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Abstract

This thesis addresses optimal control problems with elasticity for large deformations.
A hyperelastic model with a polyconvex energy density is employed to describe the
elastic behavior of a body. The two approaches to derive the nonlinear partial
differential equation, a balance of forces and an energy minimization, are compared.
Besides the conventional volume and boundary loads, two novel internal loads are
presented. Furthermore, curvilinear coordinates and a hierarchical plate model can
be incorporated into the formulation of the elastic forward problem.

The forward problem can be solved with Newton’s method, though a globalization
technique should be used to avoid divergence of Newton’s method. The repeated
solution of the Newton system is done by a CG or MINRES method with a multigrid
V-cycle as a preconditioner.

The optimal control problem consists of the displacement (as the state) and a load
(as the control). Besides the standard tracking-type objective, alternative objective
functionals are presented for problems where a reasonable desired state cannot be
provided. Two methods are proposed to solve the optimal control problem: an all-
at-once approach by a Lagrange-Newton method and a reduced formulation by a
quasi-Newton method with an inverse limited-memory BFGS update.

The algorithms for the solution of the forward problem and the optimal control prob-
lem are implemented in the finite-element software FENICS, with the geometrical
multigrid extension FMG. Numerical experiments are performed to demonstrate
the mesh independence of the algorithms and both optimization methods.






1 Introduction

1.1 Motivation

Elastic deformations are a common phenomenon in nature: for example, large parts
of the tissues of animals are elastic, otherwise movements would be impossible or
would cause damage due to material fatigue. But also in modern technology, elastic
parts are often components of machines and devices, which allow a flexible shape
or movement. There are cases where the shape of the deformed elastic part is of
interest, and the question arises how a certain shape can be attained. We consider
the case where an exterior or interior load acts on the body and we try to find a
load that deforms the body in a desired way. This will be formulated as an optimal
control problem.

As we seek a noticeable change in the shape of the body, we expect the deformation
to be large, which requires an elasticity model for large (non-infinitesimal) defor-
mations. These models are inherently nonlinear and challenging to solve. In this
thesis, we focus on polyconvex hyperelasticity models, which can be formulated as
an energy minimization problem. This will constitute our forward problem: the
computation of the deformation of an elastic body for a given load.

This forward problem is the basis for the optimal control problem, where we seek
to find a load such that the deformation is close to the desired one. One possible
application in medicine of implant design is investigated by Lars Lubkoll, Anton
Schiela and Martin Weiser, see Lubkoll et al. (2012). Consider a patient who lost
a part of his jaw bone along with the skin due to an accident. The bone could
be replaced by an implant that is reconstructed from the undamaged part of the
intact jaw bone. The skin can be transplanted from another part of the body, but
the thickness and elastic behavior is likely to be different than that of the original
facial skin. As a consequence, the facial reconstruction might be unsatisfactory
to the patient as symmetry in facial structures is a key aspect to appearance. In
order to improve this procedure, the implant could be modeled in such a way that
the resulting facial structure matches the undamaged right half of the jaw. The
authors have shown that the optimal control problem with a contact between the
rigid implant and the elastic skin can be reformulated as an optimal control problem
with a boundary load. In this setting, the deformation of the skin is the state and
the boundary load on the inside is the control. Other applications can be found in
industrial manufacturing.
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The elasticity model which is used in this thesis is fundamental to extensions like
elasto-plastic material models for large deformations. Several mathematicians in
Germany are working on the optimal control of elasto-plasticity. The Sonder-
forschungsbereich (SFB) 666: Integral Sheet Metal Design with Higher Order Bifur-
cations has a project on optimal control of deep-drawing processes, investigated by
Stefan Ulbrich and Daniela Bratzke from the TU Darmstadt. Furthermore, Michael
Stingl and Stefan Werner from the Friedrich-Alexander University Erlangen-Niirn-
berg worked on the optimal control of hot rolling processes, in which friction plays
an important role. Gerd Wachsmuth and Roland Herzog from the TU Chemnitz and
Christian Meyer from the TU Darmstadt made major contributions to the analysis
and stationarity of optimal control problems in the case of small deformations, see
Herzog et al. (2013).

Another related type of problem is shape optimization. Benedikt Wirth from the
University of Miinster proposed to measure the difference between two body shapes
by the required physical energy to deform the current body such that it matches the
desired shape, see Rumpf and Wirth (2009), Rumpf and Wirth (2011) and Penzler
et al. (2012).

The contributions of this thesis is extended in several directions:
Modeling

As we seek to describe biological phenomena, we need to model certain forces that
are commonly found in animals and plants. First, we show how an inner pressure,
called turgor pressure in plants, can be understood as an interior load and how it can
be integrated into the elasticity model for large deformations. Other examples are
muscle tissues where the muscle fiber causes a tension along its fiber direction. We
present a model for this kind of interior load and show how it fits into the elasticity
model.

Hierarchical Plate Model

Large deformations often occur when the body can be easily deformed, for example
because it is a thin plate. Here, full 3D formulations of the deformation problem
suffer from discretization problems, often referred to as locking. In order to avoid
this locking and exploit the structure of the deformation, several plate models have
been proposed. While some are only applicable for very thin plates, we use the
hierarchical plate model which can also be applied to thicker plates. We show how
this ansatz is incorporated into the elasticity model and the optimal control problem.

Quality Functionals for the Optimal Control Problem

In a large part of the mathematical literature on optimal control, a tracking-type
objective functional with a desired state is presented and used. While this func-
tional is not only plausible for many problems, it is also practical for the analysis of
these problems. However, there are many situations in elasticity where we cannot
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provide a desired state for the objective functional. We present a couple of exam-
ples where a desired state is not available and give alternatives how to formulate
appropriate objective functionals for these examples. Furthermore, we use shape
derivatives to obtain simple representations of the first derivative of these novel
objective functionals.

Optimization Methods

As the number of degrees of freedom might be large for partial differential equations
in 3D, we need methods that are capable of solving large-scale problems. On the one
hand, this means that an algorithm should ideally scale linearly with the problem
size, otherwise the computational costs might be too high. In order to achieve this,
we formulate the iterative optimization methods and the solver for the linear systems
in a function space setting. This approach is natural for this type of problems and
eventually allows us to construct a quasi-Newton method to solve the optimal control
that shows a mesh independent behavior.

Implementation

All presented algorithms and variational equations were implemented in the finite
element software FENICS. Even though many routines, like Newton’s method or the
conjugate gradient method, where already present in FENICS, we had to implement
them anew to modify them to our requirements. This also includes a line search
method for the forward problem. The possible divergence of Newton’s method for
elasticity problems with large deformations can be resolved by a globalization tech-
nique. We propose a new line search objective which mimics the stored energy and
is applicable in many situations like the case of inhomogeneous Dirichlet boundary
conditions or the lack of a formulation of the forward problem based on a stored
energy.

1.2 Outline of the Thesis

Chapter 2 — A Mathematical Model of Elasticity with Finite Deformations .
This chapter presents the modeling of elasticity for large deformations. First we
compare two different approaches to obtain a variational equality for the forward
problem: the classical balance of forces and an energy minimization. Both ap-
proaches yield the same variational equality, though the energy minimization allows
the usage of methods that can be motivated from optimization, e.g. a line search
as a globalization technique. Next, we present the modeling of two interior loads
and how they fit into the elasticity model. Finally, we demonstrate how curvilinear
coordinates and the hierarchical plate model can be incorporated into the full 3D
model.
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Chapter 3 — Numerical Methods to Solve the Forward Problem . The forward
problem is a nonlinear partial differential equation and Newton’s method is likely
to diverge for large deformations. As a remedy, we present several globalization
techniques, among them a new method built on a guiding function. In order to
solve the linear system in Newton’s method, we use a conjugate gradient or minimal
residual method. At this point, all algorithms are formulated in a function space
setting, which allows the correct choice of norms and scalar products. Next, we use
a finite element method to discretize the problem, including a multigrid method to
build a preconditioner for the CG and MINRES method.

Chapter 4 — Optimal Control Problems in Elasticity . The elasticity model
is the basis for the optimal control problem, with the displacement as the state
and a load as the control. First, we present a couple of examples for the objective
functional. We point out that a classical tracking type functional is not always
applicable as we might not be able to provide a desired state. As an alternative,
We give three examples for objective functionals. We present two optimization
methods to solve the optimal control problem: a Lagrange-Newton method, and a
quasi-Newton method with BFSG update. Again, both are formulates in Hilbert
spaces, which is particularly rewarding when constructing the BFGS update for the
quasi-Newton method.

Chapter 5 — Implementation in FENICS . The presented algorithms are im-
plemented in the finite element software FENICS. We give a brief introduction to
FENICS and how it can be used to solve partial differential equations. Next, we
demonstrate how the several forms and functions of the optimal control problem
can be implemented. This includes the curvilinear coordinates as well as the hier-
archical plate model. Finally, we propose an experimental preconditioner that uses
the current stiffness matrix rather than the stiffness matrix from the linear model
of elasticity. However, the current matrix might be indefinite, and we propose a
method to avoid this problem.

Chapter 6 — Numerical Experiments . In this chapter we present several nu-
merical experiments to test the implemented algorithms. First, we compare the
globalization techniques for the forward problem by the example of a thick plate.
Furthermore, we use this example to compare the hierarchical plate model with the
full 3D model. Next, the four optimal control problems demonstrate the different
objective functions. Here, we also compare the Lagrange-Newton and quasi-Newton
and their advantages. Additionally, we illustrate how curvilinear coordinates and
the hierarchical plate model can be used in optimal control of elasticity.
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1.3 Notation

This section gives an overview over the notation which is used throughout this thesis.

Domains €, Q and € are distinguished by their marker, e.g. a hat ~ or a tilde ™.
Points within these domains have the same marker, e.g. € Q, T € Q or £ € Q.
The boundary of €2 is denoted by €2 and the interior of €2 is denoted by int 2.

Scalars, vectors and tensors are denoted by Latin or Greek letters.

We use lowercase symbols like m or ¢ for scalars.

Bold symbols like @ or U denote vectors in R3.

Arrows “indicate vectors of R™, such as coefficient vectors.

Uppercase Symbols like F' refer to tensors, normally of order 2, e.g. ma-
trices.

Exceptions to these rules are the local volume change J, because this convention
is widely used in the literature, and the prolongation operator p and restriction
operator r (both matrices), as P is more commonly used for the preconditioner and
R for the Riesz operator.

Components of a vector f or a tensor F' are denoted by [f];, respectively [F];;. The
only exceptions are the spatial coordinates & € €2 where we abbreviate the earlier
notation by @; := [x]; due to their frequent use.

Functions (fields) defined on domains 2, like a scalar field m : Q@ — R or a vector
field f : Q — R3, inherit the marker of the domain, e.g. f : Q — R?, f Q — R
or f Q — R3, to emphasize the arguments they have and to possibly drop the
arguments for better readability, e.g. f = f (). The gradient of scalar fields or
the Jacobian of vector fields with respect to the spatial coordinates & are denoted
both by V(-). If the field is defined for example on €) and the differentiation is with

respect to Z, the differential operator inherits the marker, that is @()

Functionals defined on (Sobolev) function spaces are denoted with uppercase
letters like W or S. Even though we said to use uppercase letters for tensors, the
usage of these functionals should make clear that these are not tensor-valued. Their
derivatives with respect to an argument is indicated by a subscript, for example
W u denotes the derivative of W with respect to its argument U. In this thesis,
derivatives with respect to functions are to be understood as formal. The directional
derivative of W, at a point U and in a direction U, is denoted by W iy (U)[0U]. The
second derivative in the directions U and 6V then reads W,y (U)[6U, 5V]. We use
the symbol ¢ for perturbations like dU in the calculus for differentiation, whereas
the symbol A is used for search directions like AU in algorithms like Newton’s
method. For example, Newton’s method would read in this notation

U1 =Uyr + AUy with Wyuu(Uk-)[(sU, AU}J = —W,U(Uk)[(SU}, VY oU.
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The set of linear and bounded operators from a Hilbert space X to a Hilbert space
Y are denoted by £(X,Y). The inner product of a Hilbert space X is (x1,%2),,
x1,22 € X. The dual space of a Hilbert space X is X and the duality pairing is
denoted by [y,x}X*’X, with y € X* and z € X.

Tensor Calculus

e The set of 3 x 3 matrices is denoted by M® := R3*3 and the subset of
matrices with positive determinant is M? := {A € M? : det A > 0}.

e The identity matrix is denoted by I, in most cases, I € M3.

: 1 ifi=

e The Kronecker symbol is denoted by d;; := { 0 else

e The unit vectors €; are defined by [€;]; = Ji;.

e We do not use the Einstein summation convention in this work. Sums are
always denoted by the symbol >, though sometimes we drop the index
range if they are clear, e.g. >, :== >0 .

e We drop the multiplication dot “” for tensor products, e.g. AB := A- B.
This follows the common literature on linear algebra but not the literature
on differential geometry, e.g. Ciarlet (2005), or literature on mechanical
engineering, e.g. Spencer (2004) or Bower (2009).

e The inner product between two matrices A : B in M? is defined as A :
B := tr(A" B) with the trace operator tr A := 3°°_ [A];;. Please note that
the definition A : B is not unified in the literature, some authors define it
as tr(AB).

e The Euclidean scalar product between two vectors a, b is simply a ' b. The
Euclidean norm of a vector is denoted by ||-||2, that is ||z||3 := = «, while
the Frobenius norm of a matrix is ||-||r, that is ||A||E := A : A.

e The cofactor of a regular matrix A is defined by cof A := (det A) A~ T.

Integrals over the domain 2 are denoted by fQ ...dx and integrals over a part of
the boundary T' C 92 are denoted by fr ...dS. The differentials de and d.S inherit
the marker of the domain, e. g. fﬁ ...dz.

State and Control variables in literature on optimal control are often called y and
u. Unfortunately, this clashes with the widely used U for the displacement which
is our state. Therefore we use U for the state (displacement) and C for the control
(load).

1.4 Nomenclature

Sets and Domains
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M3 set of 3 x 3-matrices

M3 set of 3 x 3-matrices with positive determinant

Q reference configuration and undeformed body in 3D, section 2.1

Q current configuration and deformed body in 3D, section 2.1

Q parameter space for curvilinear coordinates to describe €2, section 2.4

0P midsurface of a plate, section 2.5

o0 boundary of the domain

ry, N Neumann boundary for the boundary load g, respectively g

Ly () Sobolev function space

H () Sobolev function space

u state space for the displacement, definition 2.2.10

C control space for the load, definition 2.2.15

X mixed space for the Lagrange function, definition 4.2.1
Operators

v,V,V gradients with respect to @, &,

div, &i\v7 div divergence with respect to @, x, T

(),u derivative with respect to U

e(U) linearized strain of the displacement U, eq. 2.48

S solution operator, definition 4.3.1

R Riesz operator for a Hilbert space, defined by (3.11)
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Tensor, Vector and Scalar Fields

SO Y.
AN
v}

S

SLIEIR N ROt
)

material coordinates of the undeformed domain €2, section 2.1
material coordinates of the deformed domain (AZ, section 2.1
parameter of the parameter space §~2, section 2.4
displacement, section 2.1

part of the displacement for the plate model, section 2.5
perturbation of the displacement U

search direction for the displacement U

deformation gradient, section 2.1

Jacobi matrix, (2.52)

local volume change, section 2.1

right Cauchy-Green tensor (C' = F' F)

Cauchy stress tensor, section 2.2

volume load, section 2.2.3

boundary load, section 2.2.3

inner pressure, section 2.2.3

tension along a fiber, section 2.2.3

fiber direction, section 2.2.3

control, section 2.2.3

perturbation of the control C

search direction for the control C

multiplier in the Lagrange functional (4.18) or adjoint state in the
adjoint equation 4.37

abbreviation for the triple (U, C, Z)

auxiliary functions (4.42) for the BFGS update
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Functionals
G guiding function (3.5) for the guiding criterion (3.4)
I objective functional of the optimal control problem (4.2)
Ired reduced objective functional of the reduced optimal control problem (4.:
L) Lagrange functional (4.18)
P penalty or cost functional (4.17) for the control
quality functional for the state
Qtrack tracking-type quality functional (4.4)
Qre" regional penalization (4.6)
Q° quality functional (4.9) for the desired direction
Qv enclosed volume between two plates
w energy density (2.18)
w stored energy (2.45)
w energy (2.32) for the stress
we energy for the control
w& energy for the volume load, table 2.1
w energy for the boundary load, table 2.1
w® energy for the inner pressure, table 2.1
wm energy for the fiber tension, table 2.1

Matrices and Vectors

Ap stiffness matrix from the nonlinear model of elasticity
Kiin.elast stiffness matrix from the linear model of elasticity
Me mass matrix in the control space
P preconditioner
De—se+1 prolongation (3.24)
Parameters
A, Lamé parameters
a,b,c,d, e material parameters for the polyconvex energy density (2.18)
2d thickness of a plate
D degree of the hierarchical plate model
i Legendre polynomial of degree ¢, remark 2.5.3
DG degree of the Gauss-Legendre quadrature formula, remark 2.5.5
Tjwj integration point and its weight for the Gauss-Legendre quadrature, rem
aTol absolute tolerance in a stopping criterion
rTol relative tolerance in a stopping criterion
sc scaling for the initial hessian (4.43) of the BFGS update
su,Sc,Sz scaling factors of the block preconditioner (4.27)

L number of mesh refinements
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Norms and Inner Products

I1I2
Il
[ llee
Il
1]+
(.’ ')Z/{
('7 ')C
['7 ']u*,u
[.

bl ‘]C*,C

Abbreviations

AD

BC
BFGS
CG

dofs
FEM
FFC
LM-BFGS
LN
LNnest
MINRES
NURBS
QN
PDE
UFL

FEuclidean norm of a vector

Frobenius norm of a matrix

norm in the dual state space U™

norm in the dual control space C*

norm in the dual space X*

inner product of the state space U

inner product of the control space C

duality pairing for the state space U and its dual U™
duality pairing for the control space U and its dual U*

automatic/algorithmic differentiation

boundary condition
Broyden-Fletcher-Goldfarb-Shanno (update formula)
Conjugate Gradient (method)

degrees of freedom

finite element method

FENICS Form Compiler

limited Broyden-Fletcher-Goldfarb-Shanno (update formula)
Lagrange-Newton (method)

nested Lagrange-Newton (method)

Minimal Residual (method)

non-uniform rational B-splines

quasi-Newton (method)

partial differential equation

Unified Form Language
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In this chapter we give an introduction to the mathematical modeling of elasticity
for large deformations. Our object of interest is an elastic body which is deformed
by exterior or interior loads. First, in section 2.1, we describe the geometry of the
deformation, which can be achieved by the displacement in the case of stationary
elastic material behavior. Based on the displacement, we can formulate geometrical
quantities such as the deformation gradient F' or the local volume change J. In
section 2.2, we will show the classical derivation of the model of elasticity by starting
with the balance-of-forces. In this derivation, a stress tensor shows up and we need
to establish a relationship between the displacement and this stress tensor. In case of
hyper-elastic materials, this relationship is modeled by an energy density w. We will
see that this energy density w can also be used to take a different approach than the
balance-of-forces: the energy minimization. Here we will formulate a stored energy,
which is a measure for the work which is done to deform the body. The formal first
order optimality condition of the energy minimization problem will be the same
variational equality as in the balance-of-forces approach. The minimization of the
stored energy is also an essential part of the existence result due to John Ball, who
proved the existence of a displacement for polyconvex energy densities.

In section 2.2.3, we will give some more details on the modeling of the loads. The
two classical types, volume and boundary loads, can be found in almost every book
on elasticity, though the assumptions for these loads are often not stated explicitly.
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After representing the derivation of these two external loads, we show how two
internal loads can be modeled: an inner pressure and a tension along a fiber tension,
both motivated by biological phenomena. To put these two internal loads into the
context of the energy minimization, we will state energy functionals that correspond
to these loads, showing that the loads are conservative.

We will conclude the derivation of the elasticity model with a comparison to the
linear model of elasticity in section 2.3. We will see the two main reasons why
the linear model is valid only for small strains and cannot be applied for large
deformations.

Sometimes it is easier to describe the undeformed body in curvilinear coordinates,
which we will discuss in section 2.4. Our prior notation for the elasticity model
allows an easy inclusion of such curvilinear coordinates into the variational equality.
This also holds true for the hierarchical plate model in section 2.5. Here we present
a plate model that can be understood as a reduction technique, that is we assume
that the displacement has a certain structure. This assumption turns out to be a
sound one for thin plates.

2.1 Modeling of Finite Deformations

In this work, the derivation of the mathematical problem follows Ciarlet (1988).
The object of interest is an undeformed mechanical body which occupies the domain
Q C R3, that means Q is open, connected and has a Lipschitz boundary. This body
is now deformed due to an internal or external force. That means that each material
point & = (@1, @2, x3) € Q of the undeformed body is moved to a new position Z(x)
of the deformed body Q = Z(Q2) C R?, with a function @ : Q — €0, see figure 2.1. We
assume the function Z to be injective, otherwise two material particles would occupy
the same spot, so there exists an inverse function Z ' : Q — Q. The undeformed
body €2 is often called reference configuration and the deformed body Q current
configuration.

Functions to describe physical quantities (e. g. the material density) can be defined
on either  or ﬁ, depending on whether one uses the Eulerian or the Lagrangian
description. In this work, functions defined on the current configuration Q are
marked with a hat ™, not only to emphasize their dependencies, but also to clarify
the argument in case we drop the argument (Z) for better readability.
A common way to describe a deformation is the displacement field U : Q — R?
which is the difference

U(z) = z(x) — x. (2.1)
This quantity is sufficient to describe an elastic deformation Z(x) = @ + U(z) in
our framework (unlike visco-elasticity or plasticity where additional quantities are
required to describe and evolve the current deformation).
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Q

FIGURE 2.1. The undeformed body Q (blue) and the deformed
body € (red).

In later formulations, the deformation gradient F' plays a central role. It is defined
as the Jacobian (matrix)*

oz oz, .
F((E) T %(m) ) [F]’b] - 833]' ) ] = 172737 (22)
and its inverse matrix is
_ ox _ ox;
1y . 9T~ oo O%i L
F ((E) T aa (m) ) [F ]ZJ aa] I [2W) 17273' (23)

It is easy to see that it is the inverse matrix of F', e. g.

g 1, - N 9% 0T
= = =

In order to reformulate F in terms of the displacement U, we introduce the differ-
ential operators?
_ov;,

[vv]l](m) = awj (m) ) Z)] = 172537 (24)
and
V1@ = @), =123, (25)
8mj

1Despite its name, the deformation gradient F' should not be viewed as a gradient in the classical
sense. It is the derivative of & with respect to .

2Another common notation, for example see Meyer (2007), Bertram (2008) or Ogden (1984), is
built around the gradient operator Grad(-) which is the transpose of the above definition V(-).
This usually accompanies the definition “A : B := tr(AB)”.



14 2 A Mathematical Model of Elasticity with Finite Deformations

for differentiable functions V : Q@ — R? and V : Q — R3. Applying the chain rule
yields the relationship

~ 8V 8a:k ..
=1,2
[v Z 6mk 8w] ) Z7.] ) 737

or, in terms of matrices,

VV(&(x)) = VV (2)F ' (z). (2.6)
With this notation, F' can be written in the form
Fa) = W(m) — 1 VU (), (2.7)

with the identity matrix I € M®. Another frequently met quantity is the local
volume change

J(x) :=det F(x) = det (I + VU (x)) . (2.8)
We remark that the local volume change J(x) should be positive for all & € Q.
Otherwise, the deformed body is not guaranteed to be physically admissible and the
following modeling cannot be justified. A positive local volume change is essential
to the modeling of elasticity. A further discussion on this topic can be found in
section 2.3.

2.2 Models for Elastic Material Behavior

The classical displacement-traction problem is described by an undeformed body 2
which is clamped on a part I'® C 9Q of the boundary of the body. Due to boundary
loads g(x) € R? acting on the remaining part T = 9Q \ T'® of the boundary and
volume loads f(x) € R acting on the whole body, the reference configuration
is deformed into the current configuration Q. In this section, a brief description of
the modeling of elastic material behavior of the body is given. In this work, we
assume that the material behavior is isotrop and homogeneous, though extension to
anisotropic material behavior is possible in principle. We will start with the classical
modeling based on a balance of forces. For more details, see Ciarlet (1988), Ogden
(1984), Antman (1984), Bertram (2008), Bower (2009) or Bower (2012).

2.2.1. Balance-of-Forces Approach

A classical principle in mechanics, namely Newton’s law, states that if a body is at
rest, all forces and stresses must be balanced. That means that for each force there
is an equivalent counter force. As we assume our problem to be time independent
or stationary, the deformed body has to be at rest. This means that the balance of
forces is formulated in the deformed body, as this is the current configuration where
the body rests. Let us start with a small arbitrary control volume @ C int Q. The
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balance of forces consists of two parts: forces over the boundary and the volume loads
acting on the control volume. The forces over the boundary d& can be described by
the so-called Cauchy stress tensor T € M>.

Theorem 2.2.1 (Cauchy’s theorem). Let 72(Z) be the outer normal of @ at Z € 0w.
There exists a symmetric tensor field T :  — M? (independent of the choice of @)
such that the force at Z € 00 can be written as T'(Z)n(Z).

Proof.
For a proof, see (Ciarlet, 1988, Th. 2.3-1) or (Antman, 1984, Th. 7.14).

The resulting force due to stresses along the boundary 9@ can then be written as

/ T(Z)n(2) doo = / divT (@) dz,
) @
after applying Green’s first identity from lemma A.2.4.

To simplify notation, we assume without loss of generality that the volume load
} : Q — R® acts on the volume (e.g. Newton per cubic meter) rather than acting
on the material mass (Newton per gram in the case of gravity). The latter can be
reformulated as a load acting on the volume (e. g. by multiplying with the material
density p in the case of gravity). However, one should keep this in mind as it is

essential for transformations from } 10— R3 to f:Q— RS
Combining inner stresses T and volume loads } results in the equation
divT (@) + f(&) dz@ = 0.
@
Since this equation has to hold for all subdomains & C Q and we assume the

continuum hypothesis, see (Salenco, 2001, ch. 1), the first part of the balance of
forces reads

divl(@) + f() =0 in Q. (2.9)
Another type of forces are boundary forces g : N 5 R3. As they act on the surface

of the deformed body and counter-act the stresses Tn along the surface, the second
part of balance of forces directly reads

T(@)n(@) =g(@) onI™. (2.10)
The last part is the clamping on T'P, that is
U(z) =0onT". (2.11)




16 2 A Mathematical Model of Elasticity with Finite Deformations

Combining the above equations (2.9), (2.10) and (2.11), the balance of forces reads

divi@) + f(@) =0  inQ
T@n@) =g@) onIN (2.12)
0

D
on I'".

Multiplying with a test function V:Q— R?and applying Green’s identity yields
the weak formulation

~ A~ A~ AT ~ ~ ~ ~ ~
/T:VVdﬁz/f Vdﬁ—&-/ZJ\TVdS vV V with V|sp =0, (2.13)
Q a TN
where the matrix inner product is denoted by A : B := tr(A"B). This weak
formulation cannot be directly used to solve the problem, due to two reasons:

(1) The unknown displacement U determines the deformation & = = + U (),
hence the current configuration Q and therefore all functions in the equa-
tion (2.13) depend on U, even the differential operator v (and (TR/)

(2) The Cauchy stress tensor 7' depends on the unknown displacement U. A
relationship between those two quantities has to be established.

To address the first problem, the weak formulation (2.13) is transformed onto the
reference configuration €Q:

A volume element dZ is transformed by dZ = det F d.
e We recall the equation (2.6) for the differential operator VV = VV F ™!,
e The stress tensor T' can be transformed by the Piola transformation

T(2) = (det F(2)) T(@(@)F ' (2)

~ L . (2.14)

or T(z(x)) = (det F(x))” T(x)F (x),

see (Ciarlet, 1988, th. 1.7-1) The new stress tensor T is called first Piola-
Kirchhoff stress tensor.

e The test function V defined on the current configuration is transformed

onto the reference configuration by setting V' (x) := V(w(m))
e The transformation of the loads f and g will be done in section 2.2.3.
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Combining the above yields the transformation of the weak formulation

(=g
~
/N

(det F)_lFTTVVF_l) (det F) da

tr (TTVV) de = /T:VVda:
Q

/?Tf/di + [§'vdS= /fTde + /gTVdS.

B BN Q N

As a result, the weak formulation of the balance of forces in the reference configu-
ration reads

/T(a:) : VdU(m)dm:/f(a:)TdU(ac)dach/g(m)TéU(w) ds

J (2.15)

TN

V 6U with 6U|p = 0.

The second problem is to determine a relationship between the first Piola-Kirchhoff
stress tensor T and the displacement U. In general, this can be done by a so-called
response function, which models the relation between the stress and the strain.
For example, in the case of linear elasticity with infinitesimally small deformations,
the stress-strain-relation is linear and can be well justified by various principles of
continuum mechanics. In the case of large deformations however, this relation is far
more complicated. So far, various phenomenological models have been proposed to
describe the elastic behavior of materials.

In this work, we consider a continuous, homogeneous and isotropic elastic material
behavior that is modeled by a so-called polyconver stored-energy density w depend-
ing on the deformation gradient F. As for now, it should be sufficient to state that
the first Piola-Kirchhoff stress tensor 7' can be written as

[T(x)]i; = Blial (F(x)) ,7=12,3, (2.16)

for a given energy density w : Mi — R. Inserting this into the variational equation
(2.15) yields a nonlinear partial differential equation of second order for the unknown
U. More details about w will be given in the next section 2.2.2.
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2.2.2. Energy Minimization Approach

An alternative approach to the previous derivation is the minimization of the so-
called stored energy. It is based on the observation that the current configuration
minimizes (locally) a stored energy functional W (if it exists) depending on the
displacement U. This means our deformation problem with the displacement U
can be written as an optimization problem

Inin w(U,QC), (2.17)

with a function space U and a load C, both to be defined later. The computation
of W depends on a so-called energy density w which characterizes the material
behavior. Omne can find several proposals for such densities in the literature, for
example see Bertram (2008), Antman (1984) and Ciarlet (1988) for an overview, as
well as Ogden (1984) or Simo and Hughes (1998), and references therein. We choose
our energy density to be a function w : M3 — R such that

w(F) = al|F||% + bjcof F||2 + c¢(det F)? — dIn(det F) + e, (2.18)

with the Frobenius norm ||| and certain material constants a,b,c,d > 0, e € R.
This is a special case of Ogden’s materials from Ogden (1972) or a compressible
Moonley-Rivlin material, see Ciarlet and Geymonat (1982). The constant e is chosen
such that the undeformed body has no energy, that is w(I) = 0.

Remark 2.2.2 (Equivalent formulations of the energy density w). The energy den-
sity w can be expressed with respect to various quantities. Most formulations can
be transformed into others by a direct calculation. However, calculating derivatives
might be easier in certain formulations. We give a few popular choices on which the
energy density might depend:

e The energy density w from (2.18) can also be written in terms of the strain
tensor £ := (VU + VU ' + VU 'VU), e.g.

@W(E) = atr(E) + by (tr E)? + ba tr(E?) + c(det F)? — dIn(det F) + e,

with b= —% and a = 2 — by, see Weiser et al. (2007).

e Another formulation uses the invariants of the right Cauchy-Green tensor
C:=F"F,eg L(C) =trC, I(C) = trcof C and I3(C) = det C or
directly the eigenvalues of C, see (Ciarlet, 1988, ch. 4.10), Bertram (2008)
or Antman (1984). It is also possible to use C itself to write down the
energy density.

e Some authors, like Meyer (2007), prefer so-called pseudo-invariants
%tr(Ci), i = 1,2,3. In this formulation, the calculation of derivatives
with respect to F' might be easier than in most formulations.
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This energy density has the following properties which are needed not only for an
existence result in Ball (1977) but they also satisfy certain observations from real
experiments. Our first axiom is the frame indifference of w, that means the value
of the energy does not depend on the choice of the coordinate system.

Theorem 2.2.3 (Frame indifference). The function w from (2.18) is frame-
indifferent, that means that the function value w(F) is indifferent to any rotation
of F by a matrix Q@ € M3 with QT Q =1, i.e.

w(F)=w(QF) VYQeM?} withQ'Q=1. (2.19)

Proof.
We have the following:
(1) det @ =1 because of Q' Q = I and Q € M2
(2) the frame indifference of the Frobenius norm, that is
IQF|F = tr(F'QTQF) = te(F'F) = || F||&
(3) cof (QF) = cof Q cof F = Q cof F because cof @ = Q™" = Q.
Using these properties yields
w(QF) = al|QF[[F  +bllcof(QF)[|F  +c(det(QF))*  —dIn (det(QF)) +e
=a||F|3 +b]|Q cof F||3 —|—c(detF)2 —dIn (det F) + e
=w(F).

The next assumption comes from the observation that you cannot shrink a body to
have no volume. This is modeled by an energy density diverging to oo as the volume
tends to zero. From the point of view of constrained optimization, this property can
also be interpreted as a barrier functional for the constraint J = det F' > 0. This
property is very important because otherwise negative local volume change might
occur which results in physically inadmissible deformations.

Theorem 2.2.4 (Behavior for shrinking volume). The function w from (2.18) sat-
isfies
lim w(F) = oo. (2.20)

det F—0

Proof. Obviously, the last term in w, that is —d In det F', diverges to co as det F' — 0
since d > 0. As the other terms are nonnegative for a, b, c > 0, the sum diverges to
0.
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The assumption (2.20) implies that w cannot be convex with respect to F, see
(Ciarlet, 1988, ch. 4.8) for a proof. Therefore it is replaced by a weaker requirement
of polyconvexity, which is required later for Ball’s existence result in theorem 2.2.9.

Theorem 2.2.5 (Polyconvexity of the energy density w). The function w from
(2.18) is polyconvex, that means there exists a convex function w : M} x M} x
(0,00) — R such that

w(F) = @w(F,cof F,det F),  VF & M. (2.21)

Proof. We choose
w(F,H,J) =a||F||g +b|H|} +cJ* —dlnJ +e, F,HeM,Jec(0,00).

The Frobenius norm ||| is a convex function for all matrices because of the triangle
inequality, therefore the first two terms are convex for a,b > 0. The last two terms
are convex because their second derivative 2¢ 4+ dJ~2 is positive for ¢,d > 0 and
J > 0.

The next assumption states that at the undeformed state U = 0, the energy density
w matches the energy density belonging to the linear, isotropic elasticity model for
infinitesimally small strains.

Theorem 2.2.6 (Behavior for small deformations). The energy density w from
(2.18) behaves like the St. Venant-Kirchhoff energy density around the undeformed
state U, that is
A 1
w(F) = £ (trE)* + ptr(B) + O(IER), E=ZFF-D,  (222)
with the Lamé material parameters A, u > 0.

Proof. We refer to the proof (Ciarlet, 1988, Th. 4.10-2), which also shows the relation
of the constants a, b, ¢,d, e and the Lamé constants A, u.

Remark 2.2.7 (Relation between a, b, ¢, d, e and A, ). The proof of (Ciarlet, 1988,
Th. 4.10-2) shows how the material parameters a, b, ¢, d, e have to be chosen with
respect to the Lamé constants A, u, though it is not an injective relation. A possible
choice is

) d:u+77 €=

A A A A 34

| >

The last requirement for Ball’s existence result is a certain coercivity inequality
which describes how much the energy density should increase for large deformations.
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Theorem 2.2.8 (Coercivity inequality). The energy density w from (2.18) satisfies
the inequality

w(F) > c1(||F||% + |lcof F||& + (det F)") +c2,  VF € M} (2.24)
with constants ¢; > 0, p > 2, ¢ > p’%l, r>1c €R.

‘ Proof. Again, we refer to the proof given in (Ciarlet, 1988, Th. 4.10-2). ‘

We are now ready to state the existence result from Ball (1977) for the energy
density w, taken from (Ciarlet, 1988, ch. 7.7).

Theorem 2.2.9 (Ball’s Existence result for the displacement U). Let Q C R? be a
domain and w : Mi — R be a stored energy density with the following properties:

(1) w is polyconvex, see (2.21)
(2) w— oo for J =det FF — 0, see (2.20)
(3) w is coercive, see (2.24)

Let furthermore I' = T® UTYN be a dS-measurable partition of the boundary 9
with an area [I'°| > 0, and let UP : T® — R® be a measurable function such that
the set
U={UecW"(Q)%cof(I + VU) € L) (Q)*>** det(I + VU) € L"(Q),
5 5 . (2.25)
U =UP ae. on I, det(I + VU) > 0 a.e. in Q}

is not empty. Let £ € LP*(Q)* and g € LP*(I'™)? be such that the linear form
WU) = /f(a:)TU(a:) dx + /g(a:)TU(a:) dar
Q N
is bounded. The global energy is
W({U) = /w(F(m)) de — (U),
Q

and assume that inf W(U) < co. Then there exists at least one function U, such

Uel
that

U, €U and W(U,) = inf W(U).
Uecu

Proof. See the original source Ball (1977) or the proof in (Ciarlet, 1988, ch. 7.7). ‘

Ball’s existence result proves that there exists at least one solution, though it is
possible that multiple solutions exist. If we have homogeneous Dirichlet boundary
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conditions UP = 0, the set If in the proof is nonempty because U = 0 € U. As we

require a Hilbert space as a state space for our algorithms later, we modify the space

(2.25) from Ball’s proof. For this purpose, we choose the same space as in linear

elasticity, that is the Sobolev space H*(€2)®. We keep the constraint J = det F' > 0

implicitly by extending the definition of the energy density to w : M® — R U {oo}

with

w(F) = { al|F|| + b||cof F||% + c(det F)?> — dIn(det F) +e for det F >0
00 for det ' <0

(2.26)

Definition 2.2.10 (State space). Corresponding to the linear model of elasticity,
we choose the state space U to be

U:{UEHl(Q)3,U:0a.e. on FD,}. (2.27)

We choose the inner product (-, -),, to be induced by a linear elasticity model, that
is for U,V € U,

(U, V), = Gelast (U, V)

:/)\tr(VU) tr(VV) +2u(e(U) : e(VV)) d, (2.28)

Q

with e(U) = (VU + VU ").

Having an energy density, we can integrate it over the undeformed domain 2 and
add functionals for the volume load f and boundary load g, gaining the global stored
energy functional

TN

W(U,f,g):/ /f da:f/g(m)TU(w)dS, (2.29)
) =

with the deformation gradient F(x) = I + VU (x). As we seek to minimize this
energy, we consider the (formal) first order optimality condition of (2.17), which is
the variational equation

0=Wu(U,C)[éU] VoU e U
:/w«F(F(‘B))[V(SU(fC)]dw—/f(a:)TéU(w)dw—/g(m)TdU(m)dS, (2.30)
Q o N

Comparing this equation with the earlier weak formulation (2.15) derived from the
balance of forces, one can see that the two formulations are equivalent if the relation
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(2.16) between the first Piola-Kirchhoff stress tensor and the energy density w is
rewritten as

T:VéU =w,r (F(w)) [VoU (x)]. (2.31)
Hence, both approaches yield the same variational equation for the displacement-
traction problem. For an easier use in later sections, we denote the energy due to
the Cauchy stress with

W (W) = / w(F(2)) de, (2.32)
Q
and its derivative w.r.t. U with
WD (U)[sU] = / w.r(F(2))[VoU (2)] da. (2.33)
Q

The first derivative w r and the second derivative w rr can be found in the appendix
as lemma A.2.1.

