemes, e.g., finite elements, are applied to obtain
finite-dimensional problems. At this, solving the resulting systems numerically in an
efficient way becomes the main difficulty.

Assume that the infinite-dimensional optimal control problem has been discretized
by some Galerkin-type method. The discretized space for the primal variables is again
denoted by X := Y x U. Accordingly, we obtain the discretized space P. Discrete
linear operators are represented by matrices and their adjoints by transposed matrices.
Further, we have the splitting = := (y, u) and

c(x) = A(y) — Bu,
where ¢ denotes the discretized version of and B is linear. Consider a fixed iterate
(yk, ug, pr) of the composite step method with A := A’(yk) and £ := L(yg,uk, pk)-
Further, we assume that both A and A’ are continuously invertible. Then, the formulas
for the (simplified) normal step, the Lagrange multiplier, and the tangential step yield
matrices of the form

M, O AT Lyy Lyu AT
H, = 0 M, -BT and H; := ﬁuy Loy -BT
A —-B 0 A -B 0

Here,
_ (M, 0
M= ( 0 Mu)

corresponds to the Riesz isomorphism chosen for the composite step setting. In the
context of nonlinear elasticity, B denotes the discrete operator corresponding to the

93
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outer energy I, and A denotes the Hessian matrix of the regularized energy functional
I, or &, without Iyyut.

For large systems, applying direct methods becomes infeasible due to both memory
constraints and computation time. Proven methods to solve such systems are PCG
methods. However, in our case, the matrices H,, and H; are generally not positive
definite. Since M is positive definite, this issue can be overcome by applying a projected
preconditioned conjugate gradient (PPCG) method, at least for systems involving the
matrix H,. This approach restricts the space of iterates to a suitable subspace where
we have positive definiteness, see, e.g., [33]. In [64], PPCG methods were deployed in
the context of optimal control of nonlinear elasticity.

If a suitable regularization is applied to the tangential step matrix H¢, the PPCG method
can be utilized to compute the tangential step as well. Regularizations are necessary

since the block
_(Lyy Lyu
Lo = <£uy Cu

is not positive definite in general. In view of the optimal control problem , we can
set Ly, = Ly, = 0. But the examination in this chapter also applies to more general
cases.

One drawback of PPCG methods is that they require exact solvers for the arising block
systems. Therefore, we will modify the PPCG method accordingly and derive a suitable
solution algorithm which utilizes the special structure of the matrices H,, and H;.

This chapter is organized as follows. Section [6.]] introduces PPCG methods and ad-
dresses their application in a composite step setting. In Section we examine how
to deal with the inexact solutions of subsystems and derive an inexact PPCG method.
However, this new algorithm does no longer correspond to the original problem. There-
fore, in Section[6.3] the inexact PPCG algorithm is extended by a correction mechanism
which compensates for the inexactness. The resulting approach has been developed by
Anton Schiela and Alexander Siegl in cooperation with the author, cf. [96]. Additionally,
we discuss the implementation of our scheme.

Parts of this chapter have been published in [94].

6.1 PPCG methods

We start by analyzing PPCG methods for general settings. Consider the following linear

system:
T by
# ()= (5)
M CT
H = (C 0),

where M is symmetric and positive definite. The matrix C is surjective and usually
describes equality constraints. As discussed above, the full system matrix H does not

with
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need to be positive definite. PPCG methods extend classical PCG methods in the
following way: to overcome non-convexity, they restrict the primal part = of each iterate
to a subspace where the respective matrix H is positive definite. This is achieved by
applying a suitable preconditioner. In our examination, we choose a preconditioner of

the form ~ .
M C
o= (1 ) o

Here, M represents a preconditioner for M which is required to be symmetric and positive
definite on ker C. Recalling the PCG method defined in Algorithm [2] @ is applied to the
negative residuum, yielding the equation

g1 = Q (=7k41)- (6.2)

To increase readability, we omit the iteration index of the PCG method if it is clear from
the context. Applying the preconditioner here is equivalent to the following minimization
problem:

min g7 r +1(9 9a) 1
geex T M (6.3)

st. Cgy =0,
with corresponding Lagrange multiplier g,. Here, the indices  and p denote the primal
and dual component, respectively. Writing

)
r= ,
Tp
Equation (6.2) decouples into the block system

Mg:v + CTgp = Tz, (6.4)
Cgy = —Tp. (6.5)

Inserting this approach into Algorithm [2| yields a projected preconditioned conjugate
gradient method, see Algorithm We verify that for proper right hand sides and
initial conditions, the PPCG method solely operates on ker C.

Proposition 6.1. Consider Algorithm . If Equations (6.4) and (6.5)) are solved ex-
actly, the primal components x, (di)z, and (gx)z are again contained in the kernel of
C in each iterate.

Proof. Assume that in iteration k, xj satisfies Czy = 0. Further, (dy), € ker C, (gx)s €
ker C, and (r), is zero. As a result, after updating the residuum via

Th1 < Tk + apHdy,

the dual component (7441), remains zero. Thus, applying the preconditioner @ to the
negative residuum —rgyq yields (gx11): € ker C. The new direction diiq results from
simply adding gxt1 to the previous scaled direction Bri1dg. Accordingly, (dxi1)s €
ker C. Given the initial setting and formulas for xg, g, dy, and gg, the statement follows
via an induction argument. O
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Algorithm 10 Projected Preconditioned Conjugate Gradient Method.

s 1 (3) = (1),

Input: initial iterate zg = (;0> satisfying Czg = 0.
0

Initialize: ro = Hzg — b, dy = go = Q' (—rg), and k = 0.
repeat

L gk

dT Hd,

241 S 2k + Oékdk

Th4+1 < Tk + o Hdy,

Gr1 — Q1 (=rpp1)

T
Te4+19k+1
% _r
Bk—i—l TkT,gk
dgt+1 < Grt1 + Br1dy
k+—k+1

until convergent

Qf < —

In addition to this, preconditioners should cluster the eigenvalues of the preconditioned
matrix Q 'H. Such a result was shown in [55, Theorem 2.1].

Theorem 6.2. Assume the constraint matriz C € R™ " has full rank and M # M.
Furthermore, Z is an n x (n —m) basis for the nullspace of C. Then, the matriz Q™' H
has

1. an eigenvalue at 1 with multiplicity 2m, and

2. n —m eigenvalues which are defined by the generalized eigenvalue problem
ZTMZxy = \ZT" M Zz).
Proof. See [55, Proof of Theorem 2.1]. O

Moreover, an upper bound on the dimension of the corresponding Krylov subspace can
be derived.

Theorem 6.3. Let the constraint matriz C' € R™*™ be of full rank with m < n. Fur-
thermore, H is nonsingular, M # M, and b is an arbitrary right hand side. Next, let Z
be an n x (n —m) basis for the nullspace of C such that

(ZTM2)" N (ZT M Z)

has k (1 < k < n —m) distinct eigenvalues \; with (1 < i < k). Additionally, these
eigenvalues have the multiplicity p;, where Z;ﬂ:l wi = n —m. Then, the dimension of
the Krylov subspace K(Q~1H,b) is at most k + 2.

Proof. See [55, Proof of Theorem 3.7]. O

In summary, we can conclude that the PPCG algorithm corresponds to a standard PCG
method that operates on the linear subspace ker C.
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PPCG methods for optimal control problems

Throughout the subsequent analysis, we use the setting and the notation, as defined in
the introduction of this chapter. We start by studying the computation of the (simplified)
normal step and the Lagrange multiplier update.

Normal step system and Lagrange multiplier update

First, note that the right hand side for the (simplified) normal step (5.12) is of the form

b= |0
bP

Therefore, it has to be adjusted to fit into the setting of Algorithm The respective
system reads as follows:

Hyz=b. (6.6)
Defining C' := (A, —B), z := zp + Z with

and Z € C, Equation can be reformulated to
—MyA™ b,

H,Zz=b— H,zy = 0
0

Taking into account the system for the Lagrange multiplier update (5.9), it suffices to
study right hand sides of the form

Thus, we obtain systems of the form
M, 0 AT Y

b
0 M, BT |u]=b], (6.7)
A -B 0 D

. My 0
e (M0

with
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This system corresponds to solving the minimizing problem

. 1 1
(Wa)eY xU inMyy + §UTMuu —byy = byu

s.t. Ay — Bu =0,

with Lagrange multiplier p.

Remark 6.4. For the remainder of this chapter, we will denote the Lagrange multiplier
of the composite method by p. and the dual component of solutions to linear systems by
p to avoid ambiguity.

A common choice for the constraint preconditioner is

0 o AT
Q=0 M, -BT], (6.9)
A -B 0

see, e.g., [82] Chapter 5]. In the context of optimal control of nonlinear elasticity, this
kind of preconditioner has been studied in [64]. For the optimal control setting presented
above, we can derive the estimate

(u,w)y < (y,9)y + (u,u)y = (A" Bu, A" ' Bu)y + (u,u)y
<1+ |AT'Bfoy) (u, w)o.

