Convex Minimization and Phase Field Models

Inauguraldissertation
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

am Fachbereich Mathematik und Informatik
der Freien Universitat Berlin

vorgelegt von
Carsten Graser

Berlin 2011



Betreuer: Prof. Dr. Ralf Kornhuber  (Freie Universitidt Berlin)

Erstgutachter: Prof. Dr. Ralf Kornhuber  (Freie Universitidt Berlin)
Zweitgutachter: Prof. Dr. Charles M. Elliott (University of Warwick)

Tag der Disputation: 30. September 2011



Contents

3.2  Mass Lumping and Superposition Operatord . . . . . . . . . . . . . ...
13.3 Space Time Discretizationd . . . . . . . . o .

3.4.3  Spatial Discretizationl . . . . . . . . . . .

.44 Algebraic Formulatiod . . . . . .. .. ...

|_4,2,5 Convergence Analvsid . . . ..
| 2.6 Relati Primal Dual Acti
|4 3 Truncated Nonsmooth Newton Multierid . . . . . . . . . . . . . . . ...

4 \Y orid So on o ncated Linear Problems . . . . . . . ..

28
30
33
33
38
41
45



Contents

5.2.2  Inexact Evaluation of Descent Directiond . . . . . .

H.2.3 Step Size Ruled . . . . . . . ... ...
5.3.1  Derivatives of '~ . . . . . ... ... ...

|5_3_2 Derivatives of Hl . . . . . .o

i6 2.1 Spatial Adaptivity for Rothe’s Method . . . . . . .

5 Properties of Lipschitz Continuous Operatord . . . . . . .

JA.6_Truncated Matrices and the Moore-Penrose Pseudoinversd
B List of Svmbal N on
IC List of A iond
[Bibliography

131
133
133
134
136
138
138
138
142

143
143
143
144
145
146
147

151

155



1 Introduction

Since the pioneering work of Cahn and Hilliard [29] phase field models have become
an increasingly popular tool to model processes involving thin interface layers between
almost homogeneous regions. In the original articles they were used to describe sepa-
ration processes of phases in a physical system [29]. With these first models all phase
field models share two characteristics:

e The separation process of phases is driven by a free energy that incorporates a
double-well potential with distinct minima for each phase.

e The evolution of the interface between phases is driven by an interfacial energy
that penalizes interfaces with high curvature.

This approach has proven to be useful for the simulation of many different processes.
While it was originally proposed for the separation of conserved phases it was later also
used to model transition processes where phases are transformed into each other |2].

In physical applications the term “phase” can denote different things. In one class
of models the phases represent different states of matter [28;[86]. A prototypic exam-
ple for this class is the Allen-Cahn equation [2]. Another class of models describes
separation and solidification processes of binary or multicomponent alloys. For sepa-
ration processes phases can represent concentrations of different metals in alloys [17].
The prototype for this kind of models is given by the Cahn—Hilliard equation |29, 50].
If solidification processes are modeled the phases typically describe different stable
states derived from phase diagrams, while concentrations are described using an ad-
ditional order parameter [103]. This leads to problems that couple Allen—Cahn and
Cahn—Hilliard type equations as considered in [7].

Another important application is the approximation of geometric flows describing
the evolution of surfaces (see, e.g., [41]). A well known example is the mean curvature
flow, which can be approximated by the zero level set of the solution of an Allen—Cahn
equation in the surrounding space [40, 91]. Also, the motion by surface diffusion [31]
is the asymptotic limit of a Cahn-Hilliard equation with a degenerate mobility [32].

For all of these applications the selection of the double-well potential plays a crucial
role. While smooth potentials have been used successfully for the approximation of
geometric flows [13]|, models describing physical processes often lead to strongly non-
linear or even nonsmooth potentials |17, 103]. Cahn and Hilliard [29] proposed the
temperature dependent logarithmic potential. Although this potential is differentiable
for positive temperatures it has singular derivatives. For the limiting case of zero
temperature the potential degenerates to the obstacle potential, which is no longer
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differentiable. A common approach is to avoid this situation by replacing the (asymp-
totically) non-differentiable logarithmic potential by a polynomial one. However, this
does not provide a reasonable approximation for small temperatures. Thus, any solu-
tion method that is to be applicable for small temperatures must be able to cope with
non-differentiable or asymptotically non-differentiable potentials.

While the interfacial energy is often assumed to be isotropic, anisotropic energies
are also not uncommon [26, 130, 131, 52, 90]. Non-convex and non-differentiable ener-
gies lead to problems where even the unique existence of solutions is problematic. In
contrast, convex, differentiable interfacial energies are typically good-natured. Surpris-
ingly many solution methods can only handle isotropic interfacial energies.

The purpose of this thesis is the development of methods for the efficient numerical
solution of phase field equations with nonsmooth potentials and anisotropic interfacial
energies using finite elements. While this does explicitly include non-differentiable
and asymptotically non-differentiable potentials, we will not discuss non-convex and
non-differentiable anisotropic interfacial energies. For nonsmooth convex minimization
problems obtained by Allen—Cahn type equations efficient adaptive multigrid methods
have already been introduced in [62, 72, [76]. The central result of this thesis is the
development and analysis of the “Schur Nonsmooth Newton Method” for the solution
of nonsmooth nonlinear saddle point problems obtained by finite element discretization
of Cahn—Hilliard type equations.

While there are many generic optimization methods for nonlinear saddle point prob-
lems, none of them exploits the special structure of the phase field model. We will use
this structure to develop methods for the Cahn—Hilliard equation that are comparable
to multigrid methods for linear elliptic problems in their efficiency. The general philos-
ophy of the new methods is to use convexity instead of differentiability. By following
this idea the methods are inherently robust even for nonsmooth potentials.

The outline of this thesis is as follows. In Chapter [2] we introduce Allen—-Cahn and
Cahn—Hilliard equations as gradient flows for Ginzburg-Landau energies and give an
overview of the present solution theory. Since efficient methods for Allen—Cahn type
equations have already been discussed elsewhere |[76] we concentrate on the Cahn-
Hilliard equation from then on.

Chapter[Blis dedicated to the discussion of finite element discretizations for the Cahn—
Hilliard equation. For later use with spatial adaptivity we introduce conforming finite
element spaces on nonconforming grids. Afterwards we give a survey of existing finite
element discretizations for the Cahn—Hilliard equation. These do in general use uniform
grids and are restricted to the isotropic case. We generalize these discretizations to
anisotropic equations and time-dependent adaptive grids using Rothe’s method. In
each time step this leads to a sequence of nonlinear stationary saddle point problems
that discretize a continuous saddle point problem. The inherent convex structure
allows to show existence and uniqueness of solutions for the discrete as well as for the
continuous saddle point problem under reasonable assumptions.

Before we discuss the algebraic solution of these saddle point problems we consider
in Chapter M the solution of minimization problems for the convex energies associ-
ated with the saddle point problems. We deal with these problems here because their



solution is a crucial part of the iterative solver that will be developed in Chapter
for the saddle point problems. Although efficient multigrid methods for this kind of
problem have already been developed for the isotropic case we introduce the new “Trun-
cated Nonsmooth Newton Multigrid” (TNNMG) method. Unlike existing methods the
TNNMG method also covers the anisotropic case. Furthermore, we will show that the
new approach unifies nonlinear multigrid methods and active set methods.

Chapter[Hlis dedicated to the development and analysis of the Schur Nonsmooth New-
ton method. The corner stone for this solver is an equivalent dual convex minimization
problem associated to the nonsmooth nonlinear saddle point problem. The derivative
of the energy for this dual problem turns out to be the non-differentiable nonlinear
Schur complement of the saddle point problem. For the solution of this dual minimiza-
tion problem we present the general framework of gradient-related descent methods
and extend the known convergence results. After deriving generalized linearizations
of the Schur complement we introduce the Schur Nonsmooth Newton method. The
convex structure allows to apply the convergence theory for gradient-related descent
methods to prove the global convergence of the Schur Nonsmooth Newton method.
We will also show that the convergence result is robust with respect to the inexact
solution of the linear Newton systems. Since we need to solve a minimization prob-
lem for the convex energy of the saddle point problem in each iteration step, we can
use the TNNMG method derived in Chapter [ here. Finally we show that the Schur
Nonsmooth Newton method is essentially a globalization of the primal-dual active set
method for a subclass of problems where the latter is applicable.

The last ingredient is the construction of adaptive grids in each time step. For
this purpose Chapter [0 introduces a hierarchical error estimator for the nonlinear
saddle point problems. Following the standard strategy the local contributions of
this estimator can be used as local refinement indicators. Besides this, we discuss
techniques for the efficient implementation of Rothe’s method with time-dependent
adaptive grids.

Numerical examples for the introduced methods are presented in Chapter [l We
will especially investigate the mesh independence of the developed Schur Nonsmooth
Newton method and the robustness with respect to the temperature.

There is a collection of some useful auxiliary results in Appendix[A] a list of symbols
in Appendix Bl and a list of the key assumptions in Appendix
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2 Phase Field Models with Nonsmooth
Potential

This chapter is a brief introduction to phase field models. In Section 2.1l we present
phase field models as gradient flows for Ginzburg-Landau energies. We then give a
survey of existence and uniqueness results in Section

2.1 Basic Phase Field Models

We start by giving a short motivation of Ginzburg—Landau energies with double-well
potentials and derive weak formulations for the evolution equations obtained if gradient
flows for these energies are postulated. For a more comprehensive presentation we refer
to the monographs of Brokate and Sprekels [25], Eck et al. [48] and the article of Elliott
[50].

2.1.1 Anisotropic Ginzburg—Landau Energies

We intend to model phase transition and separation processes in a given spatial domain
and a prescribed time interval. To this end let © ¢ R? with d = 1,2, 3 be a bounded,
open, and nonempty set with Lipschitz boundary representing the domain and [0, 7]
the time interval. The measure of Q is denoted by [©|. Assume that the domain 2
is covered by two phases A and B such that at each time ¢ € [0,7] in each point
x € () either exactly one phase or a mixture of both phases is present. Depending
on the modeled physical process the phases can for example represent different states
of matter of a chemical substance, different components of an alloy, or other locally
homogeneous states of a system.

In order to describe the presence of pure phases and mixtures we introduce a so-called
order parameter u given as function

u:Qx[0,T] —R.
The presence of phases is encoded by

=-1 if only phase A is present in (z,t),
u(z,t) ¢ =1 if only phase B is present in (z,t), (2.1)
€ (—1,1) if a mixture of A and B is present in (z,t).

With this approach (1 — u)/2 and (1 + u)/2 describe the fractions of phase A and
B, respectively. Having this interpretation of u the constraint u(z,t) € [—1,1] arises
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naturally. To simplify notation we will often skip the arguments ¢ or (x,t) if properties
or expressions are obviously meant to be written for all ¢ or for all (z,1).

While we will only consider the case of two phases there are also generalizations for
N > 2 phases A;. In this case one introduces N order parameters given as a function

:Qx[0,T] = RY,

where the i-th component @;(z,t) denotes the fraction of phase A; in the mixture at
(z,t). Then the natural constraints on @ are that @;(z,t) € [0,1] and SN | ;(z,t) = 1.
In the special case of N = 2 the representation (ZI]) is obtained by setting

u = ﬁg — ﬂl,
or, for the opposite direction, setting

1—u B 1+u
U9 = .
9 2 2

Uy =

Assuming that the phase state at each (x,t) is independent of the state at any other
point in space it is natural to postulate a global free energy

blu(t)) = /Q W, 1) da

generated by a local potential ¥. Since we will introduce evolutions that tend to
minimize energies which incorporate 1) it is also possible to incorporate the constraint
u(z,t) € [-1,1] by using local potentials of the form

U:R—RU{co}

that take the value oo for u(x,t) ¢ [—1,1]. In case of transition processes for physical
phases or spinodal decomposition of alloys the potential ¥ can be derived and calibrated
using phase diagrams that depict which phases or mixtures are stable depending on the
temperature 6 (see |[103]). In general the potential is temperature dependent. Since
mixtures tend to be unstable below a critical temperature 6. the potential ¥ should
be some kind of double-well potential that energetically prefers (almost) pure phases
in this case. The prototypic example is the logarithmic potential
~ 0.

Wg(u) = Ug(u) — 5u2, u € (—1,1), (2.2)

where \/I\/g is given by

o~

By (u) = g (+wm+w)+0—wh-w)], we(-11).  (23)

\T/g and —0./ 2u? are called the convex and concave part of the potential Wy.

Proposition 2.1. For § > 0 the potentials Vg : (=1,1) — R given by 2.2) and
Uy : (—1,1) = R given by (23) have the following properties:
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01n(2) - /
K

Figure 2.1: Convex part of logarithmic potential: W (left), (I\/’g (middle), (I\l'e’ (right).

0

1. \/I\/g and Wy are symmetric around u = 0.

2. (I\fg and Wy are infinitely differentiable on (—1,1) with

=~ 0 1+u = 0
/ - _1 \Il” =
o(w) = Wy (u) = O, Wi (u) = Ty(u) = 0.
3. We have Wy(0) = Wy(0) = 0, and for u — +1 we get
Ty(u) — 01n(2), U (u) — oo, T (u) — oo,
Uy(u) = 01n(2) — 6./2, Uy (u) — +oo, Uy (u) — oo.

4. The logarithmic part (I\’g(u) is strictly convex for all 6 > 0.
5. For 0 > 0. the potential Yy is strictly convex and has a global minimum at u = 0.

6. For 0 < 0. the potential Vg has a local mazximum at w = 0 and two global minima
in By and —By for some By € (0,1). The minima have the property that Sy — 1
for 8 — 0.

7. For 8 — 0 we have |[Vgl|oo — 0.

From these properties we instantly get that for all # > 0 the minimizers of 1) must
be contained in (—1, 1) almost everywhere. Hence we will from now on use the natural
extensions of ¥y and ¥y to R given by ¥y(u) = ¥y(u) — %u? and

Sl +w)n(l +u)+ (1 —w)In(l —u)] ifue (=1,1),
Ug(u) =4 0In(2) if |u] =1,
00 else,
respectively. Since the definition remains the same in (—1,1) we use the same symbols.

In view of the limiting properties in Proposition 2.1 a formal limit Wo(u) = o (u) —
%Cu2 of ¥y for § — 0 should have minima in —1 and 1 and ¥o(u) should be zero for
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0.5 0.5 0.5

Figure 2.2: Logarithmic potential Wy (solid) in comparison with ¥, (dashed) for 6, = 1
and 0 = 0.8 (left), # = 0.5 (middle), § = 0.1 (right).

u € (—1,1). Furthermore, it should also ensure that its minima are contained in the
domain [—1, 1] even if another smooth functional is added. Under these conditions the
only possible extension is the so-called obstacle potential ¥y : R — R U {oco} given by

o(u) = To(u) — 2eu?, Go(u) = x_v (1)

2
Here we have used the indicator functional yx : V' — RU {oc} for a subset K C V of
a vector space V defined by

0 ifzxekK,
Xk (T) =
oo else.

Although the logarithmic potential Wy is smooth on its domain (—1,1) for 6 > 0 it
does rapidly degenerate to the nonsmooth obstacle potential for & — 0. Due to this
fact the nonlinearity can be regarded as de facto nonsmooth even for values 6 € (0, 6,)
that are close to 6. (see Figure 2.2]). Furthermore, the unbounded derivatives near —1
and +1 are numerically challenging even for values of 8 very close to 0.. Thus many
authors replace the logarithmic potential by a quartic approximation that is only valid
for # ~ .. Since we do not want to impose such a restriction we will always consider
the global logarithmic potential

1mm=4%wmmzﬁm—@émﬁm, %mzéﬁwmw:

for all # > 0 including the special limiting case of the obstacle potential (6 = 0).

In more general situations the assumption of no interaction between neighboring
points does not hold. For example in case of the spinodal decomposition of alloys
larger areas consisting of only one phase are observed and these areas tend to minimize
the curvature of their boundary (see Figure 231 In view of this observation it is
reasonable to introduce a nonlocal surface term that penalizes high curvatures. The
simplest form of such a term is 7||Vul||? for a fixed constant 7 > 0. However, this term
does only model isotropic behavior.
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Figure 2.3: Minimization of interface curvature during anisotropic coarsening.

In order to also capture anisotropic effects where certain spatial directions are pre-
ferred we will use the term v(Vu)? for a function

v:RY > R.

The squared function 42 should, however, behave like a quadratic functional in the
following sense.

(A1) The function v : R? — R is positive 1-homogeneous, i.e.,
v(z) >0, y(Az) = My (z), Ve e R4 N >0,
definite, i.e.,
v(z) =0 = x =0,
and twice continuously differentiable on R¢\ {0}.

Functions satisfying ((AJ]) naturally induce similar scaling properties for their deriva-
tives. From now on V2f will always denote the Hessian matrix of a functional f : R¢ D
M — R.

Lemma 2.1. Let v : RY — R satisfy (AQl). Then for all x € R%\ {0} and A > 0 we
have

(V1)) = VA (a), AV0) = Vin(a),
(VA(z),z) = ~(x) >0, (V*y(z)z,z) = 0.

Proof. Let x € R?\ {0}. For A > 0 define g\(z) := y(Az) and hy(z) := (Vy)(\2).
Then we have g)(z) = Ay(z) and thus

A(Vy(z)) = Vga(z) = (Vy)(Az)A.
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Using this we get hy(z) = Vy(x) and
V%y(z) = Dhy(z) = Viy(Az)\.
Furthermore,

(V(2),2) = lim (@ + hﬂ;) —() _ lim (1+ h)v(;) (@) _ ()

and for f: R — R, f(t) = v(tx) the chain rule and the scaling property of V~ imply

F1t) = (V)(ta), 2) = (V(2), z) = y(2), (1) = (V*(tz)z, z) = 0.

The scaling property of v also directly implies certain properties of ~?:
Lemma 2.2. Assume that v : R — R satisfies (A1). Then we have:

1. 42 is continuously differentiable on R® with
V() (@) = 2y(2)(Vy)(x) Yz eRIN\{0},  V(3°)(0)=0.
2. 4% is twice continuously differentiable on R\ {0} with

V() (x) = 2 (Vy(2) V(@) +7(2) V5 (2)) Yz eR\{0}.

3. 72, V(v?), and V?(7?) have the scaling properties

Y2(Ax) = X292 (z) vz e R4 N >0,
V(3 (\z) = AV (y?) () Vz e R4 N >0,
V() (Az) = V() (z) vz e RT\ {0}, A > 0.

4. There is a constant ﬁ,yz > 0 such that
(V) (@)y,y) < (Hpeyoy), Vo € R\ {0}y e R

5. V(y?) is Lipschitz continuous with Lipschitz constant H 2.
6. 42 is coercive, i.e., y(x)? > 2. ||x||* with v2;, > 0.

7. For x € R% and y € R\ {0} we have

(V) (), z) = 29* (), (V2P W)y, y) = 292(y) > 0.

10
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Proof. Existence, continuity, and the representations of V(7?) and V2(7?) on R%\ {0}
are provided by the chain rule, while V(v2)(0) = 0 follows from the scaling property
and boundedness of v on S9! := {z € R?: ||z|| = 1} . By the boundedness of v and
V7 on S9! and their scaling properties we have for x € R4\ {0}

V() @)l = 129() (V) ()] < Cllall,

which implies continuity of V(y?) in 0 and thus on the whole set R

The scaling property of 72 follows directly from the corresponding property of ~,
and those of V(v?2) and V2(y?) from Lemma 211

By continuity the mapping (z,y) — (V2(y?)(z)y,y) is bounded on 91 x 41,
Hence there is a constant H. 4220 with

<V2(’y2)(m)y,y> < Hw Va,y e S1.

Now boundedness of V2(4?2) follows from its scaling property.

To show Lipschitz continuity of V(v?) let ,y € R"™. First we consider 0 ¢ co{xz,y},
where co M denotes the convex hull of M. Then there is an open convex set U with
r,y € U and 0 ¢ U. Hence V(v?) is continuously differentiable on U and thus the
mean value theorem and the scaling property, symmetry, and the bound of V?(v?)
provide

1
V() (y) = VA2 (@)l < /0 IV (V) (@ + t(y — 2)| lly — zl|dt < Hoplly — .
Now let 0 € co{x,y}. Then for e > 0 the above provides

V() () — V() (ey) + V(v (ex) = V(¥*) (@) < Hozlly — eyll + Hozllz — ex|.

Taking the limit € — 0 and using the continuity of V(7?) we get

IV(v*)(y) — V(¥*)(x)

| < Hpellzl| + Hpellyl = Hellz -yl

Coercivity follows from continuity since 42, := min,cga-17(2)? > 0 and thus

2
X
A(@)? = 2l (W) > 2l

Finally the representations of (V(y?)(x),z) and (V*(v?)(y)y,y) follow from Lem-
ma 211 O

Nonconvex anisotropies allowed by Assumption (ATl may still lead to ill-posed equa-
tions that require regularization techniques (see, e.g., [105, [109]). In order to avoid

these problems we introduce a stronger assumption to ensure the strong convexity of

72

11
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(A2) The function v : R — R satisfies (AI) and
V() (@) = 2 (V@) V(z) +v(2) V()
is symmetric positive definite for all x # 0.
Sometimes it might be easier to check the following stronger assumption for .

(A2) The function v : R? — R is convex and satisfies (AI)) and ker V2v(z) = span{z}
for all x # 0.

Note that (ATl already implies that ~ is linear along rays originating in 0 and hence
span{r} C ker V2y(z). Thus assumption (A2) essentially adds the requirement that ~
is strictly convex in directions tangential to the unit sphere.

Lemma 2.3. (A2)) implies (A2) and for convex ~v (AZ) implies (AZ]).
Proof. Let v satisfy (A2l) and z,y € R?\ {0}. If y ¢ ker V?y(x) we have

(V2P @)y, y) = 2(V*(x)y.y) >0,
whereas for y € ker V2y(z) Lemma 2.2 implies
I

202 _ M 2(n2 _ ly 2
(VON@y) = e (V0D @) 2) = 5207 (@) > 0.

Now let v be convex, satisfying (A2), and z € R?\ {0}. Then
d = rank V?(7?)(z) < rank (Vy(2)' Vy(2)) + rank V2y(z) = 1 + rank V*y(z)

and hence rank V2y(x) > 1 — d. Together with span{x} C ker V2vy(z) this gives

@2D). O
Lemma 2.4. Assume that v : RY — R satisfies (A3). Then v*: R? — R satisfies:

1. The Hessian of 4% is uniformly bounded from below, i.e., there is H. > >0 such
that

Hop(yy) < (V2P (@)y,y) Vo e R\ {0}y e R
2. V(v?) is strongly monotone, i.e.,
(V) @) = V)W) e —y) > Helle—y|* Yo,y e R™ (2:4)
3. 72 1s strongly convex, i.e.,

P+ (1= ) € 22@) + (1= V%) ~ M1 - N2 e =y ¥Ae 1)

12
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H H
4. 7? is coercive with y(z)? > _TWQHQUW; 6.€; Yonin > _;2 > 0.

Proof. Due to the scaling property of V2(7?) (see Lemma 2.2)) we only have to show
boundedness for z € S471. Since the continuous mapping (z,y) — (VZ(v?)(2)y, y)
does only take positive values on 41 x $9~1 the infimum H -2 of those values on the
compact set S9! x §9-1 is also positive.

Since V2(+?) is symmetric positive semidefinite and bounded from below on R%\ {0}
we can use Lemma [A3] in the appendix to obtain strong monotonicity of V(7?) and
hence by Lemma [ATlin the appendix strong convexity of 2.

Using Lemma and the strong monotonicity we get

29%(z) = (V(7*)(x),2) > Hz2||z*.
O

Obviously any norm that is smooth enough satisfies (AIl). However, in contrast to
norms, functions satisfying (ATl) need not be symmetric with respect to the origin. This
is for example the case for the following anisotropy function introduced by Kobayashi

l64).

Example 2.1. Let k € N and @ > 0. For £ € R? let 3(¢) € [0,27] denote the angle
between the positive x-axis and &. Then the anisotropy function

v(z) = [1+ acos(kB(x))] ||
is positive 1-homogeneous, definite and twice continuously differentiable for x # 0.
If additionally a < 1/(k® — 1) holds true V*(+?) is positive definite (see [26]) and v
satisfies [A3). Note that the integer k denotes the number of directions where the “unit

sphere” {x € R? : y(x) = 1} of v is deformed compared to S®~'. Furthermore, y is
symmetric with respect to rotations by 2w /k.

If the anisotropy is a non-differentiable norm it may still be possible to approximate
it by a smooth function. Such an approximation for the 1-norm is for example given
by e in the following.

Example 2.2. For e > 0 the functional v : R = R given by
d

re(w) = D (f + ellal’)2

i=1
satisfies (A2). For e — 0 we have v(z) — 2?21 | ;).

For a function ~ satisfying (A2)) we now define the anisotropic Ginzburg-Landau
free energy with logarithmic potential

E(u) := y(u) + % /Q’y(Vu(x))2dx. (2.5)

Note that for (-)? = 7||-||? this is the standard isotropic Ginzburg-Landau free energy

B(w) = vulu) + 5 [ 7IVu(o)|*de.

13



2 Phase Field Models with Nonsmooth Potential

2.1.2 Gradient Flows for Ginzburg—Landau Energies

Different phase field models with or without mass conservation can be derived from
the Ginzburg—Landau energy by postulating gradient flows with respect to suitable
norms (see, e.g., [30]). In order to define these gradients flows we first introduce the
appropriate function spaces.

Definition 2.1. We introduce the following notation for function spaces, norms, and
products:

1.

14

For vectors in x,y € R™ the Euclidean inner product and norm are denoted by
(x,y) and ||z||, respectively. For a matriz M the induced bilinear form is denoted
by (x,y), = (Mz,y) . If M is symmetric positive semidefinite the induced

semi-norm is |||\ pr = \/(x,Y) -

Ck(Q) is the space of all k-times continuously differentiable functions such that
all partial derivatives up to order k are bounded. Its norm is denoted by || - ||co k-

CE(Q) is the subspace of all functions u € C*(Q) such that u|sg = 0.

For p > 0 the Lebesque space LP(QY) is the space of all measurable functions
v: Q — R such that |v(-)P is integrable. Its norm is given by

[vllzr @) = (/Q lv(z)[P dx)i.

The norm of L*(Y) is denoted by |-||, and induced by the inner product
(v,w) = / v(x)w(x) d.
Q

The Sobolev space H* () € L?*(Q), k > 0 is the subspace of all functions having
weak partial derivatives up to order k in L?(Q). Its norm is denoted by || - ||x.
Furthermore, the H(Q)-semi-norm \/(V-,V-) is denoted by | - |1.

The Sobolev space HE(Y) € H¥(Q) is the closure of CE(Q) in H*(Q) with respect
to the norm || - |-

For a normed space V' the natural norm is denoted by |||y, .
For a pre-Hilbert space H the natural inner product is denoted by (-,-) .

The dual space of a normed space V is denoted by V'. The dual paring of x € V
and y € V' is denoted by y(x) = (y, x).



2.1 Basic Phase Field Models

10. For a Hilbert space H, T > 0, and p > 0 the Bochner space LP(0,T; H) is the

space of all weakly measurable functions v : (0,T) — H such that fOT |lv(t)||Pdt is
finite. Its norm is given by

T 1
P
ol ooz = ( [ o dt)

For p =2 this is induced by the inner product

T
(0,0) oo ort) = / (v(t), w(t))  dt.

For a precise definition of weakly measurable and Bochner integrable functions
we refer to Wloka [110)].

11. For a Hilbert space H and T > 0 the Bochner Sobolev space W (0,T; H) is the
subspace of all v € L*(0,T; H) with weak time derivative % in L?(0,T; H'). Its
norm is induced by the scalar product

dv dw

(W W)y (i) = (VW) 20,700 + (E’ E)p(o,T;H/) .

For a precise definition of the weak time derivative we refer to Wloka [110] and
Dautray and Lions [38].

Before postulating gradient flows we compute the gradient of the anisotropic Ginz-
burg—Landau free energy E at some u. To this end define the nonlinear operator
Fy: HY(Q) = (HY(Q)) as

(Fy(w),v) :/W(Vw(w))<(V7)(VW($)),W($)>d$-

Q

This operators turns out to be the derivative of the smooth part of the Ginzburg—
Landau energy E. For the isotropic functional v(z)? = 7||z||?> with a fixed constant
7 > 0 the operator F, becomes linear and is given by the bilinear form

(Fyw,v) =7 (Vw, Vo).

Lemma 2.5. Assume that v : R? — R satisfies (A2). Then the functional J., :
H'(Q) — R, defined by

1) = [ 33(Vola)Pda,

is conver, Fréchet differentiable with V.J, = F,, and continuous on H'(Q).

15



2 Phase Field Models with Nonsmooth Potential

Proof. By Lemma and Lemma 4] the functional f : R? — R with f(z) = %
is strongly convex and differentiable with the Lipschitz continuous derivative V f
v(z)V~(z). Hence

v ()
(@) =

)

h
7 () = 5@) = (V5@ = 1 [ (V@) = Vs

L [h L
<= [ tlyl*dt = =h|y|*
< | tholae = Shi)

Now let w,v € H'(£2). Then

<

L
Eh (Vo, Vo).

‘%(Jv(w + hv) — ny(w)) — (F(w),v)

Since this goes to zero uniformly with respect to ||v||; we have shown Fréchet differ-
entiability. Convexity and continuity of .J, follow directly from convexity of 72 and
differentiability, respectively. O

For the introduction of gradient flows we first consider the case 8 > 0. Then FE
is differentiable and its gradient at some u € H'(2) with —1 < v < 1 a.e. (almost
everywhere) is given by the functional

VE(u) = /Q W (u(2)) () da + (s (w), )

or, equivalently,
(VE(u),v) = /Q\Pg(u(x))v(x) dz + (Fy(w),v) Yo e HY(Q).

In the case § = 0, where ¥y is the obstacle potential, F is no longer differentiable in
the classical sense. To overcome the lack of smoothness we recall the notion of the
subdifferential (see, e.g., [49]).

Definition 2.2. Let V be a normed space and ¢ : V. — R U {oco} be convex. Then for
x € V the subdifferential dp(x) C V' is the set of all v € V' such that

P(x) + (v,y —z) < Ply)  VyeV.

From the definition it is obvious that z minimizes ¢ if and only if 0 € d¢(z). Using
this definition we can compute the subdifferential of E at 6 = 0 (see [49, Chapter I,
Proposition 5.6])

OE(u) = Otpp(u)(-) + (Fy(w),) .
Different phase field models are now obtained as gradient flows for this functional.
First consider the L? gradient flow
du

— € —0FE(u).
7 € OE(u)

16



2.1 Basic Phase Field Models

If uw and E are sufficiently smooth this can be interpreted as % being the L? projection
of —=VE(u) to L*(Q), i.e.,

du . (1 9

% = amemin (Sl — (VE@.).

dt U€L2 (Q) 2 L? (Q)

and is hence called an L? gradient flow for E. Complemented by the natural boundary
conditions for the anisotropic differential operator (using the outer unit normal n(z)
of Q at z € 9N)

7(Vu(a:))<n(x), (Vy)(Vu(:U)» =0 Ve e o, t>0,

this leads to the anisotropic Allen-Cahn equation. For given initial data uy € H'(Q)
the weak formulation of this partial differential equation is given by the following
variational inequality problem:

Problem 2.1. Find u € W(0,T, H*(Q)) such that u(0) = ug a.e. in Q and
d
<d—1;—|—]:,y(u),v—u>+1,Z)9(v)—¢g(u) >0 Vo e HY(Q), a.e in (0,T).