Remark 2.2.11.

e The stored energy is essential to the energy minimization and Ball’s proof.
However, for certain loads (e. g. pressure load on the boundary), it is still
an open question whether an according functional can be added in the
stored energy, and therefore if a stored energy exists for this load. We will
only consider loads with energy functionals which are called conservative
loads. Example loads will be given in the next section 2.2.3.

e The formulation as an optimization problem extends the methods to solve
the problem. A discussion about this aspect can be found in section 3.2.

e The uniqueness of the solution U cannot be ensured in elasticity with
large deformation, see (Ciarlet, 1988, Sect. 5.8) for examples. The first
order optimality conditions (2.30) can only ensure stationary points and
there exists the possibility of multiple local minima of the stored energy.
This might occur if a rod buckles or is twisted around its axis. In these
examples, where the non-uniqueness of the state U plays a central role, the
problem should be altered to be instationary or incremental steps should
be added (which could be understood as a pseudo time). However, we will
not consider these examples in this thesis and assume that the method to
solve the energy minimization returns a single solution.

2.2.3. Loads (Volume, Boundary, Inner Pressure, Fiber Tension)

In this section, we give more details on the modeling and transformation from Q to
Q) of the classical volume load f and the boundary load g, which are both external
forces. We then show the modeling and transformation of two internal forces: an
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inner pressure t and a tension m along a given fiber direction a. For each load,
we will start on the current configuration because the load actually works on the
deformed body. We then transform it to the reference configuration to implement
it in our problem (2.15). Finally we give the respective energy functional that can
be added to the stored energy (2.29).

Volume Load f.

Forces like gravity can be modeled as a volume load. That is each material point
# € Q on the deformed body has a vector }m () describing the force per mass, e. g.
in the physical unit N/kg. Since } acts on the mass, we multiply it by the material
density p : Q- (0,00) to get the volume load f = pf which acts on the volume
instead of the mass. The resulting force due to f over a control volume @ C € then

" / F(@)dz = / 7@)7,.(@) d@

As we have seen in section 2.2.1, this equation has to be transformed to the reference
configuration €2 in order to get a PDE that can be solved numerically with a finite
element method. First, we assume that the value of f ( ) at a material point does

not change due to the deformation, that is £, (z) := f,,(Z(z))? Second, the mass
conservation states that due to the deformation from w to @, the value of mass does
not change. The mass of W and w is

[ @@= [ pla)de.

Since the subdomain @ can be arbitrarily chosen, we get the relationship
p(x(x))dz = p(x) de or p(x(x)) det F(x) = p(x). (2.34)

Now we can transform the volume load f to f by

] (@) dz - [ i@F,@)

=7p(w)fm(w)dw :w/ﬂw)dn

w

with f(x) = p(x) f,,(x). To sum it up, we have
f@) = f@(=)), (2.35)

3This would not hold true if one models a force due to e. g. a magnetic field which is not constant
because the current force would depend on the current position of the material point.
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due to the fact that the force acts on the mass rather than volume and the mass
conservation. The incorporation of the volume load into the variational equation
(2.15) was already shown. Also the energy functional

wPHw, ) = /f ) U () der,

was mentioned previously in Ball’s existence theorem 2.2.9. Its first derivative is

WU, f)loU] = /f () de,

and its second derivative is obviously zero.
Boundary Load g.

We model a boundary load which acts on the surface TN of the deformed body. That
is each material point T € I'N on the deformed body has a vector g(Z) describing
the force per area, e. g. in the physical unit MPa = N/mm2. Lety C I'N be a control
area of the surface of ). The resulting force acting on 7 is

/ g(@)ds.

We assume that the direction of this force does not change due to the deformation,
that is g(x) and g(Z(x)) have the same direction* Additionally, we assume that
the resulting force on 7 does not change due to deformation® Combining those two
assumptions we get the transformation

3@ a5 = [ g@)ds

9(z(z)) = g(z), (2.36)
due to the fact that the force acts on the surface area and the resulting force is con-
stant. The way how to implement this boundary load into the variational equation
(2.15) was shown in a previous section. The respective energy functional already
mentioned in theorem 2.2.9 is

WOU.g) =~ [ g(@) Ul)as,

N

To sum up, we have

4This would not hold true for a hydrostatic pressure load on the boundary because it always acts
perpendicular to the surface and thus the direction depends on the current surface normal.
5Again, this does not hold true for a constant hydrostatic pressure load on the boundary because
an increase in the area also leads to an increase in the resulting force.
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The first derivative of this energy functional is
W U)oU) = - [ g@) U (@)ds,
TN
and its second derivative is zero.
Inner Pressure t.

An inner pressure, unlike an external pressure, can be viewed as a stress inside the
body. First, we give an example where inner pressures occur.

Example 2.2.12 (Turgor Pressure). Turgor pressure appears in cellular biology
among plant, bacteria and fungi cells, see (Campbell, 1997, pg. 835f) or Raven et al.
(2001). It is the pressure of the cell plasma against the cell wall and is caused by
the osmotic flow of water inside or outside the cell. Three states describing the
levels of water inside the cell are shown in figure 2.2.3. If water flows into a cell, the
volume of the cell increases and might press against the cell wall. This introduces
an inner pressure in the body, called turgor pressure. We assume this pressure to
be hydrostatic. The plasmolyzed state can shrink the volume of the cell as it is a
common observation of withered plants or dried fruits. Therefore the turgor pressure
can be positive or negative.

Let the internal pressure be given by a scalar field 7 : Q — R on the current
configuration, e.g. in the physical unit MPa = N/mm?. Let & C Q be a control
domain of the deformed body. We assume the pressure to be hydrostatic, that
means that the resulting force over a surface is perpendicular to the surface. This
is equivalent to modeling it as a stress ¢(Z)I at a material point & € Q, with the
identity matrix I € M3, compare Cauchy’s Theorem 2.2.1. The stress tensor T can
be seen as a counter action to the inner pressure t, therefore the balance of forces
on @ reads

0= / T(@)A(@) — h(&) 4o = / (T(@) - 1@)1)A(@) doo
% )
- /cﬁv (@) - i@)1) ao.
As the subdomain @ can be arbitrarily chosen, the following equation has to hold,
div (f(a) - ?(a)z) =0 Q. (2.37)
A corresponding weak formulation to (2.37) on the current configuration is
/(f@) 4@)1) VV@E)dz =0 VV.

Q
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FIGURE 2.2. Turgor pressure caused by osmatic water flow:
One can see three different states of water levels (in blue) in a cell
(green) and the surrounding cell walls (gray). If the water flows
outwards of a cell, its volume will decrease and it will eventually
reach the plasmolyzed state in the left picture. Here the cell has
less water than it could normally hold. The center picture shows
the flaccid state, where the cell has enough water to approximately
fill the cell. The turgid state is illustrated in the right picture,
where the inflow of water causes the cell to expand so much that
it presses against the cell walls.

Again, this is transformed onto the reference configuration 2 by the Piola transfor-
mation (2.14) for the stress tensor 7' and the transformation rules for the domain
and the differential operator V. We also assume that the pressure in a material point
does not depend on the displacement U but only on its material point @ = x(Z),
that is t(z) = #(Z(x)). Combining the above yields the weak formulation in the
reference configuration

/ (T(z) — t(z) (det F(z)) F~ " (x)) : VV(z)de =0  VV. (2.38)

2 =cof F(x)

One can see that the inner pressure ¢ enters the balance of forces in a different way
than the external volume or boundary load. To complete the modeling, we can
define the energy for the inner pressure to be

WO, 1) = — / H()(det (I + VU (2)) dz = / H(@)(det F(z)) de,  (2.39)
Q Q
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then its directional derivative, see lemma A.2.2, is

WO W, U] = - / H(@) cof F() : VU (x) da,
Q

which matches the corresponding part in (2.38).

There is a special case if the inner pressure ¢ is constant on Q, e.g. t(x) = to € R.
Using Green’s identity and the Piola identity divcof FF = 0, see (Ciarlet, 1988,
pg. 39), the derivative W(lt]) can be rewritten as

W,%’(UJ)[SU] = —to/cofF : VU dz

Q
= —to / Z[cof Fl;:6U;,; de (use Green’s identity)
Q
= —1p / Z[cof F]jiéUinj ds +to /Z ([COf F]ji),j oU; dx
r Q
S / (5UT coan) as  +to / (div cof F)oU da
r Q
= —to/ (5UT coan) ds.
r

This term for the variational equation (2.15) is the same as for constant external
hydrostatic pressure loads to as it can be found in (Ciarlet, 1988, ch. 2.7). This
implies that constant internal pressures can be viewed as constant external pressures
and vice versa. However, since it is an open question if a nonconstant external
pressure is a conservative load, we exclude an external hydrostatic pressure for our
work.

Tension m along Fibers.

We now consider and model a load that runs along a given fiber direction. This is
motivated by biological models again.

Example 2.2.13 (Muscle fibers). Muscle fibers can be found in many animals
including birds, mammals, fish, and amphibians, see (Campbell, 1997, pg. 1139f).
In most cases, the muscle controls a skeleton joint, where fibers are aligned in the
same direction. However, there are also muscles that control the shape of a certain
tissue, e.g. the tongue or the heart muscle. The tongue has certain areas where
the direction of the muscle fibers are fairly grouped. Still, it can perform a wide
variation of movements and is even co-responsible for the human speaking abilities.
As for the other example, the heart muscle controls by its movement and shape
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the blood circulation through the heart chambers and eventually through the whole
body. Irregularities like cardiac dysrhythmia or ventricular fibrillation show how
complex this mechanism is and how hard it is to control. Take for example the
defibrillation which is still a painful and sometimes traumatic therapy today. In
this field, mathematics is used to improve therapy and the chance of survival of the
patients, see for example Nagaiah et al. (2013).

Even though these tissues are expected to have an anisotropic material behavior,
we simplify it by replacing it with an isotropic elastic material in this thesis.

We start the modeling of an internal tension along a fiber on the current configura-
tion. Let the vector field @ : ) — R? describe the fiber direction inside the deformed
body. For simplicity, we assume that the fiber direction is a unit vector, that is the
Euclidean norm [|a(z)||2 = 1 for all & € €. Let the scalar field 7 :  — R describe
the tension along a fiber, e.g. in the unit MPa = N/mm2. The control volume
& C Q of the deformed body can be arbitrarily chosen.

The force of the tension always runs along the fibers, that means that the resulting
force on a surface of & is ma(a ' 7).% Again, the stress tensor T is seen as a counter
action to the tension m, therefore the balance of forces on @ is

0 :/ (f(a) —m(a)a(a)a(a)T)ﬁdaa

/ dlv A(a)a(a)a(a)T) 4@,

As the subdomain & can be arbitrarily chosen, we get the equation
div (f(a) — (@) a(@) a(a)T) =0 i, (2.40)
and its weak variational form

/ (7@ - m@a@a@") : ¥V@de=0 vV, (2.41)

In order to transform this weak formulation onto €2, we need to model the transfor-
mation of m and a:

e During the deformation, the fiber orientation is rotated along the defor-
mation. This can be written as

PP F(x)a(x)

a(z(z)) =

[F(z)a(x)]2
6The last scaling term (@' 7) is due to the fact that the tangential component of m @ does not

affect the resulting force on @ because it is an inner stress. The same argument can also be found
for the Cauchy stress tensor T in Cauchy’s Theorem 2.2.1.
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The tension m :  — R is assumed to scale with the volume, that is
m(x) = m(x) det F(x). (2.42)

This can be justified for muscle cells in the following way: Let w and & =
Z(w) be subdomains representing a cell in the undeformed and deformed
body. This cell has the ability to enforce a tension along its fiber direction.
The tension along the fiber @ in a point Z € @ is

(@) (M@ a@)a@) ") a@) = n@),

because @' @ = 1. The same holds true for the undeformed configuration
w?

a(x)” (m(:c) a(z) a(:c)T) a(z) = m().

We assume that this tension does not change if the volume of the cell
changes due to deformations, that means the cell itself retains its power
during the deformation. Therefore the total tension caused by the cell has
to be equal for both configurations, that means

/m da:—/m )) det F(x dm—/m de.

As the cells will be viewed as a continuum in order to fit into our model of
elasticity, the subdomain w can be chosen arbitrarily and equation (2.42)
follows.

We can now transform the weak formulation (2.41) onto Q and get the equation

/T . VoU — m | Fall;? (Fa (Fa)T) (VSUF N)dz =0  VoU.

Q

A part of the second term in the integral can be simplified, e. g.

Inserting

/T(:c

Q

(Fa (Fa)T) (VSUF ™) =(Fa) " (VSUF™")(Fa)
=a' F'(VéUa).
this yields the weak formulation

(a(z)"F' (x)VéU (z)a(x))

) : VoU (x) — m(x) | F(x)a(x)]|2

de=0 V§U. (2.43)
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Theorem 2.2.14 (Energy functional for the fibre tension). The energy functional
for the fiber tension m in the weak formulation (2.43) is

W (U, m) /m ) In||F(z)a(z)||2 . (2.44)

Proof. The derivative 1/[/"({;")(U7 m)[6U] can be found in lemma A.2.3 and matches
the term from the variational equation (2.43).

Summary Finally, we incorporate the different loads presented in this section to a
more unified model. For simplicity of notation, in the case of a single load, let us
denote this load by C, e.g. if only a volume load is applied, we have C = f. A list
of all loads can be found in table 2.1.

load type C energy W derivative ng)(U, C)[oU]
Volume load Ff —[fUdz —[fTéUdz
Q Q
Boundary load g - [g'UdS - [gToUds
rN rN
Inner pressure ¢t — [¢(det F)dex — [t(det F) F~T: VU dz
Q Q
Fiber tension m — [mIn(||Fal)dz —[m % dz
Q Q

Cauchy stress T Jw(F)de fw r(F)[VéU]dz
Q

TABLE 2.1. Different loads that are modeled in section 2.2.3. The
Cauchy stress is added to this list for completeness although it is
not a load.

Definition 2.2.15 (Control space). Let C be one of the loads presented earlier and
Q" € Q respectively "™ C I the part of the domain or boundary where the load
is applied. We define the control space C to be the La-space on Q! respectively
"' with the corresponding scalar product (-,-),. More details are given in table
2.2.
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load type C control space C scalar product (-,-).

Volume load I P = LQ(QCM)B (fq, fz)f = f f1(33)Tf2(33) dz
Qetrl

Boundary load g C@ = Ly(I¥!)3 (91,92), = [ g,(z) " g,(x) dS
retrl

Inner pressure t c = Lz(QC"l) (t1,t2), = f ti(x) ta(x) de
Qetrl

Fiber tension ~ m C™ = Ly(Q°™) (m1,m2),, = [ mi(x)me(x) de
Qetrl

TABLE 2.2. Different loads with their control spaces and corre-
sponding scalar products.

With this notation, the general energy minimization problem for a given load C € C

is
min W (U, C)
Ueu

(2.45)
with W (U,C)=wD W) +w'(U,c).
The formal first order optimality conditions are
0=Wu(U,C)[éU]
(2.46)

=W (U)eU] + W (U, C)U).

We will call this equation the forward problem. Of course, the problem can be
extended to a finite number of loads as well, simply by adding their corresponding
energy functionals to the stored energy

W(U,C1,Cs,...) =W (W) +> WU, c).

Remark 2.2.16. Ball’s existence result from theorem 2.2.9 applies only to the case
of volume loads f and boundary loads g.

2.3 Comparison to Linear Elasticity

In the case of very small displacements U, the variational equation (2.46) can be
linearized with respect to U, neglecting higher order terms of U. One constitutive
assumption of stored energies is that this linearization should match the linear model
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of elasticity, see theorem 2.2.6. The linear model to describe an isotropic elastic
material behavior is build on the St. Venant model defined by the energy density

w3V (F) = %(trE)Q + w(E : E), (2.47)

where the Green-St. Venant strain tensor E is defined as E := L(F"F —I) and the
Lamé parameters are A > 0 and g > 0. This energy functional is not polyconvex,
for a proof we refer to (Ciarlet, 1988, Th. 4.10-1). As the Green-St.Venant strain
tensor F itself is nonlinear with respect to U, there is a special notation for the
linearized strain tensor

1
e(U) = (VU + vU’). (2.48)
Minimizing the global St.Venant energy

WU, C) = / %(trs(U))Q + u(e(U) : e(U)) da + (terms from load C), (2.49)
Q

with the linearized strain tensor ¢ instead of E/, one obtains the first order optimality
condition

0= W%V[V] = /)\tr(VU) tr(VV) + 2,u(5(U) : E(V)) da + (terms from load C).
Q

(2.50)
This variational equation is also obtained if the weak formulation (2.46) for large
deformations is linearized at U = 0, see theorem 2.2.6. Hence the model in linear
elasticity can be viewed as a linearization of the nonlinear problem at U = 0. As a
consequence, it is expected to be applicable only for very small deformations, which
can be underpinned by two major reasons:

Self-Penetration

One can also see that the property (2.20), that is w(F) — 400 as J — 0, does
not hold for the St.Venant energy (2.47). As a consequence, there are deformations
where the local volume change J () is negative in certain regions, that means the
material penetrates itself locally, which is a violation of continuum mechanics. We
illustrate this with an example.

Example 2.3.1 (Self-penetration of a compressed unit cube). Let Q = (0,1)% be
a unit cube which is clamped at the left side, that is '™ = 0 x [0,1] x [0, 1]. There
is a constant volume load f(x) = (f,0,0) and the Lamé parameters are A = 1 and
p=1. If f is large enough, e.g. f = 2.2, the volume change J is no longer positive
for all points @ € 2, see figure 2.3.

Rigid Body Movements
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FIGURE 2.3. The undeformed cube €2 in gray is compressed to the
colored body. The preservation of a positive volume does not hold
and the body penetrates itself.

A rigid body can undergo two types of deformations, namely translation and rota-
tion, that do not cause any stresses. They are called rigid body movements and can
be written as Z(x) = Utrans + Qx, = € €, consisting of a translation Usrans € R?
and a rotation with a rotation matrix Q € Mi, QTQ = I. The corresponding
displacement is

U(m) = Utrans + (Q - I)QI}, x e .

A translation U grans is a rigid body movement for the linear and nonlinear model,
because both depend on the gradient VU and for a translation we always have
VU rans = 0. As a consequence, a translation Uiyans would not show up in the
balance of forces. If no clamping is applied, that is T® = @, the translation Utrans
can be viewed as a three-dimensional kernel of the linear, respectively nonlinear,
operator belonging to the model. However, in many practical problems, a clamping
appears naturally.

As for rotations, they are not rigid body movements in the linear model. To see this,
we take a look at the Green-St.Venant strain tensor E and its linearized version e,

2QE=F'F—-] =VU+VU' +VU'VU,
2 =VU +VU".
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Inserting U(x) = Utrans + (@ — I)x, that is VU = Q — I, into E and ¢ yields

QE=Q—-14+Q  —I+(Q-D1"(Q-1)
=Q-I1+Q ' -T+Q'Q-Q"-Q+I1=0
2=Q+Q —2I=(Q" -DQ-1I).

We can see that the linearized strain tensor € is only zero for the identity @ = I.
This is the reason why rotations are not rigid body movements in linear elasticity
because the Green-St.Venant strain tensor E or € are measures for the occurring
strains in a deformed body. These strains induce certain stresses defined by the
material law. The presented material law in 2.18 and the St.Venant energy (2.47)
have the property that T(x) = 0 <& E(xz) = 0 or e(x) = 0 respectively. Large
deformations often exhibit local rotations, e.g. the tip of a bending bar is sloped.
These rotations themselves cause stresses in the linear model, which are not observed
in reality.

We summarize this section by emphasizing the differences between the linear and
nonlinear model of elasticity in Table 2.3.

linear model from equation (2.50)

nonlinear model from equation (2.46)

suitable only for small deformations

suitable for larger deformations

only one configuration 2

two configurations 2 and Q

no transformations of variational equa-
tions are necessary

transformations 2 — () are necessary
for the variational equations

rotations are not rigid body movements

rotations are rigid body movements

26 =VU+VU"

2QF =VU + VU +VUVU

energy is quadratic in U

energy ensures w — 0 as J = 0

Cauchy stress T is linear in U

Cauchy stress T is nonlinear in U

TABLE 2.3. Comparison of the linear and the nonlinear model of elasticity.
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2.4 Parametrization of the Reference Configuration (2

So far, the position of the material point & € 2 was a given argument. However,
for certain bodies like tubes, a parametrization might be helpful to describe the
problem with curvilinear coordinates x(x). For a given parameter space Qc R3,
the reference configuration can be described as

Q= {:c:m(a), ieﬁ}, (2.51)
with a sufficiently smooth and bijective function @ : Q— ), see figure 2.4. In the

following, the tilde ~ emphasizes that a function takes arguments in the parameter
space Q or a differentiation is with respect to the parameter .

—

0 Q 9

FIGURE 2.4. Cylindrical coordinates from example 2.4.1: the pa-
rameter space ) is shown in green, while the undeformed body 2
is plotted in blue and the deformed body 2 in red.

Our task is to reformulate the weak formulation (2.30) in € in order to use numerical
methods like finite elements. First we define the Jacobi-matrix

9z:
oz, ’
The transformation of vector fields V : Q@ — R? is defined by V(Z) := V (z(&)),

while formulas for the volume and area elements can be found in Ciarlet (2005),
that is

ox

G(@) := 7% @ [G)i; = i,j=1,2,3. (2.52)

dz =|detG|dQ and dS = |detG(2)||G~ " (&)R(&)]|=dS. (2.53)
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We assume in the following, that det C:'(:E) > 0, V& € €, to ensure that the
parametrization is injective, see (Ciarlet, 2005, pg. 18). As we have seen earlier,
the energy minimization (2.45) and its first order optimality as a weak variational
equation (2.46) can be formulated in terms of the displacement U and the defor-
mation gradient F. Therefore it is sufficient to give presentations of these two
quantities. The transformation of U is straight-forward, i.e.

U#) :=U(z(®)). (2.54)

To transform the deformation gradient F' we first define the differential operator v
as B

oU;

—(x). (2.55)

VU (&)];; = PR

The relationship of V to the differential operator V can be computed by the chain
rule

[VoUi; (x Z amk 7o, @) BI=123

or, in term of matrices,
[VoU|(x(z)) = VoU (2)G (&), 4,j=1,2,3. (2.56)

Hence, we get the parametrized deformation gradient
F(&):=F(z(®) =+ VU(z(@)) = [ + VU (@)G (). (2.57)

We are now able to rewrite the weak variational equation (2.46) (with all loads
attached) in terms of U, yielding

0 :/w,p (I+ﬁ(5:)) [66(7(5:) ] | det G(&)| dO2
5

- /f(:c(i))%ﬁ@)\ det G(2)] dQ
Q

- / 9(x(2)) 60 (3)| det G(@)| |G (#)7(3)|| dT
+/t(m(5)) cof F(&) : (VOU ()G (&))| det G()| A2

+/m(m(5)) (a(m(az))TﬁT(5)656’(5)6—1(5)(1( ){detc: )| .

(2.58)
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The parametrization of the loads f, g, t and m is not necessary, though it is possible.
The same applies to the fiber directions a, which might be easily described in the
parametrization. However, this is more a point of the implementation and can be
adapted by the user.

Example 2.4.1 (Cylindrical Coordinates). Cylindrical coordinates are often used
to describe bodies with a rotational symmetry, like tubes or rods. The coordinates
T1 COS T2 B
m(%l,i2,53) = | 1 sin > T eN:= [1"1,7'2] X [O, 7T] X [O,h], (259)
T3
are a natural parametrization to describe such a domain, see figure 2.5. For the
Jacobi-matrix G we have

cosTz —x1sinEy 0
G(@1, @2, @3) = | sin@a  @icos@a O |, (2.60)
0 0 1
and its inverse G~ ! and the local volume det G are
COS T sin To 0
G (@1, @2,@3) = |~ sin@s 2 cos® 0|,  detG(F1, @2, &3) = @1.
0 0 1

FIGURE 2.5. Cylindrical coordinates (Z1,Z2,x3) = (7, ¢, z) and
the coordinates (z1,x2,x3) for the reference configuration.

2.5 Hierarchical Plate Model

In many mechanical applications (e. g. elasto-plastic deep-drawing processes of plates),
the physical body is very thin. This might cause large discretization errors in a stan-
dard three-dimensional finite element method. Several methods have been proposed
to deal with this problem, among them a hierarchical plate model, suggested by
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Babuska and Li (1991), Babuska et al. (1992), Babuska et al. (1993), Schwab and
Wright (1995), Ovtchinnikov and Xanthis (1995) and others.

A plate, in contrast to a shell, is defined to be planar, that means it can be described
by its midsurface Q?° C R? and a perpendicular coordinate for the thickness, like
in

Q=0 x (~d,d), (2.61)
where the plate has the thickness 2d > 0. The core idea of most plate models is
the reduction from the three-dimensional domain Q to the midsurface Q2P, that is
all functions take arguments in Q*P. This might be exact for certain given loads,
but it can be only an approximation for the displacement U. However, a good
approximation that keeps most of the structure of U can still pay off. We illustrate
the idea of the hierarchical plate model with an example.

Example 2.5.1 (A First Idea for a Plate Model). The ansatz is similar to many
plate models: we start by splitting the displacement U. Here, we decompose U :
Q — R? into a part UZP : Q%P — R3 to describe the deformed midsurface QP =
U3P(Q*P) and a part UP : Q*P — R? for the thickness coordinate xs3, see figure
2.6. This can be formulated as

U(x1, x2,x3) = USD(:m,acz) + x3 U?D(CIHKBQ)’

(1, 22) € 0P s € (—d,d).

This is not restricted to perpendicular midsurface normals like the Kirchhoff-Love
hypothesis, but also allows shear deformations and thickness change. Of course,
the real three dimensional displacement in general might be richer than the above
description could offer. However, this can still be a good approximation for thin
plates.

We now generalize this idea by adding more terms U?P to improve the approxima-
tion of the displacement over the thickness.

Definition 2.5.2 (Hierarchical plate model). Let U .0 R i=0,...,D%
be sufficiently differentiable functions. We call the ansatz
D2D

U(:cl,mz,wg) = Zpi(%:cg)U?D(ml,mg), (2.62)
=0

for (z1,x2) € Q%P, 3 € (—d,d), the hierarchical plate model of the degree D?P.
The polynomials p; are the Legendre polynomials of order 1.

Remark 2.5.3 (Legendre polynomials). The usage of Legendre polynomials p; is
due to numerical stability. If one would use powers of @3, e.g. (3), as coefficients
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X3 U

X3 x3+ Uy

FIGURE 2.6. Cross section of a plate: The thick line represents
the midsurface, left for the undeformed body and right for the
deformed body. The role of U2P is to allow a change in the di-
rection of the thickness, from @3 in the reference configuration to
a3 + U in the current configuration.

in front of U?P, numerical elimination would occur if the thickness 2d is too small.
The Legendre polynomials p; can be found in Zeidler (2013), e. g.

po(z) =1 pi(z) == p2(z) = $(32° — 1)

2.63
p3(z) = %(51‘3 —3z) pa(z) = é(35x4 — 302> 4 3), (2.63)
and are plotted in figure 2.7.
po(z) p2(2) 1 Pa(2)
1 - x 1 - x 1 -
-1 1 -1 1 -1 \J1
T T
pa( 1)__ ps( 1)__
| o ‘ - x
—1 1 — 1

FIGURE 2.7. The first five Legendre polynomials defined in 2.63.
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Our first task is to find a representation of the gradient operator V for this ansatz
(2.62). Let us recall that the V is the derivative with respect to (x1,a2,23). The
differentiation of U?P with respect to the first two spatial coordinates, @, and xo,
is the standard differentiation of the functions U?P, e.g.

2D
oU 2 . oUu¥® )
%j(a’) = ;Pz(g x3) 9z, (1, 22), j=12

The derivative with respect to &3 does not involve a differentiation of the functions
U?P but is the derivative of the Legendre polynomials over the coordinate s, e. g.

p2D

am3 Z pi(s x3)UT" (21, 22).
Combining these two formulas we get the gradient operator V for the hierarchical
plate model (2.62),

VU (z) € R**® .=

D2D
aUZD aUzD
Z ( pi( g 3) g (1, @2) ‘pz (4 ®3) 5y (1, @2) ‘ 1pi (L zs)UTP (1, 22) ),

i=0

(2.64)
where the three entries are column vectors. The first two columns are the gradient
of the sum of two-dimensional functions U?® while the third column is a certain
sum of these functions U?P. We will show in section 5.2.8 how this gradient can be
implemented.

Example 2.5.4 (Plate Gradient for Degree D?® = 1). For the case of D?P = 1, we
have a linear ansatz 3UZ" in addition to the midsurface displacement UZP, e. g.

U(mh 2, :133) = UgD(:El, 1132) + %mgU%D(ml, ﬂ)g).
The differentiation with respect to s then is simply %U 2D and we have the gradient
VU (z) = ( U + xsUTR | UL + xsU3S | U (w1, 22) ),

BU

with U?E = 5o

(wl x2),i=0,1and j=1,2.

Having this notation, the deformation gradient F' for the hierarchical plate model
is the same as before, that is

F(x)=1+VU(x).

These representations of U = 3 p;U?" and of V from (2.64) for our hierarchical
plate model are now inserted in the previous full three-dimensional model. For
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example, the stored energy W from (2.45) then reads

W(U,C) = /w(I +VU(z)) dz +w U, o)

Q

:/w(I—Q—VZpi(%mg)U?D(mhmz)) de +W @ (S pUi,C).

Q

(2.65)
The first order optimality condition (2.46) then becomes
0=W.u(U,C)[6U]
_ /w,p(f +VU(@) [VoU (@) de+ WS (SSU,0)pu), (269

Q

with the test function U = 3" p;6U?" (z). Before we discuss the load in the context
of the plate model, we address how to compute the three-dimensional integrals over
Q.

Integration over the Thickness

As we assumed the spatial coordinate @3 to be perpendicular to the midsurface Q2P
the integration can be done separately, for example

d
/...dw = / </ ...dm3> daxidxs. (2.67)
Q Q2D —d
The integral over the thickness can be approximated by numerical integration, for

example by a Gauss-Legendre quadrature, taken from (Plato, 2004, ch. 6.8) and
Zeidler (2013).

Remark 2.5.5 (Gauss-Legendre quadrature). Let f : [-d,d] — R be a smooth
function. The integral over [—d,d] can be approximated by the Gauss-Legendre
quadrature formula of degree D", that is

DGL

/ﬂif(x) dxzdz:wjf(ola:j)7 (2.68)

with certain integration points (abscissas) z; € [—1,1] and weights w; > 0, j =
1,...,D%". The formula already includes the transformation from [—d, d] to [-1, 1].
The formulas for the degrees DY = 2,3 4,5 can be found in table 2.4.
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DCL ;€ [-1,1] w; >0

2 +1v3 1

3 0 8
+1V15 5

4 +5-v/525 —70v/30 55 (18 ++/30)
+5-v/525+70v/30 55 (18 — v/30)

5 0 128

225

+5:v/245 — 1470 555 (332 +13/70)
+57V245 + 1470 555 (332 — 13V/70)
TABLE 2.4. Abscissas and weights for the Gauss-Legendre quadra-

ture formulas up to degree D" = 5 taken from Weisstein (2014),
Zwillinger (2003).

We apply this formula to approximate the integrals of the weak formulation (2.66).
For the first term W,(g), we get

/ wr (I + VU (2)) [VoU] da

Q
d
- / / wr(I + VU(@)) [VoU ()] das ) dwrdas
—d (2.69)
Q2D
DGL
~ / d Z wiw,F(I + VU(:B1, 1132,1‘j)) [v&U(m1,$2, 1’])] daides.
Q2D Jj=1
The evaluation of U, or dU, for a certain 3 = dx; is actually calculating the

Legendre polynomials at x;, e. g. p;(x;) and computing the sum over all U 2D Section
5.2.8 will demonstrate how this can be done in the finite element library FENICS.
Other terms can be approximated analogously.
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Ansatz for the Loads

The load C will become the control in the later optimal control, therefore we need
an ansatz for it as well. The hierarchical plate model was motivated in cases where
the domain €2 is planar and thin. The inner pressure t and the fiber tension m were
mainly motivated by biological systems, but both phenomena are unlikely to occur
on thin plates. Therefore we drop these two load types in the context of the plate
model. In technical applications it is rather difficult to apply volume loads that vary
over the thickness coordinate x3, so the volume load is assumed to be constant over
the thickness, e. g.

f(x1, 22, 23) = f(21, 22).

Applying the Gauss-Legendre formula on the energy functional W¥) for the volume
load f, which is constant over x3, we get

wOW, f) = / F@) U(e) de
Q

pEGL (2.70)
:/f(wl,azg)T ZwiU(whmz,xi) dxidas.
i=1

Q2D
The first derivative can be calculated analogously.

Next, we consider a boundary load g. A load acting on the rim 9Q*° x [—d,d]
would be technically challenging and the total force would scale with the thickness
2d which was assumed to be very small. Therefore we drop boundary loads on the
rim and assume them to act on the upper or lower surface, e.g. TN = Q2P x {—d,d}.
Let g(-, -, —d) be the boundary load that acts on the lower surface Q?° x {—d} and
g(-,-,d) be the one acting on the upper surface Q%2 x {d}. The energy functional
then reads

WO U.g) = [ g(e) Ulw) ds
TN
= /g(az17w2,—d)TU(az17w2,—d)+g(azl,azg,d)TU(wl,w%d)dwldwg.
02D
(2.71)

In section 5.2.8 we will give details on how we implemented the plate model and its
ansatz functions.

Comparison to other Plate Models

The Mindlin-Reissner plate model is based on the early works of Mindlin (1945),
Reissner (1944) and Reissner (1945), who suggested this model independently. The
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ansatz in the case of linear elasticity reads
-
Uz, x2,23) = ($3[U3Dh($17m2),wa[Ube(iBl,m), [USD]S(%,M)) , (2.72)

taken from Paumier and Raoult (1997). There are additional assumptions which
however contradict the ansatz for U. This is not uncommon for plate models and
demands caution in the modeling. If we drop a certain assumption, Paumier and
Raoult (1997) have shown that this model is consistent with the hierarchical plate
model for d — 0. We can also see, that the ansatz for the Mindlin-Reissner plate
model can be extended to the hierarchical plate model with U = U32P + a3U?P for
larger deformations. Thus, possible deformations of the Mindlin-Reissner model are
included in the hierarchical plate model with the degree D?P > 1.

The hierarchical plate model also includes possible displacements of the popular
Kirchhoff-Love-theory, based on the works of Kirchhoff (1850) and Love (1888),
see (Ciarlet, 1997, ch. 1.7). This model uses the assumption that the normal of the
midsurface stays orthogonal to the midsurface during the deformation, that means
that shear is not possible. Additionally, the thickness is assumed to stay constant,
hence no change in the thickness is possible either”. This yields the ansatz for the
deformation

Z(x1, X2, x3) = m+U2D(m1,w2)+m3 ’;\12[)(:131,332) (1, 22) € 0P 25 € (—d,d),

where 7" (21, @2) is the normal of the deformed midsurface at the material point
Z(x1, x2,0), which can be computed by
A2D — U x U, .
U x Uz, |l

These two assumptions seem reasonable for very thin plates and deformations where
the change of thickness is negligible. However, it is not clear how well these assump-
tions can be justified for large deformations. Comparing the ansatz functions of
the Kirchhoff hypothesis and the hierarchical plate model (2.62), one can see that
possible deformations under the Kirchhoff hypothesis can also be described in the
hierarchical plate model. This does not hold true the other way around, so the
hierarchical plate model allows more deformations and hence is less restrictive. Of
course, this comes at the price of introducing new unknowns. However, the Kirchhoff
hypothesis has its own difficulties. The displacement U of the Kirchhoff hypothesis
already depends on the first derivatives of U?P and hence the deformation gradient
F will depend on the second derivatives of U. To solve the problem with a finite el-
ement method, the discretization requires elements which are globally continuously
differentiable, like Bogner-Fox-Schmidt elements or MITC elements, see for example

"There are extensions of the Kirchhoff-model that allow a change of the thickness by adding an
additional unknown for the change of thickness.
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Arnold and Falk (1989), Lee and Bathe (2010) and Riickert (2013) and references
therein.
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This chapter is devoted to solution methods for the elastic forward problem. That
means we seek to find the unknown displacement field U which is determined by the
energy minimization (2.45). The formal first order optimality condition is a nonlin-
ear partial differential equation which we solve with Newton’s method. In section
3.1, we formulate Newton’s method in function space, rather than discretizing it
first and then solving the discretized problem. However, we still face the problem of
a possible divergence of Newton’s method, which is often observed in elasticity with
large deformations. We will discuss possible methods to overcome this problem in
section 3.2. In order to apply Newton’s method, we repeatedly need to solve the
Newton system which is a linear equation. In section 3.3, we present two Krylov
subspace methods. As the underlying operator A is self-adjoint, we can employ a
minimal-residual (MINRES) method to solve it. Furthermore, as we know that the
solution U is a local minimum of the energy minimization problem and the oper-
ator A is the second derivative of the stored energy, we can also use a truncated
conjugate gradient (CG) method for the Newton system. Again, both methods are
formulated in a function space setting, which will offer us some insights on norms
for the stopping criteria and the role of the preconditioner.

At this point, we will briefly introduce the discretization by a finite element method
(FEM) in section 3.4. The FEM is a broadly used discretization technique for many
problems that require solving partial differential equations (PDE). Next, in section
3.5, we show how the multigrid method is incorporated as a preconditioner for the
Krylov subspace method and the idea of nested iterations.
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3.1 Newton’s Method

We seek to find a local minimum U, € U of the energy minimization problem (2.45)
for a given load C, that is

U, =argmin W (U, C)
Ueu

with W(U,C)=w W) +w(U,c),

with the necessary first order optimality condition which is the (nonlinear) varia-
tional equality (2.46), that is

0 =Wy (U.,C)[sU]
=W (UHBU)+ W (U.,C)6U), YU e U.

There are two approaches now:

o Discretize-then-Optimize: We first introduce a finite-dimensional function
space Uy by a finite element method and then consider the discretized
optimization problem as a problem in the coefficient vector in R™ and
solve it, for example, with Newton’s method in R".

e Optimize-then-Discretize: We first formulate Newton’s method in the infi-
nite dimensional function space U and solve the (linear) Newton system by
introducing a finite dimensional function space U, solving the resulting
linear system of equations.