~ 0 0
= () )

is spectrally equivalent to M on ker C. This result ensures that the condition number of
the preconditioned matrix Q' H,, is independent of the discretization even if the block
M, is omitted in M. See also [64, Chapter 4]. When studying objective functionals of
the form , the following norm choice is very common:

lullg = Vellulu,

(6.10)

Thus, the matrix

where o« > 0 denotes the Tikhonov regularization parameter. Then, we obtain the
estimate

1.
(wu)g < 1+ |4 LBI[Er oy ) (u, u) g
which implies that the condition number of Q~'H,, can increase with é

Remark 6.5. Note that the estimate in depends on the inverse of A. In the
case of nonlinear elasticity, this matriz, even if reqularized, can be almost singular.
Consequently, the condition number of Q™ 'H, might deteriorate. One possible way to
overcome this issue is to suitably reqularize the matriz A.
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In the PCG method, the preconditioner is applied in the equation

QGk+1 = —Tk+1-
Inserting the definition of @) yields
0 O AT Gy Ty
0 M, BT | |gu]|=—1|ru]- (6.11)
A -B 0 9p Tp

For initial iterates xg satisfying Czg = 0, Algorithm can be applied. Moreover,
Proposition@ ensures that 7, = 0 in each iterate. The application of the preconditioner
@ can be split up into the subsystems

yra— (6.12)
Mugu — BTgp = —Tu, (6.13)
Agy — Bg, = 0. (6.14)

This decoupling ensures that the preconditioner can be applied efficiently, provided that
a factorization of A is at hand. However, for large scale systems, factorizing the matrix
A is no longer possible. Thus, the linear systems involving A have to be solved inexactly,
which is no longer consistent with the PPCG method. In Section [6.2] we will discuss
techniques and methods to overcome this problem.

Remark 6.6. In general settings, solving can be challenging as well. In our
study, the block M, corresponds to a scaled mass matriz of the boundary control. Thus,
it is very small compared to A and can be factorized at low computational cost. When
this is not the case, an efficient solver for M, has to be deployed as well. In many cases,
M., is a mass matriz, which can be replaced by its diagonal in the preconditioner Q).

Tangential step

Here, we also apply the block preconditioner @) as defined in . In the tangential step
matrix Hy, the block L, is not necessarily positive definite on ker C', and no longer
corresponds to a quadratic minimization problem. Consequently, descent of tangential
steps is not guaranteed, unless appropriate adjustments are made. Therefore, we apply
a Hessian modification approach, where we add a positive definite regularization term
R in the following way:

Low+ AR CT\ (6t\ _ [Ly+ Luwbn
(=™ ) () --(70") 619

We set R = M with the notation R, := M, and R, := M,. Further, A > 0 is an
algorithmic parameter which is chosen sufficiently large to ensure that L., + AR is
positive definite on ker C.
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In our setting, each step is started with A = 0. If non-convexities are encountered in the
PPCG method, A is updated according to Algorithm [3| with an initialization parameter
Atmnit and update parameter s;. Thereafter, a new attempt to compute the tangential
step is made. Subsequently, A is increased until the PPCG method does not encounter
directions of negative curvature anymore. This approach is summarized in Algorithm [I1}

Algorithm 11 Regularized Projected Preconditioned Conjugate Gradient Method for
the Tangential Step.

Solve: H, (CC) = <bx>
P 0

Input: initial iterate zg = ;0 satisfying C'xg = 0, regularization update parameter
0

sy, and starting regularization parameter A¢ipit.
Initialize: rg = Hy;zg — b, do = go = Q~!(~79), A =0, and k = 0.
repeat
if d%thk < 0 then
A < update Lambda(\, Agmit, ¢) (Algorithm

Ht — Ht + A (15 8

restart (Restart the entire PPCG algorithm.)
end if
QO < —d;g’qutzk

Zk+1 & 2k T+ Oékdk
Tkl < Tk + g Hydy
Gr1 — QN (=rpg1)
T£+19k’+1
Br+1 T
dit1 < Ght1 + Brtrd
k—k+1
until convergent

The introduced PPCG method relies on the exact solutions of the systems involving the
matrices A and AT. However, for large linear systems, this becomes infeasible, and only
iterative solvers can be used.

6.2 Inexact PPCG method

If not stated otherwise, we assume that A is positive definite and symmetric. Consider-
ing Equations and , the default approach would be to apply a PCG method
with high accuracy to ensure that iterates are again sufficiently close to the kernel of
C. However, PCG methods are not linear, which rules out their application in the pre-
conditioner ). Also, solving systems with high accuracy is rather expensive. Therefore,
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we have to fall back to linear iterative solvers and take into account the possible inex-
actness. The choice for the iterative solver will be discussed in Subsection [6.3.4l The
corresponding inexact operators of A and A~! are denoted by A and A1, respectively.
Note that A cannot be evaluated explicitly since A~! is only available via an iterative
method. Replacing A and A~ with A and A~ leads to the inexact preconditioner

i 0o o A7
Q=0 M, -BT]. (6.16)
A -B 0
Then, the equation
QGk+1 = —Tk+1
again splits into the systems
Algy = -1y, (6.17)
Mugu — BT.gp = —Tu, (6.18)
Ag, — Bg, = 0. (6.19)

By shifting the preconditioner to the inexact constraint C' := (A, —B), it is no longer
guaranteed that the algorithm operates on the kernel of C. To adjust for this, we have
to transfer the PPCG method to the kernel of C. This leads to the inexact normal step
matrix

i M, 0 AT
H,=|0 M, -B"], (6.20)
A —-B 0

and consequently, to the new inexact system
ﬁnz =b.

Although this approach ensures positive definiteness, the evaluation of the product H,,dj,
seems to be infeasible since A and AT cannot be directly applied. By a recursive com-
putation, the application of these inexact operators can be avoided. Consider

i M, 0 AT dy M,d, ATq,
Hpdy=| 0 M, -BT||dy|=|Md,|+| -BYd,
A —-B 0 dp 0 Ad, — Bd,

While the first summand can be evaluated directly, the second one includes the operators
A and AT, After defining

0o o AT
fk = q 0 _BT dku
A —-B 0
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we derive the recursive formula

o o AT o o AT
Q 0 —-BT]d,= Q 0 =BT gk + Brék-1,
A -B 0 A -B 0

for k£ > 0. For the first summand, it holds that

0o o AT —(1k)y
0 0 —B")g=|-B"(g)p
A —B O —(T'k)p

By the same arguments as applied in the proof of Proposition 6.1} we conclude that
(rk)p = 0 and that each iterate is contained in ker C, for suitable starting values. Since
dp is initialized with gg, choosing

o O

€=

=)

and By = 0 allows the recursive computation of H,dy without having to evaluate A.
Still, for the initialization of the residuum, the product H,zy is required. This can be
overcome by choosing the initial iterate

Yo 0
z0=|u | =10
Po 0

Also this choice ensures that Ayy — Bug = 0. Consequently, we obtain a PPCG method
as defined in Algorithm Further, it takes into account the application of inexact
solvers for the subsystems. The resulting scheme is summarized in Algorithm

The analysis for the tangential step follows analogously, with an additional regularization
and

) L, 0o AT
Ht = 0 Euu —BT
A -B 0

For the details, see Algorithm [I3] In summary, we have derived an inexact PPCG
method for the linear systems arising in the composite step method. At this, we applied
the block preconditioner Q without relying on solving the resulting equations exactly.
However, in doing so, we shifted the problems to the kernel of the inexact constraints
C. Therefore, it remains to transfer these results back to ker C.
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Algorithm 12 Inexact Projected Preconditioned Conjugate Gradient (IPPCG) Method
for the (Simplified) Normal Step and the Lagrange Multiplier Update.

(Y by
Solve: H, |u | = | b,
P 0
0 Yo 0 0
Initialize: ¢, = [0 |, By = 0, initial iterate zo = [uo | = [0 ]|, 7o = H, [0 ]| —
0 Do 0 0
by
by |, do=go=Q *(—r0), and k = 0.
0
repeat
(k)y
& — | B (gr)p | + Brée—1
0
) My (dy )y
H,d; + Mu(dk)u + &
0
T
A _dgr%ikdk

21 2k + Qpdy
Thtl < Tk + apH,dy

A1
Gk+1 — Q7 (—7pg1)

T

Tkr19k+1

% LA B

/Bk+1 T;{Qk
di+1 < Grv1 + Brrrdi
k+—k+1

until convergent
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Algorithm 13 Inexact Regularized Projected Preconditioned Conjugate Gradient
Method for the Tangential Step.