Now we want to introduce a conservative flow with the mass conservation property
/u(m,t) dx = / u(z,0) dz vt > 0. (2.6)
Q Q

In contrast to the Allen-Cahn equation we use a H~!-like gradient flow. To this end
we introduce the space

Hy = {v c HY(Q) : /Qv(x) dx = 0} (2.7)

with the natural inner product (V-,V-). Then the Riesz isomorphism Ry, : Hy —
(Hp)' is given by
(Vw,Vv) = (Ry,w,v) Vv, w € Hy.
For smooth u and E we can now postulate the (Hy)" gradient flow
du . 1 9
G = memin (300 — (VB 0) + A1) ) (25)

subject to the mass conservation constraint (2.6]). Here A € R denotes the Lagrangian
multiplier for the constraint. Using the Riesz isomorphism we can rewrite this also for
nonsmooth F as

du du
—10u _ _ au _
Ry o € —0E(u) — A, /th (x)dz = 0.

Defining the so-called chemical potential w = Rﬁé% + A we get the system

du
dt’
A weak formulation for this inclusion is given by the variational inequality problem:

w € 0FE(u), Rp,(w+ ) =

17



2 Phase Field Models with Nonsmooth Potential

Problem 2.2. Findu € W(0,T; H'(Q)) and w € L?(0,T; H*(Q)) such that u(0) = ug
a.e. in ) and

(Fy(u),v —u) — (0,0 — u) + p(v) —hg(u) >0 Yo H(Q), ae in(0,T),

<%,v>+(Vw,Vv):0 Yo e HY(Q), a.e in (0,T).

This problem represents an anisotropic version of the Cahn—Hilliard equation. For
isotropic 7 it reduces to the well-known Cahn-Hilliard equations with logarithmic
potential for & > 0 and obstacle potential for 6 = 0. Note that mass conservation is
incorporated by testing the second equation with all v € H'(Q) instead of v € Hy.
This equation can be regarded as the sum of (2.0]) tested with all constants and (2.8]).

Obviously solutions u of Problem 2] and Problem cannot exceed the interval
[—1,1] on a set with positive measure, i.e., they must stay in the set

K:={ve H(Q):|v| <1 ae. in Q}, (2.9)
which is just the domain
dom g := {ve HY(Q) : 12)\9(2}) < oo}

of IZQ.

2.2 Solution Theory

In this section we consider the existence and uniqueness of solutions to the variational
problems introduced in the previous section. While we will not develop a solution
theory for the general case of Problem 2.1l and Problem including anisotropy and
the logarithmic or obstacle potential, we give a short overview of the known results
for certain special cases. The results will be adapted to the presented framework by
changing the notation and rescaling parameters where necessary.

2.2.1 Allen—Cahn Equation

First we consider the Allen-Cahn type equations arising from the L? gradient flow
for E. In Chen and Elliott |33] the obstacle potential, i.e., # = 0, with an isotropic
v : R? = R of the form

¥(@)? =7z

with some constant 5 > 0 was discussed. For this case Problem 2] can be written as
the following parabolic variational inequality.

Problem 2.3. Find u € W(0,T; H(Q)) such that uw(0) = ug a.e. in Q, u(t) € K and

<Ccll—2;,v—u>+7(Vu,V(v—u)) >0 (u,v —u) Yoe K, ae in(0,T).

18



2.2 Solution Theory

For this problem the authors prove the following existence and stability result:

Theorem 2.1. Let ug € L>®(Q) and ||uglloc < 1. Then there is a unique solution
u of Problem that satisfies u(t) € K a.e. in (0,T). Furthermore, u satisfies
u € C(0,T;L*(R)) and

du

Zs)| ds = Bu@))

E(u(t)) + /t/t

for all t,t' € [0,T] with t' < t. Hence E is a Lyapunov functional for Problem [23.

The anisotropic case was considered by Burman and Rappaz [26]. There a coupled
system where the concentration and the phase field variable do not coincide is studied.

Theorem 2.2. Consider v: R? — R as in Evample[21 with a < 1/(k* — 1) and Lips-
chitz continuous functions Dy : R — R and D3, S : R? — R with 0 < Dy, < Dy(r) < D,
Vr € R. Let ug € L*(Q) and co € L*(Y). Then there are u,c € W(0,T; HY(Q)) that
satisfy

<Ccll_th’U> + (Fy(u),v) = (S(c,u),0) =0 Voe H'(Q), ae in(0,T),

<%’U> +/ (D1(u)Ve + Dofc,u)Vu, Vo) de =0 Yo € HY(Q), a.e. in (0,T).
Q

Furthermore, if ug € H' () the solution satisfies
w € L0, T; HY(Q)) N HY(Q x (0,T)).

If the parameter functions are chosen as Dj(u) = 1, Da(c,u) = 0, and S(c,u) =
—U/(u) the equations in Theorem decouple and the first equation reduces to the
smooth anisotropic Allen—Cahn equation

<C;—1Z,v> + (Fy(u),v) + (V' (u),v) =0 Yo e HY(Q), a.e. in (0,7).

Hence Theorem provides the existence of solutions for strictly convex Kobayashi
anisotropies if ¥’ is Lipschitz continuous. Unfortunately neither the logarithmic po-
tential nor the obstacle potential satisfy the Lipschitz continuity condition.

A more general result by Elliott and Schéatzle [52] considers a so-called fully anisotropic
Allen—Cahn equation with obstacle potential. In contrast to the presented gradi-
ent flows a kinetic factor (Vu) is added in front of (Zl_qu' As [ is assumed to be
1-homogeneous the time derivative vanishes for Vu = 0. Due to this fact the authors
do not apply the concept of weak solutions but show the existence of solutions in the
viscosity sense (see [37]).
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2 Phase Field Models with Nonsmooth Potential

2.2.2 Cahn—Hilliard Equation

Regarding the Cahn—Hilliard equation we will mainly consider the isotropic case where
v : R? - R takes the form

v(@)? =7z

with some constant 7 > 0.

First we consider the logarithmic potential, i.e., # > 0. In this case \/I}g is differen-
tiable on (—1,1) and hence Problem can equivalently be written as the following
variational equation.

Problem 2.4. Findu € W(0,T; H'(Q)) and w € L?(0,T; H*(Q)) such that u(0) = ug
a.e. in ) and

¥ (Vu, Vo) — (w,v) + (@é(u),v) =0, (u,v) Yoe HYQ), a.e. in (0,T),

<Z—Z:,v> + (Vw,Vv) =0 Vv € H(Q), a.e. in (0,T).

Existence of solutions for a vector-valued version of this problem was proved by
Elliott and Luckhaus [51]. The summarized existence result for the binary case [35]
reads as follows:

Theorem 2.3. Let up € K and | (up,1) | < |Q]. Then there is a unique solution u,w
of Problem that satisfies u(t) € K a.e. in (0,T). The following regularity results
hold for u,w and Ccll—?:

u e L>0,T; H () N L*(0,T; H*(2)) N C(0,T; L*(R)),
du

E € Lz(oa T; (Hl (Q))/)’

<ﬂ)fl—j € L*(0,T; H'(9)),
(Vtyw € L=(0,T; H'(Q)),
(Vi) Wy(u) € L>(0,T5 L3(2)).
Furthermore, Elliott [50] established the following stability result for solutions of
Problem 241

Theorem 2.4. Let ug € K and | (uo,1)| < Q. Then for all t € [0,T] the solution
u,w of Problem satisfies

E(u(t)) —|—/0 (Vw(s), Vw(s)) ds = E(up).

Note that the initial value is allowed to take the values —1 and 1 although (I\’g(x) has
infinite limits for x — 4+1. From the last regularity result and the limiting properties
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2.2 Solution Theory

of Uy we also get that |u| can only take the value 1 on subsets of Q x (0,7 with zero
measure.

Since the potential (I\’g is no longer differentiable for # = 0 Problem cannot be
written as a variational equation is this case. However, the corresponding variational
inequality can be simplified using the definition of K.

Problem 2.5. Findu € W(0,T, H () and w € L*(0,T, H'(Q)) such that u(0) = g
a.e. inQ, u(t) € K and

¥ (Vu, V(v —u)) — (w,v —u) > 0. (u,v —u) Yo eK, a.e. in (0,7,
<C(li—1;,v>+(Vw,Vv) =0 Vv € H(Q), a.e. in (0,T).

This isotropic Cahn-Hilliard equation with obstacle potential was analyzed by Blowey
and Elliot [15]. A key result is the following existence and uniqueness theorem.

Theorem 2.5. Let ug € K and | (ug,1) | < |Q]. Then there is a unique solution u,w
of Problem that satisfies u(t) € K a.e. in (0,T) and

u € L0, T; HY(Q)) N HY(0,T; H(Q)).

Furthermore, u satisfies u € C(8,T; H(Q)) for all § > 0 and
t
E(u(t)) +/ (Vw(s), Vw(s)) ds < BE(u(t'))
t/

for all t,t' € [0, T] with t' < t. Hence E is a Lyapunov functional for Problem [Z.2.

While anisotropic versions of the Cahn—Hiliard equation were discussed e.g. in Cahn
and Taylor [30,131], Rétz et al. |90] there are (to the author’s knowledge) no comparable
existence results for these equation.
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3 Discretization of Cahn-Hilliard
Equations with Logarithmic Potential

In this chapter we consider the discretization of the variational problems obtained from
the gradient flows postulated in Chapter Bl We start by introducing notation for finite
element discretizations and mass lumping for superposition operators. Then we give
an overview of existing fully discrete approaches using the “method of lines”. Finally
we present a discretization using Rothe’s method combined with spatial adaptivity.

3.1 Finite Element Spaces on Nonconforming Grids

Since we do not want to deal with boundary approximations we assume that the domain
Q c R? with d = 1,2, 3 is a bounded, open, and nonempty polyhedron.

Definition 3.1. A finite set T C 2 is a (simplicial) triangulation of Q if each T € T
s a nonempty d-dimenstonal open simplex and

Q=J7 mn#En=>mnnn=0 Vr,neT.
T€T

A wvertez/edge/2-face of some T € T s called a node/edge/2-face of T. The sets of all
nodes and edges of T are denoted by N(T) and E(T), respectively. The diameter of
7 € T is denoted by h(T) and the mazimal diameter of all elements is h(T). The term
face will be used for faces of arbitrary dimension and 2-dimensional faces are explicitly
called 2-faces.

Definition 3.2. A triangulation T of Q is called conforming if for t1,70 € T with
T # To the intersection Ty N7y is either empty, a vertex, an edge, or a 2-face of 1 and
T9.

We are especially interested in nonconforming triangulations obtained by adaptive
refinement. While we do not want to restrict our considerations to conforming triangu-
lations, we would still like to construct conforming piecewise polynomial finite element
spaces.

Definition 3.3. Let 71 and T3 be triangulations of 2. Then Ts is called a refinement
of T1 if for all T € T1 the set

{r'eTa: 7 nr#0}

is a triangulation of T.
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3 Discretization of Cahn-Hilliard Equations with Logarithmic Potential

Figure 3.1: Level grids of a grid hierarchy with lower level elements dashed.

Definition 3.4. (7o,...,7;) is called a grid hierarchy on 0 if Ty is a conforming
triangulation of Q0 and if each T;, i = 1,...,7 is a conforming refinement of a subset

of Ti—1. Ti ts called the i-th level grid of the grid hierarchy (To,...,T;).

Strictly speaking we could call this a “conforming” grid hierarchy and drop the re-
quirement of conforming level grids for a more general definition. However, we need
the desired property for the following considerations and thus stick to this definition.

Since we allow refinements of real subsets of 7;_1, the triangulations 7; with i > 0
do in general not cover the whole domain  as depicted in Figure Bl In case of a
grid hierarchy the natural triangulation covering €2 to be used for computations is the
so-called leaf triangulation or leaf grid.

Definition 3.5. Let (Ty,...,T;) be a grid hierarchy on Q2. Then the leaf grid denoted
by L(To, ..., T;) is defined by

j—1
L(To,. . ) =TulJ{reTi:rn7 =0 v € Tip}.
=0
Obviously the leaf grid of a grid hierarchy on € is itself a triangulation of €2. As
opposed to the level grids, it is in general not conforming. However, it is not as arbitrary
as a general triangulation.

Lemma 3.1. Let (To,...,T;) be a grid hierarchy. Then for T, € L(To,...,T;) with
T1 # To the intersection 71 N Ty is either empty or a face of T or To.

Proof. ¥or 11,19 € L(To,...,T;) with 71 # 7 we have 7 € T;; and 75 € T,. For i; = iy
the assertion is clear because each level grid is a conforming triangulation. Without
loss of generality we now assume iy < i3. Then 79 is contained in one Té € T;, and
TN T_é is empty or a face of 75. Hence 71 N7 = (77 N T_é) N 72 must be empty or a face
of T2. |

Figure depicts the leaf grid of the grid hierarchy in Figure B on the left and
two other nonconforming grids that do not have property shown in Lemma Bl If the
intersection 77 N73 of to distinct elements 71,7 € L(7o, ..., T;) is only a face of 75 then
there must be one vertex of 7 that is contained in the intersection but is not a vertex
of T1-
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3.1 Finite Element Spaces on Nonconforming Grids

Figure 3.2: A leaf grid (left) and a non-leaf grid (right)

Definition 3.6. Let T be a triangulation of Q. Then a node p € N(T) of T is called
a hanging node if there is an element T € T with p € T but p is not a vertex of 7. The

set of all hanging nodes of T is denoted by H(T).

For finite element discretizations it is very common to only consider conforming
triangulations of . For such triangulations the k-th order Lagrangian finite element
functions are the continuous functions on 2 such that the restrictions to all elements 7 €
T are polynomials with degree of at most k. It is well known that these function spaces
are conforming with respect to H!(), i.e., they are subspaces of H!(€2). However, the
same definition does also lead to conforming spaces if it is used on a nonconforming
triangulation.

For general nonconforming triangulations these spaces can degenerate in the sense
that their dimension is small compared to a space on a conforming grid with a com-
parable number of elements and nodes. This is e.g. the case for the conforming space
of piecewise linear functions on the right triangulation in Figure B2l In contrast to
this we will see that conforming spaces on nonconforming leaf grids do in general not
degenerate. We will restrict our considerations to the first-order case only.

Definition 3.7. Let T be a triangulation of Q. The first-order conforming finite
element space is defined as

S(T) = {v € C(Q) : v|; is affine linear V7 € T} C HY(Q). (3.1)

In case of a conforming triangulation a basis of S(7) is given by the well-known
nodal basis functions. In order to deal with conforming finite element spaces on non-
conforming grids we first introduce the nonconforming nodal basis functions.

Definition 3.8. Let T be a triangulation of Q2. Then the nonconforming nodal basis
function /):p € L?(Q) associated with p € N(T) is defined as follows: For all T € T
there is an affine linear representative /)\\p|T = tpr € C(T) with pp.(q) = 0pg for all
vertices q of T.

For a conforming triangulation 7 this reduces to /):p € S(T) and

M(Q) =0py  Yp,q € N(T),
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3 Discretization of Cahn-Hilliard Equations with Logarithmic Potential

o~

i.e., the set (A\y)pear(r) is the conforming nodal basis of S(7). For a nonconforming
triangulation S(7) is in general only a subspace of the nonconforming finite element
space

S(T) = span{xp :p e N(T)}.

However, in case of a leaf grid T it is possible to construct a basis of S(7) from
the nonconforming nodal basis of S(7") that resembles the usual nodal basis functions
where T is conforming.

Theorem 3.1. Let (Ty,...,T;) be a grid hierarchy on Q and T = L(Ty,...,T;) the
leaf grid. Then a basis of S(T) is given by

B(T) =4 /):p"‘ Z aquq:peN(T)\H(T)

q€H(T)

Before proving Theorem [3.1] we show that hanging nodes can always be represented
as linear combination of non-hanging nodes.

Lemma 3.2. Let (Ty,...,7T;) be a grid hierarchy on Q and T = L(To,...,T;) the leaf
grid. Then for all g € H(T) there are coefficients aqy with p € N (T)\ H(T) such that

v(q) = Z agpv(p) Yo e S(T).
PEN (T)\H(T)

Proof. (Lemma [3.2) The assertion trivially holds true for all ¢ € H(T) NN (Tp) = 0.
Now assume that it also holds true for all

¢ eHi=HT)N||JNT)

k<i

for some 0 < i < j and let ¢ € H(T) NN (Ti+1). Then there is a 7 € T such that
q € T but ¢ is not a vertex of 7. Due to the definition of a grid hierarchy we must have
7 € Ty, for some k < i. Then ¢ can be written as convex combination of the vertices of
T, 1.e.

q= Z Agpp = Z gpp

PEN (Tk) PEN(T)

with Gg, = 0 for all p that are not vertices of 7 and, in particular, for p ¢ N(7). Since
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3.1 Finite Element Spaces on Nonconforming Grids

Figure 3.3: Nonconforming nodal basis functions for a hanging node (left) and a non-
hanging node (middle) and a conforming nodal basis function for a non-
hanging node (right).

all v € §(T) are affine on 7 this implies

v(q) = Z agpu(p) + Z agqv(q)

PEN (Ti)\H(T) q'€ N(Tw) N H(T)
—_——
CHERCH;
= Z agpv(p) + Z Aqq' Z agpv(p)
PEN(T)\H(T) a'EN(TR)H(T) PEN(T)\H(T)
= Z agp + Z Aqq agp | V(P)-
PEN(T)\H(T) a'EN(TR)H(T)
We can define aq, as the term in the parentheses. O

The coefficients in Lemma can now be used to define conforming nodal basis
functions for all non-hanging nodes. These need not be zero in the hanging nodes but
take the proper value needed to ensure continuity. Figure B.3illustrates the difference
between nonconforming and conforming nodal basis functions for the same node.

Proof. (Theorem BI) From Lemma B2 we get for all v € S(T) € 8(T)

V= Z va(p): Z /)\\pv(p)—F Z B\\p Z aqpv(p)

PeN(T) PEN(T)\H(T) q€H(T)  peN(T)\H(T)

— Z Ap

PEN(T)\H(T)

and hence S(7") C span B(T).

To see that also span B(T) C S(T) we have to show that each A, with p € N(T)\
H(T) is continuous. Since ¢ € N(T) \ H(T) is a vertex of all adjacent elements, all
continuous representatives of restrictions of )\, to these elements take the same value
in ¢g. Hence A, is continuous in g.
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3 Discretization of Cahn-Hilliard Equations with Logarithmic Potential

Now assume that \p|q, is continuous with

o= U 7

TETmngi Tk

for some 0 <i < jandlet 7 € T NT;41 and g € T a vertex of 7. If ¢ € H(T) there is
an element 7/ € T such that ¢ € 7/ but ¢ is not a vertex of 7/. Hence we have 7/ € Ty,
for some k < ¢ and thus 7 € Q.

If 7/ is chosen as in the proof of Lemma [3.2] the value of \p| in ¢ is the interpolation
of the values of \,| at the vertices of 7/. Thus A,|= . and (by continuity on €;)
also \p|o,us is continuous in ¢. Since this is true for all vertices of 7 we have shown
continuity of \p|o,ur and hence of Ap|q,,,. Noting that A,|q, is continuous we have

shown continuity on £2; = 7T by induction. O

As we use multigrid solvers in the following chapters we now investigate the natural
hierarchy of finite element spaces induced by a grid hierarchy. As a direct consequence
of the definition of refinements we get nestedness of these spaces.

Lemma 3.3. Let T1 and T2 be triangulations of 1 such that T3 is a refinement of Ty.
Then S(T1) and S(T1) are subspaces of S(T2) and S(T2), respectively.

O
The following lemma allows to use this property for grid hierarchies.

Lemma 3.4. Let (Ty,...,T;) and (Ty,. .. ,’7}’,) be grid hierarchies with j < j', To =Ty,
and T; C T for all 0 < i < j. Then L(Tg,... ,7}’,) is a refinement of L(To,...,T;).

Proof. Let 7 € L(To,...,Ti—1). Then we have 7 € T/ for some 0 < i < j. Hence
(' e L(Tg,...., T}))): 7' N7 # 0} = L(T |+, -, Tirlr)

is the leaf grid of the grid hierarchy (7/|,... 77;//‘7) with

T, ={reT. 7 cr}
and hence itself a triangulation of 7. O

Corollary 3.1. Let (To,...,7T;) be a grid hierarchy and T, = L(To,...,Ti) forl =
0,...,7. Then 8(T;—1) and S(T;_1) are subspaces of S(T;) and S(T;), respectively, for
all=1,...,j.

3.2 Mass Lumping and Superposition Operators

Although the bilinear forms (-,-) and (V-,V-) can be computed exactly for functions
in S(7T) it will be helpful to introduce an approximation of (-,-) depending on 7.

28



3.2 Mass Lumping and Superposition Operators

Definition 3.9. Let T be a triangulation of Q that is the leaf grid of a grid hierarchy.
Then the interpolation IT : C(Q) — S(T) is defined by

)= Y v

PEN(T)\H(T)
and the lumped L2 inner product (-,-)7 : S(T) x S(T) — R is defined by
(v,w)T = / I (vw)(z) de = Z v(p)w(p)/ Ap(z) dx (3.2)
“ PEN(T\H(T) “

R~ / v(z)w(z)de = (v,w). (3.3)
Q
The lumped pseudo L? projection PT : L2(Q) — S(T) is defined by

(PTv,w)T = (v,w) Yw e S(T).

Since all A, with p € N(T) \ H(T) are nonnegative and not identical to zero the
weights in (3.2)) are always positive. Hence the bilinear form (-, -)T is an inner product.
It is based on the approximation of the integral by a quadrature rule with the set of
non-hanging nodes as quadrature points. In contrast to the exact inner product (-,-)
this bilinear form exhibits the discrete locality

<SuppT(v) N suppT(w) =0 = (v, w)T = 0) Yo, w e S(T)

with respect to the discrete support supp(v)” := {p € N(T) \ H(T) : v(p) # 0}. This
property is a discrete analogue of the continuous locality

<supp(v) Asupp(w) =0 = (v,w)= 0) Yo, w € L*(Q).

This locality is important if superposition operators are considered. Remember
that for a function f : R — R the associated superposition operator Ty on LP(f2) is
given by Tyv = f ov. The above locality ensures that discretizations of superposition
operators on L?(§2) are diagonal operators on S(7°), which are the natural analogue of
superposition operators on discrete spaces.

Remark 3.1. Let f : R — R be continuous such that T with Tv = f o v maps
L3(Q) — L*(Q2). Then T satisfies

(Tw)|y is independent of (Tv)|o\us VYU C Q,U measurable. (3.4)

If we restrict T' to S(T) it will not map S(T) to S(T). The latter can be ensured for
a grid dependent TT : S(T) — S(T) by using the weak definition

TTv e S(T) : (TTv,w) = (Tv,w) Vw e S(T).
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3 Discretization of Cahn-Hilliard Equations with Logarithmic Potential

Unfortunately this operator does not satisfy B4). If we replace the inner product by
the lumped L? product and define

TTv e S(T) : (TTv,w)T = (Tv,w)” Vw e S(T)
the resulting operator does at least satisfy
(T v)|y is independent of (TTU)]QT\U YU C Q7 == N(T) \ H(T).

This definition is equivalent to TT =17 o (Tlsc))-

3.3 Space—Time Discretizations

Now we summarize the present discretizations and corresponding convergence results
for the Cahn—Hilliard equation. Again the present results only deal with the isotropic
case where v : R? — R takes the form

7(2)? = 7| (3:5)

with some constant 7 > 0. All discretizations in this section use the “method of lines”.
This means that the time discretization is applied to the ordinary differential equation
obtained by a fixed spatial discretization used for all time levels. Throughout this
section we assume that 7 is a conforming triangulation. Furthermore, we consider
a uniform time grid 0 = tyg < t1 < ... with ¢, = kAt for a constant time step size
At > 0. Solutions corresponding to the k-th time level are indicated by a subscript k.

First we consider the logarithmic potential with § > 0, where the Cahn—Hilliard
equation reduces to Problem 241 The discretization of this problem was discussed by
Copetti and Elliott [35]. There, a fully implicit Euler scheme leading to the following
sequence of discrete problems was proposed.

Problem 3.1. Let At > 0 and u] € S(T) N K some approvimation of ug. For
k=1,... findu] ,w] € S(T) such that

~ T
7 (Vul,Vv) = 0. (u], v)T - (w], v)T + <1/)f9(uk7), v) =0 Vv e S(T),

u] —ul 4
thk_l,v + (Vw],Vv) =0 Vv e S(T).
Each discrete problem has the form of a saddle point problem
FJA+F-M —M\ (u\ (f
-M -AtA) \w/)  \yg

for coefficient vectors u, w and suitable right hand side vectors f, g. Here F' is a mono-
tone operator, M a symmetric positive definite matrix, and A a symmetric positive
semidefinite matrix. Since YA + F' — M is not monotone this problem does in general
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3.3 Space—Time Discretizations

not have a unique solution for all At. However, for small enough At the operator
obtained by eliminating w is still monotone on the subspace where (Mu,1) = 0 or
equivalently (u,1) = 0 for the finite element function u represented by w. This fact
was used by Copetti and Elliott [35] to show the following existence result.

Theorem 3.2. Let At < 4612, ul € S(T)NK and | (u],1)| < |Q|. Then there is a

unique solution (u] ,wl) € S(T)? of Problem [31) that satisfy ‘|UZ‘|LW(Q) < 1 for all
k> 0.

Convergence was also established in [35] using the piecewise constant extensions
u”,w” of the discrete solution to the whole time interval given by

u” e L2(0,T; HY(Q)) : u’ (t) = u] Vt € (th_1,tr),
w’ e L*0,T; HY(Q)) : w (t) = w] Vt € (th_1,tr).

Theorem 3.3. Let ug € K and | (ug,1)| < |Q|. Furthermore, let u] = PTuy and
At < 4. Thenu] € K,| (uf,1) | < |Q| and the solution of Problem [31l converges to

u in the sense that for all T > 0 its extension u” satisfies u7 — u in L*(r,T; L*(Q2))
as At,h(T) — 0.

Now we consider the obstacle potential (§ = 0). An analogue time discretization for
this case was introduced by Blowey and Elliot [16]. For simplicity the authors restrict
their analysis to . = 1. As in the continuous case this leads to a variational inequality
due to the non-differentiability.

Problem 3.2. Let At > 0 and u] € S(T) N K some approzvimation of ug. For
k=1,... findu] € S(T)NK and w] € S(T) such that
)T

~ (VUZ,V(’U —ul)) — (u] v — ukT)T —(wl,v—ul) >0 VoeS(T)NK,

T_ T T
<%,v> + (Vw];r, Vo) =0 VYvedS(T).

Again each discrete problem takes the form of a saddle point problem

(e ) ()= 0)

where K is the representation of S(7) N K with respect to the nodal basis of S(7). As
noted above the operator YA+ 0xx — M is in general not monotone and hence not the
subdifferential of a convex function due to the “wrong” sign in front of the symmetric
positive definite matrix M. This again leads to a time step restriction for the existence
and uniqueness result in [16].

Theorem 3.4. Let u] € S(T)NK and | (u],1)| < |Qf. Then there is a solution
(u] ,wl) € S(T)? of Problem[32. For At < 43 the order parameter u] is unique. If,
additionally, there is a node p € N(T) with |u] (p)| < 1 then the chemical potential

T . .
wy, 18 also unique.
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3 Discretization of Cahn-Hilliard Equations with Logarithmic Potential

In order to overcome the time step restriction the authors also propose a semi-
implicit time discretization where the concave part of the Ginzburg—Landau energy is
discretized explicitly.

Problem 3.3. Let At > 0 and uf € S(T) N K some approvimation of ug. For
k=1,... findu] € S(T)NK and w] € S(T) such that

5 (Vu[, V(v — u[)) — (w[,v — uZ)T > (u[_l,v — u[)T YVoeS(T)NK,

ul —u] 7
<%,v> + (Vw,;r, Vo) =0 Vo e S(T).

Here the discrete saddle point problems take the form

FJA+Oxk —M uy [+ Mugy
-M —AtA) \w g

where the non-monotone operator —M resulting from the concave part of Ginzburg—
Landau energy is incorporated in the right hand side. The remaining operator YA+0x i
is globally monotone and hence we get existence and uniqueness without time step
restriction.

Theorem 3.5. Let u] € S(T)NK and | (u],1)| < |Qf. Then there is a solution
(u],wl) € S(T)? of Problem with unique u] for all At > 0 and unique w] if
there is a node p € N'(T) with |u] (p)| < 1.

The following error estimates by Blowey and Elliot [16] are again given in terms of
piecewise constant extensions u”,w” € L?(0,T; H'(Q)) as introduced above.

Theorem 3.6. Let ug € K and | (up,1)| < |Q|. Furthermore, let u]l = PTug and
At < 25. Then the piecewise constant extension (u” ,w’) of the solution to Problem[32
satisfies the error estimate

hT)*
e = w7 e orsan iy + e = w7 Iz oy < © (% HRT 4 At)

with a constant C' depending only on the solution (u,w) of Problem[2.3, the domain Q
and the shape regularity of T .

While the existence result for the semi-implicit discretization in Problem [B.3] does
not require any time step restriction, the following error estimate from [16] was only
proved under a similar time step restriction as for the fully implicit case.

Theorem 3.7. Let ug € K and | (up,1)| < |Q|. Furthermore, let u] = PTug and
At < 27. Then the piecewise constant extension (u” ,w’) of the solution to Problem[33
satisfies the error estimate

hT)*
=" W ey + o= w7 o ziam oy < © ( (At) HRT 4 At)

with a constant C' depending only on the solution (u,w) of Problem[2.3, the domain Q
and the shape regularity of T .
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3.4 Rothe’s Method

Beside the above existence and convergence results there are many results for related
equations. The Cahn—Hilliard equation with degenerate mobility incorporates a factor
b(u) with b(—1) = b(1) = 0 in front of Vw in the second equation of Problem 241
For this equation well-posedness as well as convergence for one space dimension were
established by Barrett et al. [§] for fully implicit and semi-implicit time discretization.
Barrett et al. |9] analyzed a discretization for a similar equation with an additional
potential equation. Error bounds in one and two space dimensions for a coupled Allen—
Cahn/Cahn—Hilliard equation with logarithmic and obstacle potential were established
by Barrett and Blowey [7].

Besides these results there are many results for Cahn-Hilliard equations with smooth
double-well potentials (e.g. quartic polynomials). However, these results do in general
rely heavily on the smoothness and do thus not carry over to the logarithmic potential
and the obstacle potential considered here. Furthermore, many of the mentioned results
have been generalized to vector-valued Cahn—Hilliard equations.

3.4 Rothe’s Method

All discretizations presented so far follow the “method of lines” approach and use a
fixed spatial discretization in each time step. In general, solutions to the presented
phase field models are very smooth or even constant in large regions. These regions
are occupied by a single pure or, in case of the logarithmic potential, almost pure
phase. They are separated by a thin interface with a very sharp transition between
different phases.

Due to this spatial variation of solutions it is reasonable to consider locally refined
grids that allow for a local mesh size being only as small as needed to capture the local
behavior. Since the interface moves through the domain in time, good locally refined
grids will in general differ from one time step to the next. To allow for different grids
in different time steps we will first discretize the evolution equation in time leading
to a sequence of stationary continuous problems in appropriate Sobolev spaces. Each
stationary problem is then discretized independently by finite elements. This approach
is known as “Rothe’s method” or “method of time slices” (see [44]). For the case of a
linear parabolic partial differential equation it was analyzed extensively by Bornemann
[18].