For some problems, the two approaches might yield the same algorithm at the end
(if certain scalar products are chosen right) and it is said that discretization and
optimization commutate. However, this is not always the case. We choose the second
approach, Optimize-then-Discretize, because it seems more natural and may offer
helpful insights into the method, e. g. how to choose scalar products or norms. This
will also help to get an algorithm that is mesh independent, that means the algorithm
behaves similarly on refined meshes, e. g. with respect to iteration numbers.

We consider the problem (2.46),
0=Wy(U)BU], VU €U,

and want to solve it by Newton’s method. Let Uy € U be an initial guess, e.g.
Uy = 0. The Newton step in the (k + 1)-st iteration is

Uiy = Uy + AUy, (3.1)

with a step length o > 0 and a search direction AU, defined by the (linear) Newton
system

Wuouu (U, C)[6U, AU = —W,u(Ug, C)[6U], YoU € U. (3.2)
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In more details, that is
Wu(Us, C)§U] = W (Un) U] + W (Ur, ©)[6U]
= / w,p(I + VUR)[VOU] dz + WS (U, C)[5U],
Q
and
Wuu (U, C)[§U, AU}
= W5y (ULU, AU + WS (U, C)[6U, AU

= /w,FF(J + VU)[VOU, VAU ] dz + W S (U, C)[6U, AUY).
Q

The last term W(UU vanishes if the load C is a volume load f or a boundary
load g, see the formulas in table 2.1. We summarize Newton’s method to solve the
variational problem (2.46) in algorithm 3.1.1. A natural stopping criterion would
be a relative or absolute tolerance for the derivative W,y (U, C), e. g.

Wu Uy, C)lu-
[W.u(Uo, C)llu

with a user defined relative tolerance r'Tol > 0 and an absolute tolerance aTol > 0.

<rTol or W (Up, C)|lu- < aTol, (3.3)

Algorithm 3.1.1 (Newton’s method to solve Wy (U, C) = 0).
Input: initial Uy, energy W, load C, k=0
Output: state U
1: while (||W.u(Ug, C)||u= is too large) do
2:  get AUy by solving W yu (U, C)[0U, AU = —W,u (U, C)[AUY]
3 choose step length ai by a line search
4: set Ugy1 := Uy + aAUy
5 set k:=k+1
6: end while
7: return displacement Uy

3.2 Globalization by a Line Search

As known, a standard Newton’s method with a fixed step length @ = 1 cannot
guarantee convergence in general. This holds true in particular for large elastic
deformations, as shown in the following example.
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Example 3.2.1 (Thick Plate). Let © = (0,2) x (0,2) x (0, 15) be a plate. The
plate is clamped at the rim

I° = {z€dQ:z; €{0,2} or x2 € {0,2}}.

A volume load f = (0,0, i)T acts on the whole body Q. We choose a value for
Young’s modulus of £ = 1 and a Poisson ratio of v = 0.3, which results in the
material parameters

25 b 15 15 d 35 135

“= 308 Ta2080 T 208 T T 208
for the polyconvex energy density w from (2.18).

Remark 3.2.2 (Non-convergence of Newton’s method). We consider the example
3.2.1 and use Newton’s method on it. The start at Uy = 0 results in the first iterate
U, = AUy which is shown in figure 3.1. The following iterates fail to converge.

The reason of the divergence lies in the local negative volume change J(x) < 0 for
some x € ). As the first Newton system at Uy = 0 is equivalent to the model of
linear elasticity, the result §Uo might not satisfy the positivity of the local volume
change J = det F' > 0 for very large deformations. If the step length is chosen
as a = 1, the new iterate U1 = dU, has a local negative volume change and is
physically inadmissible and hence the elastic model cannot be expected to yield
a reasonable result anymore. While the stored energy W is co for local negative
volume changes, the forms for the derivatives W ¢y and W yu might be still evaluable
at U;. Hence the negative volume might not be detected in the algorithm and the
Newton solver ends in divergence.

There are various ways to overcome this problem and get convergence of Newton’s
method. As we try to solve the energy minimization problem (2.45), these techniques
can also be viewed as globalization methods to ensure the convergence of Newton’s
method as an optimization method.

Incremental Method and Homogenization

A very common and simple method is an incremental increase of the load C, that
means we scale the load C, := sC with a parameter s € [0,1]. We assume we know
a so € [0,1] such that Newton’s method converges to the intermediate solution
U,,. From there we increase the increment and start Newton’s method at the
initial guess Us,. We repeat this procedure and gain a sequence of parameters
0 <s9p<s1 <...<sp,=1and eventually can solve the original problem. This
algorithm is not to be understood as a line search inside Newton’s method but
rather a step-by-step solving with Newton’s method. Algorithm 3.2.3 shows the
incremental strategy with a simple trial and error strategy, that means we try to
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J
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FIGURE 3.1. The first iterate of a standard Newton’s method for
example 3.2.1. Only the quarter (0,1) x (0,1) x (0, 15) of the
domain 2 is plotted and the @xs-axis points to the right. The
gray plate is a quarter of the undeformed domain 2 and the blue
domain the solution of the first Newton step with a step length
a = 1. The red areas at the clamping boundary I'® and in the
center of the plate indicate a negative local volume change J(x) <
0.

solve for s; and if Newton’s method does not converge, we decrease si until we get
convergence. From there we start to increase sx again.

Algorithm 3.2.3 (Incremental strategy).
Input: initial so = 0, all loads in dependency of s
Output: state U for s =1

1: set k:=0

2: while s < 1 do

3:  try to solve the forward system for sy

4:  if (successful) then

5: choose a new sk41 such that sy < sg41 <1 and set k:=k+1
6: else

7: choose 5 such that sp_1 < §p < sk and set s := 3k

8: end if

9: end while
10: return displacement U

The incremental method is quite easy to implement, however the question how to
choose s remains open. A fixed series of parameters 0 < sp < 51 < ...< sy, =1 1is
not practical for the later optimal control, therefore an automatization is required.
The simple trial and error method from the algorithm might work in general, though
homogenization techniques might improve that search. Still, this could be very
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expensive to do, as many Newton steps might be wasted just to find out that a
current parameter s is not sufficiently small.

Simple Backtracking to ensure J > 0

Another straightforward idea would be to check the positivity of the local volume
change J = det F' > 0 for a current iterate Ugi11 = U + AU with a = 1. If the
check fails, the step length « is decreased until the positivity of volume change J > 0
is satisfied for all points & € 2. This ensures a physically admissible deformation
Z = x + U and hence is a remedy of non-convergence caused by negative local
volume changes. Algorithm 3.2.4 shows this method. However it might happen
that the Newton step is still too large even though the volume change is positive,
resulting overall in a poor performance of Newton’s method. As the new iterate can
still be very close to a negative volume change in a certain point @, it might not be
a good start for the next Newton iteration.

Algorithm 3.2.4 (Simple backtracking).
Input: search direction AUy, old iterate Uy, so € (0,1)
Output: step length «
1: set a:=1, k := 0, done:=FALSE
2: while done=FALSE do
3 set U :=Uy + aAU}
4:  check for neg. local vol. changes J(x) = det (I + VU (x)) V x € Q.
5.  if (neg. vol. detected) then
6 set o := sq«¢
7 else
8 set done:=TRUE
9 end if
10: end while
11: return displacement U = Uy + aAU}

Armijo-Backtracking on the Stored Energy W

As we have the energy minimization problem (2.45) and apply Newton’s method as
an optimization method on it, a line search naturally appears in the algorithm as a
globalization technique. A simple choice could be an Armijo-backtracking line search
to ensure that the stored energy W decreases with each new iterate, see (Nocedal
and Wright, 2006, ch. 3.1). As the stored energy W is only finite for displacements
with positive local volume change, the Armijo condition also ensures the positivity
of the local volume change J = det F' > 0. For an easier reading of algorithm 3.2.5,
we abbreviate the function W along the search direction AU}, that is

p(a) =W (Uk + aAUg, C)
<,0l(0) = W,U(U}g, C) [AU]
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Algorithm 3.2.5 (Armijo-backtracking on the stored energy W).
Input: Energy function ¢ along the search direction, parameter o € (0, %), Sa €
(0,1)
Output: step length a
1: set a:=1, k := 0, done:=FALSE
2: compute the stored energy ¢(0) and the slope ¢’(0)
3: while done=FALSE do
4:  set U := Uy + oAU}, and compute the stored energy ¢(«) := W(U, C)
5. if (¢(@) > ¢(0) + acy’(0)) then
6: set o := s«
7. else
8 set done:=TRUE
9: end if
10: end while
11: return displacement U = Uy + aAU}

This method only works if a stored energy is available, which however is assumed
in this work. Another problem not discussed in this work would be inhomogeneous
Dirichlet boundary conditions (BCs), as they are included in the state space U.!
Hence the initial guess Uy requires the inhomogeneous Dirichlet BCs as well, since
otherwise the Armijo-condition might fail in the very first iteration (inhomogeneous
Dirichlet BCs normally increase the stored energy).

Guiding Function

The basic idea of this method is introducing a so-called guiding criterion with a
guiding function G : U — [0, co] whose task is twofold:

(1) Judge if a step yields a physically admissible iterate in order to ensure
that the elastic model can be used (just like Checking Positive Volume).

(2) Damp very large Newton steps if necessary, which stabilizes Newton’s
method. However it should be avoided that it impairs the local conver-
gence rate.

Both goals can be achieved by a backtracking line search with the guiding criterion

G(Uy + aAUy) < G(U) + B9, (3.4)

11t is not known yet how to add inhomogeneous Dirichlet boundary conditions to a stored energy.
Penalization terms might be an idea but the choice of the penalization term and parameter
remains. Normally one has to perform the energy minimization in the subspace that satisfies
the inhomogeneous Dirichlet BCs, but this requires an initial state Uy with the inhomogeneous
Dirichlet BCs. This is difficult in case of “large” inhomogeneous Dirichlet BC data.
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the guiding function

yln det(I + VU (z)))| dz
G(U) = : (3.5)
oo if the integral is not defined
and a guiding parameter 8 > 0. The step length « starts at 1 and is decreased by
a certain factor, e. g. sq = %, if the criterion is not satisfied, see algorithm 3.2.6.

Algorithm 3.2.6 (Backtracking for guiding criterion (3.4)).
Input: Current iterate Uy, search direction AUy, sq € (0,1)
Output: step length «

1: set a:=1, k:= 0, done:=FALSE

2: compute G(Uy) and the offset 5|Q

3: while done=FALSE do

4:  set U := Uy + oAU}, and compute G(U)

5. if (G(U) > G(Ug) + B|€2|) then

6: set a 1= s

7 else

8 set done:=TRUE

9: end if
10: end while
11: return displacement U = Uy + aAU}

First of all, the guiding criterion (3.4) excludes physically inadmissible deformations.
If an iterate Ug41 = Uk + aAU has a point « € 2 with negative volume change
det(I + VU (x)) < 0, the logarithm Indet(I + VU (x)) in the in guiding function is
not defined. Therefore, the value of the guiding function is G(Uk41) = 00. As we
assume to start with a physically admissible initial guess U with G(Uy) < oo, the
positive volume change is preserved during Newton’s method because a physically
inadmissible iterate U1 could not satisfy the criterion.

The guiding criterion also damps Newton’s method for very large steps far away
from the undeformed state U = 0 (states near the undeformed state seem not to
cause trouble). Let us assume we start Newton’s method at Ug = 0 with

G(Uo) = /|ln(det(I+VO \dm—/ylnu da = 0.
Q Q
As the guiding function value is non-negative, any iterate U # 0 would have G(U) >
G(Uy) = 0, with equality only if the volume change is J = 1, which would mean
that the iterate U1 behaves like an incompressible material. This is very unlikely
for the material models and parameters in this work. Hence we can expect that the
guiding functional G increases with the first iterate U;. The damping now occurs
by limiting this increase by the term §|Q2|. This strategy does not impair the local
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convergence behavior of Newton’s method. If Newton’s method convergences, the
norm of the search direction AU becomes smaller. As a consequence, the difference
G(Ug41) — G(Uy) decreases too and eventually is smaller than the offset 5|Q2|. We
illustrate the behavior of this line search strategy with the following example.

Example 3.2.7 (Compression of a Cube). Let  be the cube (—1,1) and g = go n,
go € R be an orthogonal boundary load on the whole boundary TN = dT". As we
do not impose any Dirichlet boundary conditions, the solution is not unique due to
rigid body movements. However we will neglect these movements and consider a
special (analytical) solution for this problem. First, we show that the compression

Z(x)=vx, or Uy(z) = (y— 1)z, >0, (3.6)

with a certain constant v = v(go) € R, solves the energy minimization, that is the
first-order optimality condition Wiy (U~) = 0.

Proof. The deformation gradient for (3.6) is simply F' = v I. Due to the
isotropy of the elastic material behavior and frame indifference (2.19), the
stress tensor is W (U,) = c,I, with the constant ¢, = 2ay + 8by® +
2¢y® —dy~! for the energy density (2.18). Inserting this into the first-order
optimality condition (2.46) yields

/cwl  (VoU (@) de — /goaU(m)Tn(m) dS=0, VUelU.

Q o0

The term [ : VU = tr(VOU) can be rewritten as divoU. We can now

choose the constant « such that ¢, = go because
cy = 2ay + 8b’y3 +2¢y° — dfyfl

is a monotone increasing and thus bijective function ¢ : (0,00) — R for
a,b,c,d > 0. Our first-order optimality condition then reads

go/div oU (z) da — go/éU(w)Tn(a:) dS=0, VYUeU,
Q o0

which is Green’s identity.

Let us consider the more important case with go < 0, e. g. the cube is compressed,
that is J = v < 1. Negative volume changes might occur in the linearized Newton
steps if the load go < 0 is small enough. Starting at Uy = 0, the first Newton
step would be AU (x) = (70 — 1) (the linearized system inherits the isotropy and
reference invariance of the nonlinear model and hence the step U o differs only in the
constant 70.) Unlike the constant v > 0, the constant o depends (affine-) linearly
on go and thus might be negative, which is ruled out now by the guiding criterion.
Following Newton’s method will give a sequence of iterates Uy, Ui(x) = (76 — 1)x.
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Inserting Uy, into the guiding function (3.5) yields
GUy) = /’1n7k| de.
Q

As the body is compressed, that is 5 < 1, the guiding criterion (3.4) reads
G(Uk+1) — G(Ux) < B9

[~ de - [ ~n(w) do < gl

Q Q
& In <B < Yet1 > yre P
Vk+1

This means that the constant 41 of the new iterate U4 is bounded below by
the old constant multiplied by a factor e < 1. In the case of an expanding
body, instead of compressing, the factor would be e?. Hence the volume change
is bounded below and above. Of course, the uniform compression is a very simple
example and does not account for richer deformations. Still, the guiding function
(3.5) can be used for more complex problems, as it is a quantity to measure an
“average” logarithmic volume change.

A numerical experiment on the different globalization techniques can be found in
6.1.1.

3.3 Krylov Subspace Methods

Before we discuss the discretization of the problem in the next section, we briefly
present two Krylov subspace methods, namely the conjugate gradient method (CG
method), introduced by Hestenes and Stiefel (1952), and the minimal residual
method (MINRES-method), introduced by Paige and Saunders (1975) in the Hilbert
space U.

We seek to solve the Newton system (3.2), that is the variational equality
VV,Utj(Uk,C)[(SU,AUk] = —W,U(Uk,C)[(SU], YoU € U.

The Hilbert space U has the inner product (-,-),, and its dual space is U*, while
[, Ju=,u denotes the duality pairing. We introduce the linear bounded operator
A€ L(U,U"), which is defined by

[Az, ylu~u == Wuou(Us, C)lz,y], =,y cl. (3.7)

Since the second derivatives of W are symmetric, the operator A is self-adjoint, that
is
[Az, Yl u = [Ay, z]u=u.
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The right-hand side b € U™ is defined by
[b, x}z,{*,z/{ = 7W7u(Uk, C)[:L'], rEeU. (38)

Both, A and b, depend on the current iterate U} of Newton’s method. We now
rewrite the Newton system (3.2) as the linear operator equation

Az =bel’, (3.9)

with the solution z := AU € U. In order to (approximately) solve (3.9), we apply
a Krylov subspace method. As the operator A is self-adjoint, a MINRES-method
can be applied, or a CG method can be used to solve the problem if the operator is
positive definite (coercive), that is there exists a constant ¢ > 0 such that

[Az, x] > c||z||Z, Vo € U. (3.10)

The operator A cannot be expected to be positive definite for all iterates Uy € U,
but we can still employ a truncated CG method inside Newton’s method. More
details will be given later, let us first start with the standard CG method.

CG Method

We assume the operator A € L(U,U™) to be self-adjoint and positive definite. The
CG method can be derived in a Hilbert space in the same way as in R" and also
yields the same algorithm, with one small, but important observation. Giinnel et al.
(2014) pointed out that the Riesz operator R € L(U™,U), defined by

(Rr, )y, = [, xlu u, VrelU,xel, (3.11)

takes the same place as the inverse of a preconditioner in a so-called preconditioned
CG method. Algorithm 3.3.1 shows the CG method in Hilbert space taken from
Giinnel et al. (2014).

Algorithm 3.3.1 (CG method for (3.9) in Hilbert space).
i set rg:=b— Axg €U
. set po:= Rro €U
:set k=0
: while (conv. crit. not satisfied) do
&, Rrg]
Be set ay : [Apk,pk]
6:  set Try1 1= Tk + arPk
7o set req1 =1k — apApk
[Prt1, Rri41]
[k, Rri]
9: set pr+1 := Rri+1 + Br+1DPk
10: setk:=k—+1
11: end while

N R

8  set Br+1:=
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The choice of the preconditioner will be explained in section 3.5. The convergence
criteria is the standard decrease of the residual in the R-norm (or ¢*.norm), e.g.

<rTol or lIre]lr < aTol, (3.12)

with a user defined relative tolerance rTol > 0 and absolute tolerance aTol > 0. We
choose the norm of the right-hand side b in the denominator instead of the norm of
ro because we would like to have a stopping criterion which is independent of the
initial guess xo. A good initial guess would make it harder to satisfy the relative
stopping criterion since the denominator would be smaller. For example, if we have
an initial guess o which is very close to the solution, the relative stopping criterion
might not even be satisfiable due to numerical rounding errors. We will still use
the phrase nitial residual norm for the norm ||b||r, even though the actual initial
residual is 7o = b — A zo.

Truncated CG Method

The CG method requires the linear operator A = W.yu (U, C) to be positive def-
inite (coercive). This cannot be guaranteed for all iterates, however Ball’s existence
theorem implies that there is a local minimum thus the linear operator A is at least
positive semi-definite. Therefore the assumption that A is positive definite near a
solution is reasonable. In a case like this, a truncated CG method can be used
inside of Newton’s method, see “Line search Newton-CG method” in (Nocedal and
Wright, 2006, ch. 7.1). Weiser et al. (2007) have used this approach to solve prob-
lems with elasticity, though they used a different technique for the globalization to
ensure convergence of Newton’s method.

The basic idea of a truncated CG method is simply to stop the CG method if a
search direction py with negative curvature is detected. A negative curvature means
that the term [Apg, px] is negative, in which case the iterate z; is not updated in
the direction pi. This is a very small modification of the CG method and can be
easily implemented, see algorithm 3.3.2, lines 5-7. As we assume A to be positive
definite near the solution, a break due to negative curvatures will not happen near
the solution. Therefore we can expect that this modification will not worsen the
local convergence behavior of Newton’s method as we eventually have a standard
CG method.

MinRes Method

Another Krylov subspace method to solve Az = b for a self-adjoint operator A is
the MINRES method. Like in the CG method, Giinnel et al. (2014) have shown that
the Riesz operator takes the role of the (inverse) preconditioner. Thus the choice
of the inner product in the Hilbert space U also defines the preconditioner, which
is an explanation why a preconditioner for the MINRES method has to be positive
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definite. Algorithm 3.3.3 shows details on the MINRES method, taken from Giinnel
et al. (2014).

Algorithm 3.3.2 (Truncated CG method for (3.9) in Hilbert space).
1. set 7o :=b— Axg € U”
2: set po:= Rro €U
3: set k:=0
4: while (conv. crit. not satisfied) do
5. if [Apk,px] < 0 then

6 return current x if £ > 0, otherwise po
7:  end if e
8 set ap 1= M

[Apr, pr]

9: set Tp41 1= Tk + kP

10:  set re41 =Tk — apApk

[Th+1, Rrig1]
[T, Bri]

12:  set pri1 = Rrpq1 + Brripk

13: setk:=k+1

14: end while

11:  set Br41 :=

Algorithm 3.3.3 (MINRES method for (3.9) in Hilbert space).
1: set vg:=0€U* and wp := w1 :=0€ U
2: set v :=b— Axg €eU*

3: set z1 := R?]l
4: set vy, = [01,21}1/2

5: set z1 := z1/v1 and v1 1= v1/m

6: set mo := 1, So :=81:=0,c0:=c1:=1

7:set k:=1

8: while (conv. crit. not satisfied) do

9 set 0y = [Azk,zk}

10: set Vgt1 := Azp — OkUk — YEVk—1

11: set zk+1 := Ruk+1

12: set Ye41 1= [vk+1,zk+1]1/2

13: set zp41 = Zk+1/’yk+1 and vgy1 = Uk+1/’yk+1

14:  set ap := ckOk — Cr—1SkYk and gy := (a% + 'y,€+1)1/2

15:  set ag := Skl + ck—1¢ckYr and a3 1= Sp_1Vk

16:  set cx+1 := /a1 and Sk41 = Yk+1/0a

17 set wry1 := (1/a1)[zx — azwr—1 — awi]

18: set T 1= Th—1 + Ch+1Mk—1Wk+1

19: set Mg 1= —Sk4+1Mk—1
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20: setk:=k+1
21: end while

Similarly to the CG method, we choose the convergence criterion

el _ Ikl
oz lIbli=

The current residual norm ||rx||r can be easily computed by ||rk|z = |7k

< rTol or lrkllr = |mi| < aTol. (3.13)

Inexact Newton’s Method

One reason for using Newton’s method is its fast local convergence. To retain this
convergence rate, one has to be careful how to incorporate iterative linear solvers
like CG or MINRES.

Remark 3.3.4 (Local convergence of Newton’s method). Setting the step length
a = 1 in the update (3.1) of Newton’s method would yield a standard Newton’s
method. This method has a local quadratic convergence rate if it converges and
certain assumptions are satisfied, see (Deuflhard, 2004, ch. 8) or (Kelley, 1995,
Th. 5.1.2). This means that the iterates Uy converge towards the solution U, and
there exists a constant C' > 0 such that

U1 — Ul < CIlU — U.|® VkE€N.

This only holds true if the Newton step (3.1) is solved to sufficient accuracy. As
we will use iterative solvers for the Newton system, we have to choose the stopping
criteria of the linear solvers carefully so we will not lose the fast local convergence
of Newton’s method.

A Newton’s method, where the Newton system is not solved accurately in each step,
is called an inexact Newton’s method. Here, we solve the first Newton steps with a
lower accuracy by setting the relative tolerance of the iterative linear solver quite
large, e. g. r'Tolsate = 10™*. This tolerance will be lowered when Newton’s method
converges, that means the norm |W,y (U, C)|ju= from the stopping criterion (3.3)
of Newton’s method decreases. The choice how we set the relative tolerance rTol of
the linear solver influences the local convergence behavior of Newton’s method. The
following two strategies depend on the norm of the current right-hand side in the
Newton step (3.1), that is |W.u(Ug, C)|ju=. We can choose the relative tolerances
rTol = min {rTolsse, |[W,u(Uk, C) ||~}

. 1 (3.14)

or rTol = min {rTolsafC, IWu Uk, C)Hf,*} ,

with a minimal relative tolerance rTolsate > 0. The first strategy will keep the
g-quadratic convergence rate, while the second strategy will give a g¢-superlinear
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convergence rate (of order %), that means there exists a zero sequence c;, with
Ui = Ul € e [Us —U.| ¥k €N,

see (Nocedal and Wright, 2006, Th. 7.2) or (Kelley, 1995, Th. 6.1.2). Next to this
relative stopping criterion, we use a stopping criterion with a very small absolute
tolerance aTol. This can be understood as a safety action: If we do not use aTol
as well, we risk that rounding errors might prevent the iterative linear solvers from
satisfying the relative stopping criterion.

Another point is the expectation on the performance of the algorithm with respect to
the computational costs. We emphasize that the local quadratic convergence rate is
with respect to the number of iterations, not to the computational costs themselves.
The overall algorithm, including the iterative solvers for the (linear) Newton system,
might not be as fast if the iterative solvers take a lot of computational time due
to their possibly slower convergence rate. Their number of iterations might also
grow as we solve the Newton system more and more accurately. Still, Newton’s
method shows the local quadratic convergence, even though the computational costs
to achieve it might grow quite fast.

3.4 Discretization

In order to approach the energy minimization problem (2.45) with the solution
U € U numerically, we need to reduce the infinite dimensional function space U to
a finite dimensional space Uy and compute an approximation U} of the solution U.
This procedure is called discretization and one of the most common methods is the
finite element method (FEM). We briefly introduce the FEM to clarify the notation.
For a comprehensive introduction and details we refer to Braess (2007), Babuska
et al. (2011), Brenner and Scott (2002), Elman et al. (2005) and references therein.

We start with the base of the FEM, the triangulation or mesh. Having a two- or
three-dimensional domain §2, we decompose it into a finite number of simplices, that
are triangles or tetrahedra, in this work.

Definition 3.4.1 (Triangulation). Let Q C R%, d = 2,3, be a given open two- or
three-dimensional domain. We call a decomposition

T ={T"\,T2,T5...,Tn,},
with simplices T; a triangulation or mesh if the following criteria are satisfied:
_  Np
1) e=UT:
i=1
(2) two simplices share, that is T; NTj, ¢ # j, either
e a point that is a corner node of both simplices
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e a line that is an edge of both simplices
e a triangle that is a facet of both simplices (only for d = 3)

The task of decomposing the domain € into a triangulation 77, can be achieved by
either using a structured mesh in case € is a rather simple geometry that allows a
straightforward definition of the simplices, or by a mesh generator for more arbitrary
domains.

Having a mesh 7T}, we can define ansatz functions on the simplices in order to define
basis functions to span a finite-dimensional function space U},. Table 3.1 shows the
kinds of Lagrange finite elements which we use in this thesis.

Piecewise constant elements Py

v:ﬁ—ﬂRwithvin =const,V T; € Ty, ®

Ty

Continuous, piecewise linear elements P

v € C°(Q) with U‘T_ is affine linear w.r.t. @

TABLE 3.1. The two types of finite elements which are used in this
work. The elements defined on a triangle are used for the plate
model, while the tetrahedron is used for the full three-dimensional
problem. The green dots are the nodes representing the degrees
of freedom of a Lagrange finite element.

With these ansatz functions, the Lagrange basis functions ¢;, i = 1,..., Ny, are
defined such that wi(mflob) = §;; with the global nodes mflOb and dimU, = Ny.
These functions form a base of the discretized function space Uy, e. g.

L{h = span{gzl,cpg, . ,(pNu} .
Hence, a function Uj, € U, can be represented by the coefficient vector

i= (ul,u2,.,.,uNM)T e R,

Ny
with Uy () = Zui@i(m), zeQ.
i=1
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We use this discretization to solve our energy minimization numerically. As said
earlier, we first optimize (that is applying algorithm 3.1.1) and then discretize (that
is reducing the Newton system from U to Up,).

Definition 3.4.2 (Discretized State Space). Let T, be the triangulation and U/ the
state space of the domain €2. We choose continuous piecewise linear elements P; to
discretize the state space, that is

Uy = {U €U :U|, is affine linear} . (3.15)

Definition 3.4.3 (Discretized Control Space). Let 7, be the triangulation and
C the control space of the domain 2. We choose continuous piecewise constant
elements Py to discretize the control space, that is

= {C €C: C|Ti is constant}. (3.16)

If the load/control lives on the boundary, e.g. C = La(I'Y), the discretized control
space lives on TN as well.

Having defined the discretized function spaces U}, and Cp,, we can have another look
at the algorithms 3.1.1 (Newton’s method), 3.3.1 (CG method) and 3.3.3 (MINRES
method). Besides discretizing all functions in these algorithms, we need represen-
tations of the operator A and the Riesz operator R. These will be the stiffness
matrix Aj and the discretized Riesz Rj which will be the application of the precon-
ditioner P. First, we start with the stiffness matrix while section 3.5 will present
the preconditioner.

We consider the Newton system (3.2), that is
Wuouu (U, Cr)[0Up, AU = =W u (U, Ch)[6U 1], YéU}, € Uy,
and replace the function space U by Uy, e. g.
Wuou (U, Cr)[6Un, AURl = =W.u (U, Cr)[0U4], YéU} € Uy, (3.17)
for a given load C}, € Cp, which can be obtained by an approximation C}j, =~ C € C.
Using the coefficient vectors
Ny
4= (u1,uz,.. .,uNM)T S RN“, AU () = Zujgaj(:c), x €,
=t (3.18)

Ny
77:(7)17U27~~'77}NM)T ERNM7 (SUh(it):Z’Ulipz(m), T €,
i=1
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and inserting this into (3.17) yields
W)UU(Uh, Ch)[ZUL'(pj, Eujcpj] = -Wu(Un, Ch)[z’ui(pi}, Vv € RNu

Ny Ny
& Y wuiWou(Un Chlpi, el = =Y _ oiWu(Un, Ch)lgi, Ve R,
i,j=1 =1

By choosing the unit vectors é; in RV« for the vectors @, we finally obtain the system
of linear equations

Apii=b, (3.19)
with the symmetric stiffness matrix
[An]ij = Wuu (U, Cr)lpi, ¢, (3:20)
and the right-hand side
(bl = Wu (Un, Chn)leil. (3:21)

We like to emphasize that both, stiffness matrix A, € RM*Nu and right-hand-side
b, € RNu depend on the current iterate Uy in Newton’s method. The assembly of
Ap, and b is normally done element-wise and the integrals are computed by Gauss
quadrature rules for triangles and tetrahedra.

The stiffness matrix Ay is symmetric, what follows from the symmetry of second
derivatives. The symmetry is very important property for the choice of linear solvers
and could be destroyed if the Dirichlet boundary conditions are applied to the linear
system (3.19) in the wrong way.

Remark 3.4.4 (Ways to apply Dirichlet boundary conditions).

Elimination: The nodes belonging the Dirichlet BCs are eliminated, that is their
already known values are integrated into the linear system and their entries are then
deleted from the matrix Ap, coefficient vector @ and right-hand side fn. Hence,
the dimension of the problem is reduced since the degrees of freedom from the
Dirichlet nodes are eliminated. In the implementation, this approach requires a
rearrangement of memory allocated for the matrix and vectors, which might be
costly.

Nonsymmetric row replacement: Let the degree of freedom j be part of the
Dirichlet BC u; = 0, e.g. the x2-component in a certain global node. The j-th
row from the matrix A, and right-hand side f5 are replaced by unit vectors é’JT and
[fr]; = 0, such that the equation u; = 0 is used instead of the PDE in this node.
(In the case of inhomogeneous Dirichlet BC u; = u? and that the current iterate
does not fulfill them yet, the difference between given value and current value in
this node is written in the right-hand side). This can be easily implemented but the
symmetry of the matrix is destroyed.
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Symmetric row and column replacement: Again, let the degree of freedom j
be part of the Dirichlet BCs. The j-th row from the matrix A; and right-hand side
fn are replaced by unit vectors & and [fs]; = 0, such that the equation u; = 0 is
used instead of the PDE in this node. In order to preserve the symmetry of A,
the j-th column is replaced by €;. In case of homogeneous Dirichlet BCs, this does
not require a change of the right-hand side f,. (In case that the inhomogeneous
Dirichlet BCs are not fulfilled yet, certain terms have to be added to f too, hence
applying the Dirichlet BCs has to be done on Ax and f;, simultaneously.)

Projection: The projection method can be used with iterative solvers like Krylov
subspace methods. The matrix A, and the right-hand side f5 are not modified, but
after multiplying with the matrix Ap, e.g. 7 = Ap @ — fh, the Dirichlet BCs are
applied to the result, e.g. 7. This ensures that the iterates of the Krylov method
stay in the subspace where the homogeneous Dirichlet BCs are fulfilled.

As we will use a Krylov subspace method, we choose to keep the symmetry of A
by a symmetric row and column replacement. The projection method would also be
possible, but it might cause difficulties with the smoother inside the preconditioner,
see the next section 3.5.

3.5 Preconditioner and Multigrid Method

The choice of the preconditioner P has a huge impact on the convergence behavior
of the Krylov subspace method for the linear system Az = b, with a linear operator
A€ L(U,U*) and a Hilbert space U. As mentioned earlier, this choice is equivalent
to the choice of the inner product (:,-),, of the Hilbert space ¢/. This also means
that for an unfavorable choice for preconditioner/inner product, even properties like
boundedness or coercivity of the linear operator A might be lost.

Many practical realizations of a preconditioner cannot be formulated for the infi-
nite dimensional function space U, but rather depend on the discretized space U},
For example, methods like incomplete-LU-factorization (ILU) or algebraic multi-
grid (AMG) depend on the structure of the matrix Aj, while other methods like
Bramble-Pasciak-Xu (BPX) or geometrical multigrid also need information about
the hierarchy of a family of meshes. Therefore we understand the preconditioner
as a symmetric and positive definite matrix P which is applied on the discretized
linear system A, = b.

We seek to find a “good” preconditioner, which is a compromise between the per-
formance of the CG or MINRES method, e.g. how many iterations are needed to
solve the problem to a satisfactory accuracy, and the computational costs of the ap-
plication of the preconditioner. There are two extreme cases: The identity matrix
P = I has virtually no costs for the application but a very poor performance for the
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CG or MINRES method for fine meshes. On the other hand, choosing the matrix
P = Aj, implies that we need only one Krylov iteration, but the costs to apply the
preconditioner is a linear system solve itself. Various methods for the preconditioner
P has been proposed so far in order to find a compromise between costs and per-
formance of the Krylov subspace method. It is important to note that there is no
“best” preconditioner and that the choice should always take the problem behind it
into account.

The performance, or convergence behavior, of the CG and MINRES method is much
more complex than the classical convergence proof suggests. For example, let us
restate the result for the CG method from (Braess, 2007, Th. 4.4).

Theorem 3.5.1 (Classical linear bound for the CG method). Let the sequence
Zo, X1, T2, . .. be iterates generated by the CG method (alg. 3.3.1) with the precon-
ditioner P applied on the linear system AT = b with the solution #. and let &
be the condition number of the symmetric positive definite matrix PAj;. Then the
iterates satisfy the linear bound

k
S k—1, .,
81~ 2.l <2 (YEL o = 2.l ) (3.22)

with the Ap-norm ||Z| 4, := Z' Ap7.

Remark 3.5.2. This result can be extended to infinite dimensional Hilbert spaces
where & is the quotient of the lower and upper bound of the spectrum of the linear
operator RA € L(U,U), see (Daniel, 1967, Section 1.2) and (Elman et al., 2005,
Section 2.2), where a similar linear bound for the MINRES method is shown.

According to this linear bound based on the condition number k, we can expect
a better convergence rate if the condition number is small. However, as Gergelits
and Strako$ (2013) recently noted, this a-priori convergence rate analysis is based
on simplifications that eventually cannot be expected to describe the actual conver-
gence behavior of a CG method running on a computer. For example, the classical
convergence rate analysis neglects rounding errors and simplifies the spectrum of A
to its bounds or outlying eigenvalues. We conclude that a small condition number
K is desirable for our purpose and might even offer a better convergence in the CG
or MINRES method, though we do not expect the convergence behavior to behave
as the linear bound based on the condition number x might suggest.

Another desirable property is the spectral equivalence of the preconditioner P and
the stiffness matrix Aj for different refinement levels. It implies that with subse-
quently refined meshes, the number of Krylov iterations will be bounded from above,
which is also called mesh independent behavior. Otherwise, the running time of the




3.5 Preconditioner and Multigrid Method 67

overall algorithm to solve the problem would not scale linearly with the problem
size, that is the number of degrees of freedom.

Definition 3.5.3 (Spectrally Equivalent Preconditioner). Let A € L(U,U") be a
linear operator and let Uy C Uy C Uz C ... C U be a family of discretized function
spaces. The discretizations of A are A; € L(U;,U;). The family of preconditioners
P; € L(U;,U;") is called spectrally equivalent if there exist constants ¢,¢ > 0 such
that for all = 0,1,2,..., we have

clPiz,xlys gy, S [Aiz, @lyn gy, SCIPiT Tlyyn gy, VT EUi. (3.23)

uxu uru

We emphasize that the spectral equivalence of P and Aj; does not guarantee a
fast convergence as the quotient k := ¢/c takes the role of the condition number
in the linear bound and k might be very large. For example, the stiffness matrices
belonging to the standard inner product of the Sobolev space Hg (€2)* might be a bad
choice even though they are spectrally equivalent to the matrices A;. A better choice
would be the inner product (2.28) which belongs to the linear model of elasticity.
Of course, we will not solve this problem exactly, but rather approximately by a
V-cycle of a geometrical multigrid method. Another choice would be a V-cycle of
the stiffness matrix Aj, itself, though it is not guaranteed that this preconditioner
is positive definite, see section 5.4. Let us start by briefly introducing the multigrid
method itself.

Multigrid Method

The core idea is a hierarchy of meshes, so-called levels. While solving a problem on
the finest mesh, we can switch to other meshes where it might be easier to solve the
problem and low frequent errors can be easily diminished. See Hackbusch (1980),
Wesseling (1992) or Trottenberg et al. (2001) for an introduction.

We start with a given mesh 7o, the coarse mesh, and subsequent refinements yield
the new meshes 71 C 72 C ... C Tr, where L is the number of total refinements.
We assume that the refinement only adds new degrees of freedom, therefore the
discretized function spaces Uy C Ui C ... C U are nested. We now define a
prolongation which transfers a function u;, € U, on level ¢ to the next finer mesh
on level £ 4+ 1, or to be more precise, the coefficient vector is prolongated. Since
the discretized function spaces are nested, the prolongated function is the same
function. Of course, this identity in the function space does not mean an identity
for the coefficient vectors since the basis functions in U, and Up41 are different. This
is where the prolongation operator p,_,¢41 takes its role.

Let {p;}f, and {1h:} "4 be the finite element basis of Uy respectively Up1. A
function u € U, can be represented by a coefficient vector on each level, e. g. # € R”
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on level £ and 7 € RN¢+1 on level £ + 1, with the identity

NZ NZ+1
¢
o= ahes= Y vivi
i=1 i=1
We evaluate this equation in the global nodes &°®, k =1, ..., Nyy1 of the mesh on

level £+ 1 yields and, as we use Lagrange elements, that implies 1;(2&°") = §,1,, we

get a simple representation for the vector 7, that is
NZ
lob
yk =Y z0;(@f).
=1

This sum is actually very short because the Lagrange finite elements have a local
support.

Definition 3.5.4 (Prolongation and restriction matrix). The prolongation matrix
Peser1 € RVe+1>E (such that § = prser1Z) is defined as

[Peserliy = s (xE°P). (3.24)

The canonical restriction matriz r is defined as rp+1¢ 1= pZTHgH.