(Y by
Solve: H; [u | = | by,
P 0
Input: regularization update parameter sy, and starting regularization parameter
AtlInit -
0 Yo 0 0
Initialize: &1 = | 0|, Bop = 0, initial iterate zo = (ug | = [0 |, ro = lEIt 0 —
0 Do 0 0
by
bu |, do=go=Q ' (=r0), A=0, and k = 0.
0
repeat
(T )y
& — | B (gr)p | + Brr—1
0
. (ﬁyy + )‘Ry)(dk)y

0
if df Hyd), < 0 then
A <+ update Lambda(\, Mimit, St1) (Algorithm
restart (Restart the entire algorithm.)
end if

T
T
Qf < — ke Ik

dl' Hydy,
Zk+1 — 2k + Oékdk
Th41 < Tk + apHidy,
A1

Gk41 < Q (—7py1)
ﬁ « TZ+191@+1

s i 9K
dit1 4 Grt1 + Bry1dy
k+—k+1

until convergent
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6.3 An outer correction loop

The restriction to ker C allows the application of PPCG methods, as described in the
previous section. However, the resulting solutions need to be corrected to satisfy the
exact constraints Cz = 0. Thus, we add an outer correction loop to Algorithms
and to recover solutions in ker C. Again, we start with the (simplified) normal step
system.

6.3.1 (Simplified) normal step system and Lagrange multiplier update

Roughly speaking, we construct an outer iterative method to solve the normal system

H,z=b. (6.21)
Given an initial iterate z = <]3;> with Cx = 0, a simple update §z can be derived via

H,(z+02)=bs H,02=b— Hyz. (6.22)

An inexact update 62 for can be computed with Algorithm Since (6%), € ker C,
a projection back the original constraint is required to obtain the final update dz which
is added to the initial iterate z. This process is repeated until we obtain a sufficiently
accurate solution of . In the subsequent analysis, we will discuss this new method
in detail.

Update of the dual component

Y
Consider a given iterate z = [ u | of our new outer iterative algorithm with

p
Ay — Bu=0. (6.23)

Motivated by the first line of Equation , the dual component p can be updated by
solving
ATp = by — Myy.

A numerically more stable version is computing the update Ap via
ATAp = b, — Myy — ATp (6.24)

and adding it to p:
p < p+ Ap.

Remark 6.7. For the theoretical analysis now, we assume that Equation (6.24]) is solved
exactly. In Subsection|6.5.4), we relax this condition and discuss the implications.
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Inexact update step

We recall the original problem
H,6z=b— H,z,

which corresponds to the system

M, 0 AT oy by — Myy — ATp
0o M, -BT ou| = | by — Myu+ BTp
A —-B 0 op —Ay + Bu

By inserting Conditions (6.23]) and (6.24)), the right hand side simplifies to

0
b= |b,— Myu+ BTp]|,
0

yielding the new system
H,0z =b.

To solve this equation, we apply a PPCG method, which requires a suitable precondi-
tioner. As shown in the analysis of Section a block preconditioner of the form
is a viable option. However, for large systems, only the inexact version as defined in
(6.16]) can be applied. Consequently, this choice implies that positive definiteness can
only be guaranteed on ker C. Thus, H,, has to be replaced by H,, leading to the inexact
System

H,0% =b. (6.25)

This system can be solved with Algorithm |12 which yields the inexact update (02), €
ker C'. Since the original problem requires solutions in ker C, the inexact update dZ has
to be projected back to ker C.

Projection
oy

Writing dZ = | d@ |, we project the inexact update back to ker C by solving
op

Ady = Béi (6.26)

for dy, yielding (gg) € ker C.

Remark 6.8. Again, we assume that Equation (6.26|) is solved exactly, and we address
the relazation of this condition in Subsection [6.3.4)

Before the primal variables y and u can be updated, a last modification is necessary.
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Damping
Equation (6.21)) corresponds to the minimization problem

. 1 1
min  g(y,u) := §yTMyy + iuTMuu — bgy —blu

(y;u) €Y XU (6.27)

s.t. Ay — Bu = 0.

Therefore, we have to ensure that after the projection step, a descent of g is guaranteed.
This can be achieved by computing a directional minimizer of g w.r.t. the direction

0 . .
< 5%) Consequently, we compute the optimal line search parameter

((F ) () -() () -
et 5 (g ) (50)

Finally, the primal components are updated:

Yy + wdy
u < U+ wot.

The entire method is described in Algorithm

6.3.2 Tangential step

The analysis for the tangential step follows analogously. The only difference is the
possible negative definiteness of L.,. Thus, a suitable regularization is incorporated
analogously to Algorithm Additionally, if a non-convexity of L, is encountered, the
entire algorithm is restarted after the regularization. The resulting corrected inexact
projected preconditioned conjugate gradient (CIPPCG) method for the tangential step
is summarized in Algorithm Next, it has to be verified that the derived CIPPCG
method converges. Therefore, we show that it is equivalent to a gradient method, and
as a result, inherits its convergence properties.
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Algorithm 14 Corrected Inexact Projected Preconditioned Conjugate Gradient Method
for the (Simplified) Normal Step and the Lagrange Multiplier Update.

Yy by
Solve: H, [u ]| = | b,
p 0
Yo
Input: initial iterate zg = | ug | with Ayy — Bug = 0.
Po

Initialize: £ = 0.

repeat
Apy, = AT (by — Myy, — ATpy)
Pk+1 < Pk + Apg

Ok 0
Solve: H,, | g | = | by — Myus + BTppy1 | (Algorithm [12)
0Pk 0

6yk — A_lB(;ka

Lo )G R) G

o ()2

Yk+1 < Yk + WKy
Ukl < Uk + wk(Ska
k—k+1

until convergent
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Algorithm 15 Corrected Inexact Projected Preconditioned Conjugate Gradient Method
for the Tangential Step.
Y by
Solve: Hy |u ]| = | b
p
Input: initial iterate zy = (yoT up? poT)T with Ayg — Bug = 0, regularization
update parameter siic, and starting regularization parameter A{Crnit-
Initialize: £k =0 and A = 0.
repeat
Apy AiT(by - (Eyy + )\Ry)yk — ATpk)
Pr+1 < Pk + Apy

u

o o SN
Solve: H; ggk = | by — (M, + /\Rou)uk‘ + BT parameters
k

sy1ic and A¢iCinit

if H, was regularized during the computation of the previous step then
update A accordingly.
Ht — Ht + A (R O>
0 0
f{t — f[t + A (SE 8)
restart (Restart the entire algorithm.)
end if
5yk — AilB&]k

Ly, + AR, 0 AN
0 Lo + ARy | \ug bu, oy,

3 Ly, + AR 0 Yk
T T
(ow” o) | ™ 0 Lo+ ARy ) \ 511

Wg < —

Ykt1 < Yk + wWibyi
Ugy1 — U + WOl

if (yes1” wk”) (Law + AR) <yk+1> <0 then
Uk+1

A < update Lambda(\, Ag1Cmit, St1¢) (Algorithm

H; +— H;+ A (é{ 8)
I:It — ﬁt + A (g 8)
restart (Restart the entire algorithm.)
end if
k+—k+1
until convergent
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6.3.3 Equivalence to the gradient method

For the convergence analysis, we can w.l.0.g. combine the normal step and the tangential
step systems to equations of the form

H, 0 AT y by
0 H, -BT|[|u]l=1|0b], (6.29)
A -—-B 0 P 0

where H,, and H, are symmetric and positive definite. Accordingly, solving (6.29) is
equivalent to the following minimization problem

: L 7 L 7 T T
min Ju):=—y Hy+ -u Hyu—0b,y—b, u
(y,u)eng(y ) =5y Hyy+ gu Hou —byy — by (6.30)
s.it. Ay — Bu=0.
Assuming that A is positive definite, we define the solution operator
S:=A"'B.
Consequently,
y = Su,
and inserting it into (6.30]) yields the unconstrained problem
~ L 7ot L 7 T T
inqulg(u) = Su ST HySu + FU Hyu — b, Su—b,u.
A direction of descent of g can be computed via the minimization problem
o1
i §5uTMa5u + ¢'(u)du,
for any positive definite preconditioner M,. By inserting ¢, we obtain
1
min —du’ Moou + (u" STH,S + u" H, — b} S — bl)éu. (6.31)

SucU 2

Thus, the solution du of this minimization problem corresponds to the update of a
gradient method with the preconditioner M,. Analogously, we conduct this analysis for
the CIPPCG method. In this setting, the computation of the inexact step via is
equivalent to

H, o AT 5 0
o H, -BT||[é6a]=|b.—Hu+BTp (6.32)
A -B 0 5p 0

and to the optimization problem

1 1
i (67, 00) = =64 H,6G + ~du’ Hyoa — (b,” — uT H, + p’ B)du
(5g,£§lenng( g, 0u) 509" Hy0y + 500 a— ( u +p' B)du

s.t. Asjj — Béa = 0.
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We define 5 .
S:=A"'B
and insert it into the above problem to obtain
1 ~ ~ 1
g%aﬁy:?fiﬁﬁﬁ+§wﬁaﬁ—@f—w%g+ﬂmm.
ue
Combining this result with (6.24) leads to
1 . -
gn%goﬁu:::§&ﬂksT£@5u+fL05a-amT-—quﬂ,+b;TS-—uTST£@53&L
ue

The comparison with (6.31]) yields that @ corresponds to a gradient step for the original

function g w.r.t. the preconditioner M, := STHyS’ + H,. Additionally, computing the
projected direction dy via
Ady = Béu

corresponds to

oy = So.
As a result, computing a directional minimizer of g w.r.t. du via

(wTSTH,S + vl H, — bZS —bh)sa
a 6aT(STH,S + H,)ou

is equivalent to the formulas for the optimal line search parameters in Algorithms
and In summary, this shows that the CIPPCG algorithm is equivalent to a gradient
method and has the same convergence properties.