3.4.1 Semi-Implicit Time Discretization

In this subsection we consider a semi-implicit time discretization of the anisotropic
Cahn—Hilliard equation with arbitrary 6 > 0 given by Problem To this end let

O=th<t1 <...
be a time grid with time steps Aty = tp — tx_1. Using an implicit Euler discretization

for all terms except the gradient of the concave part of the potential in the Ginzburg—
Landau energy leads to the following sequence of stationary problems:
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3 Discretization of Cahn-Hilliard Equations with Logarithmic Potential

Problem 3.4. For k= 1,... find (ug,wy) € H'(Q) x HY(Q) such that
(Fy(ug), v — ug) — (wg, v — ug) + 159(?)) — ig(uk) > 0. (ug—1,v —up) Yué€ Hl(Q),

(M,v> + (Vwg, Vo) =0 Vv e HY(Q).
Aty

In will be shown that this time discretization has the advantage that no time step
restriction needs to be imposed in order to guarantee the existence of solutions.

We will not analyze the convergence of the presented time discretization here but
concentrate on the stationary problems for each time step t; with £ > 0 from now on.
Since all these problems have the same structure we drop the index k for the time step
and denote the solution from the previous time step by ucq. Then each stationary
problem takes the form:

Problem 3.5. Find (u,w) € H' () x HY(Q) such that

(Fy (1), v — u) + Pp(v) — Pp(u) — (w,v —u) > O, (uga,v —u) Yo € H(Q),
— (u,v) — At (Vw, Vv) = — (Uold, V) Vv e HY(Q).

In order to prove existence of solutions we will need continuity of the smooth non-
quadratic functional

5(0) = [ 53(Fu(e)da,

and lower semicontinuity of the nonsmooth nonlinearity 129 in the Ginzburg-Landau
energy. While continuity of the smooth nonlinearity is shown by elementary means
in Lemma we need a continuity result for superposition operators cited in the
appendix to prove the following lemma.

Lemma 3.5. For § > 0 the functional 1y : HY(Q) — RU{oc} is lower semicon-
tinuous. It is continuous on its domain domy = K which is a closed, convex, and
nonempty set.

Proof. A proof that K is closed and convex can be found in [72]. On [-1,1] the
extended-valued function ¥y coincides with the continuous function w : R — R given
by

() = Ty(z) if z € (—1,1),
= 01n(2) else.

By Corollary [A1] the superposition operator induced by w is continuous from L?(£2)
to L'(€Q). Hence the functional

vH/ﬂw(v(m))dw
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3.4 Rothe’s Method

is in particular continuous on K equipped with the norm of H 1(Q). Since this functional
coincides with 1/19 on K we find that wg is continuous on /C.
Now let v¥ — v in H(Q). If there is a 1 such that v” ¢ K for all v > vy we have

lim inf &g(v") =00 > 129(1)).

vV—r00

If there is no such vy there is a subsequence v"i € K with v*¢ — v € K. For any such
subsequence we have

lim 4y (v") = Yo (v),

11— 00

because 1y is continuous on the closed set K. Again we have shown

lim inf 4y (v") > g (v).

V—r00

O

A further ingredient in the proof of existence of solutions of Problem is the
coercivity of the convex energy .J, associated with the nonlinear operator .. Unfor-
tunately .J, itself is not coercive on the whole space H'(£2) but only on the subspace
where the variational equations in Problem holds true. While this partial result
would be sufficient for the proof of existence we show coercivity for a slightly modified
equivalent problem in order to simplify the proof.

Testing the second equation in Problem with v = 1 provides the mass conserva-
tion (u,1) = (ucd,1). Hence we can add the term p (u — uoq,1) (1,v —u) = 0 with
p > 0 to the variational inequality without changing its solution. Defining

<]:-’Y(v)’ > = (]‘—7(2}), > +p (v’ 1) (1’ ) ) JE = Ocuolg + P (uold, 1) > (3'6)
this leads to the equivalent semi-implicit problem:

Problem 3.6. Find (u,w) € H'(Q) x HY(Q) such that

<.7:"7(u),v—u>+{b\9(v)—1zg( ) — (w,v —u) > <f v—u) Vv € H(Q),
— (u,v) = At (Vw, Vv) = — (Uold, v) Vo € HY(RQ).

Compared to Problem this formulation has the advantage that the operator ]:-v
is strongly monotone with respect to the norm in H'(€2).

Lemma 3.6. Assume that v : RY — R satisfies (AZ). Then the gradients F, = V.J,
and F, = V.J, are strongly monotone with respect to the semi-norm |- |1 and the norm
| - ||1, respectively, i.e.,

(Fy(w) = Fy(v),w —v) > Hoplw = vlf,

- - min{ H 2,
<.7-Z,(w) — Fy(v),w — v> > %H — |-
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3 Discretization of Cahn-Hilliard Equations with Logarithmic Potential

Proof. For strong monotonicity of /., we only need to apply the strong monotonicity of
72 from Lemma[24l The estimate for F., directly follows using the Poincaré inequality
in Theorem [A.2] O

Lemma 3.7. Assume that v : RY — R satisfies (A2) and let J, : H'(Q) — R as
defined in Lemma[Z5. Then the functional J, : H'(S2) — R given by

L) = J,0) + £ (0,1)°

1s strongly convex, continuous, and coercive. More precisely there is C > 0 such that
7 2
Jy(v) = Cllo|1-

Proof. By Lemma J, and thus J:, are continuous and convex. Strong convexity
follows directly from strong convexity of 42 (see Lemma [24), strong convexity of the
quadratic integral term, and the Poincaré inequality in Theorem [A.2

Similarly the coercivity of v (see Lemma 2.4)) and the Poincaré inequality yield

min{H. 2, p}

F0) > min{H. 2, p}
2Cp

() > = 3.

(Ioff + (.1%) =
O

Theorem 3.8. Assume that v : R? — R satisfies (A2) and that | (ue,1) | < Q).
Then there is a solution (u,w) € K x H*(Q) to Problem [Z.4.

Proof. We consider the Lagrange functional L : K x H'(Q) — R,

Lo, w) = J(u) + () — (F.0) — (1 — g, ) — o

2
|wlf.
By Lemma [3.7] j7 is continuous and coercive. Together with Lemma we find that
L(-,w) is strictly convex, coercive, and continuous on the closed, convex, and non-
empty set K for each w € H!(Q). Furthermore, L(u,-) is continuous on H!(2) for all
u e K.

We can use Theorem [A.4] to get existence if we can show

lim inf L(v,w) = —o0. (3.7)

lwlli—o0 vek
To this end consider the decomposition

(w,1)
Q-

w = Wy + We, We =

of w € HY(Q). Then we have (wp,1) = 0 and thus by the Poincaré inequality (see

Theorem [A.2])

| (sgnwe — wold, wo) | = | (told; wo) | < [[uotdllol[wollo < v/|€[wolly

< Cuy/lwol? + (wo,1)? = Cifuwls.
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3.4 Rothe’s Method

For w, the identity (Jw.|,1) = | (w,1) | = |w.| || and | (uoq, 1) | < || provide

- (Sgn We — Uold, wc) = - (’wc‘7 1) + (uold7 1) We
< - (’wc‘7 1) + ‘ (uolda 1) ‘ ‘wc,

=:C2>0

Hence with a = |w|; and b = | (w,1) | we get

At

At
— (sgnwe — Uglg, w) — 7|w|? < Cia— 7a2 — Csb.

To show that the right hand side tends to —oo uniformly for ||w||; — oo we note that
the concave function h : Rj — R with h(a) = (C1 + C2)a — %(f takes its maximum
value at ag = ClALtCQ. This implies that

At At
Cia + 7(12 = h(a) — Ca < h(ag) — Coa = (C1 + Ca)ag + 761% —Caa.

=:C3>0

Together with the Poincaré inequality in Theorem [A.2] we get

Cs
VCp

At
— (sgnwe — ueld, w) — 7\“}\% < C3—Cyla+b) <Cs— w1

Hence we have shown that

Llsgnwew) < (_max (o) + Ga(0) = () + Ca ) =l

Ve
=const

for all w € H(). Together with sgnw,. € K this provides ([3.7). Now we can apply
Theorem [A4] to obtain a saddle point (u,w) € K x H'(Q) that satisfies

L(u,p) < L(u,w) < L(v,w) V(v,p) € K x HY(Q).

Standard arguments (see, e.g., [49, Chapter VI, Proposition 1.7]) lead to an optimality
system for this saddle point problem given by a variational inequality for fixed w and
a variational equation for fixed u. This system turns out to be Problem O

Theorem 3.9. Assume that v : R? — R satisfies (A2) and that | (ue,1) | < |Q|. Let
u,w € HY(Q) be a solution to Problem[3:6. Then u and Vw are unique.

Proof. Let (u1,w;) € K x HY(Q) and (ug,wz) € K x H'(Q) be two solutions to
Problem Testing the variational inequality for u; with us and vice versa gives

<}7y(u1) — Fy(uz), ug — u2> — (w1 — wa,ug —ug) <0,
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3 Discretization of Cahn-Hilliard Equations with Logarithmic Potential

while testing the variational equation for both solutions with wq — wsy provides
- (u1 — U, W1 — UJQ) = At!wl — UJQE.

Inserting this in the inequality and using the strong monotonicity of ]:-v yields

CHu1 — ’LLQH% + At!wl — UJQ‘% < <.7-"(u1) — f(ug),ul — U,Q> + At\wl — wzﬁ <0
and thus u; = uy and Vw; = Vws. O

Remark 3.2. An alternative to adding the rank one term p (u, 1) (1,-) in ([B.6) would be
to apply Theorem[A. 3 in the appendiz to obtain another equivalent saddle point problem
with a strongly monotone operator. While we have chosen the simpler approach with
the rank one term here the other approach will be helpful for the fully implicit time
discretization discussed in the next subsection.

3.4.2 Fully Implicit Time Discretization

We can alternatively discretize the Cahn-Hilliard equation (Problem 2.2)) by a fully
implicit Euler scheme. This leads to a sequence of stationary problems which are
similar to Problem B.4t

Problem 3.7. Fork =1,... find (ug,wy) € H'(Q) x HY(Q) such that
(Fy (), v — ) — (Bt v — ug) — (Wi, v — ug) + Vo (v) — Pl(up) >0 Yo € HY(Q),

<M,v> + (Vwg, Vo) =0 Yo € HY(Q).
At

Again we concentrate on a single spatial problem and drop the index k. Then each
stationary problem for the fully implicit time discretization takes the form:

Problem 3.8. Find (u,w) € H' () x HY(Q) such that

(F (), — ) — 6 (0 — ) + By(0) — Do) — (w,0—u) > 0 vo e H'(9),
— (u,v) — At (Vw, Vv) = — (ugq,v) Yo € H(Q).

By the same arguments as for the semi-implicit discretization we have mass conser-
vation and adding the term p (v — ueld, 1) (1,v —u) = 0 to the variational inequality
leads to the equivalent

Problem 3.9. Find (u,w) € H' () x HY(Q) such that

(Fy (), v — u) — O (u,0 — u) + p(v) — hp(u) — (w,v —u) > (fv—u) Yoe H(Q),
— (u,v) — At (Vw, Vv) = — (ugq,v) Yo € H(Q).
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Here ]:",Y is defined as in the previous subsection but the right hand side is now

f~ =p (u01d7 1) .

In contrast to the semi-implicit scheme this modification does not guarantee mono-
tonicity of ., — 0, (-,-). The reason for this is the “wrong” sign in front of 6. (u,v — )
resulting from the concave part in the Gingburg-Landau energy. We noted in the pre-
vious section (see Theorem [B.2)) for a fully discrete scheme that the isotropic analogue
of the operator F, — 0. (-,-) is in general only monotone on the subspace where the
variational equation holds and if the time step restriction At < 47/62 is satisfied. A
corresponding result could be shown here. However, having monotonicity only on this
subspace will in general prohibit algorithms where the linear equation only holds in the
limiting case. Hence it is desirable to have a globally monotone operator associated
with a globally convex functional instead.

Having this in mind we consider a different modification of Problem [B.§] using The-
orems and in the appendix, which allows to compensate a certain fraction
of a negative semidefinite operator. More precisely we can apply Theorem [A.5] with

o= 90;'5 for any € > 0 to obtain:

Problem 3.10. Find (u,w) € H'(Q) x H(Q) such that
<]:§(U),v - u> + 1;9(2}) - TI/Z)\Q(U) - bE(’(I),’U - u) > (fe’v - u) Vo € Hl(Q)a
—b(u,v) — At (Vw, Vo) = — (ueld, v) Yo e HY(Q).

Here we use the modified operator, bilinear form, and right hand side

)2
Fi(v) == Fy(v) — Atw (Vu,V:) +€(v,),

0.+ ¢
2

be(vv ) = (Ua ) — At (V?}, V) s
_ 0.+ ¢

Jo= 2

Theorem 3.10. For any € > 0 Problem[3.10 is equivalent to Problem 3.8 in the sense
that (u,w) € HY(Q) x HY(Q) is a solution to Problem if and only if (u,w) €
HY(Q) x HY(Q) with w = % — €c2+eu is a solution of Problem[3.8.

Proof. Apply Theorem [A5] with o = %. O

Uold -

Theorem 3.11. Assume that v : R? — R satisfies (A2), and that | (ucia, 1) | < |Q| and
At < ﬂvzé hold true. Then there is a solution (u,w) € K x H*(Q) to Problem
for all e > 0.

Proof. We show the existence of a solution to Problem B8] for a suitable choice of € > 0.
This is sufficient since Problem B.8lis equivalent to Problem B.10] for all ¢ > 0. Hence,
for the rest of the proof we select a fixed € > 0 such that the first inequality in

4
S<H

4
At< H o——— —
ST T
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3 Discretization of Cahn-Hilliard Equations with Logarithmic Potential

holds true. This is possible due to the strict inequality in the time step restriction.
Then, by the same arguments used in the proof of Lemma B.7, the functional J :
H'(Q) — R defined by

At(0. + €)?
8

is strongly convex, continuous, and coercive with the constant

1 0.+ €)?
3 min {E’YQ — At(%e),e} > 0.

€ €
Sy (v) = Jy(v) = ol + 5HUH3

Note that the concave part —|v|? is dominated by the convex part .J, due to the special
selection of e.

Now we can essentially proceed as in the proof of Theorem B.8 and show existence
of a saddle point of the Lagrange functional L : K x HY(Q) = R,

T ~ € - € € ~ At ~
L(u, ) 1= 5 (u) + Yo () = (£ ) = b(u = o) () — =[],
Again we have to show
lim inf L(v, ) = —o0

141l 71 ) 00 VEK

in order to apply Theorem [A.4l To this end we note that by Lemma [A.2] we have

~ B 0. —~

L(u, @) = Lw,w) i= Jy(u) — < [ul + Fo(w) = (4 — ugia, w) = S-fuol?

Octe
2

with w = w — u. By the same arguments as in the proof of Theorem 3.8 we get

L(sgnwe, w) = L(sgnw,,w) < C — Cllw||;

for a constant C' > 0. Together with || sgnw.|[1 = [|sgnw.|o < /|| and the inverse
triangle inequality this implies

L(sgnwe,w) < C' — CH?I} — Hc—i_esgnwc
1
o O+
<= (alh - = s
< C = Cllolx +c\/§902+6.

Now Theorem [A4] provides the existence of a saddle point of L that is a solution to
Problem B.10 O

Theorem 3.12. Assume that v : R? — R satisfies (A2), and that | (uea,1)| < Q]
and At < ﬂ“ﬂ(;% hold true. Let (u,) € HY(Q) x H'(Q) be a solution to Problem 310
for some € > 0. Then u and VW are unique.
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3.4 Rothe’s Method

Proof. By the same arguments as in Lemma we get

2
(F5(w) = F5(v),w — v) > min {ﬂyz - At@,e} lw — v|)3.

Using this strong monotonicity of the operator F5 we can show uniqueness as in the
proof of Theorem [3.91 O

3.4.3 Spatial Discretization

Now we consider the spatial discretization of the stationary problems obtained at each
time step tx with & > 0 by semi- or fully-implicit time discretization. We will again
drop the index k for the time step and denote the discrete solution from the previous
time step as uglq-

As noted before we will consider locally refined grids to accommodate the strong spa-
tial variations of solutions. In order to obtain grids that allow for nontrivial conforming
finite element spaces we will construct a grid hierarchy starting with a conforming tri-
angulation Ty of £ on the 0-th level. Successive local refinement then leads to a grid
hierarchy (7o, ..., 7;). During each refinement cycle computations are carried out on the
current leaf grid 7 = L(7y, ..., T;). We consider first-order conforming finite elements
only. For the semi-implicit time discretization in Problem this leads to discrete
problems of the form:

Problem 3.11. Find (u”,w”) € S(T) x S(T) such that

o YWeS(T), (3.8)

— (wT,v—uT)B > <f,v—uT>
— (uT,v)D — At (VwT, Vu) = — (uoia, v)¥ Yo e S(T). (3.9)

Here (-, -)A yeees (o )E are approximations to the L? inner product to be selected
carefully. If the solution is represented in terms of the conforming nodal basis selecting
(- -)A = (+,+) would couple coefficients from neighboring nodes within the nonsmooth
nonlinearity, leading to hard to solve algebraic problems. As a remedy we choose the
lumped L? inner product (-,-)* = (-,-)7 that (as discussed in Section 32) allows to
inherit the locality of the superposition operator. This discrete locality is equivalent
to the fact that the nonsmooth nonlinearity decouples with respect to the coefficients.

In order to preserve the symmetry necessary for the saddle point structure, (-, -)B and
(,-)” should be the same. Since f = Beuclq+const it is reasonable to use (-,-)¢ = (-, )
in order to approximate both appearances of ugqg using the same inner product. It
remains to select (-,-)” and (-,-)¥. Since both inner products result from the time
discretization it is reasonable to select these products the same. The argument for this
is that for At — 0 the variational equation (3.9]) degenerates to

(“Tvv)D = (uaa,v)” v eS(T).
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3 Discretization of Cahn-Hilliard Equations with Logarithmic Potential

If the inner products are not the same the induced operator ugq — ul

not a projection which will introduce errors for At — 0.
In order to enforce the mass conservation

is in general

(W”,1)7 = (uo, 1) = (uo1a, 1)

the product should guarantee (v,1)” = (v,1) for v = ugq and for each v € S(T). In
view of the fact that ucq is a finite element function on a different grid the lumped
L? inner product will in general not satisfy this since it does only integrate piecewise
linear functions on the current grid exactly. The same is true if the lumped L? inner
product with respect to the grid from the last time step is selected. In principle this
is possible if the lumped L? inner product with respect to a finite element space that
contains uelq and S(7T) is selected. However, such a product does no longer have the
locality property of (-, -)T on §(7) and seems to be quite arbitrary. Hence it does not
give any benefit over using (+,-) and we select the latter instead. Inserting all products
we obtain the following discretization of Problem

Problem 3.12. Find (u”,w”) € S(T) x S(T) such that

<.7:"y(u7),v — uT> + 97 (v) =] (uT) — (w0 —u’) > (f,v - uT> Vv e S(T),
— (WT,v) = At (Vw',Vv) = — (uga,v) Vv € S(T).
Analogously we get the following discretization of Problem B.I0

Problem 3.13. Find (u”,%7) € S(T) x S(T) such that

(FSuT),v—u) + O () — g () =@ v —uT) > (0 —uT) YoeS(T),
b (u”,v) — At (Vi ,Vv) = — (ua,v) Vv € S(T).

In both cases we used the discrete approximation

{Egr(v) = (\T/g(v),l)T _ / [T(\Tlg(v))(x) dx = Z \Pg(v(p))/g)\p(x) dz

Q@ PEN (T)\H(T)

of {Z)\g(v) for v € S(T), where I7 is the interpolation operator introduced in Defini-
tion Since the existence and uniqueness results and their proofs are essentially the
same for both discretizations we will state and prove them in parallel.

Existence of solutions can be shown using the same arguments as for the continuous
problem. We only have to show lower semicontinuity of the discrete nonlinearity. In
contrast to the continuous case this can be done by elementary arguments.

Lemma 3.8. For 6 > 0 the functional @g :S(T) = RU{oo} is lower semicontinuous.
It is continuous on its domain domv, = K NS(T) which is a closed, convex, and
nonempty set.
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3.4 Rothe’s Method

Proof. The domain of 12(3’ is given by the closed convex set
KNS(T) = {v e S(T) : v(p)| < 1Vp e N(T) \’H(T)}

Hence on XNS(T) the functional ﬁg— is the sum of continuous functions and thus itself
continuous on this set. Lower semicontinuity on the whole set S(7) can now be shown
analogously to Lemma [3.5] O

Theorem 3.13. Assume that v : R? — R satisfies (A2), and that | (uea,1)| < Q]
holds. Then there is a solution (u7 ,wT) € KNS(T) x S(T) to Problem 312, and u”

and Vw’ are unique.

Proof. The proofs for existence and uniqueness are the same as for Theorem and
Theorem B9 with H'(Q2), K, and vy replaced by S(T), KNS(T), and w;r, respectively.
O

Theorem 3.14. Assume that v : R* — R satisfies (A2), and that | (uga,1)| < Q]
and At < ﬂﬁ% hold true. Then there is a solution (u7,%7) € KNS(T) x S(T) to

Problem [313 and w7 and VT are unique.

Proof. The proofs for existence and uniqueness are the same as for Theorem B;:[I
and Theorem with H'(Q2), K, and vy replaced by S(T), K N S(T), and ¢g,
respectively. O

Lemma 3.9. Let § > 0. Then the solutions (u”,w”) of Problem 312 and (u”,w7)
of Problem [313 satisfy ||u|cc < 1.

Proof. From Wj(t) — 4oo for t — +1 we get dg(—1) = OWy(1) = (. Hence by
Theorem [A.1] we have azgg’(v) = for all v € S(T) with v(z) =1 for some z € Q.
Noting that Problem and Problem [B.13] are equivalent to operator inclusions
incorporating 81}? we find that there cannot be any z € Q with |u” (z)] = 1. The
assertion then follows from continuity of w7 . O

Since Wy is differentiable on (—1,1), we can now rewrite Problem and Prob-
lem 313 as variational equations for # > 0. This is true because the variational inequal-
ity is equivalent to a minimization problem for fixed w7 that is itself equivalent to a
variational equation if we exploit differentiability of the energy (apply Proposition 1.2
in |49, Chapter II] twice with different splittings of the functional).

Problem 3.14. Find (u”,w”) € S(T) x S(T) such that

S
_ (uT7 v) — At (Vuﬂ" Vv) = — (Uold, V) Yo € S(T).
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3 Discretization of Cahn-Hilliard Equations with Logarithmic Potential

Problem 3.15. Find (u”,w7) € S(T) x S(T) such that

(FoT) o) + (Vof (@T),v0) = b (@7, v) = (/) Vo € S(T),
—b¢(u”,v) — At (VIT)T, Vo) = — (owd, v) Vv e S(T).
The new formulations allow to show uniqueness of the chemical potential w7 .

Theorem 3.15. Let v and uoq satisfy the assumptions of Theorem [313 and 6 > 0.
Then the solution of Problem or, equivalently, Problem [3.12 is unique.

Proof. Since uniqueness of 7 and Vw” was already proved we only have to show
uniqueness of [, w” (x)dz. Let w] and w] be two solutions. Inserting them into the
first variational equation in Problem [B.14] and subtracting one from the other yields

(w] —wl,v)=0 YoeS(T).
Testing with v = 1 provides the assertion. O

Theorem 3.16. Let 7, uoa and At satisfy the assumptions of Theorem[3.14 and 6 > 0.
Then the solution of Problem or, equivalently, Problem [3.13 is unique.

Proof. The proof is analogue to the one of Theorem [B.15] O

For 6 = 0 where {p\g is the obstacle potential we can no longer write the variational
inequalities as equations. However, we can slightly simplify them by imposing the

constraint 7 € K N S(T) manually, leading to classic variational inequalities of the
first kind.

Problem 3.16. Find (u”,w”) € KNS(T) x S(T) such that
<.7-"7(uT) v—uT> v—uT) > (f v—uT> Yo € KNS(T),
— (7, v) - At (Vw V) = — (Uoia, v Vo € S(T).
Problem 3.17. Find (uT, @) € KNS(T) x S(T) such that
(FsT),v—uT)y = b (@7, v—u) > (f0—uT) Vv e KNS(T),
—b(u” ) — At (Vw , V) = — (to1d, v) Yo € S(T).

Theorem 3.17. Let v and uggq satisfy the assumptions of Theorem [T13 and 6 = 0.
Furthermore, assume that there is a p € N(T)\H(T) such that |u” (p)| < 1. Then the
solution of Problem or, equivalently, Problem is unique.

Proof. Again we only have to show uniqueness of fﬂ w7 (2) dz. To this end let wT and
w] be two solutions and let )\, be the conforming nodal basis function associated with
the vertex p. Then we have ud), € KNS(T) for all § € [0, min{l—u" (p),u” (p)+1}].
Testing the variational inequality with u &\, gives

(FoT), 280, ) — (w],26x,) = (f.%0x,).
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3.4 Rothe’s Method

Hence we even have
<.7}7(uT),)\p> - (sza )‘p) = <ng )‘p> .
-

Subtracting this equation for w] from the one for w] and using the fact that w] —w]
is constant yields

(L, A

»)
jl

o:<wT—w§,Ap>=/wa<m>—w§<m>dx

and hence w] —w] = 0. O

Theorem 3.18. Let v, uqlqa and At satisfy the assumptions of Theorem[3.14 and 6 > 0.
Furthermore, assume that there is a p € N(T)\H(T) such that |u” (p)| < 1. Then the
solution of Problem[317 or, equivalently, Problem is unique.

Proof. The proof is analogue to the one of Theorem B.17] O

3.4.4 Algebraic Formulation

In order to discuss the algebraic solution of the discrete Problems B.12] and B3] we
will now rewrite them in algebraic form as problems in R". To this end we represent
finite element functions v € S(7) in terms of the conforming nodal basis B(7") which

results in
v= Z v(p)Ap.
PEN (T)\H(T)

Using an enumeration B(T) = {Ap,,..., Ap, } with n = |[N(T) \ H(T)| we can express
finite element functions v € S(7T) by coefficient vectors v € R with v; = v(p;). The
discrete analogues of the linear operators and right hand sides of Problem [3.12]in terms
of coefficients are then given by

B e R™", Bij == (M;: ni)

C eR™™, Cij = AL(V A, V)
ieRn’ ii:<f~7)‘pi>’

J R g, = — (o, )

The nonlinear operator .7:} is represented by
FE,:R" = R", F,(v); = <]}v(v)7)\pi> .

Finally the discrete analogue of the nonsmooth nonlinearity is given by
n
B S RU(), (e = B (0) = D ol [ A @)
i=1 &

Now Problem B.12] can be written as the operator inclusion:
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3 Discretization of Cahn-Hilliard Equations with Logarithmic Potential

Problem 3.18. Find (u”,w”) € R™ x R"™ such that

(75 %) ()= ()

If we additionally define

B¢ € R™™, ij = — be()\pj,)\pi),

. e Oc+e€
i ER”, iz = 62 (uOld’)‘pi)a
FS:R" - R”, Fs(v)i =(F5(0), Ap,),

then Problem B.I3] can be written as the operator inclusion:

Problem 3.19. Find (u”,w”) € R" x R" such that

FS+0pg B\ (u” fe
("5 ) ()= (5):

Both problems are strongly nonlinear saddle point problems, and the algebraic so-
lution will in general not be an easy task. Chapter [l is dedicated to the development
of fast and globally convergent algebraic solvers for nonsmooth nonlinear saddle point
problems of this type. Before considering the whole problem we concentrate on nons-
mooth nonlinear minimization problems without equality constraints in the next chap-
ter. Their efficient solution will be needed in the algorithm for saddle point problems

developed later on.
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4 Truncated Nonsmooth Newton
Multigrid for Nonsmooth Convex
Minimization Problems

In this chapter we consider the fast algebraic solution of finite-dimensional nonlinear
convex minimization problems with a nonlinearity consisting of a smooth part and
a nonsmooth part which is given componentwise. While this problem class includes
component wise inequality constraints, i.e. box-constraint, no linear constraints are
present here. Since the presented algorithms will depend in general on the selection of
a basis in a finite-dimensional space we will introduce them in R™.

We start by introducing the class of minimization problems. Then we analyze the
classical nonlinear Gaufs—Seidel and Jacobi methods for this problem class and intro-
duce associated nonsmooth Newton methods. Finally we propose a multigrid method
for the linear subproblems. Application of a fixed number of multigrid steps to each
subproblem then leads to an overall nonlinear multigrid method that converges globally
for the considered problem class.

4.1 Nonsmooth Convex Minimization Problems

We consider the nonlinear minimization problem
uteV: J(u*) < J(v) YoeV (4.1)
where V' is a finite-dimensional vector space and
J=Jo+¢:V —=>RU{co} (4.2)
is convex and lower semicontinuous, i.e.,

¥ = v = J(v) < liminf J(vF).
k—o00

Assuming that a basis of V is fixed we will consider V' = R" in the following. Regarding

the smooth part Jy we need the following assumptions:

(A3) Jp : R™ — R is strictly convex and continuously differentiable. Its derivative
VJy is Lipschitz continuous with the Lipschitz constant Lv j, and there is a
symmetric positive definite matrix H ; € R™" such that for all u,v € R" we
have

(Vdo(u) = Vp(v),u—v) > (H; (u—v),u—0). (4.3)
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4 Truncated Nonsmooth Newton Multigrid

On the one hand we do not want to assume smoothness of V.Jy. On the other hand
we want to develop Newton-type methods for this problem class. Hence we need some
concept of a generalized Hessian of Jy.

By Rademacher’s theorem (see, e.g., [81]) Lipschitz continuous operators 7' : R™ —
R"™ are differentiable almost everywhere and the set

Dr :={u € R" : T is differentiable in u} (4.4)
is dense in R™. Thus we can define the following generalized derivatives.

Definition 4.1. For a Lipschitz continuous operator T : R™ — R™ the B-subdifferential
OpT (cf. [88,1106]) and the generalized Jacobian in the sense of Clarke OcT (cf. [34])
are defined by

OcT (u) := codpT (u), OpT(u) == { lim VT(ug) : up — u,uy € DT}.

k—o0

While the generalized Jacobian is often denoted by 0 we denote it by O¢ to distin-
guish it from other generalized linearizations that will be denoted by 9. For convex
functionals f the symbol Of denotes the usual subdifferential. Furthermore, 0% f will
denote a generalized linearization of the gradient V f or the subdifferential 0 f and thus
a generalized Hessian of f.

(A4) Jp : R™ — R satisfies (A3)). For each u € R™ there is a symmetric positive def-
inite matrix 9%.Jo(u) € R™" representing a generalized linearization of V.Jy(u)
that satisfies

(H j,0,0) < (8*Jo(u)v,v) Vu,v € R™. (4.5)
If VJy is differentiable everywhere 92Jy, = V?2.J, is chosen.