With these prolongation and restriction operators, we can move from one level to
another. This allows the following idea of multigrid: A decomposition of the error
of an intermediate solution into the eigenfunctions of the operator A yields parts
of higher and parts of lower “frequencies”?. The intermediate solution on the finest
mesh has higher and lower frequency error components, while those with higher
frequency tend to be “smoothed out“ faster than those with lower frequencies. On
the other hand, the errors with high frequencies are not resolved on a very coarse
mesh and here the former low frequency errors have a high frequency, and hence
can be “smoothed out“ on the coarse mesh. The conclusion is the multigrid idea:
Smooth out the higher frequency error on the finer meshes and the lower frequency
errors on the coarser meshes. However, we will not employ a full multigrid method
to solve our linear problems but rather use it as a preconditioner inside of a Krylov
subspace method, see Braess (2007) or the numerical experiments in Ospald (2012).

V-Cycle of a Multigrid Method

A multigrid V-cycle starts on the finest mesh level L and computes the current
residual on this level. The residual is then restricted and passed to the next coarser
mesh, where a smoothing is applied. This is repeated until the coarsest mesh level
¢ = 0 is reached. Here, the problem is solved by a direct solver. This is rather

2The word “frequency” is very descriptive in the case of the Poisson equation in 1D where the
eigenfunctions are sin- and cos-functions whose frequencies varies the eigenvalues. In the case of
linear elasticity, it even has the physical meaning of natural oscillation of an elastic body.



3.5 Preconditioner and Multigrid Method 69

inexpensive because the number of degrees of freedom on the level £ = 0 is small
compared to the other levels. The correction is prolongated and passed to the next
finer mesh level £ = 1, where a smoothing is applied. This procedure is repeated until
the finest mesh is reached. Braess and Hackbusch (1983) proved that a multigrid
with a V-cycle converges mesh independently. Therefore, our preconditioner, a
single multigrid V-cycle with a matrix Kiin clast, is spectral equivalent to the inverse

11_111 clast> Which would be an exact application of the preconditioner. Furthermore,
Schoberl et al. (2011) have shown that this also applies for the linear Reissner-
Mindlin plate model, which is a special case of the hierarchical plate model for
small deformations. Hence we choose the multigrid V-cycle also in the case of the
hierarchical plate model to test it.

A recursive definition of a multigrid V-cycle can be found in algorithm 3.5.5. The
matrices Ay on the various levels can be obtained by a Galerkin projection, see
(Hackbusch, 1980, ch. 3.7). We only assemble the matrix Az, on the finest mesh and
restrict it to the other levels by recursively computing

Ap—1 = Ter150Aepe—set1. (3.25)

-

Algorithm 3.5.5 (Multigrid V-cycle MGV (¢, Z,b) for the linear system Ax = b).
Input: level /, iterate & € RY, right-hand side b e RE
Output: new iterate & € R”

if / =0 then
return = A;'b
. else

& =S¥ (Ae, T, b)

i= Tor10(b — Ae)
MGV (£ — 1, d)
=T+ Prsiet1€

‘= 8¥2(Ay, 7, b)

9: return T

10: end if

1:
2
3
4
5:
6
7
8

8 8 ® &

The choice of the smoother S and its number of repetitions v1, v2 have an influence
on the preconditioner in several aspects: As we want to use a V-cycle as a precondi-
tioner, the application of a V-cycle has to be that of a symmetric, positive definite,
linear operator. On the other hand, the choice of the smoother has an impact on
how “good” the preconditioner is, this means the performance of the Krylov method
as well as the computational costs of applying the smoother. Numerical experiments
in Ospald (2012) on linear elasticity suggest the use of a successive over-relazation
(SOR) and vy,v2 = 1.

Nested Iterations
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Since we have a hierarchy of nested meshes from the multigrid method, we can
employ the idea of so-called nested iterations to solve the forward problem. Let
L + 1 be the number of nested function spaces, e. g.

U Clh C ... CUL.

We seek to solve the optimal control problem (4.2) on the finest mesh, that means
in Ur,. Starting on the coarsest mesh and solving the forward problem in Uy, we get
the solution
U €.
By interpolating U® e Uy onto U; by the prolongation operator po_1 (see definition
3.5.4), we can use this interpolation as an initial guess for the forward problem in
Ui, e.g.
U(()O) = poﬁlUu) cU.

This might a better initial guess than the generic choice Uél) = 0 and thus fewer
iterations of Newton’s method on the level 1 are needed. We recursively employ
this idea until we have solved the finest mesh, see algorithm 3.5.6. Working on the
finest mesh is expensive and by having a better initial guess UéL), we hope to save
iterations and thus computational work load.

Algorithm 3.5.6 (Newton’s method with nested iterations).
Input: initial U(()O)7 nested spaces Uy C U1 C ... CUL
Output: U®

1: for £:=0,1,...,L do

2. compute U* by solving the forward prob. (2.46) with alg. 3.1.1 starting with

vy’

3: if £ < L then

4 set U(()[-H) = pe*>£+1U<é) S U(g_H)

5 else

6: return displacement U™ on the finest mesh level

7. end if

8: end for

Summary of the Forward Solver

We conclude this chapter by summarizing the core points of the forward problem,
that is the computation of the displacement U for a given load C.

e Newton’s method is used to solve the system 0 = Wy (U, C), see alg. 3.1.1

e A line search method is used to avoid inadmissible deformations with local
negative volume change, see section 3.2

e Krylov methods like truncated CG or MINRES are employed to solve the
Newton system (3.2).
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e The finite element method (FEM) is used to discretize the Hilbert space
U, with Py, P1 and P> as finite elements.

e A multigrid hierarchy is built and a V-cycle of a multigrid method serves
as a preconditioner for the truncated CG or MINRES method.
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The main aspect of this chapter is the optimal control of the elasticity model from
chapter 2. That means we want to achieve a desirable state U by applying a certain
load C. We start with the general setting of the optimal control problem in section
4.1. We discuss the objective functional I and possible ways to quantify a “desirable”
state. In some cases for large deformations, the standard approach with a tracking
type functional might not work because we simply cannot provide a reasonable
desired state U, We give a couple of examples for alternative objectives. The
first is based on a regional penalization of the space occupied by the deformed body.
For example, this can be used so that the deformed body avoids certain regions of
the space. The second example is motivated by a flower moving towards the sun,
where the deformed body in our model tries to point into a given direction. A third
functional measures the volume that is gained by the deformation of a plate.

In order to solve the optimal control problem, we present two methods. The first
method in section 4.2 is an all-at-once approach that is based on the Lagrange
functional and finding a root of its first derivative. Setting the first derivative
to zero is a nonlinear equation which we solve with Newton’s method, called the
Lagrange-Newton method in optimal control. The Lagrange-Newton system will be
solved by a MINRES method with a block preconditioner.

The second method is the quasi-Newton method in section 4.3. Here we eliminate
the state U = S(C) by the solution operator S which returns the displacement U
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for a given load C. We then have an unconstrained minimization problem with the
reduced objective functional I'¢. We continue by showing how the first derivative
of the reduced objective functional 7*¢ can be computed, which includes solving the
adjoint equation. Next, we show how a Broyden-Fletcher-Goldfarb-Shanno (BFGS)
update formula can be formulated in function space so that we can approximate the
second derivative I fédc. To ensure that this methods works, we use a Wolfe-Powell
line search. We conclude section 4.3 by giving some remarks on the discretization

for the quasi-Newton method.

4.1 Setting of the Optimal Control Problem

The object of interest is an elastic body €2 that can be deformed by the load C,
which can be an external load, for example a volume load f or a boundary load g,
or an internal load, for example an inner pressure ¢ or a fiber tension m. Using this
load, we seek to deform the body in a desirable way. In the following, we call the
load C the control and the displacement U the state®.

Both, state and control, are linked by the elastic material behavior discussed in
chapter 2, that eventually led to the variational equality

0=Wu(U,C)U], VéU€ecl

4.1
with W(U,C) = WP W)+ w© (U, ), (“4.1)

where W€ is one of the energy functionals of the load C, compare table 2.1. The
control belongs to a control space C, depending on which type of load is applied. We
assume that we have only one of the four loads as a control for an easier notation,
though it is straight-forward how to extend the problem to multiple controls.

Our problem now is to find a certain control C' to achieve a state U which is
desirable. We formulate this as the optimization problem

min  I(U,C)
Ucu,CeC (42)

st. 0= Wy (U,C)§U], VéU eU.

In order to illustrate examples for the objective functional I : U x C — [0,00), we
assume the splitting

I(U,C)=Q(U)+ P(C), (4.3)
consisting of a quality functional @ : U — [0,00) and a penalty/cost functional
P :U — [0,00). Lubkoll et al. (2012) have shown the existence of a solution of the
optimal control problem for the case of boundary loads g under certain assumptions.

1Please note that a wide part of mathematical literature on optimal control uses a different
notation, where the control is denoted by y and the state by wu.
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4.1.1. Quality functionals

We consider a function @ : U — [0, 00) that assigns a certain objective value Q(U)
to a given displacement U, for example depending on how ”well” the deformed body
Q matches a given desired shape fdes, which also defines Q% and vice versa. Of
course, there are various ways to describe this quality and the practical problem
behind it should be taken into account as well. Most importantly, the way how the
desired shape is described plays a huge role for the implementation. Among others,
we could have

a parametrization of the surface fdes,

an implicit definition of the surface fdes,

B-splines or non-uniform rational B-splines (NURBS) describing [des
a two-dimensional mesh defined by given vertices.

The following presented quality functionals might be more or less applicable to one
of those descriptions. First, we give an introducing example and later show how it
can be modeled with different quality functionals.

Example 4.1.1 (Elevation of a Bar). The undeformed body is the bar Q = [0, 2] x

[0, 2] x [0, 15]. The goal is to elevate the right quarter Q"'" = [£ 2] x [0, 1] x [0, ]

to the height h = 0.2, which affects the third spatial coordinate x3. The other
coordinates ; and x2 are free to change. A load may be applied only in the part

Q" =0, 3] x [0, 3] x [0, 5]

)2

===

— I

FIGURE 4.1. The bar in blue and red is the undeformed body 2
and the bar in gray is the unknown deformed bar Q. The red box
illustrates the desired height h = 0.2, where the red right part
Q'#ht has to be elevated to. The blue region indicates the part
Q'*f where the load may be applied.

Desired State

We start with a very common functional which is often found in literature on optimal
control.
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Definition 4.1.2 (Standard tracking type). Let a desired state U € U be given,
that is we want the state U to match this desired state as much as possible. We
penalize differences between the two states with the weighted squared error
rac 1 des
Q" (U) = 5/7($)HU(w) — U™ ()| da, (4.4)
Q

with a weight function v : 2 — [0, 00) and the Euclidean norm ||-||2. The derivative
with respect to the state U is

GO U] = / V(@) (U(e) - U (x)) ' U (=) da. (4.5)

The model can be easily extended by allowing a weight function ~; for each spatial
coordinate x;.

We give the modeling of the introduction example 4.1.1 with a tracking-type quality
functional.

Example 4.1.3 (Bar: Standard tracking type). This simple example allows us to
give a desired state for the right quarter, e. g. U (x) = (0,0,h)" and v(z) = v > 0
for & € Q8" It is not necessary to define U on the remaining left quarter, as
we set y(x) = 0 for the remaining part anyway. We then have
Q" @)= [ U@ -©0n e,
Qright

and its derivative

QEE U [5U] = ~ / (U) - (0,0,h)7) T8U () da.

Qright

This quality functional is very practical in various optimal control problems. How-
ever, in elasticity with large deformations, it has a drawback because the desired
state U is not easy to determine in some problems. For example, we want to
deform the mechanical body in such a way that it matches a certain shape. It is
not clear how to extend the desired shape to a unique U%*. Even material points
on the boundary I' are not uniquely determined along the desired shape, see figure
4.2. A remedy to this would be to consider the desired state only on a subdomain.

Desired shape

Let a desired shape Tdes he given, that means we want to deform the body € in
such a way that its boundary is as “close” as possible to the desired shape I'4°*. The
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Udes ?

FIGURE 4.2. In this example the shape is given but we cannot
uniquely define the displacement for each point. This is true not
only for the boundary points, but also for the interior points.

essential question now is how to qualify what is meant that I and 19 are “close”.
A possible choice could be the distance between both surfaces, e. g.

Q*ePe1(U) = / v(z)d (:v 1 U(x), fd%) ds,

T

with a weight function v : I' — [0,00) and a distance measure d between a point
# = @ + U and the desired shape 'S, This might be easily computable for
certain simple shapes fdes, but it is an enormous effort to determine the distance
d(z+U (x), 1) or the set 2\ Q29 for most shapes, let alone computing a derivative
which is needed in the optimization later.

Another choice could be the volume difference between the boundary I' and fdes,
e.g.

Qshapez (U) = / dx + / dex,
ﬁ\ﬁdes ﬁdes\ﬁ
the desired domain % defined by the boundary ['9° . The problem here is the

computation of the domains € \ Qdes and Qdes \ Q, as this turns out to be very
complex.

Another measure to compare two shapes was suggested by Rumpf and Wirth (2009).
They considered the physical work which is needed to transform the current shape
into the desired shape. This problem alone is very challenging because there is
no mapping between the two shapes which could tell us where the points on the
boundary have to be moved to. To use this for a quality functional seems too
expensive.

Regional Penalization Another example is the penalization of certain regions which
should be avoided by the deformed body €2. These could be areas where the deformed
body is not allowed or regions away from a desired shape.
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Definition 4.1.4 (Regional Penalization). Let ¢ : R®* — [0,00) be a continuous
function that allocates a certain penalty density ¢(Z) to each spatial point Z € R3.
The total penalty by the deformed body then is

QP (U) = /q(?ﬁ) dz = /q(m+U(w))det F(zx)dz. (4.6)

Q Q

This quality functional can also be interpreted as a penalty method for a state-
constrained optimal control problem with the constrain that the deformed body
must not occupy a certain region.

Computing the derivative with respect to the state U directly yields

@ O)5U) = [ V(e + U@) det Fo)
Q (4.7)

+q(x+U(z)) cof F(z)™ " : VéU da.

However, this formula does not reveal an important feature of this quality func-
tional: The change of the value of QP°" depends only on how the boundary T
changes. For example, if the boundary does not change, that is (5U|F = 0, the
change Q" (U)[0U] is zero as well. Hence, only the change of the exterior shape I'
has an influence on the optimization, not the deformation inside the body. This is
proven in the next theorem.

Theorem 4.1.5 (Change of regional penalization). Let ¢ : R® — [0, 00) be a con-
tinuous function and QP°* : U — [0,00) with QP°" from (4.6). Then the formal
directional derivative of QP°" is

QY (U)[6U] = /q(a: + U(w))éU(av)—r cof F(x)n(x)dsS. (4.8)

T

Proof. We start by stating the Hadamard representation of shape derivatives to
describe a derivative with respect to a perturbation of U. This follows the ideas
presented in Sokotowski and Zolésio (1992) or (Eppler, 2010, Sec. 2.11.). We consider

the quality functional (4.6) formulated of the deformed domain (A), that is

Q*"(U) = / ¢(@) da.

Q
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One approach for the shape calculus is a perturbation of identity on t the domain O:
We regard SU: Q>R asa perturbation of the deformed domain Q that is

Qs = {aa —2+00(@), @€ Q}

Rewriting this expression on the undeformed domain and using 66(%(:1:)) =0U(x)
yields

Qs ={@s=x+U(z)+dU(z), =cQ}.
One can see that a perturbation SU of the deformed domain € can be viewed as a
perturbation U of the displacement U. The shape gradient representation of the
Eulerian derivative in direction §U is

QU (U)[6D) = / 4(@) 60 (@) A(@)dS.

)

This expression is transformed to the undeformed domain, that is
Qi (U)[eU]
F(x)” "n(x

_ /q(w +U()) 6U(w)7m det F(@)||F ()~ n(z)| dS

q(xz+U(x)) U(z)" (F(z)” "n(z)) det F(zx)dS.

H—

Example 4.1.6 (Bar: Regional Penalization). We consider the distance to the
desired box in the 1-norm, e.g.

q(®) = d(@s, [h, c + h]),

where d is the distance of a point to an interval. We restrict the integral such that
only the right quarter is considered, e. g.

Q™M(U) = / q(x + U(x)) det F(x) de.

Qright

Remark 4.1.7 (Difficulties for the numerical integration). The numerical integra-
tion, which We will eventually use to compute the quality functional Q" and its
derivative Q , might face difficulties for certain penalization functions q. We il-
lustrate this Wlth figure 4.3. In the left sketch the element lies in the region where
q is zero, which is also the result of the numerical integration. The center sketch
shows the case where the penalty function q is still zero in the integration point but
the element is partly in the region where q is positive. Even more, the gradient ﬁq
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in the derivative Q%" from (4.7) is undefined. Here, the numerical and analytical
integration yield different results for Q”*". The right sketch shows the case if Q%"
is computed by the formula from theorem 4.1.5. Here, the numerical integration
over the boundary returns the correct result. Of course, these errors in the com-
putation of QP" become smaller with a finer discretization or by using quadrature
formulas that are adapted to this kind of integrals. On the other hand, we expect
the deformed body to be very close to the region where ¢ > 0.

As a consequence, the numerical integration to evaluate QP°" might have errors if

the deformed body is close to the region where ¢ > 0. These errors might cause
problems in an optimization algorithm which assumes an exact evaluation of the
objective function. A remedy to this problem could be a smoothing of g. This is
observed in our numerical experiment in section 6.2.2.

q(x)

q(x) q(x)
e »>X ] »>X i »>X

FIGURE 4.3. Illustration of the difficulties for the numerical inte-
gration of QP°" from (4.6). The black triangle is a finite element
with its green integration point and the red curve indicates the
value of the penalization function gq.

Desired Direction

Example 4.1.8 (Heliotropism). The next example is motivated by biology. In
certain flowers, called heliotropic flowers, a phenomenon called heliotropism causes
them to align their flower heads to the sun during the day, that means they move
themselves in order to follow the movement of the sun from east to west, see Raven
et al. (2001). The movement of the flower is caused by motor cells in a flexible
part of the stem below the flower. The motor cells control the water balance of
nearby cells, for example by pumping potassium ions into these cells and changing
the osmotic water flow and thereby the turgor pressure.

The probably most popular example for this flower movement is the sun flower
(Helianthus annuus), though there is an old misconception: The fully formed head
of a sunflower does not follow the sun movement, see the left picture of figure 4.4.
The uniform alignment of a blooming field of sunflowers is actually static to the
east, making them “living compasses”. The alignment to the east is caused by the
fact that only the buds (earlier development stage before the head) track the sun
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across the sky. The last alignment of the buds is normally towards east. For more
details and experiments we refer to Lang and Begg (1979).

In general, there have been proposed several hypotheses what causes floral he-
liotropism, e.g. pollinator attraction and warmth management by Kevan (1975),
though this might not apply to all flowers, see the work of Totland (1996). Other
examples for heliotropism are the arctic poppy (Papaver radicatum), the sensitive
plant (Mimosa pudica) and the meadow buttercup (Ranunculus acris).

FIGURE 4.4. Left picture: blooming sunflower at sunset with the
sun in its back (photo: Heiko Giinnel). Right picture: arctic
poppies bending towards the sun (photo: Phil Wickens/Quark
Expeditions)

Let us consider an undeformed body €2 which points into the direction s. We seek
to find a deformation such that the body points into a desired direction s € R?,
see figure 4.5.

In order to measure the direction of the body, we choose a surface I'* and the
tracking-type functional

Q) = § [I3(a@) - ™3 as. (19)
1—‘8

In this case, there are two ways to formulate the direction s of the deformed body.

(1) Let s be a direction like a fiber. During the deformation, this direction
becomes Fla)
s x)s
s(x(x) = (4.10)
@) = @l
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ST 5)4

FIGURE 4.5. Sketch of a plant that points towards the direction
s (left). The direction of the sun is the arrow s9° in yellow. He-
liotropism causes the plant to bend such that the current direction
3 matches the desired direction s9° (right).

(2) The normal n on I'° is the direction s of the undeformed body. The
current normal 1 of the deformed body

o F@ Tn@)
n(@®) = [Fa) Tnl@)s’

then gives the direction 3 = 7 of the deformed body.

(4.11)

Comparing the equations (4.10) and (4.11), they yield the same results for orthog-
onal matrices F', that is the deformation gradient is only a rotational matrix on
the surface I'*. This assumption might be reasonable for certain problems. In our
later numerical test in section 6.2.3, we will assume F' to be orthogonal. This is
mainly due to the fact that the expected solution changes the shape of the surface
I'® negligibly. We can then simplify the quality functional to

Q*(U) = %/HF(:{:)S(:B) _ 4|2 4. (4.12)
FS
The first derivative of Q° is

Q% (U)[8U] = / s(2) VU (2)" (F(x)s(x) — s°) dS.
Ds
This simplification has no considerable influence on the solution of the optimal
control problem in section (4.10), as comparative computations have shown. Of
course, it is also possible to choose a part 2° C € instead of the surface I'?; e. g.

Q(U) =1 / 13(@ () - 5|3 da.

In this case, we take the first formulation of s because the surface normal mn is not
available for the interior of ©°.

Enclosed Volume
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Let us consider a thin plate Q = QP x (—d, d) of thickness 2d which is clamped
at its rim TP = 9Q*"° x [~d, d]. Due to its deformation, a certain volume is gained
because the deformed plate makes room for it. A two-dimensional illustration can
be found in figure 4.6. We seek to maximize this volume.

FIGURE 4.6. Two-dimensional sketch of the enclosed volume: the
undeformed plate Q in blue, with the surface TV and the normal
n, and the deformed plate Qin red, with the surface TV and the
normal 7. The volume V in green is enclosed by the two surfaces
I'Vand V.

To model this, let T'V := Q2P x {—d} be the lower surface of the undeformed plate
and TV := Z(2) the lower surface of the deformed plate. As the plate is clamped
at its rim I'°,both surfaces enclose a domain V with the boundary 0V =T'V U rv.
We are interested in the volume of V, that is

V] = /ld:c.

\

As the domain V depends on fv’ which itself depends on the displacement U,
we can use the volume |V| for a quality functional QV(U). However, we need a
representation of the volume |V| in terms of the displacement U.

Theorem 4.1.9 (Volume enclosed by a surface). Let V be a domain enclosed by
the surfaces I'V and T'V. The volume of V is

|V| :/ 3dS /CD3 3dS (413)
v

with the outer normals n and 7 of the surfaces I'V respectively I,

Proof. Green’s identity from lemma (A.1) with the function (0,0,x3)" over the
domain V reads

|V\:/1dm—/dlv()0m3) dm—/(OOmg dS /:23 3dS

v oV
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where n" is the outer normal of V, which is n¥ =n on I'V and nV = —7 on fv,
see figure 4.6. Finally, we insert the splitting 9V = 'V UTY and obtain

V= [ @sln(@)sds —A/ #3[7(@)]s d5,

as claimed.

The first term of the sum in (4.13) can be simplified to
/ms[n(m)]d ds = / ddxidexo, (4.14)
v 02D
because &3 = —d and n = (0,0,—1)" on TV = Q®P x {—d}. The second term can
be transformed back to the current configuration and simplified to
/Zﬁg[ﬁ(ﬁ)]g, ds = / (s + [U(x)]3) [ cof F(w)n(az)]3 ds
v rv
= / (—d+ [U(z1, @2, —d)]3) [ cof F(x1,x2, —d) (0,0, —l)T}3 dxidz:
02D
= _ / ( —d+ [U(x1, 22, 7d)]3) [cof F(x1,x2, fd)]33 daxidxs.
Q2D
Finally, the quality functional to describe the volume that is enclosed by 'V and v
with respect to the deformation U reads
QY (U) = / d+ (—d+ [U(z1, 22, —d)]3) [cof F(z1, @2, —d)] ,, dz1das. (4.15)
02D

This formula could be directly differentiated with respect to U, however, there is
an easier way to obtain the first derivative Q?{J.

Theorem 4.1.10 (First derivative of the enclosed volume). Let QV be given from
(4.15). Its formal first derivative with respect to the displacement U is

Q' (U)[8U] := /5U(m1,rc2,—d)TcofF(ml,mg,—d)((),(),—l)Tdmlda:z. (4.16)

Q2D

Proof. Again, we use the Hadamard representation as in the proof of theorem
4.1.5. The perturbation 6U : @ — R? restricted on the boundary I'V will be
the perturbation of identity of the domain V. That means a point Z € I'V on the
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boundary TV is moved to %—i—éﬁ(i). This is consistent with dU being a perturbation
of the displacement U, because

#(z) + 0U (&(z)) = @ + U(z) + oU ().
The quality functional Q" is the volume of the domain V, so we have

V:|V|:/1dw.

A4

Sokotowski and Zolésio (1992) or (Eppler, 2010, sec. 2.11.) state the Hadamard
regresentation of the shape gradient of the Eulerian derivative of |V| in direction
oU, that is
(V1Y 501 = [ 60(@) (@) dS,
v
because the perturbation only acts on the boundary TV and thus the part of the in-

tegral over I'V vanishes. We transform the integral back to the current configuration
and obtain the first derivative

QYL (U)oU) := / oU ()" cof F(x)n(x)ds.

Inserting I'V = Q2P x {—d} yields the claim

QY (U)[8U] := / 8U (1, @2, —d) " cof F(x1, 22, —d)(0,0,—1)" da;des.

Q2D

4.1.2. Cost or Penalty Functionals

The cost or penalty functional has to be chosen for the control C, otherwise the op-
timal control problem might be unbounded. We will consider the standard squared
Lo-norm of the control, that is

PO ;:/7“)(9;) f@) " f(x)de, with v : Q — (0, ),

P9(g) = [~9()g(x) g(x)ds, with 7@ : T — (0, 00),

(4.17)

P (m) = [ 4"(@) (m(z))? da, with 7™ : Q = (0, 00).

PYO@) = / Y (@) (t(z))? da, with v : Q — (0, 00),
Q
/
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To unify the notation for the various controls, we simply write P©) and 7<C>.

Remark 4.1.11. In some cases, the control might not be defined on the whole
domain Q respectively I'V. In such cases the control C can be restricted to Q™! ¢ Q
respectively I'**" © T'V by restricting the integral in the energy functional W (),

e.g.
wPHw, ) = / f'U dz.

Qetrl

4.2 Lagrange-Newton: An All-at-once Approach

Our first method to solve the optimal control problem (4.2) is a Lagrange-Newton
method, see Alt (1990) and Alt and Malanowski (1993) for a reference. The method
is based on the Lagrange functional and seeks to find a root of the first derivative.

Definition 4.2.1 (Lagrange functional). Let the optimal control problem (4.2) be
given. The corresponding Lagrange function L : U x C x U — R to this constrained
optimization problem is

L(U,C, Z) = I(U,C) + Wy (U,C)|Z], (4.18)

with the state U € U, the state C € C and the multiplier Z € Y. We abbreviate
the triple X := (U,C,Z) and X € X :=U xC X U.

Under certain regularity assumptions, see Alt (1990), the Lagrange principle states
that a minimum X* = (U*,C*, Z*) of the optimal control problem satisfies

L x(X"[X]=0 VoX € X. (4.19)
The formal first derivatives L x are
Luy(U,C,2)6U] =I1uyU,C)dU])+ Wyuu(U,C)[Z,5U)|
Lc(U,C,2Z)[6C)=1c(U,C)[6C|+Wuc(U,C)[Z,5C)| (4.20)
Lz(U,C,Z)[6Z] =Wyu(U,C)[sZ].

The behavior of the Lagrange-Newton method is mesh-independent under certain
assumptions, see Alt (2001). This implies that the convergence behavior will not
worsen on sufficiently refined meshes. For a general discussion on local convergence
we refer to Alt (1994). As we already mentioned in remark 3.3.4, the local quadratic
convergence of Newton’s method is with respect to the iteration number assuming
that the Newton system is solved accurately. If we use an inexact Newton’s method,
the computation costs tend to grow for the last iterations because the Newton system
has to be solved more and more accurately.
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4.2.1. Solving the Lagrange Equation

The nonlinear Lagrange system (4.19) can be solved by Newton’s method, that is
Xi+1 = Xi + g AXy, (4.21)
with a step length ai and the search direction AX satisfying
L xx(Xi)[0X,AX] = —L x(Xi)[6X] VéX € X. (4.22)

This leads to algorithm 4.2.2.

Algorithm 4.2.2 (Lagrange-Newton method to solve L x (X*) = 0).
Input: initial Xy, Lagrange functional L, k =0
Output: X := (U,C, Z)

1: while (||L,x (X&)|lx* is too large) do

2 get AX}y by solving L,Xx(Xk)[(sX, AXk] = 7L7x(Xk)[5X}

3 choose step length ax by a line search

4: set Xpy1 := X + aA Xy

5 set k:=k+1

6: end while

7. return Xy := (U, Ck, Zy)

As a stopping criterion, we choose a relative or absolute tolerance for the right-hand
side L x(Xk), e. g.

1L x (X))l 2=
Tt < rTol or |IL,x (X&)||x+ < aTol, (4.23)
1L, x (Xo) || x~

with a user defined relative tolerance rTol > 0 and absolute tolerance aTol > 0,
which do not have to be the same as the tolerances for the MINRES method.

Since all derivatives are evaluated at the same point X, = (Ug, Ck, Zx), we drop
the references to the point X3 and to the perturbation §X = (U, dC, 5 Z) for better
readability. The Lagrange-Newton system then reads

Luvu Luc Luz| |AUg Lu
Leu Liecc Lcez| |ACk| =—|Lc|. (4.24)
Lzu L zc 0 AZy Lz
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The single entries of the Newton matrix from (4.24), evaluated at the point X5 =
(U}c7 Ck7 Zk;)7 are

Luyu[dU, AUkl = Tyu[dU,AUx] + Wuuul[Zk, U, AUk
Luc[dU,ACk] = Tuc[dU,ACky] + Wyuc|Zk, U, ACk]
Luz[6U,AZy] = WuulAZy, U]

Lcoul6C,AUy| = IculdC,AUy] + WyculZy,0C, AUk]

4.25
L,cc[(SC, AC}C} = 1700[50, ACk] =+ Wucc[Zk,(sc, AC}C} ( )
Lcz[0C,AZy) = Wuc|AZy,dC)|
Lzul6Z, AU = WuouldZ, AU}
L zcl6Z,AC] = WucldZ, ACk].

Please note that the mixed derivative I cu are zero for the objective functional
I(U,C) = Q(U) + P(C) and that for the presented controls from table 2.1 the
second derivatives W cc are zero as well. This simplifies the system to

lvv +Wuouvu Wwouuve Wou| [AUg lu+Wuu
Wucu 0 Wuouc| |ACy| =— |Ic+Wuce
Wuu Wuc 0 AZy Wu

In order to solve the Lagrange-Newton system (4.24), it is important to know that
the corresponding linear operator L xx € L(X,X") is symmetric and indefinite.
Therefore, we apply the MINRES method from section 3.3 to solve the system (4.24).
As the MINRES method depends on the inner product of X =U x C x U, we choose
the canonical product induced by the inner products of the state space U and the
control space C, e.g.

()(17 XQ)X = Su (U17 UQ)M —+ Sc (Cl, CQ)C —+ Sz (Z17 ZQ)M y (426)

with X; = (U;,C4, Z;), i = 1,2, the inner products (-,-),, from (2.28) and (-,-),
from table 2.2, and scaling factors sc, su, sz > 0. This choice is equivalent to the
block preconditioner

SUKlinAelast
P = scMec R (427)
5z Kiin.clast

with the stiffness matrix Kjin.elast from the linear elasticity model and the mass
matrix Mc induced by the inner product (-,-).. The scaling factors sc,su,sz are
user-defined such that the block preconditioner P is “similar” to the Lagrange-
Newton matrix from the operator L xx. Instead of an analysis of the lower and
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upper bound in the spectral equivalence between these two matrices, we run nu-
merical tests on the convergence behavior of the overall algorithm for a collection of
scalings sc, su, sz and choose the scaling triple with the smallest number of Krylov
iterations. This testing procedure is reduced by setting sy = 1 and varying sc, sz
as the overall scaling of the preconditioner P has no influence on the convergence
behavior. However, one has to be aware that as the preconditioner P defines the
dual norm, e.g. ||L, x (Xk)|| p-1, the stopping criteria changes too. More details will
be given in section ?77.

Line Search

The Lagrange-Newton step (4.21) has a step length oy which has not been discussed
yet. Fixing ax = 1 might be a bad idea as we risk failure of the Lagrange-Newton
algorithm 4.2.2 due to the nonlinearity of the Lagrange-Newton function itself or due
to possible negative local volume change J < 0 (which renders the elasticity model
physically meaningless). There are some methods to deal with these problems:

e The problem with a negative local volume change J < 0 can be redeemed
by using the guiding criterion from (3.4).

e As discussed in (Nocedal and Wright, 2006, ch. 15.4-15.6), we could use a
merit function and add a penalty functional for the equation 0 = Wi (U, C)
to the objective functional and employ a strategy to control the factor in
front of the penalty functional.

e Another method is an augmented Lagrangian-SQP (sequential quadratic
programming) suggested by Ito and Kunisch (1996a), Ito and Kunisch
(1996b) and others. Here we add a penalty functional on the multiplier
Z to the original Lagrange function, for more details we refer to the work
cited before.

In our later numerical experiments in section 6.2, the guiding criterion was sufficient
for the convergence of the Lagrange-Newton method. However, if it turns out that
a more sophisticated method is necessary, a merit function like in (Nocedal and
Wright, 2006, ch. 15.4-15.6) could be implemented.

4.2.2. Discretization

To solve the first order optimality L x = 0 from (4.19) numerically, we use a finite
element method to discretize it, like we did for the forward problem in section 3.4.
We replace the space X by the discretizations of state and control space, that is
Xp :=Up X Cp, X Up. The finite element base of X}, is denoted by {; iV:Xl, with its
dimension Ny = dim X}, = Ny + Ne + Ny. The first Ny, basis functions are the
ones for U, the next N¢ basis functions for U and the last Ny basis functions for

Z. The Lagrange system (4.22) in X} becomes the linear system of equations

-

AZ =1, (4.28)
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with the coefficient matrix A € RV¥¥*Nx  the solution vector & € R¥* and the
right-hand side b € RV* | that is

[A],; = Lxx[pips] 4,5=1,...,Nx

. ‘ (4.29)
[bl: = L x[p4] i=1,...,Nx.
The discretized solution then is
Nx
Xn =) [@ip: €X. (4.30)
i=1

The block preconditioner from (4.27) is applied separately for the three blocks.
Solving with the stiffness matrix Kjin.clast is approximated by a V-cycle of a multigrid
method, see 3.5. The mass matrix Mc¢ is a diagonal matrix for Pp-elements, hence
we can directly solve this block.

Nested lterations

We can apply the idea of nested iterations (alg. 3.5.6) for the forward solver for the
Lagrange-Newton again, see algorithm 4.2.3.

Algorithm 4.2.3 (Lagrange-Newton method with nested iterations).

Input: initial Xéo), nested spaces Xp C X1 C ... C XL
Output: X
1: for £:=0,1,...,L do
2. compute X* by solving prob. (4.2) with alg. 4.2.2 starting with Xée)
3 if / < L then
4 set Xéprl) = pg_>g+1X(Z) € X(g+1)
5. else
6 return X
7 end if
8: end for

4.3 Quasi-Newton: A Reduced Formulation

The idea of a reduced formulation is to reformulate the constrained optimization
problem (4.2) into a unconstrained optimization problem, for example see Hinze
and Kunisch (2004) and Herzog and Kunisch (2010). This is done by introducing
a solution operator to eliminate the constraint 0 = Wy from the optimization
problem.
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Definition 4.3.1 (Solution operator). Let the state equation 0 = W,y (U, C) be
given. We assume the existence and (local) uniqueness of the state U € U for every
given C € C. Then we can define a solution operator S : C — U by

S(C)=U & 0=Wy(U,C)[fU] VYU €U, (4.31)

that means U solves the state equation for a given C.

Remark 4.3.2. The assumption of existence of a solution U € U for a given C € C
is ensured by the Ball’s existence theorem 2.2.9. Still we assume the local uniqueness
of the solution by the following reasoning. In order to solve the state equation, we
use Newton’s method (algorithm 3.1.1) which gives us a single solution U for a given
C'. See remark 2.2.11 for a brief discussion.

With the solution operator S, we can eliminate the constraint 0 = W ¢y by replacing
the state U with S(C'), which results in a free optimization problem.

Definition 4.3.3 (Reduced Optimal Control Problem). Let the optimal control
problem (4.2) be given. The reduced optimal control problem is
. red L
gléré[ (C):=1(5(C),0), (4.32)
with the corresponding solution operator S : C — U.

Later, we want to apply derivative based optimization methods, which would require
the computation of the derivative I'&' (C) or the gradient Vo I™?(C) of the reduced
objective function. Before we continue we would like to point out the difference
between derivative and gradient and their relationship. The derivative of the reduced
objective functional I™¢ with respect to C is a linear, bounded operator Ifgd(C) €
C*, while the gradient VoI™4(C) € C is an element of the primal control space C.
They both are linked by the linear equation

[I'84(C),6C)er ¢ = (vcfed(C), 5C)c V5C € C. (4.33)

Equation (4.33) basically states that the gradient is the Riesz representative of the
derivative in the Hilbert space C. For a discretized control space Cp, solving this
linear equation is basically solving with the mass matrix of Cp, which is very cheap
in the case of Pp-elements because the mass matrix is a diagonal matrix.

The question remains, whether we use the derivative or the gradient in the derivative
based optimization algorithms. Although the term “derivative based “ optimization
might suggest the use of the derivative, many algorithms actually work with the
gradient. For example, the steepest descent method chooses the search direction to
be —VcI™(C) € C. Tt cannot use the derivative I'g'(C) € C* directly as a search
direction because the search direction has to be an element of the control space C,
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so I'§'(C)) € C* cannot be used in the update on the current solution. However, this
incompatibility of the derivative as a search direction is often overlooked in the space
R™ with the Euclidean scalar product. Here, the mass matrix is an identity matrix
and therefore the derivative and the gradient are identified as the same. On the
other hand, there are methods that use the derivative instead of the gradient because
the derivative is not directly used textitas the search direction but rather used to
compute the search direction. An example is Newton’s method in optimization.
Here, the derivative is the right-hand side of a Newton system with the search
direction as the solution.

FENICS, the program that we use to implement our algorithms, offers the possibil-
ity of automatic differentiation (AD, also called algorithmic differentiation) which
makes the computation of the derivatives very easy for the user. Since we can di-
rectly compute the derivatives and we use a quasi-Newton method later, it seems
more natural to work with derivatives instead of the gradients. Later, this choice
will have consequences for the adjoint operator (otherwise it would be the Hilbert
space adjoint) and for the formulation of the BFGS update.