6.3.4 Implementation and adjustments to nonlinear elasticity and in-
exactness

First, the implementation of the CIPPCG method is discussed.

Implementation

For the dual update and the projection , we deploy a PCG method with
a multigrid preconditioner Qppx of BPX-type. This preconditioner is combined with
a block Jacobi smoother which utilizes the diagonal of 3 x 3 blocks of A, respecting
the vector valued nature of the problem. This preconditioner Qypx will also be applied
in the Chebyshev semi-iteration. Solving the dual update with a PCG method allows
us to obtain an estimate for the eigenvalues of the preconditioned matrix QgplXA as
discussed in Section As a result, the linear Chebyshev semi-iteration, as defined in
Algorithm 5| can be utilized to solve systems involving A and AT in the application of
the inexact preconditioner Q. The analysis in Subsection only holds for solving
(6.24) and (6.26) exactly. However, for the sake of efficiency, we do not impose high
accuracies on the PCG methods involved, relying on a simple heuristic approach. As a




112 CHAPTER 6. CIPPCG METHOD

consequence, iterates are not guaranteed to be contained in ker C'. The starting accuracy

for solving ([6.24)), , and ((6.32)) is chosen according to the required step accuracy
Acs in the composite step method as discussed in Subsection [5.2.9, For the Chebyshev

semi-iteration, we apply a fixed accuracy Acheb.
A step is considered sufficiently accurate if the damping factor wy, satisfies

0 < wmin < Wk < Wmax

with user-provided parameters wmin < 1 and wmax > 1. This ensures that the final up-
dates steps are not too small and do not decrease the convergence speed of the CIPPCG
method too much. If this condition is not satisfied, we project the entire iterate back to
ker C' by applying a PCG method with high accuracy Acgnax to solve

Abdyr = Buy, — Ayy. (6.33)
Thereafter, only the state component is updated:

Yk+1 < Yk + OYk-

During the computation of the subsequent iterates, the accuracies of (6.24)), (6.26)), and
(6.32) are increased by the factor ,uICG. Also, we increase the accuracy of the Chebyshev

solver by ,uIChelj. For high accuracies, (6.24)), (6.26]), and (6.32)) are solved almost exactly.
Accordingly, Q ~ ). Therefore, wy should be close to 1, and fast convergence of the

entire CIPPCG method can still be expected.

Remark 6.9. Deriving an adaptive and more efficient way to determine the required
accuracies and to show convergence for this inexact approach is beyond the scope of this
work. Thus, it remains a subject of future research.

Convergence criterion

The criterion derived here was proposed in [96]. At this, only the primal variable z =
(y,u) is taken into account. Let (z.,ps) denote the solution to and (zg,pg) the
current iterate of the CIPPCG method. For a given relative accuracy Agreicippca, a
desired convergence criterion would be

|z — 2kl v < Areicrrpec ||z« ar- (6.34)

Recall that the matrix M corresponds to the Riesz isomorphism chosen for the composite
step setting. Since the solution x, is unknown, this condition cannot be evaluated
exactly. Therefore, the goal here is to derive estimates for ||x.||as and ||z« — zk| as-
Assume the contraction condition

|2 = @llr = O "l — @l
holds for 0 < ® < 1 and m < k. Then, we can derive the estimate

|2s — mpllar < OF (|a — apllar + |z — Tmllar)
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and thus,

k—m
—eF

Additionally, we obtain a lower bound of the norm of x,:

|2 — 2pllar < |z, — Zm||ar-

@k—m

m”ﬂﬁk — Tl

[allar = llnllae -

For k > m > i > 0, a simple estimate for the contraction factor can be defined by

~ T — Tm||M
5. | It
[2m — @il ar
This yields the estimates
ék—m
|24 — 2kl[ar = m”ﬂfk — Zm|lm
and ~
@k—m
allar ~ [lzkllar — m”xk — Zmlar,

which can be inserted into (6.34]), leading to the approximated criterion

ékfm
1 — ©k-m

(,:)kfm

1_ &—m £ —$m||M> . (6.35)

|lzk — zm|lmr < Areicippca (H%HM -

For the implementation, m = k — 1 and ¢ = k — 2 were chosen. Consequently, at least
two steps need to be computed in order to apply this convergence criterion. We also add
the absolute acceptance condition

llzr — zk—1]|m < Aabscrppea, (6.36)

for suitable Aapscippaa > 0. Moreover, Areicippec is set according to the step accuracy
Acs required by the composite step method as discussed in Subsection The im-
plementation is summarized in Algorithm |16|for the general setting described by .
Note that applying this algorithm to compute the tangential step may require some
regularization as described in Algorithm for the regularization parameters sic and
Aticmit- For the sake of readability, we assume that the respective matrices are already
sufficiently regularized and positive definite.

Non-convexity of the total energy functional

For nonlinear elastic problems, we know that the total energy functional I can be non-
convex. Consequently, this also holds for I, and &£,. Therefore, at a given composite step
iterate (yk, uk, Pei,), the operator A := fl’(yk) is not necessarily positive definite. During
the computation of the composite step update (dyg, dug, dpcy, Isk), the non-convexity
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Algorithm 16 Implementation of the Corrected Inexact Projected Preconditioned Con-
jugate Gradient Method.

Yy by
Solve: H|u | = | by,
P 0
Yo
Input: initial iterate zo = | up | with Ayy — Bug = 0, parameters: Acg (accuracy
Pbo
required by the composite step method), Aspscippca, Areicrppea = Acs, AcaMax,
AChebu MICGv MICheba Wmin and Wmax-
Initialize: £ = 0.

repeat
Solve: AT Apy, = b, — Myyx, — ATpy. (Algorithm [2] with accuracy Acg)
Pr+1 < P+ Apy

H, 0 AT Yk 0 ;
Solve: 0 Hy -BT oty | = | bu — Hyu + B pa (Ofiifil;l}? >
A -B 0 By 0 “

Solve: Ady, = Bduy, (Algorithm 2| with accuracy Acg)

(% ) 5)-() ()

(5ykT MtkT) (Hy 0 00

Wk < —
0 H,J)\déu

if 0 < wnin < Wi < Wmax then
Ykt+1 < Yk + WrOYk
Uk+1 < Uk + wkéﬂk

else

Solve: Ady, = Buy — Ay (Algorithm [2| with accuracy AcgMax)

ca
Acs < Acspyy
Cheb

Acheb < Achebiy
Yk+1 < Yk + Ok
Uk4+1 £ Uk

end if

k+—k+1

until convergent (If Condition (6.35]) or (6.36]) is satisfied.)
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can be detected by the CG methods applied to solve ((6.24)), (6.26]), and (6.33]). In that
case, we choose a regularization factor A > 0 and replace &, in (4.12)) with

A A
57(3/7 u) = g’y(yv u) + §Q(y - yk)?

where ¢ is a quadratic and positive definite energy. Note that the analysis for I, follows
analogously. In this work, we choose

q(v) = <U7U>ayy15train(id),
which corresponds to the energy induced by linear elasticity. For this modification, we
obtain )
& (y,u) = 0y &y (y, u) + Mg (y — yi)
such that
8y‘§7(ykauk) = Oy (Yk, ug).
Further, A is replaced by the regularized operator:

Ay = a;yéW(yka uk) = azng(yka uk) + )\q//(O).

This regularization has three main effects. First of all, for sufficiently large A, A, is
positive definite. Thus, a PCG method can be applied. Due to the positive definiteness
of A,, normal steps are shifted towards descent of £, (y, u) at (yx, ux). This can be shown
by considering the linearized constraint imposed on the normal step dn:

Apdny — Bony, + 0y, (yr, ug) = 0.
In addition, & (y,u) is linear in u, which yields
OyExy (Yiey up, + 0Ny ) 0Ny = (ayéw(yk,uk) — Bony,)ony = —(Ardny)dn, < 0.