Later on we will also need to assume boundedness of the generalized Hessian:

(A5) Jyp : R™ — R satisfies (A3) and (A4). Furthermore, there is a symmetric
positive definite matrix H j, € R™" such that

<82J0(u)v,v> < (H jyv,v) Vu,v € R". (4.6)
If V.Jp is differentiable we simply have 8 Jy(u) = V2Jy(u) in (A4). In the general case
the application of Lemma [A3 to T = V.Jy still guarantees the strong monotonicity
@3) of VJy in (A3) if 92 Jo(u) € dc(VJo)(u) and if the Hessian of Jy is bounded from

below, where it exists, i.e., if there is a symmetric positive definite matrix H ; € R™"
such that

<EJOU,U> < <V2J0(u)v,v> Vu € Dyy,,v € R".

The most important example for smooth convex functions Jy are strictly convex quadra-
tic functions, i.e., functions satisfying
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4.1 Nonsmooth Convex Minimization Problems
(A6) Jp:R™ — R is given by

Jo(u) = % (Au, u) — (b, u)

with a symmetric positive definite matrix A € R™™ and b € R™.

Assumption (AG) directly implies (AB) with H; = Hj, = 0%Jo(u) = V2Jo(u) = A.

Another special case are functions satisfying

(A7) Jo : R™ — R takes the form
1 n
Jo(v) = 5 (Av,v) = (b,v) + 2%-2(172‘0)

with a symmetric positive semidefinite matrix A € R™", matrices D; € R%"
and continuously differentiable convex functions %-2 : R? — R with Lipschitz

continuous derivatives. For each ¢ = 1,...,n there are symmetric positive
semidefinite matrices H.2, H. 2 € R4 such that for 9%(72)(x) € dc(VA?)(z)
we have

<ﬂ7izv,v> < <82(’yi2)(y)v,v> < <F%2v,v> Yu,v € R% (4.7)

To simplify notation we denote by D € (R4)™" = (R%1)™" the block matrix
whose entries are the column vectors (D;); € RY. Then its transposed matrix
can be regarded to be DT € (RL4)™7. Furthermore, we use the block diagonal
matrices 9?(y?)(x), H 2, H.2 € (R%?)™™ defined by

9*(v?)(z) = diag 9*(v?) (), H.,=diagH. 2, H.,=diagH.p.
Using this notation A+ DTH 2D is assumed to be symmetric positive definite.

Functions of this type are especially interesting since the smooth convex part of the
energy functionals associated with the discrete saddle point problems in Section [3.4.4]
take this form. There, each D; is the matrix computing the gradient of a finite element
function on the i-th grid element 7;, while %-2 is the anisotropy 72 scaled by the element
integration weight fn 1. The requirements on the %‘2 are then ensured if ~y satisfies (A1)

and (A2).
Lemma 4.1. (A7) implies [A3) with

P Jo(u) = A+ D"9*(v*)(Du)D, H; =A+D"H.D, Hj =A+D"Hp:D.
Proof. (A1) and (£0) follow directly from (47)) and the representation

n
A+D"MD = A+ ZDiTMZ-Z-Di

i=1
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4 Truncated Nonsmooth Newton Multigrid

for M = 9(7?)(v), H ,Yz,ﬁ,yz. Elementary computations provide

VJo(v) = Av — b+ (VA*)(Dv)D = Av — b+ > V(D) D;.
=1

Application of Lemma [A3 to V~? together with (7) now implies (£3). O

While Jj is assumed to satisfy certain smoothness properties, ¢ represents the non-
smooth part of J at the price that this nonlinearity decouples with respect to the
unknowns.

(A8) ¢ : R"™ - RU {00} takes the form
p(v) =Y wilvi).
i=1

Each ¢; : R — RU {00} is convex, lower semicontinuous on R, continuous on
its domain dom ¢;, and twice continuously differentiable on a finite number of

C . k k+1 k 3
disjoint nonempty open intervals (a;,a; "), ai € RU {—00,400} having the
property

Jomeps =T pila) < o0} = U, () = (el a™).

The intervals are maximal in the sense that (; is not twice continuously differ-

entiable on (a¥, a®2). Furthermore, the limits
1. /I 1. [/
6/5?‘0'1 P (5)7 gglef Pi (5)

exist in RU {oo} for k =0,...,(m; — 1).

Under these assumptions existence, uniqueness and stability of solutions follow using
standard arguments:

Proposition 4.1. Assume that (A3) and (A8) hold. Then J is strictly convex, proper,
lower semicontinuous and coercive. The subdifferential 0J : R™ — 28" has a single-
valued Lipschitz continuous inverse (0J)~! : R™ — R™.

Proof. Lower semicontinuity follows directly from the regularity assumptions on Jy
and ;. The fundamental theorem of calculus and (4.3]) imply the strong convexity

Jo(u) — Jo(v) > <ﬂJ0(u —v),u — v> +(VJo(v),u —v). (4.8)

DO | —

and thus strict convexity of Jg.

By definition ¢ is finite and continuously differentiable in at least one point %. Hence
¢ is bounded from below by the affine function dp(u). This and the above inequality
with v = 0 also implies J(u) — oo for ||u|| — oo. Thus J(:) — (y,-) has a unique
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4.2 Truncated Nonsmooth Newton Methods

minimizer x = (0J)"!(y) (see |49, Chapter II, Proposition 1.2]) which is the unique
solution of the variational inequality (see [49, Chapter II, Proposition 2.2])

zeR": (Vdo(z),v —x) + p(v) — p(z) > (y,v — x) Vv € R"™. (4.9)

This provides single-valuedness of the inverse operator (9.J)~!. Now let x; = (0.J) ! (),
i =1,2. Then testing the inequality for ¢ with j # i leads to the Lipschitz continuity

ley = w2|lfr, < (Vdo(@1) = Vio(wa), 21 — 22)

< (y1 —y2, w1 — 22) < |lw1 —w2llm, [lyr — y2Hﬂ-7ol'
O

If a minimization problem is constrained to a convex set K this can in general be
incorporated by adding the indicator functional

Xk : R" = RU {0}, Xk (7) =
oo else

{0 ifrekK

to the function to minimize. The convex sets leading to indicator functions y g satis-
fying (AS8]) are possibly unbounded hypercubes as given in the following example.

Example 4.1. Let ¢ € (RU{—0o})", ¢ € (RU {oo})" with ) < 1. Then
K:={ueR": ¢y <u<y}

is closed and conver and ¢ = xk satisfies (A8). If additionally Jy satisfies (A6) the
minimization problem for J = Jo + @ is a discrete quadratic obstacle problem.

4.2 Truncated Nonsmooth Newton Methods for Convex
Minimization Problems

For the rest of this chapter we consider the algebraic solution of the minimization
problem (1)) for J given by (42]) assuming that Jy and ¢ satisfy (A3]) and (AS),
respectively. Since we are especially interested in problems obtained by discretization
of partial differential equations, we will now introduce nonlinear monotone iterative
methods that can be combined with multigrid techniques to obtain fast and globally
convergent nonlinear multigrid methods.

While many common methods for nonsmooth minimization directly apply multilevel
ideas to the minimization problem [69, 80, [104] we will present a different approach
that is based on a Newton-type method for a related Lipschitz continuous operator.
This approach can also be viewed as a globally convergent extension of the well-known
primal and primal-dual active set methods for obstacle problems |14, |64, |65].
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4 Truncated Nonsmooth Newton Multigrid

4.2.1 Monotone Nonlinear Smoothers

Simple linear iterations for linear system with a symmetric positive definite matrix
can often be expressed in terms of minimization algorithms for the associated mini-
mization problem. For example the Gaufi—Seidel iteration is equivalent to successive
minimization in the coordinate directions while the Jacobi iteration is equivalent to
parallel minimization in these directions.

Based on this interpretation the extension of these methods to nonsmooth nonlinear
minimization problems is straightforward. We will describe these iterations in terms
of correction operators F with

't =¥+ F(u). (4.10)

The nonlinear Gauft—Seidel method Fgg obtained by successive minimization of J in
the coordinate directions e; can be written as

i—1
Fes(x); = p<J7 z+ Z}"Gs(x)jej, ei>.
j=1
using the notation

p(J,z,d) := argmin J(x + pd) (4.11)
p€dom(J)

for the minimizer of J along a line z 4+ Rd. In the case that Jy satisfies (A6, i.e., that
it is a quadratic energy, this reduces to

Fos(x) =D+ L+0p) " (b— Rz) —x (4.12)
for the splitting A = D + L + R of A in diagonal, left and right part.
Similarly the nonlinear Jacobi method F; obtained by parallel minimization of J in
the coordinate directions e; can be written as
Fy(@)i = ply,ex).
which reduces for the quadratic energy to

Fi(z) = (D +0¢) " (b— (L+ R)z) — . (4.13)

Proposition 4.2. Fgg and F; are well-defined, Lipschitz continuous operators having
the property

Fas(x) = Fy(x) =0 & 0J(z) = VJy(x) + dp(x) 3 0,

i.e., the correction at x is zero if and only if x solves ([A.T]).
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4.2 Truncated Nonsmooth Newton Methods

Proof. First we note that Fgg can be evaluated successively starting from the first com-
ponent by solving scalar minimization problems for convex functionals Jy(y + (-)e;) +
vi(+) for varying y € R™. For F; this is even possible in parallel. By standard argu-
ments these minimization problems are equivalent to variational inequalities

reR: (Vdoly +re;), (v—r)e) + iy +v) — @iy +7) >0 Vo e R (4.14)

which have a unique solution by the same arguments as used in Proposition A1l

In contrast to Proposition 1] the datum y appears in the nonlinear operator here.
Thus we have to extend the arguments in order to prove Lipschitz continuity. To this
end let 1,72 € R be two solutions of (&14) for data y*,y? € R™, respectively. Without
loss of generality assume that yzl = y? = 0. Testing the variational inequality for r!
with 72 and vice versa yields

<VJ0(U2) — VJo(v1), (r? - rl)ei> <0
for v/ =y + rie;. Together with (A3) this gives
|v? — Ul”QﬂJO < (VJo(v?) = Vp(v'),v* —v')
< <VJ0(1)2) — VJo(v),y* — y1>
< Lygllv? = ot fllly* — '
and thus

o2 = w13,

Loty

1
< y -
Amin (EJO) ||U2 — vl | Amin (ﬂjo)

2 =t < fl? =l < —y
Hence F;(x); and Fgs(x); depend Lipschitz continuously on x and the latter also on
Fas(x)j, j < i, showing the Lipschitz continuity of both operators. Now assume that

Fas(x) =0 or Fy(z) =0. Then
(Vdo(z), (v —m)ies) + pi(vi) — @i(xi) >0 Vv, €R

holds for i = 1,...,n. Summing up these inequalities yields ({9) with y = 0, which is
equivalent to (.I)). O

This result is a key ingredient to prove the convergence of these iterative methods.
The following convergence result was proved by Kornhuber [69, [72] for quadratic ob-
stacle problems and piecewise quadratic problems. In order to extend the proof to the
more general case considered here we introduce the following monotonicity assumption
for a correction operator F:

(A9) The operator F : domp — R™ is monotone in the sense that J(u + F(u)) <
J(u) holds for all v € dom ¢. If a sequence u” € dom ¢ satisfies u¥ — u' and

Jw™ < JW + F@W) VYreN (4.15)

then v’ = u* is the minimizer of J.
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4 Truncated Nonsmooth Newton Multigrid

Under this assumption we can even relax the requirements on J:

Theorem 4.1. Assume that J is strictly convez, lower semicontinuous, coercive and
proper and that F satisfies (A9). Furthermore, assume that J(x+C(x)) < J(x). Then
the sequence u” generated by

w' s =¥+ F(u”),

4.16

converges to the unique solution u* of @I for every u® € dom .

Proof. By monotonicity of F and C and the coercivity of J the sequence (u”) is
bounded. Thus there exists a convergent subsequence (u"?). Now let (u”?) be any
convergent subsequence with u”i — u/. Then we have

J(u¥i+1) < J(u’it) < J(u + Fu)) < J(u”)

and from (A9) we get v’ = u*. Thus each accumulation point v’ must be the solution
of (£9) which provides convergence of the whole sequence. O

Corollary 4.1. The Gauf-Seidel method Fgs satisfies assumption (A9) and the se-
quence generated by ([AI6) with F = Fgs converges to the unique solution u* of (1)
for every u° € dom .

Proof. Monotonicity of Fgg is given by construction. Now let u” € dom ¢ be a con-
vergent sequence with v — v/ and ([£I5). Then we have

Jw ™) < JW” + Fas(”)) < J(w”’)  VreN
and thus by continuity of Fgg and J on dom ¢

J') = lim J(u” + Fu")) = J@ + Fu')).

V—00

Since the Gauf-Seidel method implies Fgg(u) = 0 if J(u + Fgs(u)) = J(u) holds,
this yields Fgs(u') = 0 and, by Proposition 2] v’ = u*. Hence Theorem 1] can be
applied to obtain global convergence. O

The essential property used to prove convergence of the Gauli—Seidel method is
Fas(z) #0 = J(x + Fas(x)) < J(z). (4.17)

While the Jacobi method does in general not have this property, the component wise
corrections = + (F(x) — x);e; still satisfy the following monotonicity by construction:

Fi(x)#0

{w S+ Fy(a)ie) < J(x), (4.18)

3 J(x+ Fr(z)per) < J(x).
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4.2 Truncated Nonsmooth Newton Methods

As it is known from the Jacobi method for linear problems we will need to introduce
damping to ensure convergence. To this end we define the directional sublevel set of J
along the line = + Rd by

p<(Jyz,d,7) :={r: J(x+rd) < J(x+7d)}.
Then we clearly have p(J, z,d) € p<(J,z,d,7) for all 7 € R.
Corollary 4.2. The damped Jacobi iteration F(z) = pj(x)F(z) with

py(x) € pe (J,x,fJ(x), %) (4.19)

satisfies assumption (A9) and the sequence generated by ([EIG) with F = pyFy con-
verges to the unique solution u* of (EI) for every u® € dom ¢.

Proof. Since x + %.7-" 7(x) is a convex combination of the component wise corrections
x+Fj(x);e; the monotonicity and property (417 for the Lipschitz continuous operator
%]—" 7 follows from (£I8)) and convexity of J. Monotonicity of p;F; is then given by
#I9). Now let u” € dom ¢ be a convergent sequence with v’ — «’ and (£I5). Then
we have

T < J(u” + pa(u”)Fs ()

1
<J (u” + E]{;(u”)) < J(u") Vv € N.

Now we can proceed literally as in Corollary 1] with Fgg replaced by %]: 7. U

The cheaply available damping parameter p;(u”) = 1/n will in general be much too
pessimistic. More reasonable damping parameters can be obtained by approximating
the exact minimizer p(J,u”, Fy(u")) starting from 1/n, e.g. by bisection.

4.2.2 Inexact Nonlinear Smoothers

Until now we implicitly assumed that the solution of the scalar minimization problems
within one step of the Gaufs—Seidel or Jacobi method can be done exactly. While this
is true for quadratic or piecewise quadratic J it does in general not hold for other
nonlinear energies. In this subsection we give a convergence proof that also holds true
for inexact evaluation of these minimization problems e.g. by bisection. To prove the
convergence result we will extend the ideas of the proof given in Kornhuber |73] for
the Gaufi—Seidel method and a quadratic Jy to more general energies.

Theorem 4.2. Let Fas be an inexact version of Fas given by

i—1

Fos(x); = w(w,z’)p(J,w + Z?Gs(x)jej, ei>, w(z, i) € [wo, 1]

J=1

for some fized wo € (0,1]. Then Fgs satisfies (A9).

55



4 Truncated Nonsmooth Newton Multigrid

Proof. Monotonicity of Fgg is given by construction. Furthermore, by convexity, the
inequality (£.8)), and the inequality (£14) with v = 0 we can estimate the norm of the
correction Ty := p(J,y, e;)e; for any y € dom ¢ by

J(y) — J(y + woTiy) > wo (Jo(y) — Jo(y + Tiy) + ¢i(ys) — @iy + Tiy)>
1
> wo <§Hﬂyllﬂ,o + (Vdo(y + Tiy), = Tyy) + i(yi) — wilyi + T@-y)>
wo 2
> S ITyllz,, -

Now let u” € dom ¢ be a convergent sequence satisfying u” — «’ and ([£I5]). Set
i i
wf ="+ Fas(@)je =u’ + Y w(u”,j)Tw] .
Jj=1 J=1

Then we have for all v € N

J(W ) < J(w)) < J(wi_y +woliw! ) < J(wiy) < J(u”).
This monotonicity and the above estimate yield

1 wo 2
J(u”) = T ) > J(wy ) — J(wi_) +woTywy 1) > THTiw;:lHQJO-
Now continuity of J gives Tywy ; — 0. Together with the triangle inequality and
w(u”,7) <1 this implies

i
Zw(uy’j)z}w?—l

J=1

i
<3 ITt ol 0

[wi —u”l|m, =
Hyy =1

and thus Tju' = lim,_,o T;wY ; = 0. Hence v’ is a fixed point of Fgg and thus
u = u*. d

Theorem 4.3. Let Fj be an inexact version of Fy given by

F (2 = w(m‘)p(J,x,ei), (@) € w0, 1]

for some fized wo € (0,1]. Then the damped method pj(x)F j(x) with
— 1

pJ(x) € p< <J,1',fJ(I')7 E)

satisfies assumption (A9).
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4.2 Truncated Nonsmooth Newton Methods

Proof. By definition of p s, convexity, and monotonicity we have with T;y := p(J, y, €;)e;

J<x + pJ(m);_rJ(m)> < J(w + % fjw(m, Z)Tx) < % f: Tz + () Tiz)

i=1 i=1

1 n
< EZ;J(%‘—FWQTZ%') < J(z).

This inequality and the first estimate in the proof of Theorem provide

J(x) = J(z+ ps(x) ZJ J(x 4+ woT;x) >—ZHT:U||H].

Now let u” € dom ¢ be a convergent sequence satisfying u” — v’ and (£I5]). Then the
last estimate implies

n
wo
T = I ) 2 503 1T, =0
i=1

and thus T;u’ = lim,_, o Tju” = 0. Hence v/ is a fixed point of F; and thus v/ = v*. O

Theorem and Theorem (4.3 allow to replace Fgg and pyF; by their inexact ver-
sions Fgg and pyF 7 in the iteration in Theorem FLIl A practical stopping criterion for
the bisection method that guarantees the accuracy condition required in Theorem
and Theorem is given in [75].

4.2.3 Derivatives of Nonlinear Smoothers

Although the Gaufi—Seidel and the damped Jacobi method converge globally for the
above minimization problem (4] they are in general not satisfactory. For the linear
case where J = Jy is quadratic it is well known that their convergence rates deteriorate
rapidly if the problem results from a discretized differential operator. This property is
in general directly inherited by the nonlinear versions.

However, the convergence results offer the possibility to introduce additional correc-
tions C to accelerate the convergence. This is used in [69, (72, [75] to add corrections
obtained by minimization in the direction of certain subspaces spanned by coarse grid
functions. While this approach leads to a sequence of nonlinear subproblems we will
present a simpler approach (first introduced in [58] for quadratic obstacle problems)
that leads to a linear subproblem in each iteration step.

The usual application of Newton’s method for a minimization problem would deal
with the equivalent optimality system. Due to the nonsmooth nonlinearity the mini-
mization problem (4] is in general only equivalent to the inclusion

dJ(u*) = VJy(u*) + dp(u*) 30 (4.20)

where O is the set-valued subdifferential of ¢. The application of a classical Newton
method would require 9.J to be differentiable. Since this operator is in general not even
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4 Truncated Nonsmooth Newton Multigrid

single-valued for the present problem class we have to look for a different formulation
of (A.20).

The iteration (AI0) can be regarded as fixed point iteration for the operator I + F
where I is the identity matrix. Instead of looking at the induced iteration we now
consider the operator F for a reformulation of the problem. As long as F satisfies
assumption ([A9) the minimization problem (£I]) and the variational inclusion (Z.20)
are equivalent to

Fu*) =0 (4.21)

for the continuous operator F. This offers the possibility to apply a Newton-type
method to ([2ZI]). Since F¢g and F are even Lipschitz continuous operators a standard
nonsmooth Newton method as introduced in Kummer |79], Pang [85], Qi and Sun [89]
using a generalized Jacobian in the sense of Clarke (see [34]) as linearization for F
could be applied. However, it will not be an easy task in general to compute generalized
derivatives since a classical chain rule does not hold for the considered operators. Thus
we will postulate the chain rule and use it to construct a generalized linearization of
F that will in general not coincide with the generalized Jacobian.

We restrict our considerations regarding linearizations to the case that Jy satisfies
(A6); i.e., the smooth part of J is quadratic. In this case Fgg and F; take the form
({12) and (EI3), respectively. The resulting algorithms will be extended to other
smooth nonlinearities Jy satisfying (A3)) later on.

The derivation of linearizations of f; := (A;(-) + dpi(-))~! : R — R is essential for
the construction of generalized linearizations of Fgg and F;. Thus we investigate the
smoothness of the scalar functionals y; and their piecewise derivatives first.

Lemma 4.2. The limits

o _(x) == lim ¢}(¢), ! _(x) == lim ¢ Vo € (a), a"],
¢ () == lim ¢}(¢), o (x) == lim ¢ Va € a?,ami .
z,+( ) N 1(5) ,+( ) N (5) [ 1 )

exist in R U {—o00,00}.

Proof. The existence of the limits for = € (a¥,a®) and of the limits of ¢/ at the
af is guaranteed by (AS8). We only have to show the existence of the limits of ¢/
for x = a¥. First we note that ¢ is monotone. Furthermore, it is bounded on each
interval (af™',a¥) with k < m; since ¢; cannot be convex on (af~!,a¥*!) otherwise.
Thus lim, Jak ¢ (€) exists and is finite for & < m; and either finite or oo for k = m;.
Limits from above can be shown analogously. O

Note that both one-sided derivatives coincide for x € (af,af“). For x = af with
0 < k < mj either the limits ¢} _(z) and ¢} , () or ¢ () and ¢, (z) do not coincide
due to the maximality of the intervals. While in the latter case a one-sided second
derivative makes sense this is no longer true in the former one since the subdifferential
Oyp; is set-valued in this case. In view of this fact and Lemma we can now give

linearizations of f; in the following way:
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4.2 Truncated Nonsmooth Newton Methods

Lemma 4.3. Each f; is single-valued, monotone and Lipschitz continuous. An element
dfi(x) of the generalized Jacobian in the sense of Clarke Oc fi(x) is given by

Ofi(x) = {0 if 0pi(fi(x)) is set-valued, (4.22)

(A + @ (fi(z))™!  else.

For ¢} we use either the one-sided derivative ¢ _ from below or ¢ from above.
Consequently (Ay + @ (fi(z)))~! is set to zero if at least one one-sided derivative is
infinite.

Proof. Single-valuedness, monotonicity and Lipschitz continuity follow directly from
application of Proposition Il to 24 (-)2 4+ ¢;(). For the derivative we first note
that the preimages Uf = fl-_l(( f,a?“)) are nonempty open intervals by continuity
of f; and strict monotonicity of the maximal monotone operator f;l. Hence f; is

differentiable on Uf with

F@) = (7Y (@) = (Ai+ & (fi@) " €eR VaeUL
Now we consider the preimages

£ (aF) = Auaf + 0pi(af)

(2

of af. If Opi(aF) is set-valued then f;!(a¥) is a non-trivial interval on which f; is
constant. Hence we have 0 = f/ in the interior and 0 € Jf; on the closure of the
interval. If Bcpi(af) is single-valued then fl-_l(af“') is a single point. Since R decomposes
into the previously mentioned preimages, elements of the generalized Jacobian at the
finite number of isolated points f; !(a¥) can be given as limits of the derivatives in the
sets UF which are zero if ¢! is infinite. O

If we want to derive generalized linearizations of Fgg and F; from derivatives of f;,
so-called truncated matrices appear naturally. In order to ease the handling of such
matrices we introduce the following notation for truncated matrices and vectors. Some
useful properties of such matrices and of the Moore—Penrose pseudoinverse

M* = lm(MTM + D) M7 (4.23)

e—0

are collected in Section of the appendix.

Definition 4.2. Let Z,J C N be index sets, x € R™ a vector, and M € R™" a matriz.
Then define the truncated matriz Mz, 7 € R™™ and the truncated vector xz € R™ by

0 else.

M;; ifieZ andje J, x; ifi €T,
(1) =
0 else,

(MIJ)Z‘]' = {

Furthermore, define the abbreviation Mz := Mz 1.
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4 Truncated Nonsmooth Newton Multigrid

Having derivatives for f; we are ready to construct linearizations of Fgg and Fj. To
this end let 2 € R” and y = Fgg(x). Starting from [AI2) we get

Fas(x) = (D +9p)~" (b —(R+ L)z — Lfcs(fﬂ)) — .
Assuming a chain rule we can now define a generalized linearization of Fgg by
OFgs(x) = 8((D + &p)—l) (b —(R+ L) — Lf(;s(m)) <—(R v L) - Last(m)) s

Since the i-th component of (D + d¢)~! is just f; we can plug in the derivatives of f;
at 7, = (b— (R+ L)z — LFgs(z)); to get

OFgs(x) = diag(0fi(rs)) <_(R +1L) - La}—GS(x)>I’(m+y) -1

Now fi(r;) = x; + y; and the representation of the Moore—Penrose pseudoinverse in
Lemma [A_F] yield

OFas(@) = (D +¢"(x+ y)>+

T/ (a+y) (_(R +1L) - LafGS(fﬂ)) —1

with the index set of inactive components given by
Z(v) := {i: Opi(v;) is single-valued} , (4.24)
I'(v) == {i € T(v) : max{p] _(v;), ]  (vi)} < o0} (4.25)
While multiplication from the left by Iy z/(;4,) implies
OFGs(T)NT (@4y),N = INT/ (@+y) (4.26)

multiplication by D + ¢" (2 + y)7/(z4) provides

(D+¢"(z+ y))I'(ery) (0Fgs(x) +1) = (_R — L(0Fgs(x) + I))I/(ery),N

which is equivalent to

(D + L+ (p/l(x + y))I’(ﬂc-i-y),N (8}"05(35) + I) = _RI’(x-i-y)

and hence
/! +
OFGs(T) 1 (z4y) N = — (D +L+¢"(z+ y)) Doty J@ry) I @ty)
+
= - (D +L+¢"(z+ y)) Doy T E @) ~ @ty

Together with (A26]) we get

Jr
=—|\D+L ! / —I. 4.2
OFas(x) ( +L+¢"(z+ ?/))I,(Hy) Rs(p4y) (4.27)
Using the same arguments we can derive
+
0 =—(D ! L+ R)p — 1. 4.28
File)i==(Dt ¢ +0)), (L4 Rzeny (4:28)
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4.2 Truncated Nonsmooth Newton Methods

4.2.4 Nonsmooth Newton Methods for Nonlinear Smoothers
Now we want to apply Newton-type methods
uw’t = — Hw”) L Fu) (4.29)

for the iterative solution of (A21]). Unfortunately the linearizations dFggs and 0F
incorporate inverse matrices and are not positive semidefinite although the original
problem is convex. To overcome this drawback we now present a reformulation in
terms of minimization algorithms for the energy J. This has also the advantage that
it provides a natural way to globalize the methods.

Lemma 4.4. Assume that Jy and ¢ satisfy (AG) and (A8), respectively. Then the
derivative of J restricted to the smooth components given by

VIW) ) == (Voo + &)Wy = (Ay — b+ ¢ (1)1

satisfies

VI (2 + Fas (@)1 o+ Fas (@) = Br @+ Fos @) Fas (@),
VI(@ + Fi(@) 1 (04 Fy(2)) = (L + R) 1 (aq-Fy (2)) F ().

Proof. (£12) and ({I3) yield

(D + L+ 9¢)(x+ Fas(z)) 2b— Rz,
(D +0p)(x+ Fj(x)) 2b— (L + R)x.

Adding RFgs(x) — b and (L 4+ R)F(z) — b to these equations we get

(VJo + 0¢)(z + Fas(z)) > RFas(z),
(VJo+ 0¢)(x + Fy(x)) o (L+ R)Fy(x).

Restriction to the inactive sets provides the assertion. ]

Theorem 4.4. Let F = Fgs or F = Fy. If H(u") = 0F(u”) is used in a nonsmooth
Newton step ([A29]) the resulting iteration can be equivalently rewritten as the following
two-stage method

Wt =¥ 4 F(u”), (4.30)
Wt =t 4w te), (4.31)

with the linear correction operator

C(v) :==— (A + cp”(v)) ' VJ(0) 1) (4.32)

7/(v)
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4 Truncated Nonsmooth Newton Multigrid

Proof. We give the proof for F = Fgg. For simplicity define v = u’ta by (£30).
Inserting 0Fgg in the equation for the Newton correction we get

+
|:(D + L+ SD/I(U))I’(U)RI/(U) + I:| (ul’+1 _ uV) = ]:(ul/)

and hence

v+1 v+1

(W = vz = W =)z — F )z = 0= C(v)mz (v)-

Furthermore, we have

Ry (ut —u?) = (D + L+ gO"(v))I/(v) (v —u’th).

Adding Rz (v — u” +1) and using Lemma 4] we get

VI@)z) = RrwF ) = (A+¢' W), (0w

and finally

(W gy = —(A+¢"@)

VJU /U:CU (v) -
- (V)zw) = C(V) ()

Thus we have shown u**! —v = C(v).
The proof for F = F; is obtained by replacing L by 0 and R by L + R, respectively.
O

The reformulation of the nonsmooth Newton method in Theorem [£.4] has the advan-
tage that the linear subproblem to be solved in each iteration step has a much nicer
structure. The matrix (A + gp”(v))z,(v) is symmetric and, due to convexity of J and
truncation, positive semidefinite. Furthermore, its kernel is known since it is spanned
by the Euclidean unit vectors e; with ¢ ¢ Z’(v). By symmetry the matrix is even
positive definite on its range which is just the reduced subspace

Vrr(v) = span{e; : i € T'(v)} (4.33)

obtained by omitting the rows and columns with indices ¢ ¢ Z’(v). Thus common iter-
ative methods like the preconditioned conjugate gradient method or multigrid methods
can be applied for the iterative solution of (4.32).

Remark 4.1. While VJ(U)I/(U) is the gradient of J reduced to the subspace Vr:(,) where
it is differentiable, the matriz (A + ¢"(v))z(, represents a linearization of VJ(v)1 ()
and thus a reduced Hessian of J on this subspace. Hence ([A30) and [A31) can also be
regarded as subsequent application of the nonlinear smoother on the whole space and a

Newton step on the reduced space VI’(u”%)'
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Remark 4.2. For twice continuously differentiable ¢ the matriz in (£32) reduces to
the Hessian of J at w’*2. In case of a nonquadratic Jy the application of a classical
Newton step also leads to a formulation similar to ([A30) and ([A31)). However, in
this case the matriz in (£32) does not contain the Hessian of J. It contains a matriz

consisting of the second partial derivatives of J at u” above and at u’*2 on and below
the diagonal.

In light of Remarks E1] and we can generalize the method to other smooth
nonlinearities. Assume that (A3]), (A8), and (A4) are satisfied. Then we define the

reduced gradient and the reduced Hessian of J at v on the subspace V7 for an index
set J € Z'(v) by

V() = (VJO(U)—i—cp'(v))J, 82 (v) = <62J0(v)—|—cp"(v))J. (4.34)

Now (£32)) can be generalized by defining

C(U) = —<82J(U)I/(U)>+VJ(U)I/(U). (4.35)

Note that this is not equivalent to the application of classical Newton method for twice
continuously differentiable J (see Remark [£.2)) since we use the more recent information
of u’*2 even on and below the diagonal.