In order to compute the derivative I fgd, we apply the chain rule, that is

I'E(C)5C) = 1 (1(5(0), ©)) ¢
=Iu(S(C),C)[S,c(C)[6C]] + La(S(C), C)[6C) (4.34)

= [I,U(S(C)v C), S,C(C)[‘SCHL{*,L( + [LC(S(C)a C'), 5C]C*,c y

with a linearization S c(C) of the solution operator, that is a linear (bounded)
operator S.c(C) € L(C,U) at the current control C. Before we continue with
the derivation of a representation of I'§'(C), we show how the linear operator
S,c(C) can be computed. In the following, we abbreviate the current point by
(~) :== (5(C), C) for easier reading.

Theorem 4.3.4 (The linearized solution operator S,c(C)). The (formal) lineariza-
tion S,c(C) € L(C,U) of the solution operator S : C — U in (4.31) at the point C
is

Sc(C)6C)=U <= 0=Wyu(S(C),C)[V,dU]

FWoelS©), 0,50 weu. )

Proof. We regard 0C' as a small perturbation of the control C' and seek to determine
the change §U for the state U = S(C), that is

0=Wuu(~)[V,Sc(C)6C]] + Wue(~)[V,6C]  VV ell.
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Setting dU := S,c(C)[6C] yields (4.35). Under the assumption of the Fréchet-
differentiability of W ¢, this can also be viewed as the application of the implicit
function theorem, which is stated for example in Zeidler (1986).

In order to get a practical representation of I fgd(C), we need to shift the linearized
solution operator S ,c(C)[dC] in equation (4.34) onto I, iy. This can be done by the
adjoint operator.

Definition 4.3.5 (Adjoint Operator). Let ¢/ and C be Hilbert spaces with the
duality pairings [, '}M*,M’ respectively |-, '}C*,C' Furthermore, let S,c(C) € L(C,U)
be a linear operator. The adjoint operator S.c(C)* € L(U*,C*) is defined by

[V.5.¢(C)6C]ly- y = [S.c(C)*V,8C),. ., V6CEC,VeU'. (4.36)

The next theorem states an equation to represent the adjoint S ,c(C)*.

Theorem 4.3.6 (Adjoint of the linearized solution operator S ,c(C)). Let the lin-
earized solution operator S,c(C) € L(C,U) from (4.35) be given. The adjoint
operator S c(C)* € LU™,C”) is defined by

Sc(C) [Lu(~)] =Wuec(~)Z,]

Wil Wou()IV,Z]+ Lu(~[V]=0 YV el (4.37)

Proof. Inserting V' = Z into the linearized solution operator (4.35) and inserting
V = 46U into the adjoint equation (4.37) yields

Wuu(~)|Z,8U]l + Wue(~)[Z,6C) =0
and  Wuu(~)[0U, Z] + Lu(~)[6U] = 0.

Due to symmetry of the second derivatives the first terms of both equation are
identical, leaving the equation

Wuc(~)|Z,6C] = Lu(~)[8U].
Inserting [S,C(C)*[I,U(N)]7(SC]C*7C = Wuc(~)|[Z,6C] from (4.37) and U =
S,c(C)[6C] from (4.35) yields
[S.c(C) [Lu(~)],6C] .. o = [Lu(~),5.c(6C)yx 44 »

which is the definition of the adjoint operator.

The linear equation in (4.37) is also called adjoint equation. Having a computable
representation of S’*, we can continue with the derivation of the reduced derivative
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in (4.34), that is
[rg©).6¢] . = 110(~).5.0(O5Cl 4 +1.0(~),6Ccn o

= [SC(C)* [I,U(N)] , 5C]c*,c + [Lc(~);0C]cx ¢
= [Sc(O) [Lu(~)] +Le(~),6C],. .-
Finally we get the reduced derivative
I'E(C) = 8.c(C) [Lu(S(C),C)] +1.c(S(C),C) ecC”. (4.38)
This implies the following steps in order to compute the reduced derivative:

(1) apply the solution operator U = S(C) from (4.31), that is solving the
(nonlinear) state equation 0 = W,y (U, C) for a given C € C

(2) solve the (linear) adjoint equation (4.37) to get the adjoint state Z € U

(3) finalize the derivative I'g'(C) = Wuc(S(C),C)[Z,] + Ic(S(C),C)
from (4.38).

We are now able to compute the reduced objective functional I**? and its derivative
Iféd(C). As we like to avoid a high number of function and gradient evaluations,
we do not choose methods like steepest descent or nonlinear CG methods. We also
try to avoid the very expensive computation of the second derivative of the reduced
objective function. Hence a quasi-Newton method with an approximation for the
second derivative could be a compromise.

4.3.1. Quasi-Newton Method

We start by presenting a quasi-Newton method for the reduced objective functional
1™ for the control space C. Again, this optimize-then-discretize-approach will offer
insight into the choice of scalar products as well as norms for the convergence criteria.

In a quasi-Newton method in the k-th iteration with the current control Cj, the
search direction ACY, is computed by minimization of a quadratic model M : C — R
at Cy, e. g.

min M(AC) = I'*Y(Cy) + I'8'(Cx)[AC] + [B AC, AC] e ¢ » (4.39)

with a self-adjoint and positive definite (coercive) linear operator By, € £L(C,C*), the
control space C and its dual space C*. The first order optimality condition is

BirAC), = -rgicy) ecr,

(4.40)
or ACy, = -B;'I'§'(Cy) €cC.
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The positive definiteness of By, € £(C,C*), and thus B, ' € £(C*,C) as well, ensures
that AU, is a descent direction, that is for I'§'(Cx) # 0 we have

LE(COIACH = |L1E(C0).ACk]
=~ [1E'(©0). B ' TE(©C)] . < el (CulE <0,

where ¢ is the constant from the coercivity inequality for By € L£(C,C*). After
computing the search direction AC; we perform a line search to get a step length
a > 0 for the update

Cit+1 = Ck + aACk.

If the operator By is chosen to be the Hessian Ifédc(Ck), one would get a standard

Newton’s method. However, since computing the exact Hessian is very expensive,
we choose By to be an approximation by a BFGS-update formula. Here, we also
have the possibility to directly use the inverse

Hy = B; ', (4.41)

Hy, : C* — C, which allows us to avoid solving the linear system. Before we formulate
the BFGS-update for the control space C, we introduce the standard version in R".

4.3.2. Broyden-Fletcher-Goldfarb-Shanno-Update

The idea for the Broyden-Fletcher-Goldfarb-Shanno update formula was indepen-
dently discovered by Broyden (1970), Fletcher (1970), Goldfarb (1970) and Shanno
(1970). Since then, the BFGS method became very popular and is used in a wide
range of applications. For a derivation of the method, we refer to Nocedal and
Wright (2006), Geiger and Kanzow (1999) and Kelley (1999). First we present the
method in R™ as it is used in most of the literature. We then translate it to the
function space C and will see that, if the spaces are chosen well, the algorithm after
the discretization resembles the algorithm in R™.

Example 4.3.7 (BFGS-update formula). We consider R with the Euclidean scalar
product and the free optimization problem

min f(z),
and apply a quasi-Newton method with a BFGS-update formula for the matrix
B, € R™™™. As By, will be symmetric positive definite (more details on this will

follow), the search direction Az can be computed by
BkAxk = —Vf(l’k)
We avoid solving this system of linear equation with the inverse Hy := B, L that

means
Al‘k = —Hka(Ik),
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by using the so-called inverse BFGS-update formula

Hy1 =(I — pr siye ) Hi (I — pr y s8) + pr sk sk »
with Sk =Tk+4+1 — Tk
Yk =V f(zrs1) — Vf(zk)
pr =1/ (yx sx)-

As mentioned before, the matrix By is required to be symmetric positive definite,
thus Hy = By ! as well. The symmetry follows directly from the BFGS-update
formula, while the positive definiteness can be ensured by the condition

y;sk >0 <= Vf(mk“)TA:vk > f(mk)TAxk,

for a proof, see (Nocedal and Wright, 2006, pg. 141). This curvature condition can
be satisfied by a Wolfe-Powell line search. Still, this formula is not satisfactory for
our problem since we have a large scale problem and the matrices Hy will be dense,
meaning that the memory usage and the computational time for the matrix-vector
multiplication will scale quadratically with the dimension of the discretized control
space Cp. Both effects being undesirable, we use a matrix-free version of the update
formula to compute the product HiV f(zk), which uses the history of s; and yx.
Since this history increases with the quasi-Newton iteration, we store only the last
m of s, and yg, also called limited-memory BFGS (LM-BFGS). Algorithm 4.3.8
shows the matrix-free (recursive) and limited-memory version of the inverse BFGS-
update formula, proposed by Nocedal (1980). If the input is the gradient V f(xx),
the output p is the search direction Axy.

Algorithm 4.3.8 (Limited-Memory-BFGS for Hrv € R™).
Input: {s; (=11 {y: = initial Hp, v € R"

i=k—m? i=k—m>

Output: Hpv

1: set ¢ :=wv

2: fori:=k—-1,k—2,...,k—mdo
3: set a; 1= p; qui

4: set g :=q— ;Y

5. end for

6: set p:= Hoq

7. fori:=k—m,1,...,k—1do
8 set B:=piyp

9: setp:=p+ (a; —fB)s;

10: end for

11: return p




96 4 Optimal Control Problems in Elasticity

Broyden et al. (1973) have shown that the quasi-Newton method with BFGS-update
has local g-superlinear convergence under certain conditions. Even though the ap-
proximations Hj usually does not converge towards the inverse of the Hessian at
the solution, the approximation in the direction of AC, converges and is enough for
the g-superlinear convergence. However, this proof does not apply for the limited-
memory BFGS-update.

Algorithm 4.3.8 for the BFGS update has to be adapted for the quasi-Newton
method in the Hilbert space C instead of R"™. Work on the formulation of the
quasi-Newton method in Hilbert space was done by Turner and Huntley (1976),
Turner and Huntley (1977), Kelley and Sachs (1989), Kelley et al. (1991) and refer-
ences therein. However, they applied the quasi-Newton method to optimal control
problems with ordinary differential equations and not PDEs like in our case.

The iterates x correspond to Cx € C and the search directions Az = p to ACk €
C. Hence {si}f;klfm belongs to the control space C, too. However, the vector v
(the vector to which Hy is multiplied) and the vectors {y;}=}  can be chosen
to belong either to the control space C or its dual C*, yielding to slightly different
versions of the LM-BFGS algorithm 4.3.8. Since we decided earlier to use derivatives
rather than gradients, the {y; f;klfm will be differences of the derivatives and the
vector v corresponds to the derivative Ifgd(Ck). We summarize these thoughts in
the following.

Definition 4.3.9 (BFGS-auxiliary functions s and y). In a quasi-Newton method
with a BEFGS-update, we define s € C to be the change in the iterates Cj, € C and
y € C* to be the change in the derivatives Iféd (Cr) € C*, that is

Sk ::Ck_;,_l —C3 ecC
Yo =18 (Crs1) — & (Cr) €C* (4.42)

pr =1/ [yx, Sk]c*,c o

Algorithm 4.3.10 shows the LM-BFGS-update for Hy : C* — C. First, we can
see that the algorithm works in the dual control space C* in the first half, then it
switches to the control space C by the initial operator Hy : C* — C and then stays in
C. Here it becomes clear, that Hy plays an essential role, more than the algorithm
in R would suggest?.

2Most authors, e. g. (Nocedal and Wright, 2006, pg. 178), Geiger and Kanzow (1999) and (Kelley,
1999, ch. 4.2), suggest computing an initial Hessian matrix, which could serve the purpose of the
transition from C* to C but is far too expensive (and dense!). Some also suggest to take a scaled
identity matrix, but this choice could not ensure mesh independence of our quasi-Newton method.
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Algorithm 4.3.10 (Limited-Memory-BFGS for Hi v € C).

Input: {s;}/2}  CC, {y:}iZ}l ,, CC* initial Ho:C* — C, v e€C”
Output: HyveC

1: set g :=v €C*

2: fori:=k—-—1,k—2,...,k—mdo
3 set a; = p; [qui]c*,c

4. setq:=q—a;y; €C*

5: end for

6: set p:= Hpq €C

7. fori:=k—-—m,1,...,k—1do

8 set B 1= p; [yivp}c*,c

9: setp:=p+ (a;i —B)s; €C

10: end for

11: return p e C

A simple idea for the initial Hy : C* — C is a scaled Riesz operator for C. For this
choice, p := Hp ¢ means solving the linear system

sc (r,6C)e = [q,0C),. . V6C €C. (4.43)

If the discretized control space Cy, is build on Py-elements, solving the system (4.43)
simply means solving with a diagonal mass matrix. The scaling s¢ > 0 is given
by the user and tries to compensate the magnitude of order of the actual Hessian
I'&e(Co). A guess could be the penalty parameter ) from (4.17).

4.3.3. Simple Wolfe-Powell Line Search

In the k-th iteration of the quasi-Newton method, we have the current iterate Cy € C
and the search direction AC}) € C. The line search tries to determine a step length
«a > 0 such that the update

Ciy1 = Cr + aACy,
satisfies certain conditions, which are

(1) having a sufficient decrease in the reduced objective functional I** (oth-
erwise the quasi-Newton might not converge) and

(2) ensuring a curvature condition so that the operator Hj remains positive
definite.

Both demands can be taken care of by the Wolfe-Powell conditions. For easier
reading, we define the reduced objective functional ¢ : [0,00) — R along ACY, that
is

p(a) := I"(Ck + aACY),

d (4.44)
¢ (@) := I'E (Cl, + aACK)[ACH].
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Definition 4.3.11 (Wolfe-Powell Conditions). Let the function ¢ from (4.44) be
given. The Wolfe-Powell conditions are

() < p(0) + cra’(0) (sufficient decrease) A5
¢’ (@) > c200(0) (curvature condition), (4.45)

with constants 0 < ¢1 < ¢z < 1. The sufficient decrease condition is also known as
the Armijo condition.

Figure 4.7 illustrates an example for the Wolfe-Powell conditions.
®

c2¢'(0) ©(0) + c1ap’(0)

FI1GURE 4.7. The Wolfe-Powell conditions from definition 4.3.11
with the parameters ¢; = 0.2 and c2 = 0.8. The reduced objective
functional ¢(«) along the search direction is shown as the black
curve. The Armijo condition is illustrated by the red line and the
curvature condition by the blue slope. The green region is the
set of admissible step lengths that satisfy both conditions, that is
points of the curve are below the red line and have a steeper slope
than the blue line.

There exists a step length a which satisfies the Wolfe-Powell conditions with con-
stants 0 < ¢1 < ¢z < 1 given by the user and can be determine by algorithm 4.3.12,
a bisection version based on (Geiger and Kanzow, 1999, Alg. 6.2) and (Nocedal and
Wright, 2006, Alg. 3.5 and 3.6). For easier reading, we use the abbreviations ¢(«)
and ¢’ (a) from (4.44).

Algorithm 4.3.12 (Simple Wolfe-Powell line search).

Input: obj. function ¢ : [0,00) = R, 0 < ¢1 < ¢2 < 1, expansion factor ¢ > 1
Output: step length o that satisfies the Wolfe-Powell cond. (4.45)
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: set a:= 1, done(n) := FALSE , done(,4) := FALSE
: repeat
if p(a) > p(0) + c1 ay’(0) then
set a := 0, b:= a and done(4) := TRUE

1

2

3

4:

5. else
6 if ¢’ (a) > c2¢(0) then
7

8

9

set done(4) := TRUE and done(4) := TRUE
else
set i =cq @
10: end if
11:  end if

12: until donex)

13: while not done gy do

14:  Choose a := 1(a+b)

15 if p(a) >+ c1a@’(0) then

16: set b:= «

17:  else

18: if ¢'(a) > c2p(0) then
19: set done(p) := TRUE
20: else

21: set a = «

22: end if

23: end if
24: end while
25: return «

Remark 4.3.13 (Simple Wolfe-Powell line search in algorithm 4.3.12). The first
phase (A), line 2-12, aims to extend the initial search interval [0, 1] to [0, ] in order
to guarantee that at least one admissible step length « exists. If an admissible
step length « is found, the algorithm immediately stops and returns .. The second
phase (B), line 13-24, tries to find an admissible step length by shrinking the search
interval subsequently while ensuring that the search interval retains an admissible
step length.

Remark 4.3.14 (Evaluating ¢(«) and ¢'(a)). Computing ¢(a) for a given step
length « includes the update Ciemp = Cr + aACY, solving the forward problem
Utemp = S(Ctemp) by the forward solver (algorithm 3.1.1), and finally evaluating
I(Usemp; Ctemp)- As the derivative ¢’(a) always follows the evaluation of p(a), the
state Utemp already matches the control Ctemp and we only need to solve the adjoint
equation (4.37) and compute I'§!(Clemp) by (4.38).
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Finally, we summarize the function space quasi-Newton method presented in this
section in algorithm (4.3.15). As a convergence criterion we choose a relative de-
crease of the norm of I'¢'(Cy), e. g.

I1E'(C)le+ d
A < r'Tol or II'¢" (Ck)lle < aTol, (4.46)
117 (Co)lle-

for user defined relative tolerance rTol > 0 and absolute tolerance aTol > 0. These
do not have to be the same as in the CG or MINRES method.

Algorithm 4.3.15 (Quasi-Newton method).

Input: red. obj. func. ™9, initial Co, various parameters needed in the sub
routines
Output: solution C
1: set k:=0
2: solve Uy := S(Cy) with alg. 3.1.1
3: solve adjoint equation (4.37) and compute I'g'(Co) from (4.38)
4: while (|I'&'(C4)||c- is too large) do
5. set AC} := fHkIféd(Ck) by the BFGS-update in alg. 4.3.10
6: determine a by the Wolfe-Powell line search in alg. 4.3.12
7 set Ci41 := Ck + aCl,
8:  store auxiliary functions s and yi from (4.42)
9: setk:=k+1
10: end while

4.3.4. Discretization

As described in section 3.4, we replace the infinite dimensional state space U and
control space C by their discretizations U}, respectively Cj. All functions of U}, and
Cy, are represented by their coefficient vectors from R™M respectively R™M¢, where
Ny = dimUy, and Ne = dim Cy,.

The Forward Problem.

The numerical solver for the solution operator (4.31) directly follows the algorithm
3.1.1, for more details see section 3.4.

Adjoint Equation.

The adjoint equation (4.37) uses the same stiffness matrix as the Newton solver
for the forward problem, because W,uu (S(Ck), Ck) had to be computed during the
algorithm 3.1.1. As W yu (S(Cy), Cr) is at least positive semi-definite, a CG solver
can be used to compute the adjoint Z which then is used to assemble the reduced
derivative I'g! (C'y,).

BFGS-Update.
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Since we decided to work with the derivatives instead of the gradients, we give a
brief overview on the discretized dual control space Cj := (Cp)*. The base {t; };V:cl

of Cj; is the dual of the base {¢;}1S, of Cp,, that means

1 fori=j
¥i(pi) = bij ={ 0 else !

In the following, we drop the range of the summation and only state the name of
the index, e.g. 3. means Eficl

Lemma 4.3.16 (Duality pairing and the Euclidean scalar product). Let p € Cj,
and 0C € Cp, be discretized by

— N, — N,
P=) _pity, P=0);S, 0C=> cpi, &=(a)is.
J [3

Then the duality pairing can be evaluated by the Euclidean scalar product between
the two coefficient vectors,

—

[p, 5C]C;,Ch = ﬁTd-

Proof. A direct calculation using the linearity of the duality pairing gives

[p,6C] c* [Zpngcm]

Cy.Ch

= Z <pj Zci [wﬁ@i]cz!ch) = Z <pj Zcz5m> - ijcj = ﬁTg
J i J i J

Next, we illustrate the fact that automatic (or algorithmic) differentiation (AD)
yields objects which belong to the discretized dual space Cj, and not the primal space
Cn. Let P : C — R be a directional differentiable function. With the discretization
of C, the discretized function Py, : RYe —s R can be defined such that

Py (&)=P (Z cigm) = P(C).

The AD, see Griewank (2000) for an general introduction and Logg et al. (2012a)
for details on FENICS, computes the partial derivatives of P, with respect to the
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coefficient vector ¢ belonging to dC, that is

OP, ,_, 0Py .. Py(c+he)) — P, (0
5oy (0 = e lel = i, i
_ i P civi + hoj) = P (X, cipi)
) h
P (C + hy; - P(C
e !

One can already see that testing P.c € C* with the base functions ¢; produces an
object belonging to the dual space, like the right-hand side (3.21) in the forward
problem. To make it more clear, we define the values of directional derivatives

pi = Pc(O)le;], 7= i),

and can decompose the derivative
C)=> pjv;.
J

To see this, we insert p; = P.c(C)[p;] into the above equation and test it with ¢,
i=1,...,Nc. ie.

ZPC epilts, e = ZPC )eps] 1/’],%02](:* cn = = Pc(O)[p]
e

We conclude by stating that automatic differentiation computes coefficient vectors
of the derivative which belong to the dual space C*. Hence, the duality pairing
is evaluated by the Euclidean scalar product between the coefficient vectors ¢ for
y € Cp* and § for s € Cp, that is

[yvs]c;;,ch = ?frg- (4.47)

This follows from the decision to work with the derivative rather than the gradient
of the reduced objective functional I**d. Otherwise, the duality pairing would be
replaced by the inner product in Cj, which would mean multiplying with the mass
matrix Me, e.g. §' Mc5. Of course, the BFGS-update from algorithm 4.3.10 with
a diagonal mass matrix M¢ is not computationally expensive and the choice of
the version has hardly an influence on the overall computational time. However,
this might change if Mc¢ is not diagonal. In this case of discontinuous Lagrange
elements, solving with the mass matrix can still be done by a direct solver because
Mc consists of several small blocks which can be solved separately. Otherwise, in the
case of continuous elements, the mass matrix could be approximated by a diagonal
matrix of its diagonal entries [Mc];;.

Wolfe-Powell Line Search.
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The Wolfe-Powell line search (algorithm 4.3.12) assumes an exact evaluation of the
reduced objective functional I and its derivative fgd, otherwise the existence
of admissible step lengths satisfying the Wolfe-Powell conditions (4.45) cannot be
guaranteed and the line search might fail, see also (Kelley, 2003, pg. 14). For
example, if the error in ¢(0) is too large, there might be no step length satisfying
the Armijo condition. The same holds true for the error in ¢’(0) and the curvature
condition, and especially if we seek a step length satisfying both conditions. Relaxing
these conditions is difficult as we use the curvature condition to ensure the positive
definiteness of Hy, which we might risk if the curvature condition does not hold.

Since the ezact solution cannot be obtained by an iterative solver, we assume that we
can overcome this problem by setting the tolerance in the forward solver (alg. 3.1.1)
and the iterative solvers sufficiently small. Moreover, we force the forward solver
and the linear solvers to do at least one iteration even though the absolute stopping
criterion might already be met. This ensures that a new state U and a new derivative
1 féd is used for the evaluation of the objective function, otherwise the line search
might fail. For example, let Cj be very close to the solution, hence the search
direction AC; might be very small, that is Cry+1 =~ Cj. This could cause the
forward solver to assume that the state U, already solves the problem if the absolute
stopping criterion is satisfied before the first iteration. The same applies to the linear
solvers. Let us assume that the state is not updated, hence the value of quality
functional remains Q(Ux+1) = Q(Uy), and the change AC} causes the penalty
functional P to increase, e.g. P(Cr41) > P(Clk), then the line search is stuck as
the Armijo-condition in (4.45) cannot be satisfied.
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This chapter gives an overview on the implementation of the presented algorithms
into the finite element library FENICS. The FENICS Project is a collection of open-
source software for the automation to solve mathematical problems based on dif-
ferential equations, see Alnes et al. (2009), Logg and Wells (2010), Logg (2007),
Alnzes and Mardal (2010) and Kirby (2004). The most important aspect for us is
the Unified Form Language (UFL, see Alnees et al. (2013)) which allows to generate
assembly routines by providing only the variational equation. This is an enormous
saving of human resources which would be spent if one implements and tests the
assembly routines for bilinear forms like W iy by hand. Another big advantage of
the UFL is the possible use of automatic differentiation (AD) in order to avoid the
implementation of long formulas which are associated with errors in calculation and
implementation. Besides that, FENICS offers a wide range of high-end routines that
allow the user to solve simple problems quite easily in a few lines of code. However,
we still have to implement the presented algorithms anew, mainly to their special
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usage of the multigrid package FMG. The FMG package was developed by Ospald
(2012) and offers the computational structures for a geometrical multigrid method
in FENICS, as well as high-end solver routines for linear problems.

In this work, we use the FENICS version 1.2.0. A newer version 1.3.0 was released
recently (January 2014), when the implementation of all presented algorithms in
this work was already done. Also, the geometrical multigrid package FMG was only
supported up to version 1.2.0. Therefore we did not port our implementation to the
new version.

We will start with a simple example in section 5.1 to illustrate the work flow in
FENICS with the example of a problem in linear elasticity. First, the user has to
provide the variational equation in a UFL file which will be compiled to generate the
assembly routines. Then, the solver routine is called in a C++ code. We will give
details on the UFL files for our problems in section 5.2 and the implementation of
the solver routine in section 5.3. Of course, we will concentrate on the functionalities
of the methods rather than stating them in detail.

The last section 5.4 is about an experimental preconditioner. So far, we said that
the preconditioner for the forward problem is based on the linear model of elasticity.
However, as the linear and nonlinear model differ for large deformations, we cannot
expect that this preconditioner works well for very large deformations. Here we
suggest a strategy how to use the current stiffness matrix from the nonlinear model as
an experimental preconditioner with a precautional criterion if the current stiffness
matrix turns out to be indefinite.

5.1 Introduction to FEniCS

We consider an example from linear elasticity to illustrate how it can be solved with
the FEM-toolbox FENICS.

Example 5.1.1 (Linear Elasticity: Steel Bar). We consider a steel bar of dimension
1m x 10cm x 10cm which is clamped at &1 = 0, i.e. T® = {0} x [0, 10] x [0, 10]. A dead
load f = (0,0, —g ,0)—r acts on the whole body €2, with the gravity acceleration g and
the material density p. The material behavior is assumed to be described by the
linear model of elasticity from (2.50). We seek the displacement U € U = Hg (Q2)5.

First, let us recall the variational formulation (2.50) of the linear elasticity model.
We seek to solve the linear equation

/m(VU) (V) + 2u(c(U) : (V) dm:/fTVda:, WWeu, (5.1)
Q Q
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where A and p are the Lamé constants and the linearized strain is e(U) := (VU +
VU ). This implies the bilinear form

a(U,V) = /)\div UdivV 4+ 2ue(U) : (V) de, (5.2)
Q

and the linear form

b(V) = /fTV de. (5.3)

Both forms can be written in a Unified Form Language (UFL) file named Elasticity.ufl.

# define the finite element
elem_U = VectorElement ("Lagrange", tetrahedron, dim=3, degree=1)

# define variables
U = TrialFunction(elem_U)
V = TestFunction(elem_U)

# define the load and the Lame constants
f = Constant (tetrahedron)
lmbda = Constant (tetrahedron)
Constant (tetrahedron)

mu

# define a function which return eps(u)
def eps(U):
return sym(grad(U))

# define the bilinear and linear forms
= lmbdax*div(U)*div(V)*dx + 2*mu*inner ( eps(U), eps(V) )=*dx
L = inner(V, f)x*dx

o

# name the forms which have to be assembled
forms = [ a, L ]

The UFL uses the syntax of Python, that means comments start with a #. Let us
first explain the lines in the UFL file Elasticity.ufl.

2: The finite elements elem U for the state space U = Hg(Q)* are vector-
valued, continuous and piecewise linear Lagrange elements defined on
tetrahedra.

5-6: The solution U and the test function V are defined on the finite element
elem.
9-11: The volume load f and the Lamé constants A and p are defined as
Constant on the elements. The name lambda is already used in the UFL
and therefore avoided.
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14-15: We define a function for the operator ¢(-) for easier use. The gradient of a
function can be accessed by the command grad which returns the Jacobi
matrix of the vector field U.

18-19: The variational formulations of the forms a and L can be directly written
in the UFL file. The command div returns the divergence of a vector
field and inner(,) is the inner product between tensors, e.g. vectors or
matrices. The integration over the domain €2 is called by *dx, while *ds
is used to integrate over the boundary 0f2.

22: Finally, we name the forms which need to be assembled. This allows the
declaration of multiple forms in one UFL file and the use of auxiliary
quantities which might not be assembled themselves.

The UFL file Elasticity.ufl is compiled by the FEniCS Form Compiler (FFC, see
Logg et al. (2012b)) to yield the assembly routines and function space definitions in
form of the header file Elasticity.h that can be included into a C++ program. The
FFC has various features, very noticeable, for example, is the tensor optimization
which cuts down the number of arithmetic operations by rearranging the formulas
of the numerical integration.

FENICS has already several routines included, so solving the equation (2.50) can
be done in a few lines of C++ code, here named main. cpp.

#include <dolfin.h>
#include "Elasticity.h"

using namespace dolfin;

// Define Gamma"D where the body is clamped

class GammaD : public SubDomain

{ bool inside(const Array<double>& x, bool on_boundary) const
{ return on_boundary && ( x[0] < 0.0 + DOLFIN_EPS ); 1}

}s

int main ()

{
// Define the mesh and the function space on it
BoxMesh mesh(0,0,0, 5,1,1, 20,4,4);
Elasticity::FunctionSpace V_U(mesh);

// Define variational forms
Elasticity::BilinearForm a(V_U, V_U);
Elasticity::LinearForm L(V_U);
Function U(V);

// Set the material constants and the load
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double E = 2.1eb5;

double nu = 0.3;

Constant lmbda(nu * E / ((1+nu)*(1-2%nu)));

Constant mu(E / (2*(1+nu)));

Constant f(0, 0, -9.81%7.85e-6 );

a.lmbda = 1lmbda; a.mu = mu;

L.f = f;

// Assign clamping boundary condition

GammaD gammaD;

Constant UO(O, 0, 0);

DirichletBC bc(V, U0, left);

// Compute solution

solve(a == L, U, bc);

// save the solution

File file_U("U.pvd");

displacement_file << u;

return O;

}
Again, we give some brief comments on the code.
1-2: The FENICS packages as well as the assembly routines and function space
definitions from the previously generated Elasticity.h are included.
7-10: The definition of the Dirichlet boundary I'® is done by a boolean function
inside the class Left, where x is the coordinate of a point for which is
checked whether it belongs to I'® or not.

15-16: The triangulation 7y, is a structured mesh generated by the built-in routine
BoxMesh, which generates an axis-aligned box defined by the two points
(0,0,0) and (1000, 100, 100) (unit of length is mm). There are 20 divisions
in ;- and 4 in ®2- and x3-direction, yielding a mesh with 21 x 5 x 5
vertices. The function space Up =V_U is defined by the finite elements
declared earlier in Elasticity.h.

19-21: Bilinear and linear forms defined in Elasticity.h need the discretized
space U}, to be accessed. Inside these classes are the assembly routines
for the stiffness matrix Kiin.elast and the right-hand side vector. The dis-
cretized solution U}, =U is defined as a function on Uj,.

24-28: We consider a ferrite steel with a Young’s modulus of E = 2.1-10° mII\InQ and

a Poisson’s ratio of v = 0.3. The volume load f is the dead load of the body
with a gravity acceleration g = 9.81% and a density of p = 7.85- 1076 ke

mm3
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30-31: We set the Lamé constants A and g in the bilinear form and the load f in
the linear form.

34-36: The boundary I'® is defined by the subdomain gammaD which is a member
of the class GammaD from line 7-10. The homogeneous values UP = 0 are
defined by the constant UO. Finally, the Dirichlet boundary conditions are
collected in the object bc.

39: The solve function internally calls the constructor of a linear variational
problem and a direct solver to compute the solution U}j. This also includes
the assembly of the stiffness matrix and the right-hand side.

42-43: The solution is saved in the pvd format (ParaView data object) which is
a pointer to possibly multiple vtu files'.

The plot of the solution U}y, can be seen in figure 5.1.

norm of displacement u
0.04 0.08 0.12 0.16
|HH\HH‘HHHHJ

WHHH\H w

FIGURE 5.1. The numerical solution of the example 5.1.1. The
transparent bar is the undeformed body. The displacement U has
been scaled by a factor 200 to visualize the deformation.

In this introduction, we used many high-end routines from FENICS which already
have certain options that the user can adapt to the problem. However, we will see
that the solver routines have to be modified or newly written to incorporate the
algorithms with their ideas and techniques from the previous chapters.

5.2 Weak Formulations and UFL

In this section we give some details on the UFL files that are needed for the forward
problem as well as the optimal control problem. The UFL file itself depends on
some choices, namely

which control/load C is chosen (see table 2.1),

which goal function is chosen (see section 4.1.1) and,

whether a parametrization of the domain € is used (see section 2.4),
whether the hierarchical plate model is used or a full 3D model.

1vtu is an XML-based file format used by Visualization ToolKit (VTK), the u stands for unstruc-
tured mesh.
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5.2.1. Mutual Definitions

Large parts of the code is mutual for all of the above cases and will be collected in
a Python file named common.py which is imported in the other UFL files. We first
start with the finite element definitions, as these are repeatedly used in all UFL
files.

Finite Element Types

# 3D elements

cell3 = tetrahedron

elem3F0 = FiniteElement ( "DG", cell3, degree=0 )
elem3VO = VectorElement ( "DG", cell3, degree=0, dim=3 )
elem3V1 = VectorElement ( "Lagrange", cell3, degree=1, dim=3 )

Elements defined by FiniteElement have one component while those with VectorElement

have three components (see dim). The option "DG" marks discontinuous, while
"Lagrange" is used for continuous elements. The "degree" refers to the polynomial
order of the Lagrange ansatz function.

Energy Formulation

The material behavior is described by the energy density w, see section 2.2.2. We
recall the density (2.18) and the material parameter choices (2.23) with respect to
the Lamé constants A and pu, that is
F)= F|g+ _b |cof F| det F)? —
w(F) = _a_[[Flr+_b_lcof Fllr + _c_(det F)
A

B A
8 8

d In(det F) +
—

nty -

€.
~—
L 3

2

|
ol
ool

In the UFL file common.py, we write a function for the energy density that depends
on the current deformation gradient F' = I + VU and the Lamé constants A and pu.
The backslash \ is used to continue long statements over multiple lines in Python.

# energy density w

def EnergyDensity(F,mu,lmbda):

= 0.5%mu-0.125*x1mbda

= 0.125%x1mbda

0.125*x1mbda

= 0.5%1lmbda+mu

= 1.5%mu+0.125*x1mbda

return axtr(F.T*F) +b*tr(cof (F.T*F)) \
+c*xdet (F) **2 -dx1n(det(F)) -e

o A0 o e
]

Remark 5.2.1 (Cofactor in FENICS 1.2.0). The command cofac is implemented
wrongly in FENICS 1.2.0, as it computes det FF ! instead of cof F := det FF~ .
We compensate this bug by a new function cof that calls cofac(F.T).
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# cofac in FEniCS 1.2.0 returns (det F)*F"-1 instead of (det F)x*F
-=-T
def cof (F):
return cofac(F.T)

We will later use the first derivative w,r (F')[G] and second derivative w pr(F)[G, H|
of the energy density w. There are two ways to gain them: automatic differentiation
(AD) or differentiation by hand, see lemma A.2.1.

# 1st derivative of the energy demnsity w in direction G
def EnergyDensity_1st(F,G,mu,lmbda):
= 0.5%*mu-0.125*1mbda
.125*x1mbda
.125*x1mbda
.5*%1mbda+mu
(2%a + 2%b*xtr(F.T*F))*F - 2%bxF*F.T*F \
+ (2*c*det (F)-d/det (F))*cof (F)
return inner( W_F , G)

= Q& 0 o p
]
o o o

# 2nd derivative of the energy demsity w in directions G, H
def EnergyDensity_2nd(F,G,H,mu,lmbda):
= 0.5%mu-0.125*x1mbda
= 0.125*x1mbda
0.125*x1mbda
= 0.5*%x1lmbda+mu
FF = (2*xa+2*b*inner (F,F))*G \
+ 4*xbxinner (F,G) *F \
- 2xbx(F*x(F.T*G+G.T*F)+G*F.T*F) \
+ 4xcxcof (F)*inner (cof (F),G) \
+ (d/(det (F))**2-2%c )*cof (F)*G.T*cof (F)
return inner (W_FF,H)

= QA 0 0P
]

We now do the same for the energy term of the loads. While the terms W) for
the volume load and W9 for the boundary load are very easy to implement in the
UFL and do not require a new function, the terms W® for the inner pressure and
W™ for the fiber tension are part of common.py, as well as their first and second
derivatives from the lemmas A.2.2 and A.2.3. The integration over the domain 2
will be done in the UFL file for the problem itself. This applies to all forms that we
write in common.py, in order to allow more flexibility with the integration. As both
energy densities depend only on the deformation gradient, both expressions can be
understood as densities similar to the energy density. The derivatives are then with
respect to the deformation gradient F', thus the variables G and H are gradients, e. g.
G= VU or H= VAU.
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# inner pressure (turgor) and its derivatives
def Turgor (F):

return -det (F)
def Turgor_1st(F,G):

return -inner( cof(F), G )
def Turgor_2nd(F,G,H):

return -( inner (cof (F),G)*inner (cof (F),H) \

-inner (cof (F.T)*G,H.Txcof (F)) )/(det (F))

# fiber tension and its derivatives
def Fiber(F,a):

Fa = Fx*a

aFFa= inner (Fa,Fa)

return -0.5*1n(aFFa)
def Fiber_1st(F,G,a):

Fa = Fx*a

Ga = G*a

aFFa= inner (Fa,Fa)

return -inner( Fa, Ga )/aFFa
def Fiber_2nd(F,G,H,a):

Fa = Fx*xa
Ga = G*a
Ha = H*a

aFFa= inner (Fa,Fa)
return -( inner (Ha,Ga) -2*inner (Fa,Ga)*inner (Fa,Ha)/aFFa )/aFFa

The next part is the inner product (-, -),, of the state space . It was defined in (2.28)
by the linear model of elasticity. The stiffness matrix Kjin.elast Will be assembled
with the help of this function.

# the linearized strain eps(U)
def eps(U):
return sym(grad(U))

# the inner product of the state space U (from linear elasticity)
def LEscal(U,V,mu,lmbda):
return lmbdax*div(U)*div(V) + 2*muxinner ( eps(U), eps(V) )

The line search in section 3.1 with the guiding criterion (3.4) requires the guiding
function G from (3.5). We also include the offset 3|Q| into the guiding function for
an easier usage in the solver routines.

# define guiding function including the offset beta*vol(Omega)
def guiding(F,beta):
return beta + abs( 1ln(det(F)) )
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5.2.2. Objective Functions

The penalty/cost terms P for the control C can be found in (4.17). As they are
quite simple we do not write a new function but rather integrate these lines directly
in each of the later UFL files for the forward or optimal control problems.

# penalty parameter
gamma_C = Coefficient(elem3F0) # (piecewise constant)

# penalty/cost terms P for the objective functions
P = O0.5*xgamma_C#*inner (C,C)*dx # if C is f,t or m
P = 0.5*xgamma_Cx*inner (C,C)*ds # if C is g (pick only one line)

We give some examples for quality terms @ from section 4.1.1 and how to implement
them into a UFL file.