Last, the regularization penalizes long steps, resulting in a more stable behavior of the
optimization algorithm. This corresponds to the physical interpretation that the linear
elastic regularization term adds an artificial stiffness to the material. To ensure the
positive definiteness of A,, we us the update formula of Algorithm [3] with the parameters
AEmit and sg until no directions of negative curvature are encountered anymore. After
each regularization, all updates (dyg,dug,dpey,dsk) of the composite step method is
recomputed with the new regularized energy functional SAW. Moreover, when an update
has been successfully computed, \ is set to zero again. This approach is summarized in

Algorithm

Remark 6.10. An alternative method to reqularization was also considered. If non-
convexity of the energy was encountered at a composite step iterate (yg,ug), the control
u was kept fized, and Algom'thm was applied to compute a minimizer Gy of (-, uy) or
L,(-,ug). Then, y, was replaced by Gy to ensure convexity of the energy. This heuristic
scheme is no longer consistent with the composite step method elaborated in Section [5.3.
So far, a rather unstable and erratic behavior has been observed, ruling out the application
of this method. One possible explanation might be buckling which can occur during such
an algorithm.
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Algorithm 17 Composite Step Method with Energy Regularization

Input: initial iterate (yo,uo, peg), regularization update parameter sg, starting regu-
larization parameter Agmmit, initial Lipschitz constants wg,, wy,, parameters nmin, 7, 0,
accuracies Acsab, AcsNorm, and Acsgrel, and contraction factors ©ycc, On, and Ogq.
Initialize: £ =0 and A = 0.
repeat
repeat

Yk+1

ug+1 | < computeCompositeStep(yi, Uk, Deg, A)

Deg41

if A+ A\¢"(0) is non-convex then
A < update Lambda(\, Agmit, Sg) (Algorithm
end if
until A + \¢”(0) is convex
A0
k< k+1

until convergent (If Condition (5.24]) or (5.25)) is fulfilled.)




Chapter 7

Numerical Examples

In the previous chapter, we have introduced three types of algorithms to solve problems
involving nonlinear elasticity. These are a cubic regularization approach, a composite
step method, and a path-following scheme. Here, we will test each algorithm by means
of numerical examples. Before doing so, the general setting is defined. First, regarding
nonlinear elasticity, a compressible Mooney-Rivlin model is chosen for the stored energy
function:

W (Vy) = a||Vy||? + b|| Cof Vy||? + ¢(det Vy)? — dIndet Vy,

with the parameters:
a = 0.08625, b=0.08625, c¢=0.68875, d=1.895.

This choice describes a model for soft tissue, cf. [64, Chapter 6]. The derivation of these
parameters for general cases is discussed in [15, Chapter 3-4]. In the optimal control
setting, a tracking type functional defined by

1 «
Iy, u) = Slly = yall7z0) + §HU||%2(FN)

serves as the objective functional. Hereby, we aim to approximate a reference deforma-
tion yq € L?(Q) for a positive regularization parameter o > 0. The function spaces are
defined by

Y x U:=HY Q) x L*(T'y).
If not stated otherwise, the corresponding scalar product is set to

(), () = 5 (i) + ) caqry)

Two geometries are considered here. The first one is described by a discretized plate
Q= [0,2] x [0,2] x [0,0.2]. The respective starting grid is illustrated in Figure
On the side faces, homogeneous Dirichlet boundary conditions are enforced. Moreover,
we choose the bottom face to be the Neumann boundary I'j, while the top face is the

117
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Figure 7.1: Initial grid for Problem 1.

Figure 7.2: Desired deformation for Problem 1 with obstacle (transparent).

contact boundary I'c. Figure[7.2)shows the desired deformation y4 with the obstacle for
three refinements. The desired deformations are precomputed for each refinement.

The second problem addresses a discretized cantilever Qs = [0,1] x [0,0.5] x [0,0.2],
which is displayed in Figure The back face is fixed at a wall, describing homoge-
neous Dirichlet boundary conditions. On the top face, the boundary force u is applied.
Thus, it acts as the Neumann boundary I'y. The remaining faces function as the con-
tact boundary I'c. Figure [7.4] illustrates the obstacle and the precomputed desired
deformation yq for three refinements. We expect the second problem to be much more
challenging since the boundary conditions of the cantilever are less restrictive, allowing
a wider range of deformations.

In both cases, we apply linear finite elements to obtain discretized variables. Here,
only uniform refinements are considered, and the corresponding degrees of freedoms are

displayed in Tables [7.1] and

1 Ref. 2 Ref. 3 Ref. 4 Ref.

Degrees of freedom y 6369 44415 330747 2550771
Degrees of freedom v 1323 5043 19683 77763
Degrees of freedom p 6369 44415 330747 2550771

Table 7.1: Degrees of freedom for Problem 1.
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Figure 7.3: Initial grid for Problem 2.

1 Ref. 2 Ref. 3 Refl. 4 Ref.

Degrees of freedom y 5865 42447 322971 2519859
Degrees of freedom v 693 2583 9963 39123
Degrees of freedom p 5865 42447 322971 2519859

Table 7.2: Degrees of freedom for Problem 2.

For the implementation, the finite element library KASKADE?7 [32] was used. This
library is based on the DUNE library [I0] and has been developed at the Zuse Insti-
tute Berlin. Sparse linear systems that require direct solvers were solved by utilizing
the software package UMFPACK [22]. Computing eigenvalues was conducted via the
dstevr function from the software package LAPACK [3]. The C++ library Eigen, cf.
[38], provided the matrix exponential function for the nonlinear update. Further, all op-
timization and path-following algorithms were implemented in the C++ library Spacyﬂ
which was developed for numerical optimization in a vector space setting. Regarding
nonlinear elasticity, the library FunG [65] was applied to compute the derivatives of the
stored energy function via automatic differentiation. All computation were carried out
on a compute server with an Intel Xeon E7-2830 2.13GHz processor and 1TB RAM.
This chapter is structured as follows. In the first section, the cubic regularization ap-
proach (Algorithm [1)) is applied to test the convergence rates derived in Chapters
and Also, the performance of the nonlinear update (Algorithm @ is analyzed in
Section [7.2] Section [7.3]is dedicated to numerical examples for optimal control of non-
linear elasticity, testing the composite step method (Algorithm combined with the
CIPPCG algorithm (Algorithm . Finally, this chapter is concluded with numerical
examples of path-following in Section An analysis similar to the one presented in
Subsection has already been published in [94].

"https://spacy-dev.github.io/Spacy/
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Figure 7.4: Desired deformation for Problem 2 with obstacle (transparent).

7.1 Numerical estimates for the convergence rates

Consider a monotonically increasing sequence of penalty parameters v, — oo and the
sequence of corresponding solutions y,, satisfying

Yn € argmin I, (v, u). (7.1)
veEA
We define
AI(Yn+1,u) = I(Yn+1,u) — 1(Yn, u)
and

AI’Yn-H (yn-i-la u) = I’Yn+1 (yn—i—l, u) - I’Yn (ym u)

As v, approaches infinity, the terms ||[y,]+ ||Loo ey AI(Yn,u), and AL, (yn,u) should
approach zero at a certain rate p® as shown in Theorem Analogously to the
examples in [47], we can compute an estimate for p¢ by

P ([l [yn] 1| (o)) — (| lynt1)+ [l Lo o))

" (1) — In(30) (2

The convergence rate estimates for the terms AI(y,,u) and Al (yn,u) are defined
analogously. Let

G = {m,m}

be a set of strictly increasing and sufficiently large penalty parameters. Then, Algo-
rithm (1| can be applied to obtain the corresponding solutions to Problem (|7.1]), yielding
the set

L= {yl,"'a yl}
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These solutions allow the computation of estimates for p° via . In the same way,
we perform numerical experiments to test the results of Theorem All computations
for Problems 1 and 2 are conducted with three uniform refinements. The required
parameters for Algorithm[I]and the applied boundary forces are summarized in Table[7.3]
The boundary forces are chosen to be constant functions on I'y. As the initial iterate
for Algorithm [I, we choose the identity mapping id.

CR CR CR CR CR
wy Uh U St 5D

Problem 1 ) 025 05 1.2 0.5 (0,0,0.1) le-8 5 1le-8
Problem 2 ) 025 05 12 05 (0,0,-0.022) 1le8 5 1le-8

u AAnit  SA Acr

Table 7.3: Parameters for the cubic regularization approach (Algorithm .

7.1.1 Normal compliance method

Since the rates derived in Theorem hinge on the exponent k in the penalty function

1
P(v)::k/r[v]ids, keN, k>1 wveY,
C

any reasonable examination requires several tests for different exponents. Here, we
choose k = 2,3, 4. Recalling the setting of Theorem WLP(Q) is embedded into the
space C?(Q) for p > 3 and 3 €]0.1[. In the case v — oo and 8 — 1, the estimates for p°

should approach the rate
1

(k—1)+2
The resulting estimates for the convergence rates are depicted in Figures[7.5]to[7.10] For
all results, we observe that the terms [|[y] || o (1), AI(y,u), and AL (y,u) exhibit the
same asymptotic convergence rate, which is consistent with Theorem |3.19] Regarding
Problem 2 (Figures to, it takes larger parameters y for the estimates to converge.
This effect may be attributed to the increased difficulty of the problem. Additionally,
the results indicate a faster rate

p° = S

k—1

which is significantly better than the rate predicted by Theorem [3.19] In summary,
we can deduce that the theoretical estimates are not necessarily sharp, and further
improvements may be possible.
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rate est. for AL (y,u)
rate est. for AI(y,u)
rate est. for ||[y]¢ ||z

k—1

| |
107 108

Figure 7.5: Estimated convergence rates for Problem 1 with k = 2.
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Figure 7.7: Estimated convergence rates for Problem 1 with k = 4.
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rate est. for AL (y,u)
rate est. for AI(y,u) :
sate est. for [y -ieo |

: : : : ol :
| | | | | | |
10" 102 10° 10* 10° 108 107 108

Figure 7.8: Estimated convergence rates for Problem 2 with k£ = 2.
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Figure 7.9: Estimated convergence rates for Problem 2 with k& = 3.
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Figure 7.10: Estimated convergence rates for Problem 2 with k = 4.
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7.1.2 Modified normal compliance regularization

In contrast to before, Theorem only guarantees a convergence rate p¢ for the modified
functional

1
57(317 u) = Iv(.% u) + 80(7)§||y - yd||%2(g)'
Again, we define

Ag’)’nJrl (yn+17 u) = 6’}’n+1 (yn+17 U) - g'yn (yna u)

Here, y,, denotes the sequence of minimizers of £, (-,u) in A. In particular, the derived
rate in Theorem [£.9] only holds for the absolute value

|A5’Yn+1 (yn-i-lv u) | .