Even though the linearization of V.J in (@34) is restricted to components where
¢ is locally smooth the second derivatives ¢! might get very large leading to arbi-
trarily ill-conditioned linear systems. This effect appears additionally to a possible
ill-conditioning of 92.Jy(v) resulting from a discretized differential operator. If the lin-
ear systems are solved iteratively this will in general lead to a considerable slowdown
even if multigrid methods are applied. Therefore, we restrict the linearization further
to

") :={i € T'(v) : ¢ (v;) < (C)isi}- (4.36)
where C, € R™" is a positive definite diagonal matrix.

Remark 4.3. Replacing I’(u’”r%) by some T' C I’(u”+%) leads to truncated lineariza-
tions 0Fqs and OF; defined analogously to [A27) and (L28), respectively. Theo-

rem [{.4 remains true for H(u*) = 0F (u*) if I’(u”+%) is replaced by the smaller index
set f(u”+% ).

In general we will truncate large second derivatives of ¢ by using large constants C,.
In light of (£27) and (£28) such derivatives would result in small derivatives of Fgg
and F;. Hence the additional truncation essentially means to set small derivatives to
zero for these operators.
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4 Truncated Nonsmooth Newton Multigrid

4.2.5 Convergence Analysis

Now we consider the convergence analysis of the previously presented algorithms.
These algorithms have the considerable advantage that the reformulation in terms
of a smoothing operator allows to apply a Newton-type approach even if this is not
directly possible for the minimization problem. Unfortunately, the algorithms depend
heavily on the selection of the basis. If we are faced with a sequence of problems result-
ing from discretization of a partial differential equation we can in general not expect
grid independent convergence as the following example shows.

Example 4.2. Let S" C H&(—l,l) be the space of linear finite elements on a uni-
form grid with mesh size h = 1/(n + 1) and nodes x; on (—1,1). Discretizing the
minimization problem

1
u= argmin/ (W' (x))?dx (4.37)
veK 0

with K = {v € H}(=1,1) : v > —la.e.} by considering it in the discrete convex set
Kh={veSh: v(x)>-1,i=1,...,n}

leads to a discrete problem of the form (@) satisfying (A6) and (A8) where A is
the usual stiffness matriz. Assume that the nodes x; are ordered such that i < j if
|zi| < |z;|. Now consider the algorithm in Theorem with F = Fgs or F = Fy,
an arbitrary correction C(v) € Vi, the initial value uf) = —1 and hence I'(uf)) = 0.
Since the correction C(v) is restricted to Vri(w) only the application of F can enlarge
T'(u”). But because u” is constant on the set co{x; : i ¢ T'(u”)} only the leftmost and
rightmost nodes of this set might enter T'(u**'). Hence we know u” = —1 on the set

(=14 (v+1)h,1 — (v + 1)h) and thus

v+1
n+1

[w” = w*| = flu”]} = 2 =2

This example shows that finding the exact inactive set Z’'(u*) might take O(n) iter-
ation steps. Furthermore, the linear subproblem as proposed in Theorem [£4] already
provides the exact solution once the correct inactive set Z'(u*) is detected.

In light of this example it will be hopeless to look for mesh-independent convergence
results. Even local convergence results might only cover the region of finite termination.
Having this in mind we now aim at global convergence results incorporating inexact
evaluation of the linear subproblems. With such a result we can still hope that the speed
of the linear subproblem solver dominates at least asymptotically or for reasonable
initial iterates.

Theorem . T gives a general convergence result for the class of algorithms we consider.
However, the corrections C(u”+%) need not be monotone. It is even possible that
they leave dom(J) and hence produce infinite energy. Even for smooth problems,
where these corrections reduce to classical Newton corrections, monotonicity is not
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4.2 Truncated Nonsmooth Newton Methods

guaranteed. A common remedy in classical Newton methods is to apply damping
according to the energy. While it is crucial to select appropriate damping strategies in
the smooth case to preserve properties of the local Newton convergence (see [43|) the
situation is not so clear in the presented nonsmooth case.

Since a local mesh-independent convergence theory is not at hand we need not pre-
serve properties of local Newton methods. Furthermore, we only want to apply damp-
ing to the reduced Newton-type correction C(u” +%) and not to the whole correction
F(u”) + C(u” + F(u”)) to allow the application of Theorem Il Thus we stick to a
damping strategy based on simple energy minimization. A first attempt would be to
replace C(u’“L%) by

p <J, u”+%,0(uv+%)) C(u’*2), (4.38)
With this strategy the damping parameters are a priori bounded from above by
1 1
. . max(dom ¢;) — ulij+2 ) min(dom ¢;) — u;+2
min { minez, - ,min;er_ - (4.39)
Cu"2) Cu"2)

with
T, ={i:Cu*2); >0}, I_={i:Cu*2); <0}

This might enforce arbitrarily small damping parameters leading to slow convergence
if u”*2 almost touches dom(J) even at a single component.

To avoid this problem we introduce a projection before damping is applied. For
x € dom ¢ the orthogonal projection of d into (dom ¢) — x is given by

(Pldom ¢)—zd)i = max {min {d;, max ((dom ;) — x;)} ,min ((dom ¢;) — ;)} .

It does always satisty © + Pgom p)—2d € dom . Now we are ready to state the mod-
ified algorithms. The following global convergence results are a direct consequence of

Theorem (4.1
Corollary 4.3. Assume that (A3), [(A8), and [AJ) are satisfied and that u°® € dom .

Then the sequence u” generated by
Wt =+ Fas(u”), (4.40)
W =wtE P (CtE) + ), (4.41)
with the truncated linear correction
C(w) = —(PIW)zw) VIW)i),

il and damping parameter

the projection P = P
(dom ¢)—u

P’ € p< <J, u”+%,PV <C(u”+%) + e”) ,O)

converges to the unique solution of (&Il for every €. The same is true if Fgs is
replaced by its inexact version Fgs as introduced in Theorem [{.2
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Corollary 4.4. Assume that (A3), (A8), and (AF) are satisfied and that u° € dom .
Then the sequence u” generated by

w'tr =t 4 P Fy(u”), (4.42)
w =t 4 P <C(u"+%) + e”) : (4.43)

with the truncated linear correction
+
C(U) == <82J(U)I”(U)> VJ(’U)I//(U),

vt} and damping parameters

the projection P¥ = P
(dom ¢)—u

1
P € p< (J, u’, Fy(u”), E) , P’ € pe (J, u’”r%’P” (C(u”*%) + 6") ,0)

converges to the unique solution of ([E9) for every €”. The same is true if Fy is replaced
by its inexact version Fj as introduced in Theorem [{.3

4.2.6 Relation to Primal-Dual Active Set Methods

In order to relate the presented algorithm to other active set type methods we assume
the case of a quadratic obstacle problem presented in Example 1] with ¢ = —oc.

A class of well-known algorithms for this problem are primal and primal-dual active
set methods. The primal active set method for obstacle problems was introduced
by Hoppe [65]. The closely related primal-dual active set method was introduced
in Bergounioux et al. [14]. Hintermiiller et al. [64] showed that this method can be
regarded as semismooth Newton method. Since the primal method coincides with
the primal-dual method after the first iteration step |64] we only consider the latter
here using the abbreviation PDAS. It is based on the primal-dual formulation for the
obstacle problem given by

Aut + A = b,
u* <, A* >0, N(u* =) =0

where \* € R" is the Lagrangian multiplier for the inequality constraints. For given
A0 0 and a fixed constant ¢ > 0 the primal dual active set method reads as follows

Ay = {i s M+ e(uf —7;) > 0}, (444)
Auu—i—l + )\V—‘rl — b’
() e R x R™ wtt = ¢ forie A, (4.45)

ML =0 forid A,

After the first iteration this algorithm behaves very similar to the presented algorithm
based on the nonlinear Jacobi iteration.

66



4.2 Truncated Nonsmooth Newton Methods

Theorem 4.5. Let v > 1. Then the PDAS method takes the form
wtr =+ Fi(u), (4.46)
Wt =y te C(u”+%,u”), (4.47)

with the linear correction

Clv,w) =— (A + go”(v))+

VJ) 70w 4.48
Tow) (V) 7 (v,0) (4.48)

and the inactive set
J(w,w) =T () U {i:9; = w; +a;' (b — Aw);} .
Furthermore, the modified PDAS method with A, replaced by
Ay = {i 2 X, + c(uf =) > 0}
coincides with the nonsmooth Newton method in Theorem [{.4] for F = F.
Proof. First we note that the nonlinear Jacobi step can be represented by
F(v); = min {a;il(b — Av)i, Yy — v}

By the assumption v > 1 we have \” = b — Au” and for all i either \; = (b — Au”) or
1; — uf are zero. Hence

i€ A, e [(b— Au); > 0 or g — uf <]
& —ul < (b— Au”);
& [fJ(u”)i = ; —uf and az;' (b — Au”); # ; — ul

1

Si¢ T, =Tz, u").

Now assume that u”*! is defined by equations (Z46) ([@ZT7). Then we have u! ™' =

1 _
e Y, for v € A,. Since u’ts < 1) the left-sided first and second derivatives of ;

%
1
2

u

at ul; are zero. Inserting this in (£47) and multiplying by Az, we get

AI uu+1 — AL,UVJF% 4 (b—Auer%)L,

= <b —(A- AN,IV)UVJF%)I
= bz, — Az, 4,3 = by, — Az, a,u"t!
and hence (Au**! —b)z, = 0. Setting \**! := b— Au’*! we get the equivalence to the
primal-dual active set method. B B )
For the modified method we can similarly get i € A, < i ¢ 7, := Z'(u"*2) and
then use the same proof with A, and Z, replaced by A, and Z,, respectively. O
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4 Truncated Nonsmooth Newton Multigrid

After the first step the only difference between the PDAS method and the nonsmooth
Newton method for F; in Theorem [4.4] is the slightly larger inactive set Z,, compared
to Z,, which also incorporates {z Dy = w; + ai_il(b — Aw)i}. This is the set of all in-
dices for which the solution of the one dimensional constrained quadratic minimization
problem in the nonlinear Jacobi step coincides with the solution of the correspond-
ing unconstrained quadratic problem. This degenerate case will in general only rarely
happen.

Thus Theorem shows that for the case of an unilaterally constrained obstacle
problem the PDAS method and the method in Theorem [£.4] are essentially the same.
Since the presented formulation also incorporates the Gauf—Seidel smoother and other
smooth and nonsmooth nonlinearities Jy and ¢ it can be regarded as a generalization
of the PDAS method.

Currently there are two types of convergence results for the PDAS method. The first
one provides global convergence if A is an M-matrix and if the linear systems are solved
exactly [64, |65]. Since problems arising from adaptive finite element discretizations
do not lead to the M-matrix property in general, this result is rather unsatisfactory.
Furthermore, it can be seen in numerical experiments that global convergence is in
general not preserved for inexact evaluation of the linear systems using e.g. one linear
multigrid step.

The second convergence result relies on a reformulation of the algorithm as semis-
mooth Newton method and the so-called slanting differentiability of the operator ap-
pearing in this formulation |64]. While this does only provide local convergence it offers
the possibility to solve the linear systems inexactly up to a tolerance required by the
surrounding Newton type method. Although the method and this convergence result
can be extended to function spaces |64, 67] e.g. for operators A : L? — L?, this is in
general not possible if A is a differential operator because the Lagrangian multipliers
are only measures in this case. Since the convergence proof for the discrete case does
not give any knowledge on the domain of convergence it is in general not excluded that
u?, \? being in this domain requires

Ao = {i:uj = ;).

However, in this case the problem reduces to a linear problem and one step convergence
is obvious.

Note that the presented formulation also relies on a Newton type method. However,
the convergence analysis is based on energy descent. This allows to globalize the
method using monotonicity arguments for the natural energy J of the problem at hand.
The construction of artificial merit functions is not necessary. This global convergence
theory is still valid in case of inexact evaluation.

4.3 Truncated Nonsmooth Newton Multigrid

It is crucial for an efficient overall algorithm to use a fast method for the inexact
solution of the linear subproblems. In this section we introduce a multigrid method
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for the linear subproblems and discuss the relation of the obtained overall method to
other nonlinear multigrid methods for special cases of the minimization problem (Z1I).

4.3.1 Multigrid Solution of Truncated Linear Problems

Multigrid methods are known to be one of the fastest approaches to solve linear sys-
tems resulting from discretized partial differential equations. Originally these methods
were based on a sequence of discrete problems on a hierarchy of grids |20, 163]. Ad-
ditionally to the grid for the current problem (called fine grid) there are also coarser
grids and corresponding discretizations. One step of a multigrid method applies sev-
eral so-called smoothing steps to the problem on each level. These smoothing steps
are often applications of simple relaxation methods (like the Gauf—Seidel or the Jacobi
method) called smoothers. While the smoother on the fine grid is supposed to reduce
the high frequency parts of the algebraic error the low frequency parts can be resolved
by relaxation on coarser grids.

For symmetric positive semidefinite systems one can also formulate multigrid meth-
ods as subspace correction methods for the associated minimization problems. The
framework of subspace correction methods [111, 113] unifies multigrid and domain de-
composition convergence theory and allows for mesh-independent convergence results
without regularity assumptions on the solution of the underlying partial differential
equation |23, [24].

Our interest is to introduce a multigrid method for truncated linear systems
Azu = bz (4.49)

that appear in the evaluation of the correction C(u” +%) in the algorithms in Corol-
lary and Corollary 4] in the previous section. While solutions of this system are
only unique in the components i € Z, we originally aim at the computation of u = A'IF br
and thus consider u € {y € R" : v; = 0Vu € Z} only.

In order to introduce a multigrid method for this problem class we first recall the

basic ingredients for a subspace correction formulation of a linear multigrid method for
an untruncated problem

ueVi: a(u,v) = I(v) Yo € V7 (4.50)

in a finite-dimensional space V7 with a symmetric positive define bilinear form a and
I € (V7). Note that this can be written as Az = b (without truncation) where x, A, b
represent u,a,l, respectively, with respect to a basis. Now let V0 C .- C V7 be a
sequence of nested subspaces of V7 and by, : V¥ x V¥ — R an approximation of a on
V*. Then one step of the successive subspace correction method for a given iterate u”
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is defined by

r=1—au”,-),

for k=34,...,0:
solve v* € V¥ . b (%, v) = rF(v) Yo e VE,
itk>0:
rE=l =k — a0k, ),

ul/Jrl -’ + ka
k=

Now assume that a basis of V* is given by
vk :span{)\’f,...,)\ﬁk}, ni = dim V¥,
Then the natural embedding of V¥ in V**1 by the identity is represented by the transfer
operators T}, satisfying
Nk+1
T), € RM+17% =D (Tmidy Vi=1,...
m=1

in the sense that they satisfy

D = 79 (F)
for two representations v*) € R™ and v**t1) € R™+1 of some v € V¥ with respect to
the bases in V¥ and VFt1 5 V¥ respectively. Note that for &' > k the representation
of the basis functions in V¥ with respect to the basis in V¥ is given by

Nyt

A= Ty Ty M (4.51)

m=1

From now on we identify all vectors in the spaces V7, ..., V? with suitable represen-
tations in R™, ... R"™ with respect to the given bases again. Then we can reformulate
the multigrid method in algebraic form using the transfer operators:

A; = A,
r=b-— Aju”,
for k=j4,...,0:
oF — Bk_lrk,
ifk>0:
rEl = T | <rk — Akvk> )

Apy =T ATy,

J
UV+1 =u’ + Z (T’j—l .. Tk) ?}k.

=
Il
o
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Here A;, and By, denote the representations of a and by, with respect to the basis in V.

Remark 4.4. If the minimization problem results from a partial differential equation
discretized in the first-order finite element space

vj:3<£(7'0,...,7;))

on the leaf grid L(To,...,T;) of a grid hierarchy (To,...,T;), then by Corollary[31 a

natural hierarchy of subspaces and corresponding bases is given by
vh = 5(5(%,...,7@)), (5, Y= B(L(%,...,E)).

This hierarchy was used by Bramble et al. [22] for a parallel multigrid preconditioner.
The resulting multigrid method is denoted “full multigrid”. Note that this is in general
not optimal in the sense that the computational effort is not in O(n;) but only in O(njz)
for strongly local refinement. Yserentant [112] showed that optimal complexity can be
achieved by restricting the corrections to suitable subspaces of V* that do not build a
nested hierarchy themselves.

If we want to use this method for truncated systems (£49]) with A replaced by Az for
varying Z we have to introduce some small modifications. Since the matrix Az is only
positive semidefinite and thus not invertible, the same may happen for the restrictions
Aj. This will in general carry over to the matrices By, if they are constructed in some
way from gk, analogously to By.

For example the Gaufs—Seidel smoother for Zk is given by Ek = ]_N)k + Ek where ]_N)k
and Zk denote the diagonal and left part of gk, respectively. Consequently the inverse
of Ek is replaced by the Moore—Penrose pseudoinverse g,j which coincides with the
inverse if Ek is invertible. The application of E; is equivalent to the subsequent scalar
minimization in the i-th coordinate directions with the exception that the i-th scalar
correction is set to zero if (Dy)i; = 0.

To guarantee that the iterates stay within the set {y € R"™ : v; = 0 Vu € Z} we
introduce a projection Iz of the sum of all corrections leading to the algorithm

Aj = Az = I Alz,
r=br — Zju”,
fork=3j,...,0:
ok = E,jrk,
ifk>0:
AR <rk - gw’“) )
Apoy = TE ATy,
J

UV+1 =u¥ + Z I (7}_1 c.. Tk) ?}k.
k=0
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The above method does not change if the transfer operator T;_; is replaced by
I7T;_1. Hence it can also be interpreted in terms of the truncated subspaces

VE = PVT{V’C = span{PVIj)\f ci=1,...,m} (4.52)

where

. . . X ifiez
Py VI — VI =span{X :i € I}, PVIJ-)\f = {OZ else. ’
is the orthogonal projection to VIj with respect to the Euclidean inner product on
V7. In the light of ([A5]]) the method is a multilevel relaxation in the direction of the
truncated coarse grid functions

nj

Nim = Py, = > (IZTjo1 . T, A (4.53)
=1

Note that these functions only appear implicitly and that their explicit construction is
not necessary.

Remark 4.5. The extension of the above multigrid method to V-cycles and W-cycles
with multiple pre- and post-smoothing is straightforward. If one step of such linear
truncated multigrid method is applied for the inexact solution of each linear subproblem
in the nonsmooth Newton methods in Corollary[{.3 and[{.) an overall nonlinear multi-
grid method is obtained. We call this method “Truncated Nonsmooth Newton Multigrid”
and abbreviate this with TNNMG .

The truncated basis functions have been introduced by Hoppe and Kornhuber [66]
and further analyzed by Kornhuber and Yserentant [77]. In [69] they are used to
accelerate the convergence of the monotone multigrid method for quadratic obstacle
problems. The relation of the TNNMG method to this method will be considered in
Section

4.3.2 Relation to Multilevel Relaxation and Monotone Multigrid

We will now discuss the relation of the nonlinear TNNMG multigrid method introduced
in the previous subsection to other nonlinear multigrid methods. First we concentrate
on the quadratic obstacle problems in Example {1l For a detailed comparison of the
presented algorithms for obstacle problems we refer to Gréser and Kornhuber [58].

Several multilevel methods to solve quadratic obstacle problems are based on the
successive minimization of the energy in the directions given by the so-called multilevel
nodal basis

J

U{)\fevk:izl,...,nk}.

k=0
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As in the previous subsection the successive multilevel minimization algorithms can
be expressed by grouping the directions with respect to their level k if we additionally

. . —k
introduce coarse representations gk , " of the obstacles:

Aj = A,
ri =b— Aju’,
fork=3j4,...,0:
fori=0,...,n%:
i—1
1~)ZI~C = (Ak)z_zl <7“Zk - Z(Ak)zmvrljz> ’
m=1

& . ~k kY Tk
v, = m1n{max{vi ’ﬂ‘ },7/11 }’

A (rk - Akvk> ,
Apoy = T ATy,
J
wt =¥ + Z (Tj_1...Ty) 0"
k=0

For a linear problem without constraints we have vf = @f and this minimization proce-

dure coincides with the multigrid algorithm presented in the previous subsection using
the Gaufsi—Seidel smoother By, = Dy + Lj. In this case the hierarchic formulation allows
for an efficient implementation since all quantities needed to compute the correction
v* are available on the k-th level without considering higher levels besides the initial
restriction of r* and Aj, from the next higher level. Depending on the selection of the
coarse obstacles the latter need no longer be true for the constrained case.

The multilevel relaxation introduced by Mandel [80] uses exact coarse obstacles in
the sense that the minimization of the functional J is done in the whole constraint set
K = dom J for each coarse direction. This can be achieved using the coarse obstacles

defined by
wl?:mm{zeR w’“—i—z(T] 1...T%) fZQ}

m/ (Tj—1... Tg),; :m=1,. }

max

-
= {zeR w2 (T --Tk)efﬁi}
:min{(i/)—w ’)m/(Tj,l...Tk)mi:mzl,...,nj}

where ef is the i-th Euclidean basis vector in R™, (Tj—1...Ty) e its level-j represen-
tation in R™, and w®? is the level-j representation of the intermediate iterate before
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the i-th correction on level k, i.e.,

i—1

J
wht = u’ + Z (ijl---Tm) o™+ (T’J—lTk) Z vfnegb'

In order to compute these obstacles it is necessary to go up to the fine level for the
computation of each scalar correction on all levels. For finite element discretizations
this amounts in the evaluation of the defect obstacles

g _ wk,i, E _ wk,i

on the whole support of )\f for each 4, k. Thus the exact obstacles can only be used at
the price of a higher complexity. Even for a problem resulting from uniform refinement
this leads to O(n;) complexity for the k-th level. While the complexity is suboptimal
the algorithm has been analyzed extensively. Based on a general result by Badea et al.
[6] a polylogarithmic (with respect to the number of levels j) upper bound for the
convergence rate was proved by Badea [3] for essentially uniformly refined grids.

: o . —k
One approach to avoid the complexity issue is to construct coarse obstacles yk, (VS
R"™ such that the coarse constraint sets

Kk:{veR”k :ykgvgik}
are subsets of the defect convex set, i.e.,
(E_lTk)Kk C (K—u”ﬂ (ﬂ_lTk)Rnk),

and build an a priori decomposition of the defect convex set, i.e.,

j
K—u' =) (Tj1...Th) K"
k=0

Tai |[104] derived suitable hierarchic decompositions of K — u” that allow for similar
convergence results as for the multilevel relaxation, while the algorithm has only O(ny)
complexity on the k-th level. Since the a priori decomposition is very pessimistic, nu-
merical examples show that this algorithm is by far slower then the multilevel relaxation
using the optimal obstacles [58].

The monotone multigrid method introduced by Kornhuber [69] tries to overcome the
complexity issue by using monotone restrictions of the defect obstacle that are neither
recomputed for each scalar minimization problem nor completely a priori. Assuming
that (T}); > 0 and >,(T));; = 1 hold true (as it is the case for geometric multigrid)
these restrictions are defined by

Y=g, g = max{@’f“ Y (T i # 0}, k=0,...,5—1,

¢] =1 —u”, @f = min{(@lﬁ_1 — vk+1)m Tk )mi # 0}, k=0,...,5— 1

74



4.3 Truncated Nonsmooth Newton Multigrid

The induced coarse constraint sets
—k
K’f:{veRnk:yfgvg¢ }
are subsets of the defect convex set incorporating all fine level corrections, i.e.,

j
(Ti1...Tp) K* (K—u”— 3 (Tj_l...Tm)vmm(Tj_l...Tk)R"k),
m=k+1

While this simplification allows to retain O(ng) complexity on the k-th level, only
asymptotic bounds on the convergence rate are known [69]. In practice this algorithm
shows almost the same convergence rates as the multilevel relaxation with optimal
obstacles [58].

For non-degenerate problems the above algorithms satisfy
frw =g} =ficui=w),  low =T} ={isu =B, W>w

for some finite iteration step rg. From this moment on the multilevel relaxation as
well as the monotone multigrid method reduce to linear multigrid methods for a linear
problem restricted to all inactive components. However, their convergence will in
general be much slower than for a similar problem without constraints. The main
reason is that all coarse directions containing active components cannot contribute to
corrections since this would violate the constraints.

In order to accelerate the method the use of truncated coarse grid functions was
suggested by Hoppe and Kornhuber [66], Kornhuber [69]. For the truncated monotone
multigrid method the current inactive set after the application of the fine grid smoother

is defined by
T, ={i:u’ +v7}.

The only difference to the untruncated version is that the transfer operator 7;_; is
replaced by the truncated version Z,T;_; and that ﬁf is set to zero if (Ag); is zero.
As noted in the previous subsection this is equivalent to replacing the standard coarse
grid functions by their truncated versions defined in (£53). Similar to the standard
monotone multigrid method this algorithm degenerates to a linear multigrid method
with truncated basis functions. The convergence rates of such linear methods were
analyzed by Kornhuber and Yserentant |77] and carry over to asymptotic rates for the
truncated monotone multigrid method |72]. By the same arguments as in Section
one can, however, not expect global mesh-independent convergence.

Now we compare the truncated monotone multigrid method (TMMG) with the
TNNMG method with nonlinear Gauf—Seidel smoother. Remember that the latter
is obtained if a linear multigrid step with truncated basis functions is applied to the
linear subproblems in the algorithm in Corollary 3l First we note that the nonlinear
smoothing step and the selected inactive set in the TNNMG method coincides with the

75



4 Truncated Nonsmooth Newton Multigrid

nonlinear fine level smoothing and the inactive set in the TMMG method, respectively,
ie.,

Wt = + Fas(u’) =u” + 7, I”(u”+%) =7,.

Furthermore, the TMMG method ensured feasibility and monotonicity of all inter-
mediate iterates by using coarse grid obstacles while the TNNMG method allows the
violation for intermediate iterates and ensures feasibility and monotonicity by a pro-
jection and subsequent line search of the whole coarse correction. The only further
difference is that the TNNMG method does also apply a linear fine grid smoother.

This close relation can also be seen numerically. For many problems both meth-
ods behave almost the same [58| despite the fact that the line search in the TNNMG
method often leads to an overrelaxation that accelerates convergence. In special cases,
where the monotone projection leads to very restrictive coarse obstacles (e.g. contact
problems in elasticity with complicated domains), the TNNMG method clearly out-
performs the TMMG method (see |62]). Another advantage of the TNNMG method
is that it does only need a linear multigrid method. Thus the extension to W-cycles
and the usage of other smoothers is straight forward.

Remark 4.6. For a quadratic energy Jo and other choices of ¢ the TNNMG method is
closely related to the constraint Newton linearization method introduced by Kornhuber
[15]. This method also relies on a nonlinear Gaufi—Seidel smoother on the finest level
and a Newton-type coarse grid correction. The coarse correction is based on essentially
the same truncated linearization.

In contrast to the projection used in the TNNMG method, feasibility of the coarse
correction is guaranteed by coarse obstacles that restrict the correction to a region where
@ is smooth. The obtained quadratic obstacle problems are solved approximately using
one step of the truncated monotone multigrid method.

Monotonicity of the coarse correction is ensured by a priori computed local damping
parameters for each coarse grid basis function instead of a global line search used by
the TNNMG method for the whole correction.
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5 Schur Nonsmooth Newton Methods
for Set-Valued Saddle Point Problems

While the problems considered in the previous chapter only incorporate local com-
ponentwise constraints we now consider additional global linear constraints. Such
problems can be written as saddle point problems with Lagrangian multipliers for the
linear constraints. Since the energy is still allowed to contain nonsmooth nonlinearities
these saddle point problems will in general be inclusions for set-valued operators. This
chapter is dedicated to the development of an efficient algebraic solver for this problem
class.

We start by introducing the saddle point problem and derive a dual minimization
problem whose optimality system is a nonlinear Schur complement equation. Then
we present and analyze descent algorithms for the dual problem including inexact ver-
sions. In order to accelerate these methods we derive generalized linearizations for the
nonlinear Schur complement that can be used in a Newton-type versions of the descent
algorithms. Finally we discuss the convergence properties and some computational
aspects of the obtained Schur Nonsmooth Newton method and its relation to other
algorithms for certain special cases of the considered problem class.

5.1 Nonsmooth Convex Minimization Problems with
Linear Constraints

Throughout this chapter we consider the nonlinear saddle point problem

u € R", w* e R™: <g f;) <:;i> > <§> , (5.1)

where B, C are suitable matrices, and the set-valued operator F' = 0J is the subdif-
ferential of a strictly convex functional J : R” — RU {oo}. If not stated otherwise J
is assumed to be of the form J = Jy + ¢ : R — R U {oo} as introduced in Chapter @
with Jy and ¢ satisfying (AZ) and (AS)), respectively. Furthermore, we assume:

(A10) B € R™" f € R and g € R™. C € R™™ is symmetric and positive
semidefinite.

(A11) The saddle point problem (5] has a unique solution.

For C' = 0 this problem is equivalent to the minimization of J — (f,-) subject to the
linear constraint Bu = g. We are interested in the fast solution of this class of prob-
lems. Classical Newton linearization (see, e.g., Deuflhard [43], [83,1102]) can in general
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not be used because of possible nonsmoothness of the nonlinearity . For example,
Problem B.I8 and Problem B.I9 obtained in Chapter Bl for discretized Cahn—Hilliard
equations contain the logarithmic potential that degenerates rapidly to an indicator
functional if the temperature goes to zero. Although this potential is differentiable
inside of (—1,1) its limiting properties make it de facto nonsmooth for small tempera-
tures. On the other hand primal [65] and primal-dual [14, |64] active set methods are
restricted to special cases where the nonlinearity is related to inequality constraints.
Furthermore, they do not use the inherent convex structure to achieve global con-
vergence. Monotone multigrid methods for obstacle problems [69], their extension by
constrained Newton linearization to nonsmooth nonlinear problems |71, (74, 75|, and
the TNNMG method derived in the previous chapter are known to be efficient globally
convergent methods. However, they cannot deal with the linear constraints in the given
saddle point problems.

Before we develop a new method for the efficient iterative solution of this problem
class we derive an equivalent dual minimization problem.

Proposition 5.1. Let J : R® — RU{oo} be a strictly convex, proper and lower
semicontinuous function whose subdifferential F' = 0J has a single-valued Lipschitz
continuous inverse F~1. Furthermore, assume that (A10) and (A1) are true. Then
the saddle point problem (B.)) is equivalent to

w* e R™: Hw")=0 (5.2)
with the Lipschitz continuous, monotone operator H : R™ — R™ given by
Hw)=-BF Yf-BTw)+Cw+g, weR™. (5.3)

Proof. Due to the properties of J and F' straightforward block elimination in (51
provides the equivalence. Since H consists of a sum and a composition of F~! with
affine functions the Lipschitz continuity follows directly from the Lipschitz continuity
of F~1.

The convexity of J implies the monotonicity of F~!. In combination with the non-
negativity of C' we get

(w1 — wa, H(wy) — H(ws))
= ((f = B"w1) = (f = BTwy), F~'(f — BTwy1) — F'(f — BTwy))
+ <C(U)1 — wg),wl — w2> Z O, (5.4)

yielding monotonicity of H. O

The operator H can be regarded as a nonlinear Schur complement. For a linear saddle
point problem with F' = A for some symmetric positive definite matrix A it reduces
to H(w) = (BA™'BT + CYw + (9 — BA™'f). The part BA™'BT of this operator is
the usual linear Schur complement. In contrast to the linear case, the right hand side
f cannot be separated from the part depending on w in general. Note that although
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5.1 Nonsmooth Convex Minimization Problems with Linear Constraints

the saddle point problem is set-valued, the operator H is single-valued, because F~! =
(O¢p)~! is single-valued or, equivalently, the minimization of J(x) — (y, ) on R admits
a unique solution.