Example 5.2.2 (Standard Tracking Type). We extend the standard tracking type
Q'™ from (4.4) such that each spatial dimension is penalized separately, that is

track L 1 > . . _ gydes 2
Q) i= 5 [ 3 (@) Uite) - Ul(2) da,
Q =1

with a vector-valued penalty parameter v : Q — [0, 00)3.

1 |# define penalty parameter and the desired state
2 | gamma_U = Coefficient (elem3VO0)

3 | U_des = Coefficient (elemU)

4

5 |# define the quality term Q

6 |Q = ( 0.5%xgamma [0]*(U[0]-Udes [0])**2 \

7 +0.5*gamma [1]*(U[1] -Udes [1]) **x2 \

8 +0.5*xgamma [2]* (U[2] -Udes [2]) **2 ) *dx

9 |# and its first derivative I_U

10 |I_U = ( gamma [0]*(U[0]-Udes[0])*(testU[0]) \

11 +gamma [1]*(U[1]-Udes [1]) *(testU[1]) \

12 +gamma [2]*(U[2] -Udes [2]) *(testU[2]) )=*dx

Example 5.2.3 (Regional Penalization). The regional penalization Q" from (4.6)
is the quality functional

QU (U = /q(a: + U(@)) det(I + VU (x)) da,
Q
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with a continuous function ¢ : R® — [0, 00), which can be implemented in the UFL
file. The following function will be later used in section 6.2.2. There, we have a half
plane

H::{m€R3:a)17w37220},
which is described by the penalization function

q(z) = [z1 — x5 — 2]7,

where [-]T is the (smoothed) positive part
1
[z] = 5 (\/xQ +e2+ x) .

# the smoothed positive part function
def PositivePartSmoothed(a,eps):
return (sqrt(a**2+eps**2)+a)/2

Constant (cell3)
PositivePartSmoothed ( x[0]+U[0]-x[2]-U[2]-2,eps )

eps
q

S U W N

With the penalty g we can define the regional penalization Q" in the UFL file.

# define the position on the undeformed domain Omega

x_ref = cell3d.x

# define the quality term Q
Q = det(F)*q(x_ref+U)*dx

T W N =~

The derivatives then can be gained by AD because it can also generate the
derivatives of the function g. Alternatively, as shown in theorem 4.1.5, the
derivative @,y can be implemented as an integral over the boundary.

1 |# the first derivative of the quality term
I_U = gamma_Uxqg*inner (testU,cof (F)*n)*ds

Currently, it is not possible to define ¢ outside the UFL file since ¢ is evaluated at
Z =z +U(xz) and a Coefficient in FENICS is always evaluated at an integration
point ®int and not at Tint + U (Tint)-

Example 5.2.4 (Desired Direction). The simplified quality functional (4.12) for
the desired direction s9° is

Q"(U) = / 1|F()s(@) — 2|3 d,

s
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and its first derivative
Q% (U)[6U] = / s(@) VU () (F(x)s(x)s*) ds,
FS

can be directly implemented in the UFL file. The reference direction s is provided
by the user.

1 |# reference and desired direction

2 |s = Coefficient(elem3VO0)

3 | s_des = Coefficient (elem3VO0)

4 |# the quality term Q and its first derivative I_U

5 1Q = 0.5*xgamma_Ux*inner (Fxs-s_des ,F*xs-s_des) *ds
6 |I_U = gamma_Uxinner (grad(testU)*a,F*a-s_des)*ds

Example 5.2.5 (Enclosed volume). The fourth quality functional was the volume
between two surfaces. In the case of a plate, the formula has been simplified to the
quality term (4.14), that is

/ wa[n(@))s dS = / dda de,

v 02D

A representation of the first derivative of Q¥ was shown in theorem 4.1.10, that is

Q' (U)[sU] = /5U(m1,m2,—d)TcofF(rcl,mg,—d)(O,O,—l)Tdmldmz.

Q2D
1 |[# the subindex d refers to the lower surface
2 |U_d = Platel (U,-1)
3 | cofF_d = cof(Identity(3) + MyGrad(U,-1))
4 |n_d = as_vector( [0, O, -1] )
5
6 |# define the quality term Q
71Q = -gamma_Ux(U_d[2]-d)cofF_d[2,2]*dx + gamma_Uxd*dx
8 |# and its first derivative I_U
9 |I_U = -gamma_Ux*inner (Platel (testU,-1),cofF_d*n_d)*dx

5.2.3. Forward Problem
We seek to solve the forward problem (2.46),

0=Wu(U)[BU], VoU €U,
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with algorithm 3.1.1, that is Newton’s method with a line search strategy. There-
fore, the UFL file Elasticity.ufl has to contain the bilinear and linear forms of
the Newton system (3.2), the functions for a line search and the form for the precon-
ditioner induced by the inner product (-, -),,. Let us start with the basic definitions
in Elasticity.ufl.

from common import x*

# define the state space, the test and the trial function
elemU = elem3V1

testU = TestFunction(elemU)

trialU =TrialFunction(elemU)

# current iterate U
U = Coefficient (elemU)

# Lame constants
lmbda = Constant(cell3)
Constant (cell3)

mu

# deformation gradient F
F = Identity(3) + grad(U)

Let us briefly comment these lines.

1: We load the file common.py to have access to the mutual definitions.

4-6: Since the state space U is an H'-space, we discretize it with P;-elements,
these are continuous, piecewise linear elements on tetrahedra. This applies
to the test functions testU as well as the solution AU =trialU.

9: Since we have a nonlinear problem where most forms depend on the current
iterate U, in the Newton’s method, we define it as a Coefficient.

We will incorporate all four different loads, that are volume loads f, boundary loads
g, inner pressures t and fiber tensions m. Since all control spaces are L2-spaces, we
discretize them with Pp-elements, these are piecewise constant elements. Please
note that f and g are vector fields, while ¢ and m are scalar fields. The direction
for the fibers are discretized like m with Pgy-elements.

# loads: f (volume), g (boundary), t (pressure), m (fiber tension
)

= Coefficient (elem3VO0)

Coefficient (elem3VO0)

= Coefficient (elem3FO0)

= Coefficient (elem3FO0)

B c 0@ H
]
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# the direction a of the fibers
a = Coefficient(elem3VO)

We continue with the stored energy W from (2.45).

# stored energy W
W = EnergyDensity(F,mu,lmbda)*dx -inner (f, U)*dx -inner (g, U)=*ds
\
+t*Turgor (F)*dx +m*Fiber (F,a)*dx

FENICS offers automatic differentiation (AD) to gain the first Wy = W.U and the
second derivative Wy = W_UU of the stored energy W. The command derivative
can be applied to the stored energy W and again on its first derivative W,y = W_U to
get the directional derivatives.

# use AD to get the derivatives W_U and W_UU
W_U = derivative( W, U, testU )
W_UU = derivative( W_U, U, trialU )

The alternative is a differentiation by hand. We already defined the first and second
derivatives of the energy density w and certain energy terms which we can now use
to define the derivatives of the stored energy W. A comparison between AD and
differentiation by hand will be given in the section 5.2.6.

# define the derivatives W_U and W_UU by hand
W_U = EnergyDensity_1st(F,grad(testU) ,mu,lmbda)*dx \
-inner ( f, testU )*dx -inner( g, testU )*ds \
+t*Turgor_1st (F,grad (testU))*dx \
+m* Fiber_1st(F,grad(testU) ,a)*dx
W_UU = EnergyDensity_2nd(F,grad(testU),grad(triallU) ,mu, lmbda)*dx
\
+t*Turgor_2nd (F,grad(testU) ,grad(triallU))*dx\
+m* Fiber_2nd(F,grad(testU),grad(triall) ,a)*dx

The remaining parts are the guiding function G from (3.5) as a possible line search
and the preconditioner Kjin elast- Although the preconditioner Kiin elast 1S given by
the bilinear form a_prec, we define a dummy right-hand side L_prec. This is just due
to convenience so that we can use the built-in routine SystemAssembler in FENICS
to assemble the stiffness matrix Kiip.elast and apply the Dirichlet boundary data
symmetrically on it (see section 3.4.4). The routine SystemAssembler requires both,
bilinear and linear forms, and assembles the matrix Kjin.clast as well as a dummy
vector which is ignored afterwards. Of course, modifying the assembly routine is
also possible but the additional computational work to assemble the dummy vector
is negligible.
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# guiding function
beta = Constant(tetrahedron)
G = guiding (F,beta) *dx

# preconditioner: bilinear and (dummy) linear forms
a_prec = LEscal(testU,trialU,mu, lmbda) *dx
L_prec testU[0]*dx

Finally we state the list of forms which are used later in the main.cpp. The UFL file
is compiled with FFC to get the header file Elasticity.h which then is included in
the main. cpp in section 5.3.3.

# name the forms that have to be assembled
forms = [ a_elast, L_elast, a_prec, L_prec, W, G]

5.2.4. Lagrange Problem

In this section we give details on the UFL-file that we use in the all-at-once approach
and the Lagrange-Newton algorithm 4.2.2. First let us recall the Lagrange function
(4.18)

LU,c,z):=1U,C)+ Wy (U,C)[Z],
and the Lagrange equation (4.19)

Lx(X")[6X]=0 V6X € X,

with the abbreviations X := (U,C,Z) € X and X := U x C x Y. The Lagrange-
Newton method computes the search direction AX} in the update Xpy1 := Xy +
aA Xy, by solving the (linear) Lagrange-Newton system (4.22)

Lyxx(Xk)[(;X, AX}C} = —L,X(Xk)[éX] VoX € X.

Therefore we need the bilinear form L x x (Xx) and the linear form L x (X}), which
is written in the UFL file ElasticityLagrange.ufl. We start with the definition of
the finite elements.

from common import *
# define finite elements

elemU = elem3V1

elemC = elem3VO # if C is f or g

elemC = elem3F0 # if C is t or m (pick only one line)
element = MixedElement ([elemU,elemC,elemU])
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# current iterate X and its split into state, control & adjoint
state

>
I

Coefficient (element)
split (X)

[

Q

N
]

# test and trial function
trialX = TrialFunction(element)
testX = TestFunction(element)

We give some comments on these lines.

4-5: Depending on whether the control C is vector-valued or scalar-valued, we
choose the appropriate finite element.
6: FENICS has the feature to use mixed function spaces like A}, which is
defined by discretizing the state space U}, and the control space Cp,.
9-10: A function defined on the mixed function space X}, can be split into its
subfunctions U Uy, CE Cp, ZE U, which can then be used in the forms.
13-14: We define the test function X =testX and trial function AXy =trialX.

The next part defines the Lamé constant and a possible fiber direction,

# Lame constants

mu = Constant (cell3)

lmbda = Constant (cell3)

# the direction a of the fibers
a = Coefficient (elem3VO0)

Parts of the code from section (5.2.2) have to be inserted for the objective functions.

define the objective function

= ... # see section 5.2.2 on quality terms
= ... # see section 5.2.2 on penalty terms
=P +Q

H U o #

Next, we define the variational equation where the multiplier Z takes the role of the
test function.

# deformation gradient F
F = Identity(3) + grad(U)

# characteristic function to describe the control subdomain
char_C = Coefficient(elem3FO0)

# the state equation tested with the multiplier Z
elast = EnergyDensity_1st(F,grad(Z),mu,lmbda)*dx \
-char_Cx*inner(C,Z)*dx # if the control is a volume load f
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-char_Cx*inner (C,Z)*ds # ... boundary load g
+char_C*C*Turgor_1st (U,Z)*dx # ... inner pressure t
+char_C*C* Fiber_1st(U,Z,a)*dx # ... fiber tension m

Remark 4.1.11 mentioned the possibility that the control might be restricted to
Q" ¢ Q respectively I ¢ I'V, which can be done by a characteristic function
X Q — {0, 1} respectively x™ : TN — {0, 1} such that

ctrl 1 ifzxze Qetr! ctrl 1 fxze et
X (@) = { 0 else oor X (@) = 0 else (5-4)
This characteristic function x°! will be integrated in lines 9-12 from the previous
code fragment into the energy terms W to restrict the integral in order to the

control subdomain Q™! C Q respectively !  I'N.

Now we can build the Lagrange function (4.18) and its first and second derivative
with the help of AD.

# Lagrange function and its 1st and 2nd derivatives

L = elast + I
L_X = derivative (L, u, testX)
L_XX = derivative(L_X, u, trialX)

The guiding criterion as a line search method requires the guiding function G.

# guiding function
beta = Constant (cell3)
G guiding (F,beta) *dx

The preconditioner (4.27) consists of the stiffness matrix Kiin.clast and the mass
matrix Mc, which are defined by bilinear forms a_prec U and a_prec_C. Again, we
use a dummy linear form L_prec_U for the convenient use of the built-in routine
SystemAssembler for Kiin clast- This is not necessary for the mass matrix M¢ because
we have no Dirichlet boundary conditions that need to be applied here. The scaling
su, Sc, Sz of the blocks of the preconditioner is done in the solver routine.

# block preconditioner
trialU = TrialFunction(elemU)

testU = TestFunction(elemU)
trialC = TrialFunction(elemC)
testC = TestFunction(elemC)

# bilinear form for the stiffness matrix K_linelast, and the
dummy rhs

a_prec_U = LEscal(testU,trialU,mu,lmbda)*dx

L_prec_U = teU[0]*dx
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# bilinear form for the mass matrix M_C

a_prec_C = inner(testC,trialC)*dx # if C is f, t or m

a_prec_C = inner(testC,trialC)*ds \ #(pick only one line)
+ 0.00001*inner (teC,trC)*dx # if C is g

Remark 5.2.6 (Pertubation of the Ly(I') inner product). Line 14 concerns the
boundary load g which only acts on the boundary TN. Even though FENICS allows
the definition of boundary functions which only live on the boundary 92, the current
UFL specification does not allow boundary and standard functions in a single form.
Therefore, even though g is only defined on I'N, we implement it as a function
discretized on 2. The degrees of freedom in the interior of €2 do not show up in the
energy term w9 (and the forward Newton system) or the optimal control problem
itself. Hence these values remain zero if we use an iterative Krylov method like
CG or MINRES in Newton’s method. Even the Lagrange-Newton system remains
solvable, it is singular. Hence our Krylov subspace method MINRES still works fine.
But we need to take care of the mass matrix M¢ as we use a direct solver in the
block preconditioner. Either

e we modify the solving routine to ignore those inner nodes, or

e we use a projection into the boundary first, solve with the mass matrix
Mec on the boundary and set the inner nodes zero, or

e we perturb the mass matrix M¢ by adding the standard inner product of
Ly(Q).

We choose the last option since it can be easily implemented. However, one might
have to modify the factor in front of the L2(€2) inner product since both quantities
have a different order of magnitude, depending on the triangulation 7},.

We finalize the UFL file ElasticityLagrange.ufl by stating the list of required
forms.

# name the forms that have to be assembled
forms = [ L_X, L_XX, G, I, a_prec_U, L_prec_U, a_prec_C ]

5.2.5. Reduced Optimal Control Problem

In order to solve the reduced optimal control problem (4.32) numerically, we need
the finite elements for the state space U}, and control space Cj, and assembly routines
for

e the solution operator U = S(C) from (4.31),
e the adjoint equation (4.37),
e the derivative I'§' from (4.38),
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e the stiffness matrix Kiin.elast from (2.28) for the preconditioner and the
inner product (-,-), from table 2.2 for the mass matrix Mc which is used
in the BFGS-update and the norms ||-||c and ||-||c*.

These will be obtained by the UFL file ElasticityReduced.ufl which starts with
basic definitions of the finite elements.

from common import *

# define the state space (continuous, piecewise linear)
elemU = elem3V1

testU
trialU

TestFunction(elemU)
TrialFunction (elemU)

# define the control space (piecewise constant)

elemC = elem3VO # if C is f or g
elemC = elem3F0 # if C is t or m (pick only one line)
testC = TestFunction(elemC)

trialC

TrialFunction(elemC)

# current iterates U, C and Z

U = Coefficient(elemU) # state

C Coefficient (elemC) # control
Z Coefficient (elemU) # adjoint

Next the Lamé constants u, A and possible fiber directions a are defined.

# Lame constants
mu = Constant (cell3)
lmbda = Constant (cell3)

# the direction a of the fibers
a = Coefficient (elem3VO0)

The code for objective function can be taken from section (5.2.2). Instead of using
AD, one can also write the differentiation by hand.

# define the objective function

Q = ... # see section 5.2.2 on quality terms
P = ... # see section 5.2.2 on penalty terms
I =P + Q

I_U = derivative (I, U, testU)

I_C = derivative (I, C, testU)

The forward problem is analogous to the part in section 5.2.3, the only difference is
the name C of the control and the characteristic function char_C=x".
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# deformation gradient F
F = Identity(3) + grad(U)

# characteristic function to describe the control subdomain
char_C = Coefficient(elem3FO0)

# stored energy W (as possible line search)

W = EnergyDensity (F,mu, lmbda)*dx \

-char_Cx*xinner (C, U)*dx # if the control is a volume 1load
£

-char_Cxinner (C, U)*ds # ... boundary load
g

+char_C*Cx*Turgor (F) *dx # ... inner pressure
t

+char_C*C* Fiber (F,a)*dx # ... fiber tension
m

# define the derivatives W_U and W_UU by hand

W_U = EnergyDensity_1st(F,grad(testU) ,mu,lmbda)*dx \

-char_Cxinner( C, testU )x*dx # if C =

£
-char_Cx*inner( C, testU )x*ds # if C =

g
+char_C*C*Turgor_1st (F,grad(testU))*dx # if C =

t
+char_C*C* Fiber_1st(F,grad(testU),a)x*dx # if C =

m
W_UU = EnergyDensity_2nd(F,grad(testU),grad(triallU) ,mu, lmbda)*dx

\

+char_C#*C*Turgor_2nd (F,grad(testU) ,grad(triall))*dx #if C

=t
+char_C*C* Fiber_2nd(F,grad(testU),grad(trialU) ,a)*dx #if C

=m

The preconditioner Kjin elast for the forward problem and adjoint problem and the
mass matrix Mc¢ is implemented the same way as in section 5.2.4.

# bilinear form for the stiffness matrix K_linelast, and the
dummy rhs

a_prec_U = LEscal(testU,trialU,mu,lmbda)*dx

L_prec_U = testU[0]*dx

# bilinear form for the mass matrix M_C
a_prec_C = inner (testC,trialC)*dx # if C is f, t or m
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a_prec_C = inner (testC,trialC)*ds + 0.00001*inner (teC,trC)x*dx #
if g

After computing the adjoint state Z, we can build the derivative I fgd of the reduced
objective function I"*¢ by (4.38).

# first derivative of the reduced objective function I

I_1st = char_Cx*xinner (testC,Z)*dx + I_C # if ¢ = f

I_1st = char_Cx*xinner(testC,Z)*ds + I_C # if C = g

I_1st = -char_Cx*testC*Turgor_1st (F,grad(Z))*dx + I_C # if C = t
I_1st = -char_Cx*testC* Fiber_1st(F,grad(Z),a)*dx + I_C # if C =

An alternative line search method to the Armijo backtracking is the guiding criterion
with the guiding function G.

# guiding function
beta = Constant (cell3)
G = guiding (F,beta)*dx

Finally, we list all forms that we later need.

forms = [W_UU, W_U, G, W, I, I_U, a_prec_U, L_prec_U, a_prec_C,
I_1st]

5.2.6. Automatic Differentiation vs. Differentiation by Hand

In this section we compare the AD and the differentiation by hand in FENICS.
While the AD is very easy for the user in contrast to a differentiation by hand, it
might not be as fast as an analytically given derivative. We consider the following
benchmark to compare the two approaches.

Let the domain Q be a unit cube [0,1]®. We assemble the stiffness matrix A from
(3.20) for the nonlinear problem by three different ways:

(1) Full-AD: Differentiate the stored energy twice

# use AD to get the derivative W_UU

W = EnergyDensity (F,mu,lmbda)*dx \
+t*Turgor_1st (F,grad (testU))*dx \
+ m*Fiber_1st (F,grad(testU) ,a)*dx

W_Ul= derivative( W, U, testU )

A_1 = derivative( W_U1, U, trialU )

(2) AD on the analytical representation of the first derivative w g
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# define the derivatives W_U by hand and gain W_UU by AD
W_U = EnergyDensity_1st(F,grad(testU) ,mu,lmbda)*dx \
+t*xTurgor_1st (F,grad(testU))*dx \
+ m*xFiber_1st (F,grad(testU) ,a)*dx
A_2 = derivative( W_U, U, trialU )

(3) Analytical representation

# define the derivatives W_UU by hand
A_3=EnergyDensity_2nd (F,grad(testU),grad(triallU) ,mu, lmbda)
*dx\
+t*Turgor_2nd (F,grad (testU) ,grad (triallU))*dx \
+ m*Fiber_2nd(F,grad(testU) ,grad(triall) ,a)*dx

Table 5.2.6 shows the results for a mesh with 51 x 51 x 51 vertices. The time was
measured for the assembly of the matrix associated with the second derivative of
each of the single energy terms W™ W® W™ from the table 2.1 individually
and the total stored energy W = WO L w® W™ The FFC options to compile
the UFL file were

-f split -0 -f eliminate_zeros -f precompute_basis_const

time in sec. for W(gl)J W’(tU)U W({Jn[)] Wuu | w/o -0

(1) full-AD 41 16 16 45 40
(2) AD on Wy | 21 16 16 2 58
(3) analytical 20 16 16 26 45

TABLE 5.1. Computational times to assemble the stiffness matrix
by (1) Full-AD, (2) AD on the analytical first derivative, (3) ana-
lytical representation. The last column states the time for Wy
if the option -0 is disabled.

Besides that, we checked the correctness of the formulas by comparing the relative
errors between the matrices in the Frobenius norm, which all were of the order of
the machine accuracy. We draw the following conclusions from these experiments:

e For terms like W® or W(™ using AD is a practical method to get first
and second derivatives without having to deal with differentiation by hand.
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This includes derivatives not only of simple terms like F : F = | F||3 but
also of terms like det F.

e For more “difficult” terms like ||cof F||%, applying AD twice still gets the
right matrix though the computational time might be larger than applying
AD on the first analytic derivative or an analytic representation of the
second derivative.

e The assembly time for the analytical representation depends on the UFL
code. It seems to be a good idea to avoid matrix inner products and
multiple evaluation of identical terms by grouping as much as possible.

e The built-in optimizer of FFC, called by the -0 option, reduces the total
number of arithmetic operation drastically (about the factor 100 to 400 for
the above example). However, a big part of the assembly time, around 13
to 14 seconds in the above example, seems to be used for basic operations
like computing the Jacobi matrix of the transformation from reference to
world element or inserting the local stiffness matrices to the global stiffness
matrix. This can also be observed for dummy forms which have virtually
almost no computational effort, for example

A_4=testU[0]*trial [0]*dx

5.2.7. Parametrization

The usage of a parametrization @ = x(x) was introduced in section 2.4. First, in
order to implement the parametrized model into FENICS, we have to choose how
we want to handle the parametrization. The most important quantities for the
formulation of the parametrized weak formulation 2.58 are the local volume det G
and the inverse Jacobi matrix éfl, but the question is what the user provides and
what he leaves to FENICS to calculate. We will illustrate this with the cylindrical
parametrization from example 2.4.1, that is

~1 . ~2
T cosT
~1 ~2 ~3 ~1 e =2
z(xz ,z°,2°) = |z sinz” |,

533

with the Jacobi matrix G and ts inverse é_l,

cos®> —EF'sinE 0 cos &> sin &° 0
Fi S T s N1 1o =2 1 ~2
G(x) = | sin® T cosT 0], G (&)= |—-=rsinz" =fcosz® 0],
x x
0 0 1 0 0 1

and its inverse G~ and the local volume det G(z', %%, %) = @'
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Example 5.2.7 (Passing det G and G~ to the UFL). The user provides both, the

local volume det G and the inverse Jacobi matrix G, directly to FENICS.

1 |# define the cylindrical parametrization
2 | elem3TO = TensorElement( "DG", cell3, degree=0, shape =
(3,3) )

3 |detG = Coefficient(elem3FO0)

4 | invG = Coefficient(elem3TO)

This requires the definition of det G and G~! in the C++ code.

1 |// define the determinant of the Jacobi matrix G

2 |class Cylinder_detG : public Expression

3 | { public: Cylinder_detG() : Expression() {}

4 void eval (Array<double>& det, const Array<double>& x_p)
const

5 { det[0] = x_pl[o0]l; }

6 |1};

7

8 |// define the inverse of the Jacobi matrix G

9 |[class Cylinder_invG : public Expression

10 | { public: Cylinder_invG() : Expression(3,3) {}

11 void eval (Array<double>& g, const Array<double>& x_p)
const

12 { gl0] = cos(x_pl[1]); gl1] = sin(x_p[1]); gl[2] = 0.0;

13 gl[3] = -sin(x_p[1])/x_p[0]; gl4] = cos(x_p[1])/x_pl[0];

gl5] = 0.0;

14 glel = 0.0; gl7] = 0.0; gl8] = 1.0; // | 01 2 |

15 // the ordering in the matrix is invG = | 3 4 5 |

16 // | 6 7 8 |

17 }

18 | };

Example 5.2.8 (Passing G to the UFL). The user has to provide the Jacobi matrix

G and passes it as a Coefficient to FENICS.

1 [elem3TO = TensorElement( "DG", cell3, degree=0, shape =

(3,3) )

2 |# define the cylindrical parametrization by its Jacobi
matrix

3 |G_p = Coefficient(elem3TO)

4 | detG = det (G_p)

5 | invG = inv (G_p)
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Here we have to provide the Jacobi matrix G in the C++ code.

1 |// define the Jacobi matrix G
2 |class Cylinder_G : public Expression
3 | { public: Cylinder_G() : Expression(3,3) {}
4 void eval (Array<double>& g, const Array<double>& x_p)
const
5 { glo]l = cos(x_p[11); gl1] =-x_p[0l*sin(x_p[1]1); gl2] =
0.0;
6 gl3] = sin(x_p[1]1); gl4] = x_pl[0l*cos(x_p[1]); g[5] =
0.0;
7 gl6l = 0.0; gl7] = 0.0; g8l =
1.0;
8 }
9 |3

Example 5.2.9

(Full Implementation in the UFL). In this approach the

parametrization () is coded into the UFL file and all calculations are done by
FENICS. A change of the parametrization then requires a recompilation of the UFL

file with the FFC.

1 |# define the cylindrical parametrization
2 | def Cylindrical(x_p):

3 x1 = x_p[0]l*cos(x_p[1])

4 x2 = x_p[0l*sin(x_p[1])

5 x3 = x_pl2]

6 return as_vector ((x1,x2,x3))

7

8 |# get the parameter from the FE-mesh

9 |[x_p = cell3.x

10 |# define the global parameter

11 |x = Cylindrical(x_p)

12 |# define the Jacobi matrix G_p, its inverse and determinant
13 |G_p = grad(x)

14 | detG = det(G_p)

15 | invG = inv(G_p)

It is not possible to just pass the parametrization x(z) to FENICS as a Coefficient

because it cannot use AD to generate the Jacobi matrix G from a Coefficient in
the C++ code (like the code for G). Objects of the class Expression in FENICS
are a black-box that can only be evaluated.

Comparison of the Three Methods
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The major difference between the methods from examples 5.2.7 - 5.2.9 might be the
assembly time of the matrices and vectors, mainly of the stiffness matrix. We use
the following example for comparison.

Example 5.2.10 (Half tube). Let © be a half tube with inner radius r; = 0.5,
outer radius o = 1 around the x3-axis and height h = 2, see figure 5.2. The body

is clamped at @3 = 0 and a volume force f = (0, 155, 0)T acts on the whole body.

We solve the problem on a coarse mesh with 3 x 13 x 9 vertices and L = 3 mesh
refinements. We do not use nested iterations as we are primarily interested in the
differences of the assembly times.
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FIGURE 5.2. The left mesh is the coarse mesh with 3 x 13 x 9
vertices for the parameters (bx1,bx2,brs). The solution is shown
in the right blue mesh.

Remark 5.2.11 (Comparing parametrized and unparametrized formulations of the
forward model). At first glance, it seems easy to compare this model with an un-
parametrized model, which can be obtained if we move the parameter mesh Q to
the reference configuration €2 first and then solve the problem on €. But a closer
look at the finite elements and the implementation reveals two problems.

The first problem commonly occurs while refining meshes whose boundaries are
originally from curved surfaces. Let @(z) be curvilinear coordinates to describe
the domain = :l:(ﬁ) Let us consider the case where the parameter space
is a polyhedron and the boundary of the domain 2 is curved in some parts. We
discretize the parameter space Q into the mesh 7~B and move its nodes i’fbb by the
parametrization to the new coordinates a(Z5'°") and obtain the mesh 7o.
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time in sec. for | assembly solving | total
example 5.2.7 83 14 107
example 5.2.8 83 14 107
example 5.2.9 69 14 93

unparametrized 61 15 86

TABLE 5.2. Computational times (in seconds) to solve the defor-
mation problem from example 5.2.10. The unparametrized model
is based on a prior mesh move, see remark 5.2.11 for more details.

When we refine the coarse meshes 7o or To, the new elements are generated by a
uniform refinement of triangles respectively tetrahedra. This causes no problems
for a polyhedral parameter space (Nl, but if the boundary of the domain 2 is curved,
the refinement algorithm does not have the information of the curved boundary, so
new nodes are not on the boundary 02. Therefore, if we would move the nodes
of the refined mesh 71 by the parametrization again, we get a different mesh than
the refined mesh 7;. This does not only hold true for the boundary, even inner
nodes might differ as well. But eventually we would solve two different problems
because the boundary of the undeformed body is not the same in the two models.
As a remedy, one could move the new nodes to their “right” position or generate
the meshes 7; by refining 7T; first and then moving the nodes.

The second problem is that the base functions ¢; transformed on a (world) element
To C Q differ between the two models. For example, if we choose continuous,
piecewise linear finite elements P; on ’76, the transformed base functions in the
world mesh are not necessarily linear, but rather nonlinear due to the curvilinear
parametrization. Of course, this difference vanishes with decreasing element sizes.
However, we will not further discuss which discretization might be “better” for a
problem, as this depends on the parametrization and problem itself.

We summarize these thoughts by saying that even though the parametrized and the
unparametrized model both describe the same problem, their discretization with
finite elements and thus the solution might differ.

Conclusions
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We can see that the unparametrized model uses the least time for the assembly. This
is not surprising as a parametrization means additional computational work. Let us
recall that the Jacobi matrix G enters the deformation gradient by F=I+VUG™
from equation 2.57. Computing a term like the second derivative w rr from lemma
A.2.1 means a lot of calculations because G~ ! enters each F, G and H in the formula.
Considering this idea, the assembly times of the parametrized model seem quite
reasonable compared to the unparametrized model. It certainly means additional
computational costs, but not more than a third.

Comparing the three methods from examples 5.2.7 - 5.2.9, the third has the smallest
assembly time in the example. Here, we implemented the parametrization into the
UFL file. The advantage was the following: The Jacobi matrix G as well as its
inverse G~ ! have four zero entries. When compiling the UFL file with the FFC,
it can recognize theses zeros and discards any multiplication with a zero. This
shortens the assembly formula and thus the computational costs. In the first and
second method, the FFC cannot recognize any matrix entries as potential zeros,
because they are given as a Coefficient and therefore might be non-zero.

5.2.8. Hierarchical Plate Model

In Section 2.5 we introduced the hierarchical plate model with the ansatz

D2D

U(:c) = Z pl(% $3)U?D(m1,$2) ($1,:L'2) S QQD,:B3 (S [—d, d]
=0

The coefficients p;(4 @s) in front of U7" in the ansatz (2.62) are the Legendre
polynomials from remark 2.5.3 and their derivatives which are part of the common.py.

# define Legendre polynomials
def polil(x):
return x
def pol2(x):
return 0.5%(3*x*x*x2-1)
def pol3(x):
return 0.5%(5*x**2-3%x)
def pol4d(x):
return 0.125%(35*%x**4-30%x*%2+3)
# define the derivatives of the Legendre polynomials
def poll_1(x):
return 1
def pol2_1(x):
return 3%*x
def pol3_1(x):
return 0.5*x(15%x-3)
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def pold_1(x):
return 0.5*(35*xx**x3-15%x)

The weak formulation (2.66) is a nonlinear PDE in the two-dimensional domain
Q%P 5o we declare some basic two dimensional finite elements.

# 2D elements for the plate model

cell2 = triangle

elem2F0 = FiniteElement ( "DG", cell2, degree=0 )
elem2V0 = VectorElement( "DG", cell2, degree=0, dim=3 )
elem2V1l = VectorElement( "Lagrange", cell2, degree=1, dim=3 )

The displacement functions U?P are discretized by piecewise linear finite elements
P1. Depending on the degree D?P of the plate model, we have mixed elements of
the following kind.

# finite elements for the state space for the plate model of

degree D

elemU = MixedElement ([elem2V1,elem2V1]) #
1

elemU = MixedElement ([elem2V1,elem2V1l,elem2V1]) #
2

elemU = MixedElement ([elem2V1,elem2V1,elem2V1l,elem2V1]) #
3

elemU = MixedElement ([elem2V1,elem2V1,elem2V1l,elem2Vl ,elem2V1]) #
4

A function of type elemU is a vector-valued function with 3(D*" + 1) components.
The chosen sorting is

(U, U .

Instead of using the split command, we define an auxiliary function U_i which
returns U?P for a given 1.

# return the function U_i with the index i
def U_i(u,i):
return as_vector ([ul[3*i],ul[3*i+1],ul3*i+2]])

With this function U_i and the Legendre polynomials pol, we define the function
Plate to evaluate an ansatz function at a given point x= %wg, for the numerical
integration over the thickness.

def Platel(u,x): # displacement ansatz for degree 1
return U_i(U,0) + poll(x)*U_i(U,1)
def Plate2(u,x): # displacement ansatz for degree 2
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return U_i(U,0) + poll(x)*U_i(U,1) + pol2(x)*U_i(U,2)
def Plate3(u,x): # displacement ansatz for degree 3
return U_i(U,0) + poll(x)*U_i(U,1) + pol2(x)*U_i(U,2) \
+ pol3(x)*U_i(U,3)
def Plate4(u,x): # displacement ansatz for degree 4
return U_i(U,0) + poll(x)*U_i(U,1) + pol2(x)*U_i(U,2) \
+ pol3(x)*U_i(U,3) + pold(x)*U_i(U,4)

Likewise, we can define the gradient from (2.64).

# auxiliary function for the sorting in the gradient
# a is the gradient wrt x_1,x_2
# b is the gradient wrt x_3, 2d is the thickness
def as_plate_grad(a,b,d)
return as_matrix ([ [a[0,0],al[0,1],b[0]/4],\
(al1,0],al1,1],b[1]/4],\
(al2,0],al2,1],b[2]1/4] 1)

# gradient for plate model of degree 1

def PlatelGrad(u,x,d):
a = grad(U_i(U,0)) + poli(x)*grad(U_i(U,1))
b poll_1(x)*U_i(U,1)
return as_plate_grad(a,b,d)

# gradient for plate model of degree 2
def Plate2Grad(u,x,d):
a = grad(U_i(U,0)) + poll(x)*grad(U_i(U,1)) + pol2(x)*grad(U_i(
U,2))
b = poll_1(x)*U_i(U,1) + pol2_1(x)*U_i(U,2)
return as_plate_grad(a,b,d)

# gradient for plate model of degree 3
def Plate3Grad(u,x,d):
a = grad(U_i(U,0)) +poll(x)*grad(U_i(U,1)) +pol2(x)*grad(U_i(U
,2))\
+pol3(x)*grad(U_i(U,3))
b = poll_1(x)*U_i(U,1) +pol2_1(x)*U_i(U,2) \
+pol3_1(x)*U_i(U,3)
return as_plate_grad(a,b,d)
# gradient for plate model of degree 4
def Plate4Grad(u,x,d):
a = grad(U_i(U,0)) +poll(x)*grad(U_i(U,1)) +pol2(x)*grad(U_i(U
,2))0\
+pol3(x)*grad(U_i(U,3)) +pold(x)*grad(U_i(U
,4))
b = poll_1(x)*U_i(U,1) +pol2_1(x)*U_i(U,2) \
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+pol3_1(x)*U_i(U,3) +pold_1(x)*U_i(U,4)
return as_plate_grad(a,b,d)

The next part concerns the integration over the thickness, see remark 2.5.5. This
can be done in two ways: either we pass the integration point x; as a Constant in
the UFL file and then assemble the Gauss quadrature formula in the C++ code, or
we write the Gauss quadrature into the UFL file. The first allows a more flexible
switch between the degrees DS of the Gauss quadrature and saves lines in the
UFL and .h header files since we need only one assembly routine for integrals where
only the integration point x; varies. On the other hand, as we have seen in the
conclusions of section 5.2.6, the offset time for the assembly is noticeable. Therefore
it might be better to write the Gauss quadrature into the UFL file and run the
assembly routine only once.

We start with the definition of the integration points x; and weights w; from the
Gauss-Legendre quadrature formula from table 2.4. We denote the values x; and
w; of the formula with degree ¢ in the UFL by x_int{i}{j} and w_.int{i}{j}, e.g.
x_int23=z3 = é\/ﬁ for degree 2. These values are saved in the UFL file common. py.
We start by collecting the integration points and weights for easier use. The factor
d from the quadrature formula (2.68) is included in the weights w_{i}.

Gauss-Legendre degree D"GL = 2
= thick*0.5

x_int21

Xx_int22

w_int21x*d

= w_int22x*d

N = N =

]
w

#

d

X_

X_

w_

w_

# Gauss-Legendre degree D"GL
d = thick*0.5

X_ x_int31

X_ x_int32

X_ x_int33

w_ w_int31x*d

W_ w_int32x*d

w_ w_int33*d

# (analogously for higher degrees)

WN - WN -
L[}

For a unified usage of later terms, we define a functions MyPlate and MyGrad to
evaluate the displacement from (2.62) and the plate gradient from (2.64).

def MyPlate (U,x):
return Platel (U,x)
return Plate2(U,x)
return Plate3(U,x)
return Plate4 (U,x)

choose only one line
for plate degree = 1
for plate degree = 2
for plate degree = 3

4

H OHE O OH W

for plate degree =
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def MyGrad(U,x):
return PlatelGrad(U,x,d)
return Plate2Grad (U,x,d)
return Plate3Grad(U,x,d)
return Plate4Grad (U,x,d)

choose only one line
for plate degree = 1
for plate degree =

H OHE HE B H

2
for plate degree = 3
4

for plate degree

With these auxiliary functions in the UFL file common.py, we can write the terms of
the sum in the quadrature formula as individual terms and finally add them. First
we specify some basic definitions.