As 7 approaches infinity, the function ¢ approaches zero at a user-provided rate p?, which
leaves us with two parameters to choose. The parameters tested here are summarized
in Table [Z.4

(k, 021 (K, p%)2 ©(7)
Problem 1 (3,1) (4,8) =
Problem 2 (2, %) (3, §> yP”

Table 7.4: Parameters for the modified regularization.

Analogously to (7.2)), we compute estimates for p®. Theorem states that p® and p¥
coincide. Therefore, we expect the estimates for p€ to approach p? for sufficiently large
~. In the same way, convergence rates for

Al(yn+1a U) = I(yn+1a U) - I(ynvu)

and the maximum constraint violation ||[yn]+| (1) are investigated. The results are
visualized in Figures to

The computed estimates support the rate derived in Theorem They even indicate
convergence rates for the terms |[|[y] || o (r.,) and [AI(y, u)|, which are not backed up by
theoretical results so far, encouraging further examinations. For the maximum constraint
violation [|[y]+|/zee(r), We observe the rate 1, coinciding with the results from the
previous subsection.
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rate est. for [|[y]: |z~ rc)

rate est. for [AE, (y, u)|

rate est. for |AI(y,u)|

rate est. for ||[y]+ [|z~e) [
1

k-1

: : : : : : : : : yd :

| | | | | | | | | | | | |

102 10°  10* 10° 10® 107 10% 10° 10" 10" 10" 10" 10™ 10™ 1078
Y

Figure 7.12: Estimated convergence rates for Problem 1 with k =4 and p¥ = %
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Figure 7.13: Estimated convergence rates for Problem 2 with k = 2 and p¥ = %



126 CHAPTER 7. NUMERICAL EXAMPLES

rate est. for |AE, (y,u
rate est. for |AI(y,u)
———rate est. for [[[y];[lz~wy | :
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)
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Figure 7.14: Estimated convergence rates for Problem 2 with k£ = 3 and p¥ = %

7.2 Nonlinear updates
Here, Algorithms [I] and [7] are applied to the regularized problem

y € argmin I, (v, u),
veA
and their performances are compared. Related results are presented in the PhD thesis
of Julidn Ortiz, which is in preparation. The applied boundary forces and algorithmic
parameters are shown in Tables and All computations are carried out for three
uniform refinements.

CR CR CR CR CR
Wy A Up S1 35D

Prob. 1 ) 025 05 1.2 0.5 (0,0,0.1) le-8 5 3 1le8
Prob. 2 ) 025 05 12 05 (0,0,—-0.01) 1le-8 5 3 1le8

u Aamit SA k  Acr

Table 7.5: Parameters for Algorithms [I] and [7] with v = 0.

CR ,CR ,CR .CR LCR
Wo M Up) Sy 5D

Prob.1 5 025 05 12 05  (0,0,01) 1le8 5 3 1le8
Prob.2 5 025 05 12 05 (0,0,—0.015) le8 5 3 1le8

u Aamit sa  k  Acr

Table 7.6: Parameters for Algorithms [1] and [7] with v = 100.

Further, at an iterate y;, we define the function value decrease

ALy, u) = Iy (yr—1,u) = Iy (yk, ).

The required iterations and the corresponding function value decreases of the two algo-
rithms are compared in Figures to
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Decrease of the objective functional Decrease of the objective functional

Decrease of the objective functional
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—#— AL (y,u) for the nonlinear update
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Figure 7.15: Function value decrease for Problem 1 with v = 0.
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Iteration

Figure 7.16: Function value decrease for Problem 1 with v = 100.

: —#— AL (y,u) for the nonlinear update
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Iteration

Figure 7.17: Function value decrease for Problem 2 with v = 0.
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Decrease of the objective functional

Iteration

Figure 7.18: Function value decrease for Problem 2 with v = 100.

For Problem 2 (Figures and , the nonlinear update strategy significantly out-
performs the standard approach. Although, this performance boost is smaller when
is not zero. Figure [7.19] visualizes the difference between the two methods for the case
v = 0. There, we compare the deformation of the nonlinear update strategy and the lin-
ear one in the second iteration of Algorithms[I]and [7] We see that the nonlinear update
yields larger deformations, and thus, faster convergence. In particular, rotational defor-
mations are better approximated. Figure [7.20]illustrates the final deformation, which is
the same for both approaches.

The performance increase cannot be observed for the first problem setting (Figures
and , where the nonlinear update strategy is even slightly slower. Additionally,
the obstacle has barely an influence on the behavior of the algorithm. It seems that
the nonlinear strategy only pays off in challenging settings where complex deformations
such as rotations occur.

In summary, we conclude that taking into account the underlying structure of the prob-
lem can significantly improve the performance of the algorithm. The nonlinear updates,
as presented here, yield promising results in the field of nonlinear elasticity. However,
it remains the subject of future research to incorporate those updates into an optimal
control setting.
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7.3 Optimal Control

In this section, we will test the composite step method (Algorithm , whereby the
arising linear systems are solved by Algorithm As stated in the introduction of this
chapter, we only consider the modified regularized optimal control problem

. J(,
(y,ur)nel}I}xU (y u)

s.t. cy(y,u) =0,
where the energy minimization has been replaced by its formal first order optimality

condition in the lower level problem. This is necessary to apply the composite step
method. All algorithmic parameters are summarized in Tables [7.7] to

AccMax  Acheb 59 g wiin Wmax  Stc Adcmit AAbsCIPPCG
P. 1 le-12 le-2 0.1 0.25 0.1 10 100 le-8 le-12
P. 2 le-12 le-2 0.1 0.25 0.1 10 100 le-8 le-12

Table 7.7: Parameters for the CIPPCG method.

O, O4 Ouec SE ABmit Acsab  Acsre  AcsNorm

Problem1 0.5 06 0.75 5 le-8 le-12 le-6 le-1
Problem2 0.5 06 0.75 5 le-8 le-12 le-6 le-1

Table 7.8: Parameters for the composite step method.

(:JCO a’fg Thmin n 0
Problem 1 1le-6 1le-6 1le-2 5e-2 0.25
Problem 2 1le-6 1le-6 1le-2 5e-2 0.25

Table 7.9: Parameters for the composite step method.

7.3.1 Performance of the CIPPCG method

First, we test the general performance of the composite step method combined with
the CIPPCG algorithm. Therefore, we solve both problems with increasing refinements
and compare the required computation time. Here, v is set to zero. This simplifies the
problems and allows more mesh refinements. The case v > 0 will be discussed later.
Further, we choose the regularization parameters o = le-1 for Problem 1 and o = 5 for
Problem 2. Table [7.10] shows the required computation time in hours, rounded to the
second decimal place. For Problem 1, each refinement yields an increase of the com-
putation time by about factor 10. The degrees of freedom are only increased by about
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1 Ref. 2 Ref. 3 Ref. 4 Ref.

Problem 1  0.11 1.00 9.95 97.39
Problem 2  0.24 2.92 62.56 204.57

Table 7.10: Computation time in hours.

factor 7.8. In absence of any grid-dependent behavior, the computation time would rise
linearly with the degrees of freedom. However, we deploy a direct solver in the precon-
ditioner, which does not yield linear scaling of the computation time w.r.t. the degrees
of freedom. Also, in the case of nonlinear elasticity, grid-independent behavior cannot
be guaranteed generally, as discussed in the following subsection. Still, the increase is
within reasonable bounds, allowing us to solve large scale problems.

The second problem exhibits a more grid-dependent behavior since the increase in com-
putation time cannot be described by a constant factor. In particular, the case of three
refinements yields the largest increase by about factor 20. This issue will be discussed
in detail when we study the two problems individually.

Next, the behavior of the composite step method is addressed. For the sake of brevity,
we only study the results for three and four refinements since the larger problems are
more relevant due to their increased accuracy.