Theorem 5.1. Under the assumptions of Proposition [51 there is a Fréchet-differen-
tiable, conver functional h : R™ — R with the property Vh = H and the representation

h(w) = —L(F7Y(f — BTw),w), weR™, (5.5)
where

L) = T() ~ (Fu) + {Bu— g.) — 3 (Cw,w)

denotes the Lagrange functional associated with the saddle point problem (B.1]).
Proof. By |49, Corollary 5.2, p. 22| the polar (or conjugate) functional

J(y) = fellﬂgl(@,@ —J(@)) = - inf (J(z) - {y,2))

of J is convex and has the property 8J* = (9J)~! = F~L. Since F'~!y is single-valued
for all y € R™ its polar J* can take only finite values and the domain of the polar is
R™. Thus J* is continuous on the whole space R™ by [49, Corollary 2.3, p. 12].

By |49, Proposition 5.3, p. 23] finiteness and continuity of J*, and single-valuedness
of 0J* imply Gateaux-differentiability of J*. The continuity of 9J* = F~! implies
that J* is even Fréchet-differentiable with V.J* = F~1. Setting

h(w) = J*(f — BTw) + % (Cw,w) + (g, w) (5.6)

we immediately get Vh = H using the chain rule. Convexity of h directly follows from
convexity of J*, and symmetry and positivity of C. Finally, inserting

J(y) == (JF ) = (v, F ()
with y = f — BTw into (5.8) gives (5.5). O

As immediate consequence of Proposition 5. Iland Theorem B Tlwe get the equivalence
of (B.J)) to an unconstrained dual problem.

Corollary 5.1. The set-valued saddle point problem (B is equivalent to the dual
unconstrained convexr minimization problem

w" e R™: h(w*) < h(w) Yw € R™. (5.7)

By the arguments in the proof of Theorem 5.1 not only A but also h(w) = J*(f —
BTw) + (g, w) is convex. Hence

M\ + (1= A)y) < M) + (1= Nh(y) = A1~ Nglle ol A0 (58)

holds for all x,y € R™, which means that h is strongly convex if C is symmetric and
positive definite. However, the latter need not be the case, and A is in general not even
strictly convex so that we have to require uniqueness separately.
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5 Schur Nonsmooth Newton Methods

Figure 5.1: The dual functional A in Example 5.1k Unique minimizer at —g for g > 0
(left), no minimizer for ¢ < 0 (middle), non unique minimizer for g = 0
(right).

Example 5.1. Consider the saddle point problem

. 1+ 8)([0,00) 1 u 0
u,w € R: < 1 NI E g (5.9)

for some g € R. Then the dual functional is given by

1 .
h(w) = §w2—i—gw ?fwg(),
quw if w >0,

and is not strictly convez on (0,00). We have to distinguish three cases (see Figure[5.1):

e For g > 0 the solution of (59) is uniquely given by (u,w) = (g,—g) and thus the
minimizer w = —g of h is also unique.

e For g < 0 the linear constraint does still imply u = g but Ox|[o0)(g) s empty.
Hence there is no solution of (5.9). Conversely h has no minimizer since it is
not bounded from below in this case.

e For g =0 all pairs (u,w) with w = 0 and w > 0 are solutions to (5.9) and all
such w minimize h.

Corollary 5.1 offers the possibility to treat the nonsmooth saddle point problem
(5I) as a smooth unconstrained minimization problem or as an operator equation
with a Lipschitz continuous monotone operator. This simplification comes at the price
of the fact that the functional h and the operator H = Vh might be expensive to
evaluate, since both involve the evaluation of F~! = (8J)~! and thus the solution of
an unconstrained minimization problem for the nonsmooth functional J.

5.2 Descent Methods for the Dual Problem

Once we have reformulated the saddle point problem (5.I) as the dual minimization
problem (B5.7)), descent methods for unconstrained minimization of differentiable func-
tionals can be applied.
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Since the operator F~! involved in h and H = Vh is in general not directly available,
it is complicated and expensive to use iterative methods based on local properties or
substeps as e.g. the Gauf—Seidel or Jacobi method for the solution of (5.7). For
this reason we consider so-called gradient-related algorithms based on global descent
directions. Although there are numerous basic convergence proofs (see, e.g., the classic
text book by Ortega and Rheinboldt |83]) for this class of methods none of them can
be applied directly to our setting. Thus we extend the results in a way fitting in the
presented framework.

Throughout this section we assume that h : R”™ — R is a continuously differentiable
convex function having a unique minimizer w* and a Lipschitz continuous derivative

Vh.
The results are presented in terms of the norm |||,

lzll3 = (Mz,2) ,  zeR™,

induced by a symmetric positive definite matrix M € R"™™. Elements z’ of the dual
space (R™)" will be represented as ' = (z,-) with suitable x € R™. In view of

_1 1
2" ()| = [z, w) | < IM2af[[[M 2yl = 2l g [yl

the dual space (R™, ||-||,,)’ is identified with (R™, ||-||1;-1)-
Gradient related descent methods are of the form

w ™t =w” + p,d¥, v=1,... (5.10)

for a given initial iterative w". In each step, first a search direction d” is chosen

according to the current iterate w”. Then, a step size p, is fixed depending on w” and
d’, i.e.,

d" =d(v,w"), pv = pv,w”,d"), v=0,1,... (5.11)
with suitable mappings d and p. It will turn out that monotonicity is again the crucial
property. Having this in mind and in view of the algorithms developed in Chapter @

we consider the extended algorithm

W't = w4 pud”, (5.12)

W't = w4 C(w”+%) (5.13)

with an operator C having the property h(w + C(w)) < h(w).

5.2.1 Convergence Analysis

In order to obtain a convergent method the descent directions should allow for sufficient
descent of h and the step sizes must realize the descent.
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Definition 5.1. The map d : N x R™ — R™ is said to generate descent directions if
for any sequence w¥ C R™ the directions d¥ = d(v,w") satisfy

Vh(w")=0 <<= d"=0, Vv e N (5.14)
and
Vh(w”)#0 = (Vh(w"),d”) <0, Vv € N. (5.15)

If d : N xR™ — R™ generates descent directions we will also call the generated
sequence d” a sequence of descent directions. Although a sequence of descent directions

allows for descent in each iteration step the method might not converge if the directions
s

degenerate in the sense that the angles between d” and Vh(w") tend to 5. Thus we
have to impose a stronger condition than (5.15) to exclude this case.

Definition 5.2. The map d : N x R™ — R™ 4s said to generate gradient-related
directions, if for any sequence w” C R™ the directions d” = d(v,w") satisfy

Vh(w")=0 <<= d’" =0, Vv eN (5.16)
and
—(Vh(w"),d”) = cp [VR(w")l[y-1 [d°]ly, Vv €N (5.17)
with a constant cp > 0 independent of v.

Note that the preconditioned gradients d(v,w”) = —M 'Vh(w") are gradient-
related since (B.I7) is satisfied with equality and c¢p = 1.

Definition 5.3. Let d : N x R™ — R™ generate descent directions. Then p : N X
R™ x R™ — R is said to generate efficient step sizes, if for any sequence w” C R™ and
d¥ = d(v,w") the step sizes p, = p(v,w"”,d") satisfy

h v dl/ 2
h(w” + p,d”) < h(w"”) — cg (%) (5.18)
121 o1
for all v € N such that Vh(w") # 0 with a constant cg > 0 independent of v.

In order to prove convergence it will be necessary to exploit a compactness property
provided by the following lemma.

Lemma 5.1. The sublevel set {w € R™ : h(w) < C} is compact for every C > h(w*).

Proof. Continuity of h implies that the set is closed. Assume that Sp<. = {w €
R™ : h(w) < ¢} is not bounded for some ¢ > h(w*). Then there exists a sequence
(w*) C Sh<h(woy With the property |wk — w*|| > k. We define the bounded sequence

W = w* + (W — w*)/|w* — w*|
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5.2 Descent Methods for the Dual Problem

contained in the unit sphere with center w*. Compactness guarantees the existence of
a convergent subsequence w* . By continuity and convexity of h it satisfies

lim A(@") < lim &k h(w) + (1 -k Hh(w®) = h(w*).

Jj—00 Jj—00 J
Finally uniqueness of w* implies @* — w* contradicting ||@% — w*|| = 1. O

Lemma 5.2. Let w” € R™ be a sequence such that Vh(w”) — 0 and h(w”) < C hold
for some C > h(w*) . Then w” converges to w*.

Proof. By Lemmal[b.Ilthe set S = {w € R™ : h(w) < C} is compact. As a consequence,
there is a convergent subsequence of w”.

Now let w”* — w*™* be any convergent subsequence with the limit w** € R™. Then
the continuity of Vh provides Vh(w”) — Vh(w**) = 0. Uniqueness of the minimizer
proves the assertion. O

We are now ready to prove that the combination of gradient-related descent direc-
tions and efficient step sizes leads to a globally convergent method. Although this is a
standard result that (with small modifications) can be found in many textbooks (see,
e.g., [53,183,1102]), we give a proof here since these variant do for example not include
the monotone correction C.

Theorem 5.2. Assume that d and p generate gradient-related directions and efficient
step sizes, respectively. Then the iterates w” generated by (B.11)), (BI12), and (BI3)
converge to w* for an arbitrary initial iterate w® € R™.

Proof. Combining the properties of d” = d(v,w"), p, = p(v,w"”,d"), and C we get
h(w”) — h(w’™t) > h(w”) — h(w’”r%) > csch HVh(w”)Hﬁu_l Vv eN. (5.19)

Since h has a global minimizer, the sequence h(w") is bounded from below and, by
(519), monotonically decreasing. Hence, h(w”) converges to some h* € R and (5.19)
implies

IVh(w”)||5,-1 = 0. (5.20)

Together with h(w”) < h(w") this allows to apply Lemma which proves the asser-
tion. O

Under the stronger assumption that h is strongly convex, i.e., if there is a p > 0
such that

A + (1= A)y) < Mh(e) + (1= Vh(y) - ML=V le =yl vre(o1]

we get R-linear convergence. The following results of Lemma [5.3] and Theorem [5.3] can
even be extended to infinite-dimensional problems without additional assumptions.
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Lemma 5.3. Let h be strongly convex with a constant pu > 0. Then the following
estimates holds

1
% ||lw — w*H?\/[ < h(w) — h(w*) < ﬂ HVh('LU)H?w—I Yw € R™. (5.21)
Proof. By Lemma [A.T]in the appendix strong convexity implies
h@) = hiy) = (Vh(y),e =) + 5 lle —yll},  Ve,y eR™

Inserting x = w and y = w* gives the left inequality while inserting x = w* and y = w
together with Young’s inequality provides the right one. U

Theorem 5.3. Assume that the conditions of Theorem [2.2 and Lemma are sat-
isfied. Then the iterates w” generated by (G11)), (512), and (GI3) satisfy the error

estimate

uw—wwbs¢%wm%—mwn (5.22)

with ¢ = (1 — 2cgctp) < 1.
Proof. By (B.12)), (513), and the right inequality in (5.21)) we get
0 < h(w”™) — h(w*) < h(w") — h(w*) + h(w’”r%) — h(w")
< h(w"”) = h(w*) = esch [ VA(w")|[ ;-
< (1= esep2p)(h(w”) — h(w")).
Combining this estimate with the left inequality in (5.21)) yields
Elle? = w3y < h(w”) = h(w") < (1 = esch2u)” (h(w®) = h(w")),

which proves the assertion. Note that for w® # w* the estimate implies 0 < 1—cgc%)2u
because h(w”) — h(w*) > 0. O

5.2.2 Inexact Evaluation of Descent Directions

We now consider inexact search directions d” obtained if the exact evaluation d¥ =
d(v,w") is replaced by some approximation

d’ = dv,w") = d(v,w"). (5.23)

Proposition 5.2. Let d generate gradient-related directions that satisfy (BIT) with
the constant cp, and let d generate descent directions. Assume that there is a constant
¢ < ¢p/2 such that the approzimations i CZ(V, w”) satisfy at least one of the accuracy
conditions

& — & ||y < c||d”|lm Vv €N, (5.24)
& — & ||y < cl|d’|lm Vv €N, (5.25)

for all sequences w”. Then the approzimation d does also generate gradient-related
directions that satisfy (5.17) with the constant ép = c¢p —2¢ > 0.
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5.2 Descent Methods for the Dual Problem

Proof. Let w” C R™. Then the vectors d¥ = d(v,w") satisfy (B.16) and (BI7). We
have to prove a similar estimate for the approximations d’. For d” = 0 this is trivial.
For d” # 0 we instantly get Vh(w”) # 0 and thus d” # 0. In this case elementary
calculations involving the Cauchy—Schwarz inequality and the triangle inequality yield

) @ _d \| =@y
IVR(w?) || a1 ld”][ar - [|d|| s

1d” |1
From ||d” — d”||ar/||d” || s < ¢ < ep/2 we get

—(Vh(w),d") = ep|[Th(w) |y | lar

with ¢p = ¢p —2¢ > 0. The proof for the second accuracy condition (5:25)) uses exactly
the same arguments with ||d” — d”||as/||d” || s replaced by ||[d” — d”||ar/||d¥ || ar- O

Since the constant c¢p needed to check the accuracy conditions in Proposition
with ¢ < ¢p/2 is in general not known, we replace them by the asymptotic criteria

i M:Q and lim lla” = d”|lar

N — 0, 5.26
v5o0 " [ e T e (5.26)

respectively. They imply that the criteria in Proposition with ¢ < ¢p/2 hold
for sufficiently large v with arbitrarily small ¢. To see that the whole sequence d”
is gradient-related assume that (5.24) or (B.25]) is satisfied for v > 1y. Hence by
Proposition 5.2 the estimate (5.17) holds for v > vy with ép. Then it also holds for all
v with the constant

- L (Vh(w"),d") }}
¢p = min< ¢p, min ¢ — v <1 > 0.
{ { IVR(w”) || =1 || 5

Furthermore, the constants 5D,5D in estimate (5.I7) for d” tend to the constant 135
for the exact directions d” in this case.

Remark 5.1. Another approach allows to even use almost arbitrarily inexact evalua-
tion. Having the choice to add a monotone correction C in (5I3) offers the possibility
to change the role of the descent direction according to

1
w2 = w” — p, Vh(w"),
1 el
wvTl = ¥tz +py+%du+2.

Since the directions —Vh(w") are trivially gradient-related we only have to impose
the condition that p, is efficient and that p,.q5 is such that h(w’t1) < h(w”*%).

Then Theorems and [2.3 can be applied without any accuracy condition on dvts.
Convergence is gquaranteed by the leading gradient step.

A possible drawback of this approach is the additional computational effort. It amounts
to the evaluation of —Vh(w") and the computation of the second damping parameter
Pus1/2- The later can be less expensive then the computation of p, since it only has to
provide monotonicity. However, if the evaluation of F~1 is expensive it might still be
too costly.
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5.2.3 Step Size Rules

There is a multitude of algorithms for the selection of efficient step sizes available from
textbooks and surveys like [43, 182, 183, 87]. Since it is probably the most common
we present the step size rule by Armijo [4] (see also [43, 83]) which tracks the actual
decrease of the functional h. Furthermore, we show that the inexact evaluation of
the so-called “exact step sizes”, e.g. by bisection, also leads to efficient step sizes.
This approach relies on the derivatives of h instead of its values. Finally we prove
convergence for the sequence obtained if the step rule is adaptively switched on and
off in each step using a simple criterion depending on d” only.

Both step size rules consider the function i only along the line spanned by the current
iterate w” and the descent direction d”. Thus we define the scalar, convex function
¥ :[0,00) = R by

P(r) = h(w” +rd”).
Note that its derivative
Y (r) = (Vh(w” + rd”),d")

is Lipschitz continuous with Lipschitz constant L ||d”||3; where L denotes the Lipschitz
constant of Vh, i.e.,

|Vh(v) = Vh(w)| -1 < Llv—w||,, Vo,w e R™ . (5.27)

In order to define the Armijo step sizes consider a fixed parameter § € (0,1). Then
a step size r > 0 is called “admissible” if

h(w” +rd”) < h(w”) +ré (Vh(w"),d") (5.28)
is satisfied.

Proposition 5.3. Let d: N x R™ — R™ generate descent directions. For a sequence
w” C R™ and directions d¥ = d(v,w") assume that fized parameters o > 0 and 6,5 €
(0,1) and a sequence o, with

(Vh(w”),d”)
ld” 13,

| Z

s given. Then the Armijo rule defined by
p(v,w”,d”) ;= max {r = a,B’ :r admissible ,j € NU{0}} vd¥ #0  (5.29)

and p(v,w”,0) := 0 generates efficient step sizes. More precisely the step sizes p, =

p(v,w”,d”) satisfy (BI8) with

cxmsminfas(29)). -
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Proof. Let v € N such that d” # 0. Then ¢/(0) = (Vh(w"),d”) < 0 holds by (&.14)
and (5.I5). The admissibility condition (5.28)) can be rewritten as

p(r) < (0) +r6¢'(0) . (5.31)

The step size p, is well-defined, because the set appearing in (5:29]) is not empty.
Otherwise, we would have

Y(aB7) > (0) + da, By (0)  VjeN,
providing

wl(o) — lim ¢(Oéuﬁj) — 1/}(0)

j—o0 Oéy,Bj

> 6¢'(0)

and, as ¢'(0) < 0, the contradiction § > 1.
For the proof of (5.I8) we have to distinguish two cases. If p, = o, i.e., j = 0, then
the estimate

¥'(0) \?
Hd"HM>

holds trivially by (5:29). Now let p, = a,, 3/ with j > 0. Then

B(py) < (0) — ba (

v (%) > 0(0) + 820/0)

and thus for some ¢ € [0, 1]

Pv 1 [ Pv Pv Pv 1
S (5) =0 (%) - 00 > %0
B < B B © g ©
In combination with the Lipschitz continuity (5.27) this leads to

- 8) < (s%) () < LR < LI,

so that p, can be estimated by

s -a(158) 4O

lal3,

Inserting this estimate into (5.31]), we finally get

¥(p) < 00) - 55 (1) <|ffz;(|?1)w>2 |
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Starting with j = 0, efficient step sizes can be computed from (£.29) by a finite
number of tests. While the Armijo rule uses the values of h we will now present a step
size rule using the gradient Vh = H of h which guarantees efficient step sizes p,,.

Proposition 5.4. Let d: N x R™ — R™ generate descent directions. For a sequence
w” C R™ and directions d” = d(v,w"”) assume that a fized parameter € € [0,1) is given.
Then any step rule p that satisfies p, = p(v,w”,d”) > 0 and

<Vh(w” + pud), d”> e [e (Vh(w”),d") 0]

generates efficient step sizes that satisfy (5.I8]) with

1—¢2
DY)

Proof. For d” = 0 the assertion is obvious. Thus let d¥ # 0 and hence ¢'(0) # 0. From
ey’ (0) < 9'(p,) and Lipschitz continuity of ¢’ we get

. (e—1)

0<pyi=———5-9'(0) < p,.
L

Noting that v is decreasing in [0, p,] and using the definition of p, yields

bow) < (B = 0O + [ 9(t) — ¥/(0) dt + 5, (0)

0

< 0(0) + . (L1135 0/0))

=00+ ((F7) v 0 +v0)

= (0) + s (1 . ) ¥ (0)

—vo- (1) (59) ()

Now we can obtain a sequence of efficient step sizes either by computing the first
zero of ¢’ exactly (e = 0) or by approximating it with fixed 0 < e < 1. The latter can
be done for example using the bisection method which requires one evaluation of Vi

O

per bisection step.

Observe that for both step size rules a sequence of evaluations of either h or Vh is
required. In view of Theorem [G.J] this will involve one solution of the minimization
problem associated with F~! per evaluation of h or Vh, which can be very expensive.
In order to mitigate this disadvantage it will be useful to decide a priori if we can
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choose p, = 1 for a given w” and v or if some kind of line search is needed. To this

end let «_1 > 0 and o € (0,1) and define for w”,d” € R™ the sequence

av if [|d¥]|ar < _

. {H lar il llar < oo, (5.3
o, else.

For a step size rule p that generates efficient step sizes we will switch off the step rule
if the norm of the direction decreases by the factor ¢ in the following sense:

1 if [|d¥|| s < o1,
5U:{ if fld”lla < oo (5.33)

p(v,w”,d”) else.

Note that the sequence p, can easily be computed in practice. If ||d”|y < oay—1
is not true, the step size p, is computed using the step size rule p. If the criterion
is satisfied for some v, the step size p,, = 1 is used and the new bound «,, = ||d”|| s
is computed. Thus the criterion for the v-th step is checked with the bound «,_1 =
@' ||ar where v/ is the last iteration step that satisfied the criterion.

It is also possible to simplify the criterion for the selection of g, = 1 to the stronger
criterion

[d”[ar < o min [[d"|[ar,
pu<v

and the convergence proof of the following theorem remains essentially the same.

Theorem 5.4. Assume that d and p generate gradient-related directions and efficient

step sizes, respectively. Furthermore, assume that d(v,v") — 0 implies Vh(v”) — 0

for any sequence v”. If p, is computed by (B.32) and [B33) for some a—q > 0 and
€ (0,1) and d” = d(v,w"), then the iterates w” obtained by

wzﬂr% — wl/ —}—ﬁ,,dy,

wu+1 _ wu+% _{_C(wl/‘i’%)
converge to w* for an arbitrary initial iterate w® € R™.
Proof. Define the set

N ={veNu{o} : ||d|m < oa,_1}

of all iterates where the step size rule is not used. If A is bounded, the sequence w”
converges by Theorem From now on we assume that N = {n <mny <n3 <...}is
unbounded.

For v € N the monotonicity h(w”*!) < h(w") is not guaranteed because no line
search is applied. Hence we have to show boundedness of h(w") by other means. By
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monotonicity of C, convexity of h, and Lipschitz continuity of Vh we get

h(w’+h) < h(wu+§)
< hiw") - < h(w+3), w” _wu+§>
< h(uw”) + < h(w") — Vh(w” %), w” — wu+%> _ <Vh(w1/)’wu _ wu+%>
< h(w ”)+LHw — w3 R, + By (Vh(w”), d)
< h(w”) + Lpg||d” |13

for all v. Together with ||d"||y; < o'a_1 this implies
h(w™ ) < h(w™) + Lo*a?,

for n; € N. Since we have h(w’*1) < h(w¥) for all v ¢ N, we can apply the above
estimate recursively yielding
h(w" ) < h(w™) + Lo*a?,
h(wi- 1+1)+L02z 21
h(w"=1) + Lo?=Ya? | + Lo*a?,

ARV

IN

- < h(w”) 4+ La?, Z o2k
k=1
La?
h(w® it S
(w”) + o2 C

From ||d" |y < o'a_y we know that d" = d(n;,d") — 0 and thus Vh(w™) — 0.
Hence Lemma implies w"” — w* and Wity = w4 dh - w*
Now let w” — w** be any convergent subsequence of w” with vy > 1y and define

my =max{n e N : n<v}.
Again using the monotonicity for v € N we get
h(w*) < h(w*) < - < h(wh+) < h(wheHs) - h(w?)
yielding h(w"') — h(w*) = h(w**). Uniqueness of the minimizer implies w** = w*.
Since this holds for any convergent subsequence, and there is at least one such subse-

quence (namely w") we have shown w” — w*. O

We will see that an important example for directions satisfying the extra assumption
of Theorem [£5.4] is given by

d(v,w”) = =S, 'Vh(w")
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5.3 Derivatives of the Nonlinear Schur Complement

with symmetric positive definite matrices S, that are bounded uniformly from above
and below with respect to v. If such directions are evaluated inexactly one does in
general not know a priori if the inexact directions satisfy

d(v,v") =0 = Vh(w”) — 0.
In this case the following generalization of Theorem [£.4] can be used.

Corollary 5.2. Let d and p satisfy the assumptions of Theorem and let d satisfy
the assumptions of Proposition [5.2 with the accuracy condition (5.24)), i.e.,

& — d”||as < e||d |l Vv € N.

If py is computed by [.32) and [B.33) for some a—1 > 0 and some o € (0,1) with d”
replaced by d” = d(v,w"), then the iterates w” obtained by

1 - ~
wu+§ — w’ +pydu’
1 1
w'tt = vt + C(w"*?2),

converge to w* for an arbitrary initial iterate w® € R™.

Proof. By Proposition [5.2] the directions generated by d are also gradient related. Fur-
thermore, the accuracy condition (5.24]) implies

" Iar < lld” = d”|lar + [|d”|[ar < (1 + c)lld” |[az-

Hence d(v,v”) — 0 implies d(v,v") — 0 and thus Vh(w”). Now Theorem [5.4] can be
applied with d replaced by d. O

The above result does no longer hold if d satisfies the assumptions of Proposition
with the accuracy condition (5.25]) instead of (5:24), i.e.,

d” —d”||a < c|ld”||as Vv eN.
In this case CZ(V, v¥) — 0 does not imply d(v,v”) — 0. Hence we do no longer know if
Vh(w") — 0 is implied.
5.3 Derivatives of the Nonlinear Schur Complement

The convergence speed of gradient-related descent algorithms depends heavily on the
selection of the descent directions d”. If h is C? the directions

d’ = —(V2h(w")) ' Vh(w") (5.34)

lead to a damped Newton method for the operator H = Vh. If H is not differen-
tiable but Lipschitz continuous we want to define directions similar to (5.34)), replacing
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5 Schur Nonsmooth Newton Methods

(V2h(w")) by symmetric positive definite matrices S(w”) € R™"™ that represent gen-
eralized linearizations of H at w".

If not stated otherwise we assume for the rest of this chapter that (AH), (AS),
(AI0) and (AT1Il) are satisfied and that h and H = Vh are given as in Theorem [G.1]
For the special case of a quadratic obstacle problem with additional linear constraint
such linearizations S(w") were introduced by Gréser and Kornhuber |59]. There the
piecewise linearity of H in that case was used. Here we will generalize this approach
using piecewise smoothness of H instead.

5.3.1 Derivatives of F!

Since H is a composition and sum of affine functions with F~! the crucial part in
the derivation of linearizations of H are linearizations of F~!. In order to derive such
linearizations for F~! we first look at the functionals ¢;. Again it will be helpful to
consider the limits ¢} _,¢; . 7 7 from Lemma[L2] which are essentially one-sided
first and second derivatives. In view of Lemma 3] ¢! will again denote one of the
one-sided second derivatives if they do not coincide, and oo if one of them is co.

As in the case of the nonlinear smoothers the linearization of F~! will be defined
piecewise and the components i where ¢; lacks regularity need special care. Thus we
again use the inactive sets

Z(v) := {i : Op;i(v;) is single-valued}
defined in ([£.24). For convenience we also define the corresponding active sets

Aw) ={1,...,n} \ Z(v).

In order to extract a decomposition of R™ into nontrivial subsets where F~! is smooth
we have to distinguish different active configurations. Since the functions ¢; may have
multiple points af where they are not smooth, an active configuration is not completely
determined by the active set itself. To distinguish different configurations we also have
to take the values at the active component into account. The equivalence classes

[c] :={v edomy: A(v) = Alc),v; = ¢; Vi € A(c)}

defined for ¢ € dom ¢ containing all vectors with the same active configuration provide
exactly this distinction. Hence we can address an active configuration by [¢| for one
representative. By definition x and y have the same active configuration if and only if
[x] = [y] and hence the representative is obviously not unique. The set of all possible
active configurations is given by

A = {[c] : ¢ € dom p}.

By Assumption (AS) the set A is finite and dom ¢ can be decomposed according to

dom p = U [c].

[c]eA
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5.3 Derivatives of the Nonlinear Schur Complement

Since F has a single-valued inverse we have dom ¢ D F~!(R") and thus R” = F(dom ¢)
can be decomposed according to

R" = [ F(ld), Fld) = |J Fl@)={y: F'(y) € [}

[c]eA z€lc]

using the images of [c] under F. Note that in general dom¢ > F~!(R") is a real
inclusion and equality does not hold. This is due to the possibility of ¢}(z;) — oo for
z; — a;". In this case F(x) is even empty for all z € dom ¢ with z; = a]"

We will define the linearization of F~! piecewise on sets where the operator is
smooth. Thus we do not only need to handle the active components but also the
smoothness intervals (a?il, a¥) the inactive components are contained in. To this end
it is convenient to first define the set £ of all multi-indices needed to identify these
intervals by

E={neN':1<n <m}.

Now we can define the sets of all vectors corresponding to an active configuration
[c] € A and the open and closed smoothness intervals n € £ by
ey ={zred: € (a?iil,a?i) for i € Z(c)},
el ={x €z € [ a] for i € Z(c)}.
Both sets are (n — |Z(c)|)-dimensional hypercubes. The set [[c]], is in general only a

subset of [c],
position of [¢] in the sense that

[ = J e, =,

neé neé

since dom ¢; may not contain ag and a;"". These sets provide a decom-

Note that these decompositions are not disjoint in general.

If a linearization of F~! is to be defined piecewise it is important that the sets where
it is defined do not degenerate to lower-dimensional objects or, equivalently, that active
configurations are stable in a certain sense. This is provided by the following lemma.

Lemma 5.4. Let [¢] € A with F(c) #0 andn € E. Then

F({[dly) € F([c]y)° C int F([[c]]y) # 0

holds for the open set

-1 ; + in (F~1(y); i c
Fldy)* = {yemc]n):{ AT AtV }

g

Proof. Let [c] € A with F(c) # 0 and n € €. Since dp;(c;) is set-valued for i € A(c),
an element of F([c],)° can easily be constructed, which shows that F'([c],)° # (). Next
we show that F'([c],)° is open.
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5 Schur Nonsmooth Newton Methods

Let y € F([c],)°, z = F~!(y) be fixed and 2’ = F~1(y/) for some y with ||y —¢/[|oc <
e. By (A8) and continuity of F~! we instantly get

T, € (a?iil,a;ﬁ)

and thus A(z') C A(z) if € is small enough.
To show A(z') D A(x) assume that $,I($) is known and fixed. Then x;‘(x) is the
unique solution of

F(xg) +2aw)i 2y Vi€ Ad). (5.35)

By continuity of F~! and V.Jy the residual defined by r(b,v) := b — V.Jy(v) satisfies

Hr(y,m) — r(y',x'z(m) + xA(JC))HOO < max{dist(@Px,i,r(y,m)i) = .A(x)}

for the border 0P, ; of the set P,; = Jp;(z;) if € is small enough. In this case we
have r(y/, x’I(x) + T 4(z)) € int Op;(z;). Hence x;l(w) = T A(y) solves (B.33) which yields
A(z') = A(z). Thus z’ € [¢|, and even more ' € F([c],)°. Since y was arbitrary,
F([c],)° must be open and we have F([c],)° C int F'([[c]],)).

Now let y € F([[c]];) \ F([c]); with z = F~1(y) be fixed. Then it is easy to give a

sequence z¥ € [, with 2% — z. For the sequence
yF = Vo(a") + (y = Vdo(x) + 27) ae) + (90(2")z(0)
with
1 ifie A(c) and (y — VJp(z)); = min 0p;(c;),
ZF = % —1 ifie A(c) and (y — VJo(x)); = max dg;(c;),

0 else
and e small enough we have

(y — Vdo(z) + 2F); € int dp;(c;) if i € A(c),

k kyy. —
(y" = Vdo(z")); = {&pi(xk) if i € Z(c)

and hence zF = F~1(y*) and ¢* € F([c]);- Since V.Jy is continuous and ¢; is continu-

1=t 1) for i € Z(c) we have

ously differentiable on (a," ", a,

y" = Vio(x) + (y — VJo(@)) ) + (02(2))z(0) = ¥,
which proves the assertion. ]
Since [c] decomposes into the sets [[c]],, Lemma [5.4] implies
F([d]) C int F([c]).