# define test and trial function
testU = TestFunction(elemU)
trialU =TrialFunction(elemU)

# solution of the previous iteration
U = Coefficient (elemU)

# material constants and thickness 2d
mu Constant (cell2)
lmbda Constant (cell2)
thick = Constant(cell2)

# loads
f = Coefficient(elem2VO0)
g = Coefficient(elem2VO0)

We demonstrate the integration over the thickness with the stored energy W =
WO + W& £ W, Recalling (2.69), the quadrature formula for the first part
W reads

DGL
w I (U) = /w(F(w)) dz =Y dw, / w( F(xy,@2,da;) ) deide:
— —_—
Q j=1 Q2D =Fj(21,22)
DGL
= Z dwj / ’U.)(Fj(:El,mg)) d:Eld.'EQ.
Jj=1 Q2D

Hence we will define the F; := F(x1,®2,dz;) in the UFL file to re-use them later
for the energy term.

F1 = Identity(3) + MyGrad(U,x_1)
F2 = Identity(3) + MyGrad(U,x_2)
# ... continue with more terms for more integration points
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The energy term W& for a volume load f, which we assume to be constant over
the thickness, was integrated in (2.70), that is

pGL
W(f)(U) = /f(w)TU(:z:) da = Z dOJj / f(wl,:ltz) . U(wl,wg,dmj)dwldwg.
— N——————
Q J=1 Q2D =MyPlate(U,x_j)
yPlate (U,x_j

We assumed that the boundary load g acts only on TN = Q2P x {—d,d}, that is
the upper and lower surface, and is equal on both surfaces, compare the discussion
prior to equation (2.71). The energy term W9 then is

w9 (U) = /g(w) - U(x)dS

N
= / g(x1,xz2) - ( U(xzi,x2,—d)+U(x1,22,d) )dmldmg.
Q2D =MyPlate(U,-1) =MyPlate (U,1)

Finally, we sum up the terms W), W) and W9 to get the stored energy

# define the terms for the sum
W1 = EnergyDensity(F1,mu,lmbda)*dx -inner( f, MyPlate(testU,x_1)
) *dx
W2 = EnergyDensity(F2,mu,lmbda)*dx -inner( f, MyPlate(testU,x_2)
) *dx
#
# build the sum of the quadrature formula
W = w_1*W1 + w_2xW2 \ # +
-inner ( g, MyPlate(testU,-1) )*dx \
-inner( g, MyPlate(testU, 1) )*dx

The same procedure can be applied for the first derivative Wy and the second
derivative W yu of the stored energy W, see lemma (A.2.1).

# define the first derivative W_U

W_Ul = EnergyDensity_1st (F1,MyGrad(testU,x_1),mu,lmbda)x*dx \
-inner ( f, MyPlate(testU,x_1) )*dx

W_U2 = EnergyDensity_1st(F2,MyGrad(testU,x_2) ,mu,lmbda)x*dx \
-inner ( f, MyPlate(testU,x_2) )*dx

#
# build the sum of the quadrature formula
W_U = w_1xW_Ul + w_2*W_U2 \ #

-inner ( g, MyPlate(testU,-1)+MyPlate(testU,1) )*dx
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# define the second derivative W_UU
W_UU1l = EnergyDensity_2nd (F1,MyGrad(testU,x_1),
MyGrad (trialU,x_1) ,mu,lmbda) *dx

W_UU2 = EnergyDensity_2nd (F2,MyGrad(testU,x_2),

MyGrad (trialU,x_2) ,mu,lmbda) *dx
# ...
W_UU = w_1xW_UU1l + w_2*xW_UU2 # +

Other forms like a guiding function or a preconditioner can be handled analogously.

# guiding function

beta = Constant(cell2)
Gl = guiding(F1,beta)*dx
G2 = guiding (F2,beta)*dx
#
G

w_1xG1l + w_2%G2 # +

# the preconditioner
a_precl = LEscal (MyGrad(testU,x_1),MyGrad(trialU,x_1) ,mu,lmbda)*

dx

a_prec2 = LEscal (MyGrad(testU,x_2),MyGrad(trialU,x_2) ,mu,lmbda)*
dx

#

a_prec = w_1lxa_precl + w_2%a_prec2 # +

We complete the UFL file by stating which forms are assembled.

forms = [ W_UU, W_U, a_prec, L_prec, G ]

5.3 Solver Routines

This section concerns the implementation of the solver algorithms in the C++ code.
We will not give too many details but rather show the basic ideas how the routines
work. The presented code fragments will omit various lines and will not be complete
in most cases. We concentrate on the core ideas and illustrate the functionalities of
the routines.

5.3.1. Multigrid Method

We introduced the multigrid V-cycle (alg. 3.5.5) in section 3.5 as a preconditioner for
the CG and MINRES method. Ospald (2012) implemented a geometrical multigrid
method called FMG for FENICS 1.2.0. The project homepage (Ospald (2014)) on
Launchpad offers the latest version with instructions and demos. The following code
is built on basic routines of FMG:
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e the multigrid level structure mg_level including the Galerkin interpolation
for A, and the V-cycle algorithm itself,

e the assembly routine for the prolongation matrix ps—ey1,

e the adaptor to adjust the variational problems on the different meshes?
(which is a modified version of the one from FENICS 1.0.0, see (Ospald,
2012, ch. 3.2)),

e the smoothing operators.

The Class mg_level

The hierarchy of the different multigrid levels £ = 0,1, ..., L is stored in the class
mg_level which contains information on the following:

pointer to the next coarser and finer level £ — 1 and ¢ + 1.
the prolongation matrix pe ey1.

the (current) coefficient matrix A, of the linear system.
the smoothing operators from FMG.

the Dirichlet BCs on the level ¢.

We illustrate the initialization of the class mg_level with an example: we have a lin-
ear variational equality a(u,v) = l(v) stored in the class LinearVariationalProblem
and construct a multigrid hierarchy for it. For example, the bilinear form a could
represent the preconditioner a_prec from section 5.2.3. The following code is called
at the beginning of the program and not only refines the mesh, but also adapts the
variational problems, that means the bilinear and linear forms are updated to the
new levels. The results are the meshes and adapted problems on each level, as well
as the multigrid structure of class mg_level. The levels and problems are stored in
a std: :vector for an easier access later.

// passed objects:
// LinearVariationalProblem#* _problem - the variational problem
// int L - the number of mesh levels/refinements

// init. vectors for an easier access of the different levels

std::vector<boost::shared_ptr<mg_level> > levels;

std::vector<boost::shared_ptr<LinearVariationalProblem> >
problems;

levels.resize (L+1);

problems.resize (L+1);

// pass the problem to the coarsest level

problems [0] .reset (new LinearVariationalProblem(*_problem));

// pointer for the current mesh

2An object Form in FENICS is always defined on a discretized function space. Refining the under-

lying mesh requires an adaptation of the forms which is done by the FMG-routine adaptor.
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const Mesh* mesh_i = problems[0]->test_space()->mesh().get();

for (int i = 0; i <= L; i++)
{ // create new level

levels[i].reset (new mg_level());

if (i > 0)

{ // set parent/child relation between levels
levels[i-1]->set_child(levels[il]);
// adapt mesh
fmg::Adaptor::adapt (*mesh_i);
mesh_i = &(mesh_i->child());
// adapt problem
fmg::Adaptor::adapt (*problems[i-1], *mesh_i);
problems[i].reset (new

LinearVariationalProblem(problems [i-1]->child ())
)

}

// set function space

levels[i]->space = problems[i]->test_space();

// init prolongation

if (i > 0)
levels[i-1]->init_prolongation() ;

We omitted several lines here, like the handling of the Dirichlet boundary data
(which has to be adapted too) and the initialization of certain vectors. In case of
the nonlinear problem 0 = W 7, we also have to include lines for the adaptation of
the preconditioner, the guiding function and other forms.

For a compatibility with PETScC routines, we define the preconditioner with the
appropriate class.

// multigrid preconditioner

class mg_prec : public PETScUserPreconditioner
{ public:
mg_prec (boost::shared_ptr<mg_level> _levelO) : levelO(_levelO)
{3

void solve (PETScVector& x, const PETScVector& b)

{ levelO->recursive_mg(x, b); } // apply one V-.cycle
protected:

boost::shared_ptr<mg_level> levelO;
};
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Before calling the preconditioner, the matrices A, have to be set on the multigrid
levels £ = 0,...,L. Instead of assembling the matrices on each level, we assem-
ble only the matrix Az on the finest level and compute the Galerkin assembly of
{A} =) recursively, see equation (3.25).

// assemble A and b on the finest mesh and store it in levels[L]

assembler.assemble (*¥(levels[L]->A), *(levels[L]->b0),

*(problems [L]->bilinear_form()), *(problems[L]->residual_form())
);

// do Galerkin assembly on coarser levels
for (int i = L-1; i >= 0; i--)
levels[i]->init_Galerkin_A();

// init coarse level solver and smoothers

levels [0]->init_solver ();

for (std::size_t i = 1; i < L+1; i++) {
levels[i]->init_smoother () ;

mg_prec p(levels[c_level_itl);

With these pieces of information, the routine mg-level has everything in order
to perform the V-cycle from algorithm 3.5.5. For example, in a Krylov subspace
method, the preconditioner is applied on a residual 7 to compute the preconditioned
residual ), that can be called by:

// call of the preconditioner

// r - the residual

// w - the preconditioned residual
p->solve(w,r);

5.3.2. CG and MinRes Method

There are PETSc implementations for the CG and MINRES method, but we im-
plemented both methods again due to the following deficiencies:

e There is a stopping criterion with the “preconditioned norm” in the PETSc-
CG and -MINRES, but it actually computes the Euclidean l2-norm of the
preconditioned residual @& = P~'#, even though the norm of the residual
can be easily computed by

rl|Z- =7 P17 =7"w.

e The implementation of the CG method in PETScC does not incorporate

the option to stop when a negative curvature is detected (truncated CG).
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The implementation of a truncated CG method (algorithm 3.3.1) and a MINRES
method (algorithm 3.3.3) in C++ is straightforward.

5.3.3. Forward Problem
In order to solve the forward problem (2.46), that is

0=Wu(U)U], VYU e,

we apply Newton’s method from algorithm 3.1.1. This includes a line search as well
as the truncated CG method with a multigrid V-cycle preconditioner. The Newton
system (3.2) as well as the bilinear form for the preconditioner are passed as a
variational problem to the Newton solver, along with a possible guiding function
and the number of refinements for the mesh.

// exemplary constructor for the Newton solver
fmgNewtonSolver solver (problem, prec_problem, G, L);

Due to the number of lines in the code for the Newton solver, we give a simplistic
pseudo-code in algorithm 5.3.1. The norm ||W,u (U, C)||y+ from the stopping crite-
rion (3.3) is computed by the (dual) norm of the right-hand side b (the discretization
of W (Ug, C)) of the Newton system AZ = b, e.g.

IW.u (U, C)llu= =b" P~'b = ||t n,,

where P~! is the application of the preconditioner, which has the same role as the
discretized Riesz operator Ry, = P,

Algorithm 5.3.1 (Newton forward solver).

Input: problem, prec_problem, I, G, L
Output: solution: displacement U and control C
1: refine the mesh and initialize the multigrid levels for problem, prec_problem, I
and G
: if (nested iterations are used) then
Start on 7o
else
Start on T,
end if
k=0, set Up = 0 if not given otherwise
. assemble the matrix P for the preconditioner
: while (not converged) do

PRPIIFTRPP

assemble the Newton matrix A and rhs b at the current iterate Uj
(this includes a symmetrical modification from the Dirichlet BCs)
11:  solve the Newton system with a truncated CG method

—
2
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12:  perform a line search to compute a step length «

13: set Ug+1 :=Ur + aAU

14:  assemble the rhs b

15: if (W Uk, C)|lux = Hg”Rh satisfies the stopping criterion) then
16: set converged := TRUE

17:  end if

18:  if (nested iterations are used and converged = TRUE) then

19: increase the current level £ — ¢ + 1

20: interpolate U, to the new level

21: assemble the matrix P for the preconditioner on the new level
22: set converged := FALSE

23: end if

24: setk:=k+1

25: end while

26: return Uy and Cy

Remark 5.3.2 (On algorithm 5.3.1). The right-hand side b is assembled twice in
each Newton iteration. The reason for this lies in the assembly routines of FENICS.
As we use a CG or MINRES method, we need to have symmetric matrices, so
the Dirichlet BCs have to be applied symmetrically on A, which is done by the
FENICS built-in routine SystemAssembler which needs bilinear and linear forms
simultaneously and assembles both, matrix A and right-hand side b. The symmetric
application of the Dirichlet BCs in this routine is done locally on the elements, since
a modification of rows and columns is cheaper for the element matrix than for the
global matrix A.

However, if we would have inhomogeneous Dirichlet BCs and they are not met yet,
we have to assemble the matrix A because the modification of the right-hand side b
depends on the matrix A. On the other hand, if the Dirichlet BCs are not met, we
do not have to check the stopping criterion because Newton’s method is not finished
anyway.

5.3.4. Lagrange-Newton Problem

The C++ implementation of the Lagrange-Newton method from algorithm 4.2.2
is very similar to the C4++ code in algorithm 5.3.1 for the forward system. The
main two differences are the additional term for the objective function I and the
different handling of the block preconditioner (4.27). As the objective function is
quite straightforward to implement, the block preconditioner requires some addi-
tional work, for example the scaling factors sc, su, sz > 0 and the extraction of the
three components U, C, Z from the PETSc vector X = (U, C, Z), though we will
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not go into detail on the last point. The C++4 code for the block preconditioner
(without the lines for the extraction) then reads:

// Block preconditioner with multigrid
class block_UCZ_mg_prec : public PETScUserPreconditioner
{
public:

block_UCZ_mg_prec(mg_level _levelO, GenericMatrix diag,

double* _scaling)
levelO(_levelO), diag(_diag), scaling(_scaling) {}
void solve (PETScVector& X, const PETScVector& b)
{ // get the sub-vectors rhsU, rhsC and rhsZ from b
// (lines are omitted)

// direct solver for the C-block (diagonal mass matrix)
LinearSolver 1lsolver("1lu");

lsolver.solve (xdiag, *C, *rhsC);

// multigrid V-cycle for the U block and the Z block
levelO->recursive_mg (*U, *rhsU);
levelO->recursive_mg (*Z, *rhsZ);

// apply the scaling on the blocks

*U *= 1.0/scaling[0];

*C *= 1.0/scaling[1];

*Z *= 1.0/scalingl[2];

// rebuild the vector X from (U,C,Z) (lines are omitted)
return;

}
};

Stopping Criterion and Scaling Factors

The choice of the scaling factors su, s¢, sz influences the norm ||-|| x= of the stopping
criterion of the Lagrange-Newton (LN). In order to test different combinations of
su,Sc, Sz, we set the scaling factors to sy = s¢ = sz = 1 so that the stopping
criterion stays the same and we can compare the performance for different scalings.
The testing itself is done by fixing sy = 1 and varying sc, sz, for example in
powers of 10. Then the overall computational time is measured, next to the number
of LN and MINRES iterations. Figure 5.3 shows an example for the optimal control
problem from section 6.2.1. We can see that the number of MINRES iterations is
more sensitive with respect to the factor s¢ than the factor sz in this example.
Furthermore, the plots for the Lagrange-Newton iterations and the overall running
time resemble this figure quite well. Still, we are careful with the choice of the
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scaling factors as combinations like sy = 1,s¢ = 10710, sz = 10'° are likely to
cause problems due to numerical rounding errors.

# Krylov iterations

scaling S¢

scaling s, 107"
scaling s,

FiGURE 5.3. Plot of the total number of MINRES iterations
against the scaling factors sz, sc.

5.3.5. Reduced Problem

This section will illustrate the C++ implementation of the quasi-Newton solver
from algorithm 4.3.15 to solve the reduced optimal control problem 4.32. Again, we
will not give the code at length but rather show the main structure.

We start by naming the required objects that are passed to the solver. We have

e the variational problem fwrd problem for the problem U = S(C) from
(4.31),

o the preconditioner for the state U and the derivative I iy both merged into
a variational problem prec_U_problem,

e the mass matrix Mc¢ and the construction of the derivative Ifgd from (4.38),
both merged into bilinear and linear forms in the variational problem
prec_C_problem,

e the objective function I as a form I,

e a possible guiding function G as a form G,

e and the number of mesh refinements L.
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The merging of the preconditioner with I ¢y and the mass matrix M¢ with If(e;d as

variational problems is a rather convenient implementation and does not necessarily
represent a variational problem which has to be solved.

Besides the multigrid levels, several intermediate/current functions are stored, among
them the state U, the control C, the adjoint Z, the derivative I_1st= Ifgd and the
auxiliary functions s; € C and y; € C* for the BFGS-update. The solver itself is
divided into several subroutines, among them are the following:

init_levels()

This subroutine is called at the beginning and refines the mesh and builds the
multigrid levels for the three variational problems fwrd problem, prec_U_problem
and prec_C_problem, as well as for the forms I, G and L.

SolveFwrd ()

This call uses the forward solver from section 5.3.3 to solve the forward problem
given in furd_problem. The result is the state U = S(C) associated with the
current control C. This includes the line search with a guiding function G as
well as a truncated CG method with the multigrid V-cycle preconditioner from
prec_U_problem. As we mentioned earlier, we have to solve the forward system
preferably accurately so that the Wolfe-Powell conditions (4.45) can be satisfied.

SolveAdj()

When the current state U = S(C) solves the forward problem with the current
control C, the adjoint equation can be solved to compute the adjoint state Z. The
coeflicient matrix for the (linear) adjoint equation is the last Newton matrix from
the forward solver SolveFwrd and therefore it does not need to be re-assembled.
The right-hand side of the system is the derivative Iy which is stored as the linear
form of the variational problem prec_U_problem.

Since we assume that Uy is a local minimum of the energy minimization problem,
the stiffness matrix A is assumed to be positive (semi-)definite. Therefore we can use
a CG method to solve the adjoint system, though we still pay attention to negative
curvature. Like the forward system, we have to solve the adjoint system quite
accurately so that the Wolfe-Powell conditions (4.45) can be satisfied. Afterwards,
the reduced derivative I féd is assembled, using the just computed adjoint Z and the

linear form of prec_C_problem.

inv_LM BFGS_update ()

This subroutine performs the inverse, limited-memory BFGS-update from algorithm
4.3.10 on the (negative) derivative —I'&" to compute the search direction AC. The
BFGS-auxiliary functions s; and y; and the scalars p; = (y;r si)f1 are each stored in

a std::vector for an easier handling. As this subroutine is rather short, we show
it exemplarily.
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void fmgQuasiNewtonSolver::inv_1lm_BFGS_update (boost::shared_ptr<
const Vector> I_1st, boost::shared_ptr<Function> p)

std::size_t k = s.size(); // current number of BFGS-functions
double alphalk];

double beta;

Vector q( *I_1st ); // copy vector

for (int i=k-1; i>=0; i--)
{ alphali]l = rhol[il* q.inner( *(s[i]l->vector()) );
q.axpy ( -alphalil, =*(y[il) );
}
// Applying H_O means solving with the mass matrix M_C
LinearSolver lsolver("lu");
lsolver.solve (*(prec_C_levels[c_level_it]->A), *p->vector(), q );

for (std::size_t i=0; i<k; i++)

{ beta = rhol[il* y[il->inner( *(p->vector()) );
p->vector () ->axpy( (alphal[i]l-beta), *(s[i])->vector () );

}

Wolfe Powell_linesearch()

The Wolfe-Powell line search from algorithm 4.3.12 along the search direction AC,
is used to find a step length satisfying the Wolfe-Powell conditions (4.45). The
implementation is quite straightforward, still we give some remarks on it.

We store the starting points C, and U, and modify the variable holding the current
control C= Cj + aAC. Whenever the control is changing, we need to “update”
the current state by solving the forward problem, i.e. SolveFwrd(). This is manda-
tory for the evaluation of the reduced objective function I**¢ as well as for the
computation of the reduced derivative I féd.

In case of divergence of the forward solver, which might happen if the new control
Cr+1 = Ci + aAC} is too large to yield a reasonable deformation, the step length
« is drastically reduced, e.g. by a factor %. This can also be interpreted as a
line search for the forward solver which simply “tries” whether Newton’s method
succeeds in a given number of iterations, hence it could be understood as a very
simple trial and error approach to the globalization problem discussed in section

3.2.

As the Wolfe-Powell line search calls the forward solver SolveFwrd() and the adjoint
solver SolveAdj(), the main computational work occurs during this line search.
Also, once an admissible step length « is found, the control is already updated to
Cit1 = Cr + aACk, as well as the state U = S(C'i+1) and the reduced derivative
IE(Crr).
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solve()

The quasi-Newton algorithm 4.3.15 itself is called by solve(). It starts the op-
timization, uses the previous subroutines and manages the handling of the BFGS
auxiliary functions s; € C and y; € C* which are stored in lists of type std: :Function
respectively std::vector. The implementation directly follows the algorithm.

5.4 An Experimental Preconditioner

So far, we used the linear model of elasticity as a preconditioner for U, or to be more
precise, an approximation by a multigrid V-cycle. The advantage of this choice is
clearly its positive definiteness, though it might not be very “similar” to the stiffness
matrix Aj of the nonlinear model, defined in (3.20). Of course, we expect both
models to differ from each other for large deformations, so we can expect that the
choice P = Kjin.elast might be not as good for large deformations as it was for small
deformations. On the other hand, a V-cycle with the current stiffness matrix A
of the nonlinear model might be “closer” to the matrix Ay itself, but we cannot
guarantee its positive definiteness, which is a requirement for a preconditioner in a
CG and MINRES methods. Therefore, if we use a V-cycle of Ay as a preconditioner
P, we have to take some precautions. Let 7 be the current residual and @ = P~17
the preconditioned residual. The scalar product 7' @ = 7' P~ 7 shows up in the CG
(alg. 3.3.1) and the MINRES method (alg. 3.3.3). In both methods, the term V7' @
is computed, either for the stopping criterion in the CG method or the scaling 1 in
the MINRES method. If the square root does not exist because the scalar product
714 < 0 is negative, both methods cannot be expected to continue to work, since
a symmetric positive definite preconditioner is a requirement in both. This leads to
the following idea.

“Truncated” ldea for the Preconditioner

We first consider the forward solver with a truncated CG method to solve the
Newton system. Similar to the idea of the truncated CG, we stop the CG method
if we detect the scalar product 7' @ to be negative. This can be understood as
a (second) negative curvature check for the (inverted) preconditioner P~*. Until
this point, the matrix A, has a positive curvature in the Krylov subspace as well
as for the (inverted) preconditioner P~'. Hence, we are still in the context of a
truncated CG method, but now with a possibly earlier stop if the preconditioner
is not positive definite. Still, the same arguments from the truncated CG can
be applied here again. If the negative curvature for P~! is detected in the first
iteration, we perform a V-cycle with the stiffness matrix Kjin.elast from (2.28) as
a preconditioner which is guaranteed to be positive definite. This then can be
understood as a safety preconditioner to which the algorithm falls back in case the
preconditioner P = A} does not work.
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Of course, the experimental preconditioner P = Aj has an influence on the norm
|I-llz in the stopping criterion of the CG method, because the choice of the Riesz
operator R = P! is equivalent to the choice of the preconditioner. However, we
keep the norm based on Kiin.elast for the stopping criterion (3.3) of the Newton
solver, e. g.

Wu Uk, C)ll -1

lin.elast < I'TOI or W U ,C _
WoUo, O Wo e Ol

lin.elast

< aTol.

This requires an (additional) application of the preconditioner with Kiin elast, i-€. a
multigrid V-cycle with Kjin clast, in each Newton step.

We can employ the same idea for the Lagrange-Newton method. The preconditioner
P = A, takes the U and Z block in the block preconditioner, that is

SuAh
P= scMc
SzAh

Again, a negative scalar product 7' @ < 0 will cause the MINRES method to break
down, so we could stop the method at this point and return the intermediate so-
lution. If this happens in the first iteration, we perform a V-cycle with the earlier
mentioned (safety) block preconditioner (4.27). Another strategy could be a MINRES
method with the safety block preconditioner, though this might result in a higher
number of MINRES iterations. The stopping criterion for the Lagrange-Newton
method itself remains to be based on this safety preconditioner.

For the quasi-Newton method, we apply the same strategy for the solution opera-
tor SolveFwrd that we already suggested for the forward solver. As for the adjoint
solver, we still assume the (semi-)positive definiteness of Aj at a local solution
Uy, = S(Cy), so we use a CG method with the new preconditioner which, of course,
changes the norm in the stopping criterion of this CG method. However, the norm
||lc in the stopping criterion of the quasi-Newton solver is independent of the pre-
conditioner.

We test the experimental preconditioner P = A, and compare it to the previous
preconditioner Kjin.elast With the following example 5.4.1.

Example 5.4.1 (Bar with Fibre Tension). Let 2 = (0,5) x (0,1) x (0,1) be a bar
with a fiber direction of a(x) = (1,0,0)" aligned along the bar. The fiber tension
m is given by

m($1,$2,$3) = 5171()(m - %)7
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with an increment s € [0, 1]. That means the fibers on the top tend to shorten while
the fibers at the bottom tend to elongate. We choose a coarse mesh with 11 x 3 x 3
vertices and a mesh refinement level of L = 2. The relative stopping criterion for
the linear solver is rTol = 10~%. The solutions for the increments s = 0, 1—10, %, |
are plotted in figure 5.4.

FIGURE 5.4. Solutions of the example 5.4.1 for the load incre-
ments s = 0, 15, 75, - - -, 1. The dark blue mesh is the solution for
the incremental s = 1.0 while the transparent red mesh in the

lower right corner is the undeformed body, i.e. s = 0.

The comparison of both preconditioners in terms of the total number of CG iter-
ations for each increment s € {1—10, 1—20, ..., 1} is illustrated in figure 5.5. One can
clearly see that the number of CG iterations grows with the increment s. In the
case of the experimental preconditioner P = Ay, this results in about 7 to 9 CG
iterations per Newton step. For the preconditioner Kjin.elast, the average number
of CG iterations per Newton step grows from 22 for s = 0.1 up to 70 for s = 0.8.
Here, the negative curvature occurred much more often in the truncated CG than
for P = Aj. Another reason for the better results of the experimental precondi-
tioner is the fact that the second derivative of the energy term W (™) contributes
to the stiffness matrix A;. The preconditioner Kjiy elast does not incorporate this
term because it might not be positive definite. Hence, a V-cycle of Kjin clast is only
a good approximation for Ay if the deformation and the fiber tension m are small.
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FIGURE 5.5. The total number of CG iterations in order to solve
the forward problem for an increment s € {%, %, o1}
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This chapter presents a couple of numerical experiments on the forward problem
and on the optimal control problem. First, in section 6.1, we compare the different
line search methods from section 3.2 with the example 3.2.1 of a thick plate which
results in divergence for a standard Newton’s method. The same example is then
used to test the hierarchical plate model from section 2.5 and compare it with the
full 3D model. Here we also regard a thinner plate to get an idea which degree D"
of the plate model is needed to solve the forward problem to satisfactory accuracy.

In section 6.2, we present four optimal control problems each of which demonstrates
a certain aspect of this thesis. We start with the introductory example 4.1.1 from the
chapter on optimal control. We compare the Lagrange-Newton and quasi-Newton
methods by the performance to solve this optimal control problem numerically, fol-
lowed by a discussion on the advantages of both algorithms. The second example
illustrates the usage of the regional penalization objective from definition 4.1.4. We
give numerical solutions for a couple of penalty parameters of the control showing
the influence on the deformation of the solution. The third problem is the exam-
ple 4.1.8 on heliotropism, the movement of flowers towards the sun. Here we use
cylindrical coordinates to describe a simple model of the stem below the flower.
The fourth example will be on the enclosed volume by a deformed plate and its
reference configuration. We try to maximize the volume, though we add a penalty
term for the control in order to bound the optimization problem. We will then
vary the penalty parameter for the control to show the influence on the enclosed
volume. This example also demonstrates an optimal control problem on the basis
of the hierarchical plate model.
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Remark 6.0.2 (Settings for the forward solver (algorithm 3.1.1)).

e r'Tol = 1072 for the stopping criterion (3.3) for Newton’s method.

e inexact Newton with rTol = min {107, ||W,u (U, C)|u+} for the CG
method

e nested iterations from algorithm 3.5.6

e preconditioner with the current stiffness matrix Ay, see section 5.4

e guiding criterion from algorithm 3.2.6 with 5 = 0.1

Remark 6.0.3 (Settings for the Lagrange-Newton method (algorithm 4.2.2)).

e rTol = 1075 for the stopping criterion (4.23) for the Lagrange-Newton
method.

e inexact Newton with rTol = min {10™*, |W,u (U, C)|lu=} for the MIN-
RES method

e nested iterations from algorithm 4.2.3

e block preconditioner with the current stiffness matrix A, and the mass
matrix Mc, see section 5.4

e guiding criterion from algorithm 3.2.6 with g = 102

Remark 6.0.4 (Settings for the quasi-Newton method (algorithm 4.3.15)).

r'Tol = 10™° for the stopping criterion (4.46) for the quasi-Newton method
r'Tol = 10~° for the stopping criterion for the linear solver

guiding criterion from algorithm 3.2.6 for the forward solver with 5 = 0.1
preconditioner with the current stiffness matrix Ay, see section 5.4
BFGS history maximum m = 50, initial scaling s¢ = 1

Wolfe-Powell line search parameters ¢; = 1073, ¢ = 0.9

Remark 6.0.5 (Standard material parameters).

If not otherwise stated, we choose for the material parameters a Young’s modulus
of E=1Nmm 2 and a Poisson’s ratio of v = 0.3, that are the Lamé parameters

E 5 N Ev 15 N

M:2(1+y):T3mm2’ )\:(1+1/)(1—21/)_276mm2'
This gives the material parameters
25 N 15 N 15 N 35 N 135 N
“T208mm2’ T 208mm?2’ ¢ 208mm2’ © T 52mm?’ 208 mm?2’

for the polyconvex energy density (2.18). The choice of the Young’s modulus FE is
not essential to our numerical experiments because eventually E is a scaling of the
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control C, because E enters the polyconvex energy linearly just like the control C'.
The Poisson’s ratio of v = 0.3 is a simple example for a compressible material.

All computations were done in FENICS 1.2.0 on an Intel Xeon Dual Core CPU
with 16 GB RAM. If not stated otherwise, we use the following settings for the
algorithms.

6.1 Experiments on the Forward Problem

6.1.1. Line Search and lterates of Newton’s Method

As we already announced in section 3.2, we compare the presented globalization
strategies. Of course, the behavior of these techniques depends on the example
itself and there are situations where one strategy works better than the other while
in another example it might fail. We used example 3.2.1 earlier to show that a
standard Newton’s method with fixed step length o = 1 might diverge. Now, we
solve this problem with Newton’s method and with different globalization strategies:

INC is the incremental method from algorithm 3.2.3 with a simple equidistant
distribution for the scalings s; = %, e.g. 0, %, %, ..y with n + 1 steps
in total. The number of steps is chosen as the smallest number where
Newton’s method converges for s; = % We solve only the last increment
sy = 1 accurately, the increments before have a larger relative tolerance
of rToly = 1074,
SIB is the simple backtracking algorithm 3.2.4.
ARM is the Armijo backtracking from algorithm 3.2.5 on the stored energy W.
The parameter inside the criterion is chosen to be o = 0.1.
GUI is the backtracking algorithm 3.2.6 with the guiding function G and the
parameter 8 = 0.1.

In all backtracking line search methods (SIB, ARM, GUI) we choose the factor to
decrease the step length to be s, = 0.9.

We expect the solution U to be symmetric, thus we exploit this symmetry by working
only on a quarter of 2, e.g. (0,1) x (0,1) x (0, 15) and set symmetric Dirichlet BCs
on the new boundary, e. g.

Ui =0 onI? =1x[0,1] x [0, 5]
U2=0 onl% =1[0,1]x1x [0, ].
The domain €2 is discretized by a structured mesh with 11x 11 x 3 vertices. The mesh

is uniformly refined twice, i.e. L = 2. We do not use nested iterations here because
the later usage of the globalization strategies inside an optimization algorithm would
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not allow that.! The results of the line search test can be found in table 6.1 and a
plot of a few iterates are shown in figure 6.1

Newton Krylov total

strategy iter. iter. time in s remarks
INC 22 255 52
SIB (sq = 0.9) - - - no convergence
SIB (sa = 0.5) 17 155 33 6x neg. curv. in the CG
ARM 6 76 15
GUI 6 78 15

TABLE 6.1. Numerical results for testing the globalization strate-
gies from section 3.2. The second and third columns refer to the
total number of iterations for Newton’s method and the truncated
CG method. The time is the total running time of the program.
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FIGURE 6.1. The upper plot shows the solution of the example
3.2.1. The lower plots show the first four iterates of Newton’s
method with GUIL The last two iterates (the 5th and 6th) are not
visually distinguishable from the fourth iterate.

Conclusions

1There, a nested iteration would be applied on the optimization method itself, not on the sub-
routines of it.
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In the example 3.2.1, local negative volume change J < 0 was the main reason for
divergence of a standard Newton’s method. The results clearly show the neces-
sity for a globalization strategy. We are looking for a method to deal with large
deformations, i. e. it can reliably find a solution.

The incremental method does not meet our demands as it is difficult for it to adapt
itself to a given control. Fixing the number of increments is not an option for the
optimal control problem and a trial and error approach seems very costly. Therefore,
we will not use this strategy.

The simple backtracking SIB behaves rather unpredictably. The only user-defined
parameter in SIB is the factor s, which controls the new trial step length a := sqa.
This however is not sufficient to control the line search to behave desirably. Larger
values of s, might cause the method to accept step lengths that produce updates
with a locally very small volume change J ~ 0. This produces bad starting points
and Newton’s method diverges. If this is the case, we could set s, smaller in the
hope that the iterates stay away from J =~ 0. However, this might result in very
small s so Newton’s method is too strongly damped. As a conclusion, we find SIB
to be unsatisfactory for large deformation.

The Armijo backtracking line search and the guiding criterion behave very simi-
larly. Therefore, we increase the volume load to f = (0,0,1) T, so that the problem
becomes more difficult to solve, see the results in table 6.2. GUI seems to offer a
better criterion than ARM for Newton’s method to solve example 3.2.1.

Newton Krylov total

strategy iter. iter. time in s
ARM 10 109 24
GUI 7 106 18

TABLE 6.2. Numerical results similar to table 6.1, but with an
increased volume load f = (0,0,1)".

As a final conclusion, the Armijo backtracking and the guiding criterion are both
reliable line search methods for the globalization of Newton’s method. The Armijo
backtracking has the advantage that it arises naturally in Newton’s method for the
energy minimization. Thus it fits in the known and well studied context of line
search methods in nonlinear optimization, with the theoretical foundations about
existence of an admissible step length and sufficient decrease of the energy to ensure
convergence of Newton’s method.

The guiding criterion on the other hand, does not consider the energy minimization
but rather is a special damping strategy to avoid certain unfavorable step lengths.
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In particular, this means local negative volume change in elasticity models for large
deformations. Even without the theoretical basis, numerical experiments suggest
that the guiding criterion is a reliable strategy.

So far, the guiding function G from (3.5), that was
In (det({ + VU(x)))| dz
o 41" )

oo if the integral is not defined

has only considered the local volume change J. However, if the volume change is
not a good criterion to judge a step length, it is possible to add other terms like
|IF||% or ||cof F||& to the guiding function G. This could help to prevent too large
Newton steps and therefore serve as a globalization strategy for Newton’s method.

6.1.2. Plate Model

We reconsider the thick plate from example 3.2.1 and apply the hierarchical plate
model to it. First we will compare the solutions from the standard full 3D model and
the hierarchical plate model for a few degrees D*P. We note that such comparisons
should be viewed carefully since a 3D model differs from a 2D model. However, the
hierarchical plate model can be understood as imposing a certain structure on the 3D
displacement U : Q — R3. This structure is defined by functions U?P : 2P — R3
which happen to be two-dimensional. Still, the displacement U with the hierarchical
ansatz is a vector field defined on 2. This is the reason why we can plug the
hierarchical ansatz U =}, pUZP into the 3D model in the first place.

The forward problem was formulated as an energy minimization problem “min W”
in this work. It seems natural to compare solutions from different discretizations
by the value of their stored energy W. This allows us not only to compare different
meshes and degrees D?P of the hierarchical plate model, but also to compare the
full 3D model with the plate model.

We triangulate the midsurface by the coarse mesh shown in figure 6.2. To have a
fair comparison with the full 3D model, we do not choose boundary layers near the
rim Q2P in order to improve the quality of the discretization. On the base of other
numerical experiments, the degree of the Gauss-Legendre quadrature is chosen to
be DS = D?P + 1.

We note that the deformations in this example can be considered “large”, as seen
in figure 6.1. A plot of the stored energy W of the solutions for the full 3D model
and the hierarchical plate model up to degree 4 can be found in figure 6.3. First,
we can see that each plate degree tends to converge to a certain value of the stored
energy W. This suggests that the discretization of the midsurface QP converges
and that there exists a lower bound for W for each degree D?P. This is exactly the
behavior one would expect if the hierarchical plate model is viewed as a reduction
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FIGURE 6.2. The coarse mesh of the midsurface Q2P.

technique: by an increase in the degree D?P of the model, the approximation of the
full model improves. The figure also suggests that there is only a small difference
between degrees 3 and 4 in this example. This means that the structure of the
deformation is well resolved with the degree D?*P = 3. In comparison, the full 3D
model needs many more degrees of freedom to achieve similar values of the stored
energy W than the plate model with degree D?P = 3. This shows the advantage of
the hierarchical plate model over the full 3D model even for plates with a thickness
of 2d = 0.1.

Thin Plates

Next, we will shrink the thickness 2d to get an idea which degree D?P is actually
needed for a good approximation of a thin plate. The volume load f = (0,0, i)T
stays the same during this test, that means the total force acting on the body scales
with the thickness 2d. With shrinking thickness, the plate loses its bending stiffness
and behaves more and more like a membrane. Figure 6.4 shows a comparison of
the degrees D?P of the plate model for the thickness 2d = 0.01. We can see that a
degree of D?P =1 already yields a good approximation and additional degrees offer
only a minor improvement. The full 3D model behaves even worse for thin plates.
The value of the stored energy of the full 3D model is always above the values of
similar levels of the plate model. The effect will become even worse for thinner
plates and is often called locking. For thin plates, this means that the discretized
elasticity model behaves “stiffer” as the thickness decreases.

So far, we discussed the quality of the discretization with respect to the degree D?P.
However, computional costs are important for practical problems as well. In order
to compare the different models, we regard the computational time per number
of degrees of freedom (dofs). Figure 6.5 shows this quantity with respect to the
thickness 2d. First, the computational costs increase with the degree D?P of the
plate model. This is mostly due to the fact that more CG iterations are necessary to
solve the linear system in Newton’s method. This suggests that the preconditioner
depends on the degree D?P | that means on the degree of the Legendre polynomials
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FIGURE 6.3. The stored energy W of the solutions of example
3.2.1 for the full 3D model and the hierarchical plate model with
the degrees D?P ¢ {1,2,3,4}, plotted against the number of de-
grees of freedom NY.

pi. This dependency of the multigrid method on the polynomial degree of the ansatz
functions is also observed in other discretizations, for example NURBS, see Gahalaut
et al. (2013). In their work, the iteration numbers for a full V-cycle multigrid method
on a Poisson problem increases with the polynomial degree of the NURBS, though
they show independence with respect to the mesh size.