Problem 1
The results for Problem 1 are depicted in Figures to where

AJ(zy) = J (k) — J(vg-1)-

First, we notice that convergence was achieved within nine iterations in both cases,
whereby no non-convexities are encountered. The damping factors v and 7 approach
the value one very quickly (Figures and , which suggests that the problem is
not too difficult. Further, Figures [7.23] to [7.26] display that the norm of the updates and
|AJ(zy)| approach zero. However, it seems that the region of superlinear convergence
has not been reached yet. The number of required CIPPCG and IPPCG iterations
has the same order of magnitude in both problems (Figures to , indicating a
grid-independent behavior of these two algorithms.

Finally, Figure shows that the desired deformation is closely approximated. The
optimal control is visualized in Figure |7.32
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1 2 3 4 5 6 7 8 9

Composite step iteration

Figure 7.21: Damping factors for Problem 1 with three refinements.

1 2 3 4 5 6 7 8 9
Composite step iteration

Figure 7.22: Damping factors for Problem 1 with four refinements.

| | | | | | | 1
1 2 3 4 5 6 7 8 9

Composite step iteration

Figure 7.23: Change of the objective functional values for Problem 1 with three refine-
ments.
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Figure 7.24: Change of the objective functional values for Problem 1 with four refine-
ments.
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Figure 7.25: Norm of the updates for Problem 1 with three refinements.
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Figure 7.26: Norm of the updates for Problem 1 with four refinements.
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An: CIPPCG iterations |-
—— At: CIPPCG iterations
ds: CIPPCG iterations
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Composite step iteration

Figure 7.27: CIPPCG iterations for Problem 1 with three refinements.

An: CIPPCG iterations |
—— At: CIPPCG iterations
ds: CIPPCG iterations

1 2 3 4 5 6 7 8 9

Composite step iteration

Figure 7.28: CIPPCG iterations for Problem 1 with four refinements.
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Figure 7.29: IPPCG iterations for Problem 1 with three refinements.



7.3. OPTIMAL CONTROL 135

An: IPPCG iterations

200 ="

— At: IPPCG iterations |
ds: IPPCG iterations | :

150 N\ A— A— A— A—
100 —hor .................... ................... ................... ...................
50 — ................
0 i : i ! i
1 2 3 4 5 6

Composite step iteration

Figure 7.30: IPPCG iterations for Problem 1 with four refinements.

Figure 7.31: Optimal solution (left) and desired deformation (right) for Problem 1 with
four refinements.

u Magnitude
-1,119e-01

-0,083894

0,05593

-0,027965
ED,DOOe+00

IRERALN

Figure 7.32: Optimal control (bottom face) for Problem 1 with four refinements. Color
codes the intensity of the boundary forces.
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Problem 2

As can be observed in Figures[7.33]to Problem 2 is more difficult than the first one,
which is reflected in the higher number of required composite step iterations. Here, the
composite step method is faster in the case of four refinements. In contrast to before, the
algorithm encounters non-convexities in the tangential step as well as in the total energy
I. The iterations where the non-convexities occur are not the same, causing different
behaviors for each refinement. Particularly, we observe more non-convex iterates in
the case of three refinements, which might explain the higher number of composite
step iterations. Nevertheless, the regularization mechanisms enable the composite step
method to return to convex iterates again, and the algorithm finally converges in both
cases. This is also reflected by the damping factors v and 7, which are practically one
in the last iterations (Figures and [7.34)).

The change in the objective functional value |AJ(z)| and the update norm ||dz|| both
approach zero (Figures to . Still, it seems that the algorithm has not entered
the region of fast convergence yet.

Next, we note that the number of CIPPCG iterations is significantly higher for three
refinements (Figures and , in particular at iterates where the energy is non-
convex. However, this may be caused by insufficient regularization. Considering the
estimate in , we recall that the Hessian matrix of the elastic energy can still be
almost singular, causing this irregular behavior. The same analysis holds for the IPPCG
iterations (Figures and [7.42]).

Figure depicts the resulting optimal solution compared to the desired deforma-
tion for four refinements. There, it can be seen that the desired deformation is closely
approximated.

Finally, we conclude that our composite step algorithm combined with the CIPPCG
method offers a robust approach to solve optimal control problems in nonlinear elasticity.
It enables us to solve large scale problems and to deal with possible non-convexities. Still,
the results suggest that a more sophisticated energy regularization could improve the
performance significantly.
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Figure 7.33: Damping factors for Problem 2 with three refinements.
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Figure 7.34: Damping factors for Problem 2 with four refinements.
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Figure 7.35: Change of the objective functional value for Problem 2 with three refine-
ments.
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Figure 7.36: Change of the objective functional value for Problem 2 with four refine-
ments.
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Figure 7.37: Norm of the updates for Problem 2 with three refinements.
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Figure 7.38: Norm of the updates for Problem 2 with four refinements.
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Figure 7.39: CIPPCG iterations for Problem 2 with three refinements.
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Figure 7.40: CIPPCG iterations for Problem 2 with four refinements.
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Figure 7.41: IPPCG iterations for Problem 2 with three refinements.
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Figure 7.42: IPPCG iterations for Problem 2 with four refinements.
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Figure 7.43: Optimal solution (left) and desired deformation (right) for Problem 2 with
four refinements. Color codes the intensity of the boundary forces.
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7.3.2 Choice of the functional analytic framework

For our optimal control problem, it is crucial to choose a suitable scalar product on
X =Y x U since it induces orthogonality, the norm, and consequently, the measure
of the step-length. Finding a scalar product such that (local) convergence theory in
function space can be applied seems to be out of reach for nonlinear elasticity. The
nonlinear elastic problem alone is prone to a two-norm discrepancy. As discussed in
Chapter [3] differentiability of the total energy functional I cannot be expected in spaces
less regular than W°°(Q). In contrast, the deformation space is only W2(Q), yielding
a norm gap that is hard to bridge. Consequently, we have to expect grid-dependent
behavior, at least for challenging problems where large strains occur. However, for
simple problems, additional regularity of the steps can usually be observed. Such effects
depend on the problem configuration and are difficult to verify a priori. In the following,
we consider two different scalar products:

1 «
((y,u), (y,u))1 == 5(%3/)1{1(9) + §<U,U>L2(FN)

and

1 o
<(y7u)7 (yvu)>2 = §<y7 y>L2(Q) + §<U7U>L2(FN)‘

The second scalar product is closer to the objective function J, but it does not take
into account the regularity requirements of nonlinear elasticity. On the contrary, the
first scalar product promotes smoother states. Although W1°°(Q)-regularity is not
guaranteed, it is significantly closer to the ideal situation.

We will test how the choice of the scalar product affects the performance for Problem 1
with three refinements and regularization parameter o = 5e-2. The results are analyzed
by means of the damping factors v and 7, see Figures and The numerical
results confirm the prior considerations. While the first scalar product yields convergence
within nine steps, the second one requires three times the number of iterations. Also,
it exhibits very irregular behavior. Moreover, in the second case, non-convexities are

107"
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Figure 7.44: Damping factors for the first scalar product.
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Figure 7.45: Damping factors for the second scalar product.

encountered four times compared to just one time when the first scalar product is chosen.
A similar result was observed in [94].

In summary, we conclude that the functional analytical framework can be crucial for
the performance of the applied algorithms. So far, utilizing an H'()-term in the scalar
product produces satisfactory results. Still, finding more suitable choices is worth further
investigations.

7.3.3 Optimal solutions that are not energy minimizers

Until now, we have not addressed how the underlying problem structure is changed if
the energy minimizing condition in

. J(y,
(y,ur)nelir/le (y U)

s.t. y € argmin I, (v, u)
veA

is replaced by its formal first order optimality condition, yielding

min  J(y,u
(yu)€Y xU v ) (7.3)

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

While the first problem requires optimal states to be global minimizers of the regularized
energy I, the second problem admits solutions that are local minimizers or just arbi-
trary stationary points. Such solutions can be observed for special cases. An analogous
observation follows for (4.9)). Here, we solve for Problem 2 and the parameters
~ = 100000, £k = 4, and o = 9.5 with two refinements. In the composite step method,
the linear systems are solved via a direct solver. Thus, the size of the problem is limited
to two refinements. After obtaining a solution (y.,us) to the optimal control problem
, Algorithm [1} is applied to compute an energy minimizer of I,( -, u,), denoted by
Ye- At this, the identity mapping id is used as starting iterate. The resulting solutions
are depicted in Figure[7.46| clearly showing that y, and y. are completely different defor-
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Figure 7.46: Optimal solution (right) with obstacle (transparent) and corresponding
energy minimizer (gray and left) for Problem 2. Color codes the intensity of the boundary
forces.

mations. Also, the respective function value I,(ye, us) is about -0.00029248, compared
to 0.00426433 for I, (y«,us). This verifies that y, cannot be a global energy minimizer,
and thus, it does not satisfy the original constraint.