While this lemma shows that the sets F'([¢]) do not degenerate it does not give insight
into their structure. The following remark sheds some light on the geometry of these
sets.
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5.3 Derivatives of the Nonlinear Schur Complement
[(ad, a3)]  [(0,a3)] [(a1, a3)] [(0,a3)] [(af,a3)]
N N VS

[(a%’ O)] ~N
[(a(l)’ O)] - - [(ai 0)]
[(0,0)] | [(0,0)]

AV BN
[(ad, a3)]  [(0,a5)] [(a1, a3)] [(0,a5)] [(af, a3)]

Figure 5.2: Decomposition of dom ¢ C R? into the sets [c], c € A C R

Remark 5.2. Define the points where @; is not differentiable by

{a?, ... ,d?i} = {a: dp;(a) is set-valuedy C {a?,... a"}.

[}

Then the configuration [¢] without active component, i.e. A(c) = 0, is clearly given
by the open set

n i n
~k—1 =k ~ki—1 ~k;
[C/]:HU(%’ ,a7) = U H(ai ,a;")
i=1k=1 (K1 yeroskin) i=1
1<k; <my
and a representative is, e.g., given by ¢, = (ad + al). Note that [¢] is the union

of n-dimensional open hypercubes Q, . . k,)- If the arguments of Lemma[5.4] are ap-
plied with the indicator functions of these hypercubes instead of ¢ it can be seen that
VIo(Qky,...k)) C It VIo(Qiy ... k) Hence the images of the hypercubes under V.Jo
do not degenerate in the sense that all points are limits of sequences in their interior.

If at least one component of ¢ is active the set [c] is the union of hypercubes Q with
dimension less then n, and hence no longer open in R™. To be precise the length of these
hypercubes in any direction e; with i € A(c) is zero. However, the set (Op([c])) a(c) is
a hypercube that has nonzero lengths exactly in the directions e; with i € A(c).

Figure and Figure [2.3 show an example of the decomposition of dom ¢ and R?
into the sets [c] € A and F([c]), respectively. For simplicity it is assumed that all a¥
differ from 0, such that c¢; = 0 means that the i-th component is not active. While the
sets [c] are 1-dimensional edges or 0-dimensional vertices if one or two components of
¢ are active, the corresponding images F([c]) of all such sets have a nontrivial interior.
Note that F([c]) has a curved boundary in general but edges parallel to the i-th axis if
ci = ak for some k. For ezample the set F([(0,0)]) of all F(z) such that ¢; is smooth
at x; for all i might have all edges curved. Conversely, the set F([(ai,0)]) of all F(x)
such that the first component is fired to the kink a} (and thus active) has two straight
edges parallel to the first azis. In case of a quadratic function Jy all F([c]), [c] € A,
are (possibly unbounded) parallelepipeds.

95



5 Schur Nonsmooth Newton Methods

F((a, ad))) .
F([(07a%)]) F([(07a2)]) F([(a17a2)])
\ F([(a}. ad))
F([(a9,0))
O o
F a%,()
F((a, ad)))
UCTE)) S

Figure 5.3: Decomposition of R? into the sets F([c]), c € A C R2.

In the following we will derive a generalized linearization of F~! that is defined
piecewise on the sets F'([[c]],). In order to do this we first investigate these sets further
by rewriting F' in terms of a Lipschitz continuous and a diagonal operator.

Lemma 5.5. Let x € dom . Then F can by represented by

F(z) = [(VJo—1I) o (I+0¢) " +1]((I+0d¢)(x)).

=T

The operator T is Lipschitz continuous.

Proof. Iz is the gradient of the convex functional 1| - ||* at z. By Proposition E.I]
the operator I + 0p has a single-valued Lipschitz continuous inverse which yields the
representation of F(z). By Assumption (A3]) the operator V.Jy and thus T is Lipschitz.

O

Lemma 5.6. Let [c] € A with F(c) #0 andn € E. Then

(I +99)([[c]]ly) < Qle,n)

with the nonempty open hypercubes Q(c,n) = [, Q(e,n, i) spanned by the open in-
tervals
¢ + int O, (c;) if i € Ac),

Q(Cﬂ%i) = i—1 i—1 i i if g
(@4 (@ (@) i € T(e)

Proof. We only have to note that I + Oy is strictly and maximal monotone and that
ni—1 i
a" " <a;. O
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5.3 Derivatives of the Nonlinear Schur Complement
Lemma 5.7. Let [c] € A with F(c) # 0 andn € €. Then F([[d],) \ F([c]y)° is a set
of measure zero.

Proof. For i € A(x) the set Op;(z;) is set-valued and convex. Hence its interior is not
empty. This and the fact that (1 + Oy;(x;))~! is single-valued implies

z; = (14 00) L1+ 0¢)(x;) = (1 + d;) "L (1 + int D) ().
Thus we get I = (I + )~ (I + dyp) for
Oii(ai) = {?;a(fffm ii Z i %4((06)).,

For y € F([[c]];)), v = F~1(y), and i € A(c) we especially get

yi € Vo(x)i +int dpi(z;) &y € T(I+ 0p)(x)
with the operator T' of Lemma, Using this and Lemma [5.6] we get

F([c]y)® =T(Q(c,m)), F([[d]]ly) = T(I + 09)([[c]]y) € T(Q(c,m))
and thus
E([lelln) \ F(lcly)® € T(9Q(c, m))- (5.36)

Since 9Q(c, n) is the boundary of an open hypercube, its measure is zero. Together with
the Lipschitz continuity of T this yields that T'(0Q(c,n)) and thus F([[c]],) \ F([c];)°
has also measure zero (see, e.g., [110, Lemma 2.3|). O

The decomposition of R™ suggests to define linearizations of F~! on each set F([c],)
or F([[c]],) separately. However, this is not completely straightforward due to possibly
unbounded derivatives at the boundaries of these sets. In view of Lemma [5.4] we thus
first derive linearizations on the open subsets F'([c],)°.

Consider the operator F'~1 on the set F([[c]],) for some fixed [c] € A with F(c) # 0
and 1 € £. On this set = F~ly is equivalent to

T A(e) = CAc) and F(cawe) + T1(0)2(c) = Yz(c)- (5.37)

::Gc($I(c))

Note that this is a real equation and not only an inclusion because the restriction of
F' to the components ¢ € 7 is single-valued. The operator G, is the restriction of
F to the inactive components in the configuration [[c]],. Equation (5.37) for zz() is
equivalent to the restriction of the minimization problem associated with F' to these
components. Since the smooth part of G, which incorporates V.Jy, also satisfies the
strong convexity ([3) for u,v € Vz) = {z € R" : ¥ = x1(,) }, the operator

G : (Wn —CA@) — F([[Cﬂn) N Vz(e)
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is invertible and F~! can be written as

F N y) = G, (yz(e) + ca- (5.38)

By definition of the set F'([c],))° we know that ¢; is twice continuously differentiable at
(F~(y)); for y € F([c];)° and i € Z(c). Thus the restriction of G~! on the set F([c],)°
is differentiable. Having this representation it is also clear that for i € A(c) the i-th
row and column of a linearization of F~! should be zero, since F~!(y) is constants
in the i-th component and does not depend on the i-th component of its argument y.
The remaining entries are given by the derivative of G 1.

The following result for the case of a differentiable V Jy does even incorporate the case

o

¢} — Foo that was excluded until now by only considering the open subset F([c],)°.

Theorem 5.5. Let Jy be twice continuously differentiable. Then an element of the
generalized derivative in the sense of Clarke at y = F(x) is given by the pseudoinverse
(82 ()1 (2)) " of the reduced Hessian 8°.J(x)g () with the reduced inactive set I'(x)

as defined in (L28) and [E34), respectively. I.e., we have
2 + -1 -1
(*1@)r ) € Os(F ™)) C o(F)(y). (5.39)

Furthermore, F~! is differentiable on each set F([c|,)° with [c] € A and n € € and the

derivative is given by the matrix (82J(x)1/($))+.

Proof. First we recall that the matrix 82.J(x)z/(,) defined in ([Z25) and @3) is well-
defined since for i € Z'(z) the function ¢; is either twice continuously differentiable at
x; or the left and right one-sided second derivatives are finite.

Let [c] € A, with F(c) # 0 and n € & be fixed and consider y € F([c],)° and
= F~(y). In view of (5.38) we investigate the operator

Ge(w) = Iy Fcae) + Iz)T)-

G. is differentiable on [c], and its classical derivative is given by
VGC(-%') = <v2J0(xI(c) + C.A(c)) + gON(xI(C)))I(c).

Hence Gt : F([c],)° — [c], is also smooth. If we consider VG,(z) as an operator from
Vz(e) to Vz(c) it is invertible and the matrix representing the inverse is given by

2 " +
\Y Jo(x)I/(l,) + (1‘)1/(35) (5.40)

where we have used that Z'(z) = Z(z) = Z(c) due to = € [c], C [c]. Since F~! and
G ! differ only by a constant F~! is differentiable at y and the derivative is also given

by (5.40).
Now let y € F([c]) with # = F~!(y) such that y is not contained in any of the sets
F([c]y)°. Then y € F([[c]]) \ F([c]y)° is still true for some 1 and by definition ¢; is
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once but not twice differentiable at x; for i € Z(c). Without loss of generality assume
that 7 is chosen such that for i € Z(c) = Z(x)

k ni—1 niy ¢k ) ek 30;‘,($i) ifi e I/(x),
5 e(ai 7a’i )7§ — X = (pz(f )_>{OO leGI(x)\I’(m)

holds true where ¢!/ (x;) is the one-sided derivative selected in ([£34]). (Otherwise choose

the appropriate 1’ by increasing or decreasing the corresponding indices 7; by one.)
As in the proof of Lemma E4llet (z*) be a sequence with z* € [c],, and z¥ — z. By

the choice of 1 and the continuity of ¢!

7,4 € I(x) on [c], this sequence can in particular
be chosen such that
i (af) =a",  VieI(x)\T'(z)

for a fixed constant @ > 1. For this sequence construct y* € F([c],)° with 2¥ = F~1(y¥)
and y* — y as in the proof of Lemma [5.4] and define the sequence of matrices M* by

M* = V2 Jo(2") 1(0) + " (&) (@) + 1 = I1(0)-
Then we have
M* = M = V2Jo(2)z) + ¢" (@) 2 + 1 — Iz)-
Application of Lemma [A.5 and Lemma [A.6lin the appendix together with
T'(z%) = I(z%) = Z(x)

yields
lim [VQJO(xk) + go"(xk)] i = lim [V2J0(xk) + go"(a:k)] '
k—>00 T'(zk) koo I(x)
-1
: k k
= i (4o )|
+
= |(Mayor @) ]I(x)
+
_ 2 "
= (V@) +e' @),
This proves the assertion. O

Note that the case |@}(¢%)| — oo for €8 — z; is included in Theorem It does
not need any special treatment since dp;(z;) and thus F(z) are empty in this case.

Theorem 5.6. Let Jy be twice continuously differentiable and let all ¢! be uniformly
bounded from above by a constant cyn where Op; is single-valued. Then there is a
constant ¢ > 0 such that F~1 is strongly monotone with respect to the semi-norm
introduced by clz,, 1.e.

(F~Yu) — F~Y(v),u —v) > c(u—v,u— V)1, Yu,v € R", (5.41)
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where Ly is the smallest inactive set, i.e.

Ty = ﬂ T(FYy) =N\ {i € N: 3 € R: dg;(€) is set-valued} .
yeR”

Proof. By Theorem F~1 is differentiable on the open set

U F(dy)° cDp
[c]eAneE

and by Lemma 5.7

S=Dpa\ |J Fldyc |J Fld)\Fldy)°

[c]leAneE [cleAneE

has measure zero. Since ¢! is bounded from above we have

(V2 Jo(@) + ¢" (@))z (@)1 (2)s V() < Pmax(H ) + €) (Vrr(a), V11 (2))

and thus the derivative of F~! satisfies

2 " + . 2 " +
(20 +¢@), o) = {((Fle) + 9" @), v o)
> (Amax(H jy) + cw)’l <vzf(x>, UI'(:r)>
2 ()\maX(FJo) + clp”)_l <UIO7 UIO>

for y € Dp-1\S and = F~1(y). Now the application of Lemma [A3]in the appendix
to T = F~1 yields (5.41]). O

In the more general case VJy is not differentiable. However, some kind of lineariza-
tion 92Jy(x) of VJy at x = F~1(y) is given by (Ad). Hence we will use

+

(1 @zw) " = (0@ + @),

as defined in (Z34)) as linearization of F~1 at y in this case also.

5.3.2 Derivatives of H

If F~!is a continuously differentiable operator we can easily derive a linearization of
the nonlinear Schur complement

H(w)=—-BF(f = BTw)+ Cw+g¢
using the chain rule. The result is

VH(w) = BV(FY)(f — BTw)BT + C.

100



5.3 Derivatives of the Nonlinear Schur Complement

If F itself is also differentiable we have V(F~!)(y) = (VF)(F~(y))~! and VH (w) as
given above is just the Schur complement of the linear saddle point problem

W ER"wE R : <(VF)(F1g — BTuwy)) fé) (Z) _ <§> ’

which is the linearization of the nonlinear saddle point problem (5.1)) at (ug,wg)? with
ug = F~1(f — BT (wp)).
In the general case these derivatives do not exist. While F' is not even a single-

valued operator we know from Propositions .1 and 5.1l that £~ and H are Lipschitz
continuous. Thus one could in principle select elements of the generalized Jacobian

OcH(w) = codpH(w).

However, it will be complicated to compute elements of this set since the generalized
Jacobian d¢ does not satisfy the chain rule in general. Nevertheless we use a chain rule
to obtain a generalized linearization S(w) of H at w which is not necessarily an element
of dc H(w). Based on the linearization of F~! derived in the previous subsection this
approach results in

+
S(w) = B<82J(U)I/(u)> BT +C
as linearization of H at w with u = F~1(f — BTw).
Proposition 5.5. Let Jy be twice continuously differentiable and let rank B = n. Then
S(w) € 0pH(w) C dcH (w) Vw € R™.

Proof. If rank B = n the mapping defined by G(w) = f — BTw is surjective. In the
proof of Theorem [5.5the generalized derivative of F'~! was derived as a limit of classical
derivatives that are defined on disjoint open sets F([c],,)° where F~! is differentiable.
Furthermore, the space R™ can be decomposed according to

R"™ = U F([cly)° = U F([c]p)°.
[c]leAneE [c]leAneE

Since F~1 is differentiable on F([c],)° this is also true for F~!oG and H on G~ (F([c],,)°).
By the classical chain rule we have VH (w) = S(w) at w € G~ (F([c],)°). Now let

weR:= |J G F(dy)°)
[cJeAnee

Having only a finite number of sets F'([c],,)° we can, without loss of generality, assume
that there is a sequence w* — w with w* € G=1(F([c],)°) for a single fixed set F([c],)°.
Then we have S(w) = limg_,oo S(w*) € OpH (w).

To complete the proof we assume that there is a w € R™\ R. Then there is an open
ball Be(w) such that B.(w) N G~Y(F([c],)°) = 0 for all ¢,n. By the open mapping
theorem (see, e.g., [108]) G(Be(w)) is also open. Thus it must intersect at least one
F([c];)° which contradicts the assumption and shows that R™ = R. O
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Remark 5.3. While Proposition seems to give a reasonable characterization of
S(w), the assumption rank B = n is quite restrictive for the following reason. If the
saddle point problem arises from a minimization problem with linear constraints we
have C = 0 in general, and a well posed problem will have m < n linear constraints
only. Combined with rank B = n this results in B to be a regular square matriz and
hence u = B™1g.

The following example shows that the assertion of Proposition is in general not
valid if rank B < n.

Example 5.2. For K = {z € R? : x; > 0,i = 1,2} consider the saddle point problem
F BT u L0 + Ox kK -1 bt 0 f
B —C w = 01 1 u | 10| = .
(-1 1) -1 w 0 g
Then we have (F~1(y)); = max{0,y;} and thus the nonlinear Schur complement is
H(w) = max{0,w} — max{0, —w} + w = 2w.

Hence VH(w) = 2 and OcH(w) = dpH(w) = {2}. On the other hand we have
S(w) =2 for w # 0 but S(0) = 1.

This problem occurs since the line f — BTw crosses three domains where F~1 is
smooth. While these domains have a nonempty interior themselves the line intersects
the one leading to F~'(y) = 0 only at the single point y = O of its border. Thus the
preimage of this domain under f — BT (-) collapses to the single point w = 0.

5.4 Schur Nonsmooth Newton Methods

We now consider the algorithms obtained if a linearization of the nonlinear Schur
complement is used as preconditioner for search directions

d’ = —S(w”)"'Vh(w") (5.42)

in the general descent algorithms given by (5.10), or (512) and (5I3). Convergence

will follow from the convergence results for gradient-related descent methods.

5.4.1 Algorithms and Convergence

Before showing convergence of the algorithms we consider the solvability of the system
S(w”)d” = —=Vh(w").

We immediately get

(S(w)zx,y) = <(32J(u)11(u)>+BTx, BTy> + (Cz,y), x,y € R™,
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5.4 Schur Nonsmooth Newton Methods

for u = F~(f — BTw). Hence by (A3)), (Ad)), and (AI0) the matrix S(w) is symmetric
and positive semidefinite. However we have no guarantee that it is invertible.

Even if this matrix is invertible it will often not be possible to solve the above
system directly, and the application of iterative schemes does in general involve mul-
tiplications by [62 Jo(u) + ¢ (u)]; ()" While this is in principle possible the possibly
large derivatives ¢} might prevent convergence. In order to overcome this problem
recall the definition

") :=={i € T'(v) : ¢} (vi) < (Cy)isi}

of the reduced inactive set introduced in ([@36]) for a positive definite diagonal matrix
C, € R™™. The induced truncated linearization of H at w with u = F~(f — BTw)
is given by

+
S/(’U}) = B<82J(U)I//(u)) BT + C

This additional truncation of the matrix ensures that the diagonal elements of 9%.J (u) 77 (u)
remain bounded independently of ¢”(u). Note that this involves the same truncated
Hessian of J as already used for the TNNMG method in Corollary d.3land Corollary (4.4l

Independently of this truncation the matrix S’(w) may not be invertible. In the
most extreme case S’(w) = 0 if all components are active while the system results
from a constraint minimization problem, i.e. Z”(u) = {1,...,n} and C = 0. Although
this does not happen in many application problems, it is not uncommon that S’(w)
has a nontrivial kernel.

Since the kernel of [82.Jy(u) + go”(u)]z//(u) and thus the kernel of S’(w) with u =

F~1(f — BTw) depends only on Z”(u), the same is true for the orthogonal projection
Prer(s(w)) : R™ — ker(S'(w)). Hence for a fixed symmetric positive definite matrix C
we can define the symmetric positive semidefinite matrix

é(I//(u)) = Plz;r(S,(w))éPker(S/(w)) - Rmﬂn’
and introduce the regularized linearization of H given by
§"(w) = 8 (w) + C(T"(u).
If vy 1,...,0p, is an orthonormal basis of ker(S'(w)) then it is easy to see that
Prer(s7(w)) and C(Z"(u)) are given by

l

l
Pker(S’(w)) = va,ivgm C(IH(U)) = Z <Uw,iva,j>c~' Uw,ivzz,j-
i=1 ij=1

Lemma 5.8. S”(w) is symmetric and positive definite for all w € R™.

Proof. Let z1,x9 € R™ and x7 = Pier(s(w))Tis Z5
definiteness follow from

(8" (w)z1,22) = (S (w)a?, 25) + <C’x{,x5> .

= z; — xj. Then symmetry and
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Theorem 5.7. The directions generated by d(v,w) = —S"(w)"'Vh(w) are gradient-
related and guarantee Vh(v”) — 0 for any sequence v¥ € R™ with d(v,v”) — 0.

Proof. The equivalence d(v,w) = 0 < Vh(w) = 0 in (5.10) follows from the fact that
each S”(w) is regular. To prove the estimate (5.I7) let w € R™ and define the reduced
space

Vz:=span{e;:i € Z} ={v e R" : v = vz} (5.43)
for any index set Z. For u = F~!(f — BTw) we then have

<32J(u)1n(u)v,v> < (H jyv,v) 4+ (Cypv,v)
< Amax(H gy + Cy) (v,v) Vv € Vn(y),
and
<32J(u)1u(u)v,v> > (H j,v,v)
> Amin(H ) (v, v) Vv € Vzu(y).

Since the eigenvalues of 92.J(u) = 92Jy(u) + ¢"(u) restricted to the indices in Z"(u)

are bounded, the same is true for the restricted inverse. Thus the following estimate
holds for all v € R™

IN

H 5,) ™t (Lo, v)
(HJO) (v,v).

IN

— +
Amax(H g, + Cy) <II// () v) < < J (W) ) v,v>
Ami
Ami
eR™

Using these estimates for S”(w) we get for v €

min { _1 ,
AmaX(HJo + Ctp)

< (8" (w)v,v) < max {m 1} (BB +C+ 0@ @) v.v).

Recalling that

(Bl B + 0+ @) v.o)

+
ker(IIn(u)) = ker <62J(U)I//(u)>

it is clear that the matrix on the left of the inequality is regular. Hence the matrices
S”(w) are bounded

I”(u) <1) ?}> <S”( )U,U> S FI”(U) <U,?}>

with constants vz (y), I'zr(y) > 0 depending only on the inactive set 7Z"(u). Using this
we get

_ _ YT (u _
(y, 8" (w) "1y = YIS (w) lyu2z?f(;us"<w> Lyl
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and thus (5.17) with

7

cp = min .
Jc{l,..n} Ty

Finally we note that we get Vh(v”) — 0 from

VA < 18" (W) [d(v,0")| < max Ty |ld(v,v")]|
JcA{1,...,n}

for any sequence v” with d(v,v") — 0. O

While this proof allows to apply the generic convergence results to the descent
method obtained using the directions d¥ = —S”(w") " 'Vh(w”) for the whole prob-
lem class, it is suboptimal in the following sense:

Since all estimates are derived for the Euclidean norm, the constant ¢p incorporates
the condition number of V2.Jy(u), which may be large for discretized partial differential
equations. For special cases it may be possible to derive much better estimates if a
suitable norm for w is used. However, such improvements would only be visible in the
convergence result of Theorem [(.3] since the more general result in Theorem uses
a compactness argument that does not give bounds.

Corollary 5.3. Let w® € R™. Then the sequence w” defined by

d’ = —S"(w”) " 'Vh(w"),
1/—1—l v v U
w’ T2 =w” + p’d”,

Wl = w3 +C(w”+%)

converges to the solution w* of (B if the step size rule p¥ = p(v,w”,d”) generates
efficient step sizes.

The same is true if d” is replaced by descent directions d” such that ||d¥ —d| satisfies
the accuracy condition [5.24]) of Proposition[52.2 and if p¥ is replaced by p¥ in the sense

of Theorem [5.2)

Proof. From Theorem [5.7 and Proposition it follows that we have gradient-related
descent directions. Thus we can apply Theorem if p¥ = p(v,w",d") is chosen. If p¥
is replaced by p” in the sense of Theorem [5.4] we only have to note that d(v,v”) — 0
implies Vh(v”) — 0, by Theorem [5.7 O

The algorithm in Corollary [5.3]is essentially an inexact damped Newton-type method
for the operator H = Vh. For C = 0 it takes the form

wu+1 — w?’ — pVS”(’LUV)_lH(U)V)
with p¥ = p(v,w”, —S"(w)"*Vh(w")). Since S”(w) plays the role of a generalized

linearization of the nonsmooth nonlinear Schur complement H at w we call this a
“Schur Nonsmooth Newton method”.
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Lemma 5.9. Let Jy be twice continuously differentiable and let all ¢ be uniformly
bounded from above by a constant cyr, whenever Op; is single-valued. Then h is strongly
convez if S(w) is symmetric positive definite for all w € R™.

Proof. Let wi,ws € R® and z; = f — BTw;. By Theorem we have for some ¢ > 0

(H(w1) = H(wz), w1 — wa)

= (F Nay) = F ' (22), 21 — 22) + (w1 — wa, w1 — wa)¢
c{z1 — 9,71 — Ta)g, + (w1 — wa, w1 — w2)g
= (w1 — wa, w1 — Wa) ey, BT -

Now let z € dom ¢ such that Z(x) = Zp and y € F(x). Then the kernels of (9?J(u)z, )"
and clz, coincide. Thus the reduced Schur complement

Belr, BT + C

must also be positive definite because S(w) is. Hence Vh = H is strongly monotone
and h is strongly convex. O

Corollary 5.4. Let Jy, ¢, S(w), and p satisfy the assumptions of Lemma [5.9 and
Corollary (23, and let (Cyp); > cpr. Then S(w) = S"(w) = S"(w) holds true and the
method in Corollary [5.3 converges R-linearly.

The same is true if d” is replaced by descent directions d” such that ||d¥ —d || satisfies
the accuracy condition (5.24]) of Proposition [2.2.

Proof. Combine Theorem (.7, Lemma 5.9 and Theorem [5.31 O

In general one would expect local superlinear convergence of a Newton-type method.
Unfortunately our preconditioners S”(w) are in general not contained in dcH (w) for
the following reasons:

e As shown by Example we may have S’(w) ¢ dcH (w) if rank B # n due to
the lack of a chain rule.

e If V.Jp is not differentiable it may not be possible to choose 92 .Jo(w) € dc(V Jo(w)).
Even if this is possible the lack of a chain rule may lead to S'(w) ¢ dc H (w).

e In case of unbounded second derivatives of ¢ additional truncation is introduced.
e S’(w) may not be invertible and thus needs to be regularized.

In all of the above cases the classical convergence analysis of semismooth Newton
methods as introduced by Kummer [79], Pang [83], Qi and Sun |89] cannot be applied.
The remaining case is considered in the following proposition.
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Proposition 5.6. Let Jy, ¢, and S(w) satisfy the assumptions of Lemma 29 and let
(Cp)i > ¢y andrank B = n. Then S(w) = S (w) = S"(w) holds true and the sequence
w” defined by

w’™ = w” — 8" (w”) ' Vh(w”) (5.44)
converges superlinearly to the solution w* of (B.2) if |w® — w*|| is small enough.

Proof. By Proposition we have
S"(w”) = S(w”) € OgH (w") Vv e N.

Hence the method (5.44]) is a classical nonsmooth Newton method as introduced in [89].
Since the second derivatives ¢} are bounded on F([c],)°, each ¢! with ¢ € Z(c) and
thus F~! can be extended continuously differentiable to a larger open set containing
F([c],)°. This guarantees that F~! is piecewise smooth [106, Definition 2.19] and
semismooth [106, Proposition 2.26]. Thus the above method converges superlinearly
in a sufficiently small neighborhood (see [89, Theorem 3.2|, [L06, Proposition 2.12]). O

This result is unsatisfactory not only because of the restrictive assumptions (cf.
Remark [5.3]). It also does not give any information on the domain of convergence.

Proposition 5.7. Let the assumptions of Proposition[5.0 be satisfied and assume that
the solution w* of (B.2) satisfies the non-degeneracy condition

e f—BTw* e F(ju*,n])° (5.45)

with v* = FY(f — BTw*). Then (5.44) reduces to a classical Newton method for H
in the open neighborhood

U= (f = BT () H(F([u",17])°).

Analogously the method of Corollary [2.3 with C = 0 reduces to a damped classical
Newton method on U.

Proof. We only have to note that F~! is differentiable on F([u*,7*])° and that f—B7 ()
is continuous. O

In view of Proposition 5.7 the result of Proposition is almost useless. Provided
that the non-degeneracy condition on w* holds, one can simply apply the convergence
theory for classical smooth Newton methods in a small neighborhood U’ contained in
U. Since Proposition does not ensure that the domain of convergence is larger
than U’ it does not give any additional information. If the inactive set Z(u*) of w*
and the set F'([u*,n*])° are not known, then there is no hope that the local result can
be applied. Moreover the determination of Z(u*) and F([u*,n*])° is generally not a
simpler task then solving the original problem.
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Remark 5.4. Although the convergence analysis only guarantees superlinear conver-
gence of the undamped version in a neighborhood of unknown size or, under the non-
degeneracy condition (B.45), in a neighborhood where H is smooth, the method does in
practice converge superlinearly on a much larger domain. While it is complicated to
choose parameters for the Armijo rule such that p¥ — 1 and thus asymptotic coinci-
dence with an undamped Newton method is guaranteed, this is in general the case for
the bisection rule if € is small enough.

To ensure this behavior theoretically, nonsmooth analogues of well-known affine-inva-
riant damping strategies (cf. Deuflhard [43]) are needed. The crucial part here is the
development of a local convergence theory which is robust with respect to different re-
gions of smoothness.

Remark 5.5. For certain problems, where F~' maps L? to L? there are convergence
results of nonsmooth Newton methods in function spaces [64, 194, 190, |106]. Discrete
analogues of these methods are asymptotically robust since the function space conver-
gence theory does not rely on smooth regions.

In contrast it is not clear how to show robustness in discrete cases that lack a function
space analogue. The general problem is that continuous properties that hold on domains
with asymptotically vanishing measure, translate into properties that do not hold for any
discrete component asymptotically.

5.4.2 Computational Aspects

As already mentioned the terms h and Vh = H are in general not explicitly available.
In order to obtain an efficient method it is crucial to have fast iterative schemes to
evaluate these quantities.

Before dealing with this problem we note that for C = 0 the Schur Nonsmooth
Newton method in Corollary 5.3 can equivalently written as

u = F—l(f _ BTU]V), (546)
w' = w” + p” 8" (w”)H(Bu” — Cuw” — g) (5.47)

7

with p” = p(v,w”,d”). This is a preconditioned Uzawa method for the original saddle
point problem (5.1J). If F is a linear operator it reduces to the classical Uzawa method
and S”(w) reduces to the linear Schur complement. In this case the preconditioned
method obviously terminates within one step. If F' is associated with a quadratic
obstacle problem and the preconditioner is omitted standard convergence results for
Uzawa methods can be applied yielding even an a priori fixed interval of allowed step
sizes |55, 156].

The first substep amounts to the evaluation of F~!, which is equivalent to the
solution of the minimization problem

u” = argmin (J(u) — (f — BTw”,u>) .
ucRn”
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Since the assumptions made for the TNNMG method in Chapter @ are a subset of the
assumptions for the Schur Nonsmooth Newton method considered here this problem
can be solved using the TNNMG method provided that a proper hierarchy of subspaces
is given e.g. by a multigrid hierarchy in case of a discretized partial differential equation.

If the latter is not the case it is still possible to solve the reduced linear subproblems
inexactly using other iterative methods like the preconditioned conjugate gradients
method. While even the exact solution of the linear subproblems using a direct sparse
solver (see, e.g., |39, 142]) is possible this will in general lead to an overall algorithm of
suboptimal algorithmic complexity. Since the matrix is positive definite on an explicitly
known subspace another alternative is to use an algebraic multigrid approach (see, e.g.,
[92]) to construct subspaces from the matrix only.