In the results of figure 6.5, the plate degrees D*® = 1,2 show a mesh indepent
behavior of the overall runnning time with respect to the degrees of freedom. The
multigrid V-cycle might not be such a good approximation for the higher degrees
D?P = 3, 4 and their results do not show the mesh independency as clearly as lower
degrees. Though the results do not suggest that their runnning time per number
of dofs continues to grow like in the case of the full 3D model. Here, the low
computational costs grow with decreasing thickness of the plate.

Conclusions

As we have seen in figure 6.4, a hierarchical plate degree of D?P =1 already gives
very good results for a plate where the ratio of thickness and a characteristic length
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FIGURE 6.4. The stored energy W of the solutions of example

3.2.1 with the thickness 2d = 0.01, for the full 3D model and the
plate model, plotted against the number of degrees of freedom
NY.

(e. g. the length or width) is about ﬁ. Higher degrees D?P > 1 are barely needed
in this example and the higher computional costs would not justify them. Moreover,
we can see that the full 3D-model is not practical for thin plates with respect to

quality of the descritization and the computational costs.

6.2 Experiments on the Optimal Control Problem

6.2.1. Elevated Bar with Fiber Tension Control

In section 4.1 we introduced an optimal control problem with the example 4.1.1 of
a bar whose right part is elevated, which we are going to solve with a Lagrange-
Newton method (LN) and a quasi-Newton method (QN). As a load, we choose the
fiber tension m, so one could imagine the movement of a tongue behind the example
4.1.1. As a fiber direction, we set a(x) = (1,0, 0)", that means the fibres are aligned
to the length of the bar. The load can only be applied in the left part Q' and the
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FIGURE 6.5. Computational costs per number of degrees of free-
dom for different degrees of the plate model and the full 3D model,
with respect to the thickness 2d (L = 3 total mesh refinements).

penalty term is

10
Qleft

P (m) = L / (m(a:))Qda:.

The quality term @ will be a standard tracking type

Q1) = %/V(w)HU(w) U ()2 da,
Q

with the desired displacement
UdeS(a:) _ (0707 %)T}

and the weight function

(@) = 1 if e Qrisht
TE=1 0 else

We discretize the domain © = (0,2) x (0, £) x (0, 15) by a coarse mesh with 21 x3x 3
vertices. We use the standard settings from remarks 6.0.3 and 6.0.4 for the LN
and QN algorithm, except for the relative tolerance rTol = 107 ° for the stopping
criterion of the QN method. Additionally we set the scaling factors of the block
preconditioner in the Lagrange-Newton method to sy = 1, s¢ = 10, sz = 1072 and

the initial scaling of the BFGS update in the quasi-Newton method to s¢ = 10.
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All three methods converged visually to the same solution, plotted in figure 6.6.
The numerical results and the convergence of the residual norm can be found in

e table 6.3 and figure 6.7 for the Lagrange-Newton method (LN),

e table 6.4 and figure 6.8 for the Lagrange-Newton method with nested
iterations (LNnest),

e table 6.5 and figure 6.9 for the quasi-Newton method (QN).

—_—

— fibre tension m

-0.

ﬂ\oz\HHHH(‘)HH\ H(\)ATZH

-0.0336 0.0324

FIGURE 6.6. The solution to the optimal control problem from
4.1.1 on the finest mesh level L = 4. The red box illustrates the
desired height h = 0.2, where the red right part Q& has to be
elevated to.

total #dofs obj. value total total time in %
(U,m,Z) TI*-107 LN-it. Krylovit. timeins ass. /solve
1614  5.63837 6 317 1 79 /21
9990 2.26274 7 2524 26 38 /62
70 086  1.43993 8 3455 285 32 / 68
524 934  1.24786 9 4146 2921 28 / 72
4063 494  1.19886 9 4238 24467 28 /72

TABLE 6.3. [LN] Numerical results for the Lagrange-Newton
method: The total number of degrees of freedom refer to the
unknown X, = (Up,mpn,Zn). The optimal objective function
value is given by I*. The total number of iterations in the LN
algorithm and in the MINRES method are found in the third and
fourth columns. The total time is the running time of the pro-
gram and the last column states the proportions of the times for
assembly and solving.
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FIGURE 6.7. [LN] Norm of the residual ||L x|x+ over the
Lagrange-Newton iterations for the mesh refinement levels L =
0,1,...,4. The dotted line is the value for the relative stopping

criterion.

total #dofs obj. value total total time in %
(U,m,Z) I*-107 LN-it. Krylovit. timeins ass. / solve

1614 5.63837 6 317 1 78 /22

9990  2.26279 +3 +1101 13 42 / 58

70 086 1.43993 +3 +1273 120 34 / 66

524 934  1.24786 +2 + 866 756 32 /68

4063 494  1.19886 +2 + 856 5963 31 /69

TABLE 6.4. [LNnest] Numerical results for the Lagrange-Newton
method with nested iterations: The notation is the same as in
table 6.3. The numbers of new iterations in the LNnest algorithm
and in the MINRES method on a level are found in the third and
fourth columns.

Interpretations of the results

First of all, we notice that the optimal objective value I* is quite the same for
all three methods. Minor differences could be diminished by lowering the relative
tolerance rTol in the stopping criteria of the LN, LNnest and QN methods.

We can see that the Lagrange-Newton (LN) method without the nested iterations
shows a mesh independent behavior, that means the number of LN iterations is
bounded from above. Even more, the number of iterations of the MINRES method
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FIGURE 6.8. [LNnest] Norm of the residual ||L x||x= over the
Lagrange-Newton iterations for the mesh refinement levels L =
0,1,...,4 and with nested iterations. The dotted line is the value
for the relative stopping criterion.

state obj. value total total time in %
#dofs U  I*-10" QN-it. Krylovit. timeins ass. / solve
567  5.63838 24 79 1 63 / 26
3075  2.26279 27 1846 11 76 / 18
19 683 1.43993 23 1429 78 66 / 32
139 587  1.24787 17 1564 750 67 / 32
1048 707 1.19887 19 1327 4986 62 / 35

TABLE 6.5. [QN] Numerical results for the quasi-Newton method:
The notation is the same as in table 6.3. Since the forward and
adjoint systems have to be solve in U}, only the degrees of freedom
of U}, matter.

seems bounded too. In this example, one LN step needed around 400-500 MINRES
iterations on average, which shows that the block preconditioner might not work
that well for the example. However, the computational work can be reduced to a
quarter by using nested iterations (LNnest). Here we can observe that the number
of LNnest iterations on the new level is much smaller compared to LN, it even tends
to decrease with the growing levels.

The quasi-Newton method (QN) shows a mesh independent behavior too. The CG
iterations are the total number of Krylov iterations during the QN method, that is



164 6 Numerical Experiments

N
O\
&

residual norm ||'1d|L:«
Lo
o,

FIGURE 6.9. [QN] Norm of the residual |I'&'[|c+ over the quasi-
Newton iterations for the mesh refinement levels L = 0,1,...,4.
The dotted line is the value for the relative stopping criterion on
the level L = 4.

the truncated CG iterations in the forward Newton solver and the CG iterations for
the adjoint solver. One QN step needed around 60-70 CG iterations on average in
this example. Most of them are used in the beginning of the QN method because here
the Wolfe-Powell line search rejects a few step lengths, which requires the forward
problem to be solved multiple times. In the end, when the solution converges towards
the solution, the Wolfe-Powell line search is likely to accept the step length a = 1 and
the forward system is normally solved in one or two Newton steps. Furthermore, the
CG method for the adjoint equation is faster if we start with the previous solution
of the adjoint state Z as an initial guess for the adjoint equation. Therefore one
can notice that the last steps take less computational time than the beginning, see
figure 6.10. However, as the quasi-Newton method with LM-BFGS update offers
at best g-superlinear local convergence, which itself depends on the accuracy of the
CG methods, we cannot expect that a decrease in the relative tolerance rTol for the
quasi-Newton method comes at only little additional computational costs.

The costs for the BFGS update are less then 0.5% of the total run time, including
the update itself and the handling of the storage of the auxiliary BFGS vectors.
This allows to set the maximum number of BFGS vectors quite high, since it is
very cheap compared to the other computational costs. However, the BFGS history
makes it difficult to apply nested iterations. On the new level, we could discard the
history and just start at a better initial guess, but this advantage turns out to be
not beneficial. It takes a couple of iterations for a good BFGS approximation of the
reduced (inverse) Hessian matrix, see table 6.6. It would be certainly better to use
the information of the BFGS history on the old level. A straightforward idea could
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FIGURE 6.10. Computational work load over the iterations of the
quasi-Newton method for the mesh level ¢ = 2. The gray bars are
the number of CG iterations in a QN iteration while the red and
blue lines indicate the total time and time for assembly in a QN
iteration.

be to interpolate the auxiliary BFGS vectors (5¢); and (g}); from level £ to the new

level £ + 1. This is straightforward for the increments (§f)Z because they represent
elements of a discretized control space, e. g.

§f+1 = pe»uﬁf-
This would not work for the increments (7¢);. Please recall that (7¢); are discretiza-
tions of elements of the dual space C*. We would need to pull-back (7¢); to the primal
space C, i.e. (Mz)glgj’f , prolongate, i.e. ngeHMglg’f , and then push-forward to
the dual space C* again, that is

—0+1 £+1 —16
i = M peser1Me ;.

However, the prolongated increments (gj’f ); do not work well in the quasi-Newton
method, as the number of iterations of the new level are not lower, see table 6.6.
This is caused by the fact that the prolongated (gj’f“)b are not the increments of
the derivatives belonging to the increments (Ef“)i, see figure 6.11. However, this
is a requirement for the BFGS update to work properly. Computing the derivatives
to build (§¢*"); would require to restore the iterates C from the iterates (5¢11)
and solving the forward problem and adjoint equation for each iterate C on the
new level £+ 1. These are the same computational costs as a normal quasi-Newton
method started on the level £+ 1, but without the line search. Considering that we
have to continue in the QN on the new level, this is hardly an advantage compared

i
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to the QN without nested iterations. Furthermore, the fact that these new iterates
were not checked by the Wolfe-Powell line search reveals another possible problem:
the new BFGS history (5°7); and (g°""); might not satisfy the curvature condition
(g5 T8 > 0 which guarantees the positive definiteness of the BFGS matrix H,.
Therefore, using the information of the BFGS history on the old level ¢ to build a
history on the new level ¢ 4 1 is not straightforward.

discarding BFGS history interpolating BFGS history no nested

level (QN-iterations) (QN-iterations) iterations
{=0 24 24 24
(=1 +33 +42 27
=2 +25 +29 23
=3 +25 +44 17
(=4 +19 +36 19

TABLE 6.6. Iteration numbers of the quasi-Newton method with
nested iterations. Two methods were tested: discarding the BEFGS
history from the previous level and building it anew, or interpolat-
ing the BFGS history from the previous level. (The initial residual
norm || I'&'(Co)||c+ on the coarse mesh level £ = 0 was used for
the stopping criteria on the other levels as well, in order to have
the same stopping criteria across all levels.)

=

FIGURE 6.11. Nested iterations in the quasi-Newton method by
interpolating the BFGS history: The gray mesh shows the dis-
placement of the solution of the optimal control problem on mesh
level £ = 0. The displacements of the first (blue) and second
(green) quasi-Newton iteration on the mesh level £ = 1 show a left
or right drift, which is an artifact from the interpolation from the
coarse mesh.
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We conclude the following: both methods, nested Lagrange-Newton and quasi-
Newton, are quite comparable to the overall runtime of the optimization. However,
most of the time in the LN is used for the solution of the linear system, mostly be-
cause the block preconditioner is not as good as the preconditioner for the forward
problem. On the other hand, the large part of the time in the QN method is spent
for assembly, mostly for the stiffness matrix K in the forward solver. Another differ-
ence is the memory usage of both algorithms. The LN needed about three times as
much working memory than the QN. The observed main differences between both
methods are shown in table 6.7.

Lagrange-Newton quasi-Newton

requires W prr for L xx approximation of the reduced Hessian
Ifédc by a BFGS update formula

“only” block preconditioner “established” preconditioner
nested iterations work well how to interpolate the BFGS history?
high working memory load lower memory load

rTol of the MINRES method deter- | accuracy in CG method is needed for
mined by inexact Newton the Wolfe-Powell line search

TABLE 6.7. Comparison of the Lagrange-Newton and quasi-
Newton method, based on the numerical results from section 6.2.1

6.2.2. Regional Penalization

A case where a desired state U9 is not available is given in the next example 6.2.1.

Example 6.2.1 (Bar and Plane). Let Q = (0,5) x (0,1) x (0,1) be a bar that is
clamped at the left boundary T'° := {0} x (0,1) x (0,1). The control is the fiber
tension m along the fiber direction @ = (1,0,0)". We seek a control m such that
the deformed body avoids the half plane

H::{w€R3:$1—w3—220}.
We penalize this region by the quality functional

Q™" (U) = /q(:c +U(z)) det F(zx) dz,
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with the penalization function
q(@) = [x1 — x5 — 2|7,

where []Z is the (smoothed) positive part

[x];" :z%( :L’2—|—62—|—:E).

We use theorem 4.1.5 to provide the first derivative

Q% (U)oU) = / a(z +U(x))oU ()" F(z)”  n(z)det F(z)dS.
r
Figure 6.12 shows the undeformed body €2 and the half plane H.

Penalty function q

1 2
HHHHH[HW
0 3

FIGURE 6.12. The undeformed body 2 and the half plane H from
example 6.2.1. The colored scaling indicates the value of the pe-
nalization function gq.

We solve this problem with a coarse mesh of 11 x 3 x 3 vertices and L = 3 mesh
refinements, yielding 70227 degrees of freedom of the state U on the finest mesh.
We choose the smoothing parameter & = 0.01 and vary the penalty parameter (™
of the cost functional

P (m) =7 [ (m(x))? da,
/

to illustrate the dependence of the solution on the parameter 'y(m). We choose the
quasi-Newton algorithm with the standard settings from remark 6.0.4. The solutions
are plotted in figure 6.13.
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FIGURE 6.13. Deformations of the solutions of the optimal con-
trol problem with regional penalization for the penalty parameters
™ = 107',1,10,10%, from left to right. The red plane is the
boundary of the half plane H.

Figure 6.14 shows the dependency of the functional value @ of the solution with
respect to the penalty parameter 'y(m). For smaller values of 'y(m), the regional
penalization @ tends to zero while the penalty term P slightly increases. Please
note that the optimal control problem would be unbounded for 'y(m) = 0 because
of the smoothed positive part []7. On the other hand, for large values of A
the penalty term P tends to zero while the regional penalization ) converges to
~ 3.16700 which is the value for the undeformed body, that is Q(0) ~ 3.16700.
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FIGURE 6.14. Values of the quality function @ of the state and the
penalty function P for the control of the solution of the optimal
control problem with respect to the penalty parameter 7(’").
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Remark 4.1.7 already discussed possible problems in the numerical algorithm due to
numerical integration in the quality term Q. The smoothing of the positive part is
important for the behavior of the numerical algorithm. For example, setting ¢ = 0
yields the standard positive part function [z]* := 1(|z| 4+ ). We demonstrate this
by a sequence ¢ € {10747 107%,107%,1077, 1078} for the smoothing parameter in
[2]f := 4 (Va? + &2 + z). Table 6.8 shows the results. The failures in the Wolfe-
Powell line search are caused by errors in the quality term QP°" due to the numerical
integration.

€ QN-it comments

1071 10 stopping criterion satisfied
1075 15 stopping criterion satisfied
107%  (10) failure in the Wolfe-Powell line search
1077 (12) failure in the Wolfe-Powell line search
107®  (11)  failure in the Wolfe-Powell line search

TABLE 6.8. Convergence results for the regional penalization with
varying smoothing parameter ¢ in [z]} := % (\/ 2 +e2 + x)

6.2.3. Flower Movement by Turgor Pressure

Example 4.1.8 introduced heliotropism: the movement of flowers towards the sun
by a turgor pressure in the stem below the flower. This biological phenomenon
motivated the quality term (4.9) of a desired direction. We will model an optimal
control problem based on heliotropism in the following way.

Example 6.2.2 (Part of a Flower Stem). Let us consider a part of a hollow stem
which is the tube with an inner radius 1 = 0.7, an outer radius 72 = 1 and length
h = 5. We use cylindrical coordinates

T1COS T2 B
x(x1, T2, x3) = | T1sinxz z € Q:=(ry,r2) % (0,2m) x (0, h),
z3
to describe the reference configuration Q := m(ﬁ) There are Dirichlet boundary
conditions applied to the bottom, that is @s = 0, respectively I'° = (r1,72) X

(0,27) x {0}. The control is the inner pressure ¢ from table 2.1 and we allow
iﬂt{ to act between the heights h = 0.5 and h = 4.5, that is the control domain
Q= (11, 72) x (0,27) x (h, h). We seek to align the top part of the stem with a

given direction s9°° € R*® which points towards the sun, see figure 6.15.
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FIGURE 6.15. Front and back view of a triangulation of half of
the hollow stem. The yellow arrow is the desired direction s9°
which points towards the sun. We seek a deformation where the

top of the stem bends in the direction of s9°.

To solve this problem, we exploit the rotational symmetry of the stem €2 and rotate
the coordinate system such that the direction s9° lies in the x1-x3-plane. As
we assume s9° to be normalized, we can describe it uniquely by an angle, e.g.
59 = (sin6,0,cos6) " with 9 € [0, 5]- Additionally, as we expect a symmetric
solution with respect to this plane, we exploit this mirror-symmetry. This means
we consider only half of the tube

Qn{zeR’:zy > 0}.
The corresponding parameter space is
Q= (r1,72) % (0,7) x (0, h),
and the additional symmetry boundary conditions are
[Ul2=0 on I'™ :=(r1,r2) x {0,7} x (0, h).
We summarize the optimal control problem which we use to compute our example
of the turgor pressure in a flower stem. In the following, the reference domain §2

already includes the symmetry exploitation, that means {2 is only half of the stem.
The same applies for the parameter space €.

e The finite elements are defined in the parameter space Q= (r1,m2) X
(0,7) x (0,h).
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e The Dirichlet boundary conditions are
U=0cR’ on P = (r1,72) x (0,7) x {0}
and [Ul2=0€eR on ™™ = (r1,r2) x {0,7} x (0, h).
e The reference domain ) := w(fl) is parametrized by cylindrical coordi-

nates with its Jacobian G, see (2.52). This influences the gradient oper-
ator V, therefore the deformation gradient F', and the volume and area

transformations.

e The control C is the inner pressure ¢ acting in Q! := (r1,r2) x (0, 7) x
(b, 1).

e The reference direction is s := (0,0,1)" and the desired direction pointing
to the sun is 8% := (sin6,0,cos0)" with § = Z. They are used to

formulate the objective function I = P + @, with the penalty term
P(t) := /t(:/r:)2 de :/ (z(x)) |detG )| dz,
Q2 Q
and the quality term

Q) = / |F(x)s — s*=|2ds

= [ 1F@s - 52 |4t @) 16 @)@l a5,

rtop from the area transformation

with the top surface I'*P := @(I'*°P) and [P := (ry,79) x (0,7) x {h}.
Please note that the transformation of the gradient operator V is included
in the deformation gradient F, see formula (2.57).

e For simplification, we assume an isotropic, elastic material behavior which
can be described by the polyconvex energy density (2.18), with the stan-
dard material parameters from remark 6.0.5.

Numerical solution

The parameter space Q is discretized by a structured mesh with 3 x 9 x 11 vertices
as seen in figure 6.15. We use the quasi-Newton method to solve the optimal control
problem on the mesh refinement levels L = 0,1,...,4 and the standard settings
from remark 6.0.4, except that we set the relative tolerance rTol = 10™* for the
stopping criterion of the quasi-Newton method. The results can be seen in table
6.9. Again we can observe that the convergence of the quasi-Newton method does
not deteriorate with increasing mesh refinement level L.

Figure 6.16 shows a plot of the solution on the finest level L = 4 for half of the
stem. We can see that the side facing the sun has a negative turgor pressure which
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state obj. value total total
dofs U I*-10®° QN-it Krylovit. timeins
891  5.40817 16 59 1
5355  4.25306 16 1551 17

36 531  3.99353 19 1984 184
268 515 3.92927 18 1942 1472
2 056 131  3.91472 17 1912 11293

TABLE 6.9. Numerical results from the quasi-Newton method for
the optimal control problem of the stem with turgor pressure.

causes the cells to contract and hence shorten this side of the stem. The opposite
side (averted from the sun) has a positive turgor pressure, leading to an increase
of the cell volume in this region and therefore stretching this side. As a result, the
stem bends towards the direction s of the sun.

6.2.4. Enclosed Volume

This experiment deals with the enclosed volume between a deformed plate and its
reference configuration, see the part Enclosed Volume in section 4.1.1. Let Q =
2P x (—d, d) be a plate of thickness 2d = 0.01 with the midsurface Q? := (0,1) x
(0,1) and a Young’s modulus of E = 100N mm™2. The plate is clamped at the rim
I'® := 9Q%" x (—d,d). The control is a boundary force g : I'N :— R? acting on the
lower surface I'N := Q2P x {—d}. During the deformation, the undeformed lower
surface TN and the deformed lower surface I'¥ enclose a domain whose volume we
seek to maximize. The quality term @ is the volume of the enclosed domain from
(4.15), that is

QY (U) = / d+ (—d+ [U(z1, @2, —d)]3) [ cof F(x1, x2, fd)}gg deidxs.

Q2D

In order that the optimization problem does not become unbounded, we add a
penalty term for the control g, that is

P9 (g) = /g(mfg(m) ds = / g(x1,x2) " g(x1, 22) dwrdas.
N 02D
Hence we seek to minimize the objective functional
I(U,g) = -Q¥(U) + 19 P¥(g),

with a penalty parameter 49 > 0. We are interested in the connection between
the penalty parameter ’y(g ) and the volume Q of the solution.
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FIGURE 6.16. The solution of the optimal control problem of a
stem with a turgor pressure. The yellow arrow indicates the de-
sired direction towards the sun. The blue region indicates a rise
and the red region a decrease in the turgor pressure t. One can
also see the thickening and thinning of these regions.

Numerical Solution

We use the hierarchical plate model from section 2.5 to model the forward problem.
The coarse mesh for the midsurface Q%P is shown in figure 6.17. We use simle
boundary layers in this example to enhance the quality of the discretization. The
numerical tests on the plate model in section 6.1.2 suggest to use the degree D?P =1
for the thickness 2d = 0.01. The optimal control problem is solved with the quasi-
Newton method with the standard settings from remark 6.0.4.

Figure 6.18 shows the undeformed and deformed plate of the solution for a penalty
parameter of value v(9 = 27%. Most of the load is concentrated in the center of the
plate and pulls it upwards.

Next, we vary the penalty parameter v'9) to illustrate its influence on the solution
of the optimal control problem. Figure 6.19 shows the deformed plates of several
solutions for a couple of values of the penalty parameter 'y(g ). As ’y(g) increases, the
weight of the cost term P in the objective functional I = —Q +~(9) P increases and
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FIGURE 6.17. The coarse mesh of the midsurface Q2P with smaller
elements at the rim to improve the quality of the discretization.

FIGURE 6.18. The undeformed and deformed plate (in blue) at-
tached with arrows which represent the boundary load g. Red
arrows correspond to a larger load than white arrows.

the volume @ of the solution shrinks. This monotone relation is plotted in figure
6.20.
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FIGURE 6.19. Half of the deformed plates of the solutions of
the optimal control problem for penalty parameters fy<g) =
275 274 .. 2% in red to blue and the undeformed plate in gray.
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FI1GURE 6.20. Plot of the volume @ of the solution with respect
to the penalty parameter 'y(g).



7 Conclusions and Perspectives

This dissertation is devoted to numerical algorithms to solve optimal control prob-
lems in elasticity with large deformations.

Forward Problem

The forward problem of a large elastic deformation is a nonlinear variational equal-
ity derived from an energy minimization. The standard loads, exterior volume or
boundary loads, cannot be used to model certain phenomena in biology, like tur-
gor pressure or muscle tension. We gave models for both of these interior loads in
the case of large elastic deformations. In order to incorporate these new loads into
the energy minimization, we formulated corresponding energy functionals for these
loads.

The computation of the solution of the forward problem by Newton’s method can
be challenging for large deformations. Here, we proposed a new line search based
on a guiding criterion that is applicable in many situations and solves the problem
of a local negative local volume change J < 0. The underlying guiding function G
can be adapted to other elastic models as well, e. g. by adding terms like ||cof F||3.

Newton’s method requires the repeated solution of linear systems. The underlying
linear operators are self-adjoint but not necessarily positive definite. Hence, the
usage of the current stiffness matrix Aj, for a multigrid V-cycle preconditioner might
result in a failure of a MINRES or CG method. Still, the current stiffness matrix Ap
offers a faster convergence than the stiffness matrix Kjin.clast Of the linear elasticity
model. We proposed a strategy similar to the idea behind a truncated CG method
to use a multigrid approximation of A; as a preconditioner as long as it does not
prove to be indefinite.

Optimal Control Problem

During this work, we use an optimize-then-discretize approach. That means we
formulated Newton’s method and the MINRES and CG method in the Hilbert space
U. This allows us not only to formulate the appropriate stopping criterion, but also
shows the importance of the initial Hessian Hy in the BFGS update. At the end, this
results in optimization algorithms which show no mesh dependence with respect to
iteration numbers and convergence behavior. Combined with a fast forward solver,
this even allows the solution of large scale problems in a reasonable time.

The standard tracking-type objective functional does not always work in elasticity
with large deformations because we might not be able to provide a desired state
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U9, We demonstrated the modeling of three alternative functionals suitable for
different problems. Numerical experiments were performed to show how these qual-
ity functionals work. Additionally, we incorporated a parametrization by curvilinear
coordinates and a hierarchical plate model into the forward problem and the optimal
control problem.



179

Outlook

One application of optimal control of elasticity from Lubkoll et al. (2012) is the shape
reconstruction of facial structures by implants. Here, the problem remains how to
measure the shape of the facial structure and how to match it. The difficulties
of this approach were discussed in the paragraph Desired Shape in section 4.1.1.
The representation of the shape depends on the measuring method and might not
be directly included into a quality term that quantifies the difference between the
current shape and the desired shape.

In this work, we assume an isotropic and elastic material behavior modeled by
a polyconvex energy density. However, this model might still be a simplification
for problems with biological tissues (see Holzapfel and Ogden (2006) and Balzani
et al. (2006)) or fiber-reinforced composite material (see for example Bunsell and
Renard (2005)). In order to prevent the damage of a tissue or plastic deformation
of a mechanical component, we could consider constraints in the optimal control
problem, for example an upper bound on the von-Mises stress.

Another potential application is the deep-drawing process of plates. Here, not only
the plasticity plays a central role but also the elasticity, for example in the unde-
sirable spring-back effect. Work on this has been done by Wachsmuth (2012a) and
Wachsmuth (2012b) for the case of small deformations, though a simulation and
optimization requires further techniques like plate models that can deal with plas-
ticity and corresponding material laws to describe the behavior of a deep-drawing
process. Eventually, it can be expected that the computational work to optimize
deep-drawing process is huge due to very complex models.

The quality of the solution obtained by the finite element method depends strongly
on the discretization, i.e. the elements and the mesh. Here, improvements could be
gained by using adaptive mesh refinement methods. First, one would need an error
estimator made for the forward problem, see Meyer (2007). Taking the estimator
from the linear model is not an option as both models differ too much for large
deformations. Even more, the implementation of an adaptive mesh refinement is not
straightforward for nonlinear problems, let alone optimal control problems. Another
promising approach could be full multigrid on the optimal control problem, see for
example Schoberl et al. (2011) and Pillwein and Takacs (2014).

The bottleneck in the Lagrange-Newton method is clearly the preconditioner for the
MINRES method. Even with the current stiffness matrix Aj, the MINRES method
needs a large number of iterations with the block preconditioner. A reduction
of these iteration numbers by a better preconditioner would highly improve the
Lagrange-Newton method. Also, the scaling of the blocks is very difficult because
spectral estimates of the Lagrange system matrix are hardly known. A method to
determine good scaling factors for the blocks of the preconditioner would be very
desirable.
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On the other hand, the unfortunate handicap of the quasi-Newton method was the
incompatibility of the BFGS history with the idea of nested iterations. An idea how
to gain information from a previous mesh level could improve the performance of
this optimization algorithm even further.

The idea of combining curvilinear coordinates and the hierarchical plate model could
be a promising way to deal with shells like thin tubes. For example, one could use
the plate model of the parameter space which is then mapped to the reference
configuration. The intriguing point in this approach is the fact that it does not need
the curvature information of the shell, which is a common element in shell models
and might be quite challenging.



A Appendix

A.1 Matrix Calculus

In this section we recall some calculation rules for matrices and derivatives with
respect to matrices, as they are repeatedly used in this work.

Lemma A.1.1 (Basic calculus for matrices). Let A, B € R™*"™ be regular matrices
and let Q € R™*™ be orthogonal, e.g. Q' Q = I, with positive determinant det Q =
1. Then we have the following identities:

(1) tr(AB) = tr(BA)

(2) A:B=AT:B"=B:A

(3) A: (BC)=(BTA):C=(AC"): B

(4) |QA[lr = [|Allr

(5) cof(AB) = cof(A) cof(B)

(6) cof @=Q

(7) |lcof Fl|z = L(F: F)> — L ex(FT F)?
Proof.

(1) We have [AB]i; = [A]ix[B]x; and hence the trace operator is
tI‘(AB) = ZA”CB}” = Z BriAix = tr(BA).
ik ik
(2) Using the definition for A : B := tr(B' A) from section 1.3, (1) and
trA=trA" gives

A:B=tr(ATB)=tr(BA")=B' : AT
=tr(B'A)=B: A.
(3) A direct calculation gives
A:(BC)=tr(A"BC)=(B"A):C
=tr(CA'B)=(AC"): B
(4) With the definition of the Frobenius norm we have
IQAIF == (QA) : (QA) =tr(ATQTQA) =tr(ATA) = A: A= ||A|7.
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(5) The definition of the cofactor gives
cof (AB) = det(AB)(AB)™ " = (det A) A~ " (det B) B~ = cof A cof B.

(6) Using the definition of the cofactor gives cof @ =detQQ~ " =1Q = Q.
(7) See (Ciarlet, 1988, pg. 186).

The next lemma states some formulas for the differentiation with respect to matrices.

Lemma A.1.2 (Formulas for the differentiation with respect to matrices). Let
f : M3 — R be a differentiable function. Then we have the identities for the
following derivatives with respect to F' € M? in direction G € M?:

(1) (F F)[G] =2F:G

(2) aT‘(F )IG] =GT

(3) = (tr(AFB))[G] =AGB

4) 2 (detF)[G] = (det F)F~T :G = (cof F): G
(5) 2 (lndetF)[G] =FT:@G

(6) 2 (F Y6 =-F1GF!

(1) 2 (llcof FI)[G] =2(F:F)(F-FF'F):G

(8) 2(F )G =-FTGTFT

9) a7 (cof F)[G] = (cof F : GF T —cof FGTFT

Proof. For (1) - (6), we refer to K.M. Petersen (2008). For (7), we use A.1.1-(1),
A.1.1-(6), (1), (3) and the product rule to get

Al|cof Fll g _ 8 1 1 S
oG] = 8F( (F:F)? —Lt(FTFF'F))
=2(F:F)(F:G) —% te(G'FF'F) — L tr(F'GF'F)
—% te(F'FG'F) - tx(FTFF'G)
=2(F:F)(F:G) —2tx(F'FF"):G
=2(F:F)(F:G) —2(FF'F):G=2(F:F)(F-FF'F):G.

For (8), we use (6) and (2) to get the proposition, e.g.

=T _ 0 —TN( AT =T AT =T
aF(F )Gl = 5T (F-)IG' |=-F G F .
Formula (9) is the application of the product rule, (4) and (8), e.g.
0
OF

Q

4 (cof F)[G] =

e (det FF~T)[G] = (cof F: G)F~ " — (det F)F""GTF~ .
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A.2 Derivatives of Energy Functionals

The following lemmas deal with the derivatives of certain energy terms.

Lemma A.2.1 (Derivatives of the energy density w). The first and second deriva-
tive of w from (2.18) are

w.p(F)[G] = (zaF +2b(F : F)F — 26 F  FF' + ¢(det F)2F~ " — dF’T> .G,

and
w,FF(F)[G, H] =

((2a+2bF : F)G + 4b(F : G)F — 2b(F(F'G+ G'F) + GFF)
+4ccof F(G : cof F) + (d(det F) ™% — 2¢) cof (F)G ' cof (F)) : H.

Proof. Applying lemma A.1.2 yields for the first derivative
w,p(F)[G] = a%(aHFH% + bjcof F||2 + c(det F)? — d1n(det F) + €)[G]
- (2aF + 2b(F : F)F — 2bFF " F + 2¢(det F)2F~ " — dF_T) el
The second derivative w r can be obtained by

w,rr(F)[G, H] :8% (2aF:G+2b(F : F)F:G-2b(FF'F):G

+2¢c(det F)’F~" : G —dF~")[H]

=2a(G: H)+2b(F: F)(G: H)+4b(F : G)(F : H)
~2((HF'F)+(FH'F)+(FF'H)): G
+2¢(det F)>(F~ " : G)(F~ " : H) — 2¢(det FY*(F~TH'F~ ) : G
—d(F"TH'F™ ") : @

=2a(G: H)4+2b(F : F)(G: H)+ 4b(F : G)(F : H)
~2(F(FTH+H F)+HF'F):G
+ 2¢(cof F : G)(cof F : H) — (2¢ + d(det F)"?)(cof FH cof F) : G

and some simple re-arrangements.

Lemma A.2.2 (Derivatives of the inner pressure). The first and second derivative
of W(Z,) from (2.39) are

wOBU] = - / () (cof F(x) : VU (2))de,
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and (omitting the argument “(x)”)

Wy [6U, 6V] = — / t(F~ " : VoU)(cof F : V§V)
Q

— (F7'VoU) : (V6V ' cof F)dz

Proof. The first derivative follows directly from A.1.2-(4) and for the second deriv-
ative we apply the product rule and A.1.2-(9), e.g. with G = VU and H = ViV,
ai(cofF G)[H] =(cof F: H)F" " :G—(cof FH'F™): G

=(cof F: HYF™" : G — (cof FH") : (F7'G).

Lemma A.2.3 (Derivatives of the fiber tension). The first and second derivatives
of W’({In) from (2.44) is
W(m) U] = /m TFT(w)V5U(w)a(w))

IF@)a@)]2 de

and (omitting the argument “(x)”)
/ (a"VéVViUa)
—[m
I1Fall3

WG 0U,6V] =

(aTFTvdUa) (a"F'VéVa)
7 dx
1Fall3

Proof. We omit the argument “(x)” to a better readability in the following. We
rewrite W™ as

W (U, m) /m In(a' F' Fa)® da

_ (1 ToT
= /Zmln(a F Fa)da:,
Q

and apply the chain rule to obtain
W (U, m)[6U]

1 T -~T -1 T
zf/im(a F'Fa)  2(Fa) (VéUa)dx

.

/ TFTV(SUa)
m-——"
| Fall3
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The second derivative is gained by the quotient rule, i.e.

Wy (U,m)[sU, sV

[ Fall;

/ (a"VoVTVsUa) —2(a"F'VéUa) (a" FTVéVa) 4
=— | m
Q

Lemma A.2.4 (Green’s formulas). Let @ C R" be a bounded and non-empty
set with piecewise continuous boundary OS2 and the outer normal vector n. Let
furthermore u, v : 2 — R be two continuous differentiable scalar fields and V' : Q —
R be a continuous differentiable vector field. Then we have the equations

/u(az)v,i(m)dw = —/u,i(a:)v(a:) da:—i—/u(a:)v(a:)m(m)dS
Q Q Elo)

and
/ S ) ds = / V(z) n(z)ds. (A1)
Q o0

‘ Proof. Green’s identity is a direction implication of integrating by parts.

.



B Theses

(1)

This thesis regards numerical aspects of optimal control problems with
large deformation elasticity. The forward problem is modeled by an en-
ergy minimization based on a polyconvex energy density, whose first order
optimality conditions are a nonlinear partial differential equation. The
framework of an energy minimization has the advantage that we can view
the forward problem as an optimization problem, which allows new algo-
rithms and ensures the positive semi-definiteness of the stiffness matrix in
a solution.

The conventional volume and boundary loads are not sufficient to describe
certain phenomena in biology, e. g. turgor pressure or muscle tension. We
model both of these internal loads and incorporate them into the energy
minimization by deriving corresponding energy terms for the loads, show-
ing that they are conservative.

Some problems are conveniently formulated in curvilinear coordinates. We
show how such parametrizations of the coordinates @ = x(z) can be
included into the framework of the forward problem. Furthermore, we
demonstrate how the hierarchical plate model is viewed as a reduction
technique which imposes a certain structure on the displacement field U.
Therefore, the hierarchical plate model can be integrated into the full 3D
model of elasticity.

To solve the (nonlinear) forward system, we apply Newton’s method. How-
ever, a globalization strategy is required to ensure the convergence of New-
ton’s method. We give an overview of popular strategies and suggest a new
one: a guiding criterion based on the guiding function G. This method can
be applied in many situations and shows a similar behavior to an Armijo
line search on the stored energy W.

The preconditioner based on the linear model of elasticity does not be-
have well for large deformations, since the linear and nonlinear model of
elasticity differ too much in these cases. An experimental preconditioner
is suggested which allows the usage of the current stiffness matrix A, and
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improves the convergence of the CG and MINRES method noticeably.

In the optimal control problem, the standard tracking type functional
with a desired state U'9°® might not work for certain problems because the
desired state U9 is unknown. We give three alternative quality function-
als based on a regional penalization, a desired direction and an enclosed
volume. We also derive representations of the first derivatives of these
functionals by the Hadamard calculus. These formulas are not only sim-
pler than a direct differentiation, but also reveal the dependencies of the
first derivatives.

Two methods are presented to solve the optimal control problem: an all-at-
once approach with a Lagrange-Newton method and a reduced formulation
with a quasi-Newton method. In the latter, the state U is eliminated by a
solution operator S. In the quasi-Newton method, we work with the deriv-

ative I fgd of the reduced objective function instead of the gradient Vo I™9.

Newton’s method and the CG and MINRES methods are formulated in
a function space setting. This follows the “optimize-then-discretize” ap-
proach and appears to be a natural approach for these optimal control
problems. This is useful in order to derive algorithms that are mesh inde-
pendent. We can observe this in our numerical experiments.

The finite element software FENICS is used to implement the algorithms
and the problem formulations themselves. Here we demonstrate how the
different problems can be written in a joint framework that allows an easy
incorporation of parametrizations and the hierarchical plate model.
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