An interesting result is observed when the CIPPCG algorithm is applied instead of
a direct solver. Then, the composite step method exhibits an oscillatory behavior, as
illustrated in Figure [7.47] for the update norms. The algorithm was manually terminated
after 64 iterations due to lack of progress. One explanation for this behavior might be

1040 PR
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x energy non-convex

1.3 5 7 911131517 192123252729 3133 353739 41 43 4547 49 51 53 55 57 59 61 63

Composite step iteration

Figure 7.47: Norm of the updates for Problem 2 with two refinements.

the energy regularization required by the reoccurring non-convexity. By regularizing
the elastic energy, as shown in Algorithm the problem considered is fundamentally
changed. Setting the regularization again to zero in the next iteration leaves us with an
inconsistency between two successive steps, which could be responsible for the oscillation.
By applying direct solvers, non-convexities are not detected. Consequently, the algo-
rithm also accepts non-convex solutions, which cannot be energy minimizers. In general,
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we want to avoid these cases all together and instead obtain solutions of the original reg-
ularized optimal control problem (4.3]). So far, the methods derived here do not address
this issue, leaving it as a subject for future research.

7.4 Path-Following

Here, we test Algorithm [9] for the original regularized optimal control problem

. J(y,
(y,ur)nellr/le (y U)

s.t. y € argmin I, (v, u)
veA

and the modified one
min  J(y,u)
(y,u)eY xU

s.t. y € argmin &, (v, u),
veA
where the energy minimizing conditions in the constraints are replaced by their formal
first order conditions. The terms corresponding to the modified problem are marked with
the subscript ¢. Table lists the chosen parameters. Additionally, the composite

Sp Y  Ymax <« k  p¥ () Refinements

Problem 1 10 10 1lel3 0.2 4 0.18 ~—*° 3
Problem 2 10 1000 1lel2 15 4 0.18 ~—*° 3

Table 7.11: Parameters for optimal control and path-following.

step method (Algorithm acts as inner solver, and all linear systems are solved with
the CIPPCG algorithm (Algorithm . The corresponding parameters are the same
as displayed in Tables to At each iterate zp := (zp,px) of the path-following
approach with the respective parameter ., the composite step method computes the
next iterate zpy1 on the path for v4y1. To measure convergence, we define the update
of the primal component

A.%'k =T — Tp—1-

For the path-following scheme to converge, ||Az| has to approach zero. Analogously to
the formula described in ([7.2)), we compute estimates for the convergence rates of the
maximum constraint violation ||[y]+||ze(r,) and the change in the objective functional
values

AT (k)| = [J(z) — J(zp-1)]-
The results are depicted in Figures to In Figures and we observe

that the number of required composite step iterations is very high in the first iteration.
After that, the path-following algorithm only requires few inner iterations. However,
the number raises again at the end. This observation indicates that the problem is still
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difficult or that the composite step method becomes instable for very large parameters
5.

Composite step iterations for (y,u,p) :
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5

Figure 7.48: Inner iterations for Problem 1.
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Figure 7.49: Inner iterations for Problem 2.

Figures and show that ||Az| and ||Az,|| approach zero in both problem set-
tings, indicating convergence of the entire path-following scheme. Moreover, the conver-
gence speed only seems to be linear. However, due to the lack of theoretical results in
the path-following setting, it is not clear whether faster rates can be expected. Further,
the speed of convergence is slower for the modified regularization (4.9).

Next, Figures and illustrate that the objective functional values are monotoni-
cally increasing in all cases. This result is reasonable since relaxing the constraints allows
for a larger choice of possible deformations, and thus, better approximations of the de-
sired deformation y4q. Additionally, the modified regularization yields smaller function
values, which is consistent with Proposition

Regarding the term |AJ(z)], Figures and [7.55|show an estimated rate of about 1.
It is also indicated that |AJ(z,)| approaches zero at the slower rate p¥. This has to be
expected since the regularization function ¢, applied in , converges to zero at the
rate p¥, which is slower than the rate ﬁ by construction.
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Figure 7.50: Norm of the updates for Problem 1.
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Figure 7.51: Norm of the updates for Problem 2.

The rate estimates for the maximum constraint violation indicate the convergence rate
ﬁ for the first problem (Figure |7.56). Here, the additional regularization does not
seem to interfere with the convergence speed. Interestingly, the results coincide with
those observed in Section [7.I}] This raises the question whether the techniques from
Section can be transferred to the optimal control setting. For the second problem
(Figure , the convergence rate of the maximum constraint violation appears to be
slower. However, the results do not indicate an alternative value for the convergence
rate, and further tests are required.

Figures to illustrate the optimal solutions for the largest parameter 7. Both
approaches seem to converge to the same solution for Problem 1 and 2.

In summary, both regularization schemes appear to converge. Here, the additional reg-
ularization defined in is not necessary to guarantee convergence, which may be
caused by the simple problem setting. Also, the first approach exhibits faster conver-
gence. Further, we observe convergence rates for the objective functional values and
the maximum constraint violation. So far, neither the convergence of the entire path-
following approach nor the observed rates have been verified by mathematical theory,
motivating further examinations.
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Figure 7.52: Objective functional values for Problem 1.
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Figure 7.53: Objective functional values for Problem 2.

All in all, we have been able to solve optimal control problems with hyperelastic contact
problems as constraints by combining a path-following method with a robust inner solver.
So far a simple path-following scheme was sufficient. For the inner solver, an affine
covariant composite step method provided the required robustness to solve problems
involving nonlinear elasticity. The CIPPCG method was successfully deployed to solve
the arising linear systems, allowing us to examine large scale problems.
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Figure 7.54: Estimated convergence rates for the objective functional values for Prob-
lem 1.
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Figure 7.55: Estimated convergence rates for the objective functional values for Prob-
lem 2.
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Figure 7.56: Estimated convergence rates for the maximum constraint violation for
Problem 1.
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Figure 7.57: Estimated convergence rates for the maximum constraint violation for
Problem 2.

Figure 7.58: Optimal solutions for Problem 1 with v = 1el3 and obstacle (transparent).
Normal compliance regularization (left), modified regularization (middle), and reference
deformation (right).
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Figure 7.59: Optimal controls (bottom face) for Problem 1 with v = lel3. Normal
compliance regularization (left) and modified regularization (right). Color codes the
intensity of the boundary forces.
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Figure 7.60: Optimal solutions for Problem 2 with v = 1el2 and obstacle (transparent).
Normal compliance regularization (left), modified regularization (middle), and reference
deformation (right). Color codes the intensity of the boundary forces.



Chapter 8

Conclusion and Outlook

In this thesis, we have conducted a detailed theoretical and numerical investigation of
optimal control of nonlinear elastic contact problems. Even without contact constraints,
such optimal control problems are challenging in themselves due to the bilevel structure
and the inherent difficulty of nonlinear elasticity. We extended the existing results,
elaborated in [64], [66], by also considering contact constraints. These constraints add
a non-smoothness to an already complex problem. A central part of the study was
the relaxation of the contact constraints via the normal compliance method. In that
context, convergence rates have been established. After applying the relaxation, we
obtained regularized optimal control problems. The focus of the theoretical examination
laid on deriving a corresponding convergence result. Showing such convergence has been
achieved in two ways. First, strong structural assumptions yield the desired result.
Second, we also obtained convergence by modifying the normal compliance regularization
to better reflect the entire optimal control problem, allowing more general settings.

For the numerical simulations, we replaced the energy minimization property of hyper-
elasticity by its formal first order conditions. So far, these conditions are only valid for
very restrictive settings. The replacement enabled us to apply the robust affine covari-
ant composite step method put forward in [64] [67], which can deal with highly nonlinear
problems. In addition, we introduced a specialized gradient-type method to solve the
arising linear systems. This introduction was necessary since exiting algorithms are no
longer suitable for large scale optimal control problems in nonlinear elasticity. Thorough
testing was conducted, where we successfully solved complex optimal control problems
in nonlinear elasticity.

At the end, these approaches were combined with path-following to solve regularized op-
timal control problems and approximate solutions to the original problem with contact
constraints. However, it remains an open problem to back up these last results with
mathematical theory. In summary, despite the challenging nature of optimal control
and nonlinear elastic contact problems, new theoretical and numerical results have been
established. Still, the examinations are by no means complete and leave us with a wide
range of possible directions for future research.
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The following extensions are conceivable. First, in the current implementation of the
optimal control problem, solutions that are not energy minimizers are admissible. Such
solutions have to be avoided since they are inconsistent with the original problem descrip-
tion of hyperelasticity. This is connected to the larger theoretical problem of deriving
first order conditions for minimizers in a general setting. Also, the corresponding KKT
conditions only hold formally and require further investigations.

Second, since the long-term goal is to solve real-world applications, more complex ge-
ometries and contact constraints need to be considered. This also includes multi-body
problems. Further, adaptive accuracy matching and regularization approaches are nec-
essary to increase performance and solve more challenging problems. So far only simple
heuristic approaches are deployed to determine the required accuracies of the applied
algorithms. In that context, error estimates for adaptive mesh refinements are also
essential.

Last, the nonlinear update strategy (Algorithm @ yielded promising results in the field
of nonlinear elasticity, encouraging further investigations. In particular, the embedding
of this strategy into the optimal control setting could lead to significant performance
gains.
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