In the special case of a quadratic obstacle problem there are also various other
methods [36, 54, 64] especially of multigrid or domain decomposition type [3, 16, 69,
80,1104]. For a comparison of the latter we refer to [58]. While some of those methods
are restricted to the quadratic obstacle problem the methods in [5, l6, 54] can also be
applied in case of a nonquadratic Jy and the method in [69] has been extended to
piecewise smooth ¢ [75].

The evaluation of F~! is also needed if h or VA have to be evaluated in order to
compute p¥ using a step size rule like the Armijo rule or bisection as discussed in
Section (.23l This leads to multiple evaluations of F'~! per iteration step in general.
If this is expensive it may be advantageous to adaptively switch off the step rule using
the criterion (5.33) of Theorem .4l In view of the interpretation of the method as a
Newton-type method one can hope that the norms of the directions decrease for good
initial iterates. In this case the step rule will not be switched on only one evaluation
of F~! remains. However, the adaptive criterion (5.33) ensures that the method does
still converge globally if this is not the case.

The second substep (5.47) involves the evaluation of S”(w”)~!. It can be written as
the linear saddle point problem

—U n v m . AV (BV)T ﬂy — 0
vew rer (5 E)(E)=(4)  ea

with

v 2 "
A7 = (8 Jo(w) + ¢ (u))IH(uy),
B” = By z1(uv)
CY =C+C(IT" (")),
g =Vh(w") =g+ Cw” — Bu”,

for an auxiliary variable u”. Since A" represents a linearization of F' = 9J on the
reduced space

Vnuwy = span{e; : i € I"(u”)} = R"/ ker A", (5.49)
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this system can be regarded as a regularized linearization of the saddle point problem
(5.1) on the reduced space Vzu(,») x R™. By construction the linear Schur complement

of (548 is given by
S"(w”) = B(AY)*BT + C + C(T"(u")) = BY(A") T (BT + C + C(T"(u")).

Proposition 5.8. The linear saddle point problem (5.48) has a unique solution (w”,d”) €
Vinry X R™ given by d” = —S"(w”)1g" and w* = —(AY)*(B¥)'d”. The solutions
of (B48) in R™ x R™ are given by (@’ +v”,d”) € R" x R™ with v¥ € VIL,,(W) ={ve
R™ : v = vgn(y)} = ker AV,

Proof. Replace A” by A” + I — I7n(,v) and the right hand side of the first equation by
v with v € VIL,,(UV). Then a simple block elimination yields that (@ +v,d”) € R™ x R™
with (@”,d”) as given above is the unique solution of this modified system. Now
Lemma [A 5] together with the invariance of the original system under modifications
w” 4+ v with v € ker A” provide the assertion. O

In view of this result the solution of (.48 can either be obtained by considering
the system on the subspace Vzu () x R™ = (R"/ker A”) x R™ only or by adding the
orthogonal projection onto the kernel given by Pyer av = I — Izn(ywy = Inyzr(uv) to A”
in order to make the part of u” in VIL,,(UV) unique.

While there are general methods to solve the nonlinear convex minimization problems
associated with F~! the situation looks different for the linear saddle point problem.
Since the problem is linear and symmetric it is possible to use a direct solver or Krylov
methods like GMRES [93] or MINRES [84]. Due to the indefinite matrix there is no
general multigrid method. However, there are multigrid methods that work well in
special cases. Some of those methods require the saddle point problem to be related
to a quadratic minimization problem with linear constraints, i.e. C¥ = 0. Since this
does not hold in general for the subproblems (5.48) we note that they can also be
reformulated in the following way.

Proposition 5.9. The linear saddle point problem (0.48) is equivalent to the saddle
point problem

A0 (BOT\ [ 0
w € R",dY € R™ d” € R™ : o ¢ —cv|[a]=10 (5.50)
BY —_(CV 0 dv gu

in the sense that (0", dg,d") is a solution of (B.50) uff (W”,d”) is a solution of (B.48)
and Cdy = Cd”. The solutions of ([B.50) are unique in Vnwy x (R™/ker C) x R™

and the Schur complement is given by S”(w").

Again we can construct a system that is uniquely solvable in R™ x R™ x R™ by
adding Pyer av to AY and Py, v to the appearance of C¥ on the diagonal of (G.50)
without changing the part of the solution in Vzu (. x (R™/ker C') x R™.
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One class of multigrid methods for systems of the form (£.50) uses the smoother by
Braess and Sarazin [21]. Each application of this smoother incorporates the solution
of a linear problem for (B* — C¥)((B¥)T — C¥)T. While this reduces to a discretized
second order elliptic problem for the Stokes problem it is not appropriate if B¥ or C”
themselves result from a second order differential operator.

Another approach is to construct a smoother by successively solutving small local
saddle point problems that couple only a few primal and dual unknowns in a so-
called patch. Such smoothers were introduced by Vanka [107] for the Navier-Stokes
equations. For the case of a parallel solution of the local problems, i.e. block Jacobi
patch smoothers, convergence results were established by Zulehner [116,117|, Schoberl
and Zulehner [98], and Simon and Zulehner [101].

Since the Schur Nonsmooth Newton method is robust with respect to inexact eval-
uation of d¥ = —S"(w”)"'Vh(w") it is in general only necessary to solve the linear
saddle point problem (5.48)) inexactly. Furthermore, the method does still converge if
S”(w") is replaced by S”(w") for some approximation w” of w”, due to the uniform
boundedness of S”(w) with respect to w. Noting that S”(w) does, in fact, only depend
on u = F~1(f — GTw) this allows to replace S”(w") by

+ ~
§"(@*) = B(oJo(@) + ")) |, BT +C+ O (@)

for any approximation @” of u”. Defining

dv = _S/I(,U}u)fl (g + Cuw’ — Bul/)’ Jy _ _SI/(ZDV)fl (g + Cuw? — B&u) _|_€1/

/

N~

=Vh(uw") i)

we know from Proposition that the Schur Nonsmooth Newton method of Corol-
lory converges as long as

— 0.

”dy _ dVHM < H ”(?I}V)_lu HB(UV _ ﬁy)HM*1 HEVHM

ld¥llar 1| as 1| as

While convergence of the second term can be monitored if an estimator for the algebraic
error during the linear saddle point solver is available convergence of the first term
cannot be guaranteed a priori since d” is computed after @’. However, it can be checked
a posteriori. If the tolerance for the computation of @” = u” is chosen reasonably a

recomputation of a better @¥ will rarely be necessary. It is even possible to directly
check whether

—(Vh(w"),d) = ep||Vh(w?) |y 18 |

holds for some fixed guess ¢p as long as the following terms tend to zero

Vh(w)  Vh(w)

IVR@ e h@ )l
< oIVAW”) = Vh(w) |yt o B = @)l
- IVA(w?)|| p-1 llg + Cw — Bu”||pr—1
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In the special case that the energy J is related to a quadratic obstacle problem as in
Example L] the matrices in (5.48)) only depend on the inactive set Z”(u”) = Z'(u”) =
Z(u”). The only dependency on u” = F~!(f — BTw") appears in the right hand side of
this system. Due to the special structure of F~! it can be eliminated in the following
way.

Proposition 5.10. Let Jy satisfy (AG) and ¢ be given as in Example [{1. Then the
unique solution (u”,w") € Vrnwy X R™ of the linear saddle point problem

v AT\ /v —b— A0 )7t
(o Co) (i) - (g —(fBuz(uu) —Aci?z)zi(m)w”) 551
satisfies
&’ = —S"(w") 'Vh(w”) = " — w".
Proof. First we note that the solution is unique by the arguments in Proposition

From the variational inequality (£J) we instantly get that v = F~1(f — BTw")
satisfies

AYuY + (Au;(u,,))_’[(uu) = (Au”)I(uu) = (f +b-— BTwU)I(ul)).

Hence u%(ul,) is given by

Wy = (A (f 40— BTw’ = Auy )
Now let d” = —S"(w")"'Vh(w”) and @ = w” + d. Then
S"(w" )" = (B(A")" BT 4+ C + C(Z(u")))w” — Vh(w")
= B(AY)*BTw” + Buzuwy — <g — Bu ) — C’(I(u”))w”)
= B(A")*T <f +b— Aui"‘(“"))z(uv) - <g = Bujy — C’(I(UV))MV) )
Thus W = w” 4 d” is the second component of the solution of (B.51]). O

By Proposition [B.10] it is sufficient to know the inactive set Z(u”) and the values
of u” in the active components A(u") in order to compute the direction d”. This is
because the obstacle problem associated with F'~! reduces to a linear problem for the
inactive components. This linear problem for v ) is incorporated in the linear saddle
point problem by a modified right hand side while the structure of the linear saddle
point problem given by the matrices remains the same. Since the computation of the
active components is in general cheaper than the solution of the whole minimization
problem this allows to improve the performance of the algorithm. If the problem is
non-degenerate in the sense that

e f — BTw” € F([u’,n"])° (5.52)

many iterative methods like, e.g., the Gaufs—Seidel method even detect the active com-
ponents after a finite number of steps [72].
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5.4.3 Relation to Primal-Dual Active Set Methods

The primal-dual active set method introduced in Section was first stated for
quadratic obstacle problems without linear constraints. However, it is often also applied
to problems with additional linear constraints Bu = g having the special structure that
B decomposes according to

(Bi Bs) =B,

with a regular matrix By € R™™. This structure implies that the linear constraint
can be eliminated by explicit restriction to the subspace where Bu = ¢ holds.

Besides this decomposition we will assume in this subsection that C' = 0 holds and
that J results from a quadratic obstacle problem as in Example 1] without lower
obstacle, i.e. 1 = —o0, and without any obstacle in the i-th components with i > ny =
n —m > 0. If we also split u*, f, A and the convex set

K=K xR"={u; € R™ :uy <1} x R

according to the splitting of B the saddle point problem (5.1 takes the form

uj € R™ A+ 0xk, A2 BP (7 bil
u’2‘ e R™ . Aoy Agg Bg u§ 5| f]. (553)
wx € R™ By By 0 w* g

Under the above assumptions we then have uj = B;l(g — Buj).

Lemma 5.10. The saddle point problem (L5.53]) is equivalent to the box-constrained
quadratic minimization problem

u; € R™: J(uy) < J(v) Vv € R™ (5.54)

where J is given by

F0) = 7(0, By (g — Bro) = 5 (Mv,0) — {b,0) + x, (0)
with the symmetric positive definite matriz

M = Ay — (A12By ' By) — (A12By ' B1)T + (By ' By)T Ao (By ' By)
and the right hand side
b= fi — (By'B1)" (f2 — AseBy'g) — A2 By 'g.

Proof. Since (5.53) is equivalent to the minimization of J on the affine subspace where
Bu = g¢ holds the equivalence follows directly from the fact that J represents the
restriction of J to this subspace. The representations of M and b follow from elementary
computations. Symmetry and definiteness of M follow from symmetry and definiteness

of A. O
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5 Schur Nonsmooth Newton Methods

Proposition 5.11. The primal-dual active set method for the minimization problem

(B54) is equivalent to

A Ap BT uyt fi— vt
Ay Ay BT uy™ | = fa , (5.55)
B, By 0) \wt p
(W), = (1) 4, (5.56)
(A"thz, =0, (5.57)

with the active set A, = {i : (\V +c(u} —1);)); > 0} and the inactive set T, = N\ A,.

Proof. Let (u},\”) be the iterates produced by the primal-dual active set method
(£44)) and ([£43) for the minimization problem (5.54]). Define the variables

uy = By (g = Bu),
U)V = BQ_T(fQ — Aglulll — Aggug).
Then the second and third equation in (5.55]) hold and from (£43]) we get

—\H = Mt = b
= A11u11/+1 - fl + A12B2_1(g - Blullj—’—l)
+ B?B;T [fQ - A21u’1’+1 - A22351(9 - B1U11/+1)]

1 1 T v+l
= Apuy™ + Apus™ + Bfwt — £

Thus (B.53) is equivalent to (d.45]). O

The system (5.53) still couples u”*! and A¥*!. Due to its special structure we can
eliminate \¥*1,

Proposition 5.12. The primal-dual active set method for the minimization problem
(B54) is equivalent to

Az, (BT (wt _ ((f = Ady, )z,
v+1 - 7 ) (558)
By, 0 w 9—Bia,
uit =1y, (5.59)
with v = (u¥,uY), the active sets Ag = {i : (\° + c(u —;)); > 0} and
A, = {i: (f — A’ — BTw” + ¢(u” —9)); > 0},
and the inactive sets T, = N\ A,.

Proof. We start by assuming that the iterates are given by the primal-dual active set

method in the form of Proposition 511l Using uz‘tl =1 4, Wwe get the splitting

(Auy+1)Il, — Aqul/+1 + AI,/,AUE = AI,,UU+1 + (AE_AV)IV.
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5.4 Schur Nonsmooth Newton Methods

Thus the first equation in (5.58) is just the restriction of the first two equations in
(5353) to the indices in Z,,. The splitting

Bu” = BNIVuerl + BN,AVEAV = BN,L,UVJrl + BEAV

implies the second equation. For the opposite direction we only need to note that the

first equation in (5.58) implies (557) with
A= f1 - Allu‘f - Algug — BlTw”
O

Theorem 5.8. The primal-dual active set method for the minimization problem (B.54)
s equivalent to

wtt = w” — (BAL B")" (g - Bu") (5.60)
with arbitrary w® € R™, @ given by
wh, = Va, Wy, = A7 (f — Ay, — BTw)
and A, and T, as defined in Proposition [5.12.
Proof. By definition of ¥ we have
Az, = (f = Ay, — BTw")s,,
By 4, + Bnz, U’ = By 4, + Buy, = Bu”.

Using this and Proposition £.12] we get

AL, (BNJV)T u”“ —u” . 0
Bn 1z, 0 wtl —w” ) ~ \g—Buw )"
Now (5.60) follows from block elimination. O

This formulation of the primal-dual active set method looks very similar to the
Schur Nonsmooth Newton method. The question is if the sets of inactive indices of both
methods coincide and if 7 = F~1(f —BTw") is true. In fact if Z,, = Z(F~(f —BTw"))
is true then @” takes the same values as F'~!(f — BTw") for the active indices in A,
and solves the same linear equation for the inactive indices in Z, as F~!(f — BTw").
Hence in this case the method reduces to

w' = w” — (BA}VBT)_1Vh(w”)

which is the undamped version of the Schur Nonsmooth Newton method. However, it
is in general not true that the inactive sets coincide. An important special case where
the active sets almost do coincide is given in the following theorem.
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5 Schur Nonsmooth Newton Methods

Theorem 5.9. Assume that A is diagonal in the first nq lines and columns, i.e. A1y
s diagonal and A1s = 0 = Asy. Then for v > 1 the primal-dual active set method for
the minimization problem (5.54) is equivalent to

wt = w” — (BAL BT)"'Vh(w")
for an arbitrary w® € R™ and the inactive set
7, =Z(F'(f - Btw") u{i: (F*(f — BTw")); = A;'(f — BTw")}.

Proof. Letv>1andie€ A, C {1,...,n1}. Then either i € A,NA,_jorie A,\A,_1
and hence one of the following conditions

(u” —4); =0, or  (f—BMw"); — Ayul =0, (5.61)

is true, where A;; now denotes the i-th diagonal entry of A. For the second condition
we used the representation

N = (f = Au” = B"w"); = (f = BTw"); — Aiguf

of the active components of the residual \¥ which follows directly from the assumptions
on A. By (5.6]]) we instantly get

icA, cicANA, qorie A\ A
SN >0o0r (v —1); >0
& AT >0 or (u” —); > 0.
Again by (G6I) XY > 0 is equivalent to
AN (f = BTw”) —uf = A"\ > 0= (P —u”);

and (u” —1b); > 0 is equivalent to

AN — BTw”); —uf =0 > (¢ — u”);.

i
Hence i € A, is equivalent to
A;il(f — BTw"); > 4,
where either the right hand side or the left-hand side is equals «}. Thus the inactive
set is given by

T, = Z(F'(f - BTw") U{i: (F\(f - BTw")); = A7M(f - BTu")).
Now it is clear that F~1(f — BTw") satisfies

(F7H(f = B w")a, = da,,
(F7H(f = BTw"))z, = AL, (f - BTw")

which implies @ = F~!(f — BTw") and g — Bw = Vh(w"). O
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5.4 Schur Nonsmooth Newton Methods

In the case covered by Theorem the primal-dual active set method almost coin-
cides with the Schur Newton method. The only difference is the enlarged inactive set
which also incorporates the indices 7 satisfying

(F~'(f = B"w")); = A;' (f — BTw").

These are the indices where strict complementarity does not hold, i.e., the solution of
the local unconstrained problems coincides with the obstacle. This set will in general
be small. If the selection of the active set in the primal-dual active set method is
modified according to

Ay = {i: M + e(uf — ;) = 0},

as already done in Theorem 5] this difference also disappears. Hence, if A and B have
the desired special structure, the Schur Nonsmooth Newton method can be regarded as
a natural globalization of the primal-dual active set method. This was first discovered
in [57] for the special case of an optimal control problem for a partial differential
equation with control constraints and an L? regularization for the control.
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6 Adaptive Numerical Solution of
Nonlinear Saddle Point Problems

We have already introduced spatial discretizations for the time discrete Cahn—Hilliard
equation on a given grid in Chapter [3] and algebraic solvers for the efficient solution of
the obtained algebraic saddle point problems in Chapter Bl This chapter is dedicated
to the adaptive numerical solution of the time discrete problems.

First we describe a local error indicator and a refinement strategy used to construct
locally adaptive grids for the solution of nonlinear saddle point problems. Then we
discuss implementation techniques and data structures needed for the spatial problems
resulting from time discretization of an evolution problem.

6.1 Hierarchical Error Estimation for Nonlinear Saddle
Point Problems

In Section B.4l we introduced Rothe’s method for the discretization of the Cahn—Hilliard
equation from Chapter2l The approach allows for time-dependent adaptive grids. This
section will deal with the construction of these grids using hierarchical a posteriori error
estimators.

Hierarchical error estimators for finite element discretizations were first introduced
by Deuflhard et al. [45] and Zienkiewicz et al. |[114]. The main idea is to extend the
ansatz space and to estimate the error using the difference of the current approximation
to an approximation in the extended space. For linear problems proper hierarchical
preconditioning allows to compute an improved approximation in the extended space
by local defect problems. The resulting local contributions can then be used as error
indicators for adaptive grid refinement. For an overview we refer to the monograph of
Ainsworth and Oden [1]. For linear symmetric problems local lower bounds can typi-
cally be shown without any unknown constants while upper bounds were established
using local equivalence to residual estimators by [47] (see also [19]).

Due to their robustness and simplicity hierarchical error estimators are interesting
for nonsmooth nonlinear problems. They have successively been applied to elliptic
obstacle problems [66, [78, [100, [115] and nonsmooth convex minimization problems
|61, 170, 94]. The application to quadratic saddle point problems with a superposition
operator originating from the Cahn—Hilliard equation has been discussed in [61]. In the
following we will present an extension that can be applied to time discrete anisotropic
Cahn—Hilliard equations with logarithmic or obstacle potential.

Let Jo : H(Q2) — R be a strongly convex differentiable functional with F = V.Jp,
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6 Adaptive Numerical Solution of Nonlinear Saddle Point Problems

and 1 : H'(2) — RU {oco} the convex, proper, and lower semicontinuous functional
given by

Y(v) = /Q\I/(v(x)) dz, U:R— RU{oo},

for a convex, proper, and lower semicontinuous functional W. Furthermore, let b :
HY(Q) x HY(Q) — R be a symmetric bilinear form, ¢ : HY(Q) x H(2) — R a
symmetric positive semidefinite bilinear form, and f, g € L?(f2) given right hand side
functions. For these quantities consider the general saddle point problem:

Problem 6.1. Find (u,w) € H () x HY(Q) such that

(Fu),v —u) +(v) —(u) + blv —u,w) > (f,v —u) Yo e HY(Q),
b(u,v) — c(w,v) = (g,v) Yo e HY(Q).

We will derive a hierarchical a posteriori error estimator for a given finite element
discretization of this continuous problem. To this end let (7p,...,7;) be a grid hi-
erarchy obtained by successive local refinement of a conforming initial grid 7y and
S(T) the space of conforming first-order finite element functions on the leaf grid
T = L(To,...,T;). Furthermore, we assume that elements are always refined such
that new nodes are only introduced at the midpoints of adjacent edges. Analogously
to Chapter Bl we use the discrete approximation

T’U = v T: v X X
6T (0) = (B(0), 1) 3 M <p>>/QAp<>d

PEN(T)\H(T
of the nonlinearity ¢ on S(7) obtained by lumping. This leads to the discretization:
Problem 6.2. Find (u”,w”) € S(T) x S(T) such that

<]:(uT), v—ul)y + 7 () =T (W) +bw—uT W) > (fv - uT) Vv e S(T),
b ,v) — c(w’,v) = (g,v) Vv e S(T).

While the space of conforming piecewise quadratic finite elements is often chosen
as extended space for linear problems, it leads to instabilities if it is used for obstacle
problems [54, [78|. For this reason we select the space of piecewise linear finite elements
on a globally refined grid as extended space. More precisely let 7' be a triangulation
obtained by introducing new nodes at all edge midpoints and refining each element
7 € T into 2¢ new simplices.

Ideally we could solve the saddle point problem in the extended space S(T’) obtaining
approximations (uT,, wT/) and estimate the error by

= ull + o = wll < o’ =7+ o’ = wT A+ u = o+ o =@ L

If the approximation in S(7”) is sufficiently better than the one in S(7) the term
[u” —uT'||; + |wT —w”’||; can be used as error estimate. This condition is known
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6.1 Hierarchical Error Estimation for Nonlinear Saddle Point Problems

as saturation assumption. Unfortunately the computation of uT W e S (T") is very
expensive since it involves the solution of a nonlinear saddle point problem with the
same algebraic structure but about 2% times as many unknowns. In order to derive a
cheaper estimate we first split the extended space by introducing a proper incremental
space V.

Theorem 6.1. The space Q = S(T") can be split as Q@ = S(T)DV with the incremental
space V := span BY for the linearly independent set BY defined by

B = {\ e BT IpeN’}, NV = (MT)\HT))\ (MT)\HT)).

Proof. First we note that, due to the restriction of new nodes to edge midpoints, 7" is
also the leaf grid of a grid hierarchy (70,77, 73, ..., T} 1) with T; C 7 for 0 <i < j.
Hence by Lemma [3.4] Lemma B3] and Theorem [3.I] we have

span B(T) = S(T) C S(T') = span B(T").

Since BY € B(T") we know that BY is linear independent. Furthermore, by N(7) \
H(T) C N(T")\ H(T") no A € BY can be spanned by B(T). Hence we have shown
that S(T) @V C S(T').

To see that we even have equality let v € S(7”) and define v7 = I"v € S(T) as the
linear interpolation in S(77) and v = v —v7 € S(T’). Then by definition we have
vY(p) = 0for all p € [N(T") \ H(T")] \ NV and thus v¥ € V. O

Note that for each p € NV we either have p ¢ N(T) or p € H(T) \ H(T'). In the
first case p is a new node in 7’ and thus placed at an edge mid point of 7. In the latter
case p is a hanging node in 7 but no longer in 7’. Thus there must be an element
7 € T such that p is on an edge of T but a vertex of some element in {7/ € 7' |7’ C 7}
and thus also the midpoint of an edge in 7. Hence A/Y is the set of all edge midpoints
in 7 that are not hanging nodes in 7.

For the extension by piecewise quadratic finite elements the incremental space is
given by the span of the so-called quadratic edge bubble-functions associated to the
edges in 7. In V these are just replaced by the piecewise linear edge bubble functions
associated to the edges in 7.

In order to simplify the problem that has to be solved for the error estimator we
recall the procedure for a symmetric linear elliptic problem

uwe HY(Q): a(u,v) = 1(v) ve HY(Q). (6.1)
Assume that u” is the approximation in S(7°) given by
u e S(T): a(u”,v) =1(v) veS(T).

Then we compute the solution u2 = u” 4 (1€ — u”) in the extended space by solving
the defect problem
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6 Adaptive Numerical Solution of Nonlinear Saddle Point Problems

The problem is localized by replacing the bilinear form a(-,-) by a hierarchical precon-
ditioner a2 : Q9 x Q@ = R given by

a(v,w) :=a(I"v, ITw) + > a\ A7) (v = 17 0)(p)(w — ITw)(p),
peENY

using the splitting v = I7v + (v — ITv) € Q for v,w € Q and the interpolation I7
introduced in Definition B9 Then we obtain an approximation @< of u€ by solving
the preconditioned defect problem

w2ecQ: a? (@2 —u”,v) =1(v) — a(u’,v) ve Q.
Since u” solves the variational equation in S we find that
af(@? —u” v)=ad (@2 —u"),v) =1v) —aw,v) =0  VYveS(T).
Hence we have I7 (@€ —u”) = 0 and 1742 = u”. Conversely we have for any w € V
a®(w,v) =0  YveS(T).

Using this orthogonality we find that the increment e¥ := a2 — 742 =42 —u” €V
is the solution of

eVev: a’ (e, v) =1(v) — a(u”,v) Vv e,

Vv

where a¥ = a9|yxy is the restriction of € to the incremental space given by

a’(v,w) = Y a\ AT u(p)w(p).
peNVY

Provided that the saturation assumption holds and that the hierarchical splitting is
stable we have an approximation e¢¥ ~ 42 — «7 ~ u — u”. Furthermore, the nodal
values e (p) of €Y for p € NV can be computed as solutions of local problems

ev(p) = arg Igln J(uT + p)\;—/) = a()\;,r/, )\Z/)il <l()‘g-/) - a(uTa )‘Z-/>’
pE

where J(v) = 2a(v,v) — I(v) is the energy associated with (6.I). Now the term

1

2

llae = (D #2)
peNVY
with the local edge contributions
/ 71 /
= aly A) )2’ (1) = eV @A) lla

for the norms || - ||, and || - ||, induced by a€ and a can be used as an estimate for
the global error. Consequently the local contributions 7, can be used as local error
indicators for an adaptive strategy.
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6.1 Hierarchical Error Estimation for Nonlinear Saddle Point Problems

For nonlinear variational inequalities we can no longer use the hierarchical precon-
ditioning and the orthogonality. However, we can generalize the approach to the non-
linear saddle point problem using local incremental problems directly. To this end we
first define the restrictions bY,¢Y : ¥V x ¥V — R of hierarchical preconditioners b<, ¢
for the bilinear forms b and ¢ analogously by

= > 0y AT e(p)w(p),
peENY
Y w,w) =Y A A wp)w(p).

PpENY

For the nonlinear operator F we define the diagonalized shifted restriction F¥ : V — V'
to the incremental space by

(FY@),w) = 3 (F@T +o@N )] Y w(p).

peENY

Note that we cannot split the part depending on 47 and the increment for the nonlinear
operator. Thus we shifted the nonlinearity by u” before diagonalizing it on V. For a
linear operator (F(v),w) = a(v,w) this definition reduces to

<.7-"V(v),w> = av(v,w) + a(uT,w).
Similarly we use a shifted version of the nonsmooth nonlinearity given by
WY (0) =7 (4 v) = (U +0), 1)TI
= 3 W () +v(p) /Q AT () da + const(u”),

PENY

where the last term is a constant depending on u’ . Using these ingredients the incre-
mental problem for the hierarchical estimator reads:

Problem 6.3. Find (e),e)) € V x V such that

u?w

(FY(en)v—en) +uY(0) =Y (e) + 0¥ (v — ey, en)
_(f,v—uT)—b(v—uT,wT) Yv ey,
bY (el v) — Y (el v) = (g,v) — b(uT,v) + c(w”,v) YveV.

u’

Testing the variational inequality with v = ¥ + (o — €Y (p)))\;,r/ and the variational

equation with 04)\;—/ for a fixed p € NV we find that (e} (p),e(p)) € R? can be
computed as the solution of the local saddle point problem

Fy(en () (e = ey (p)) + ¥p(cr) = vp(ey (p) + bpla — ey (p))ey, > fola — ey (p) Va €R

% VvV _
bpe, — Cpy, = Gp
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with the local representations

Fyo) = (P ). ) = %7 0)+ ) [ AT (@)
by = b(AT, AT, fo=(FA) = b\ wT),
Cp = C()‘;” Ag)a 9p = (ga AZ) - b(uT’ AZ) + C(wTa AZ;)

Using the subdifferential 0, this can also be written as the two-dimensional problem

1 L)) ()
by —cp) \en(p) 9p
In order to have a unique solution we assume that ¢, > 0 or, equivalently, that no )\Zl
1%

is contained in the kernel of ¢. Then we can compute the solution by finding a e, (p)
such that

0 (Fy+0,)(eX(0) + (c,"02) el p) = (f +,"0),

for example using the bisection method. There is a unique solution since F), 4+ 01, is
maximal monotone and ¢, lbz is positive. The other component can then be computed
as

e

(p) = c;l(bpeX(p) — gp)-

Similar to the minimization formulation for the linear case presented above this local
solution can be interpreted as the saddle point of the Lagrangian functional L, : R?2 -
R U {oo} given by

Ly(eX (p), el () = LT (W7 + el (p)A] 0w + el (p)A])
where LT : O x Q 5 RU {0},

! ! 1
LT (’LL,’IU) - JQ(’LL) + 1/}7 (U,) - (f7 U,) + b(uaw) - (ng) - 50(’11},11)),
is the functional associated with Problem except that the nonlinearity is approxi-

mated with respect to Q.

Now an approximation of the global error (||u — uT||§rimal + lw — w7 |3,)"? with
properly scaled norms || - ||prima and || - ||dual for uw and w on H1(Q) can be computed
by

1
2 \ / Y !
e = (X m2)% o= 1N Wi + Nl A
pENY

Again the edge contributions 7, for the edge midpoints p € N V can be used as local
error indicator for an adaptive strategy. We will use the following strategy proposed
by Doérfler |46] for the Poisson equation:
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The intention is to refine a set of edges that “produce” a fixed fraction o € (0, 1] of
the estimated global error e(u”)2. Moreover the set should be as small as possible. To
this end define the sets

N(Tol) = {p e NV : 2 > Tol}

of all local indicators that are larger than a given tolerance Tol and compute

Tol(a) = min{nf, cpeNY, Z e < oze(uT)Q}.
qeN (n2)

Then the set N (Tol(«)) is the smallest set such that

Z 775 < ae(uT)?.

pEN (Tol(ar))

It can easily be obtained by sorting the local contributions by their values and then,
starting from the largest value, including points p into N'(Tol(«)) as long as the sum
of the local contributions in the set is smaller then the fraction «. Finally we mark all
elements in 7 € T such that p € N(Tol(«)) is the midpoint of an adjacent edge of 7.

This strategy was analyzed by Dorfler [46] for the approximate solution of the Poisson
equation with adaptive linear finite elements on conforming grids. There it was shown
that the produced sequence of finite element solutions converges to the weak solution
of the continuous problem if the incremental spaces spanned by the quadratic edge
bubble functions are used.

6.2 Implementation Aspects

In this section we discuss some implementation aspects that are crucial for the adaptive
algorithm proposed in the previous section, especially if the solution of the stationary
problem is a subproblem for one time step of a Rothe method.

6.2.1 Spatial Adaptivity for Rothe’s Method

Consider the evolution equation

<Ccll_zz’v —u> + (F(u),v —u) + (9(u),v —u) >0 Vv e H, ae in (0,T],

with u(0) = 0 for a function w : [0,7] — H in some function space H on the domain (2.
Here F : H — H'is a possibly set-valued nonlinear differential operator and g : R — R
a scalar function. For example, linear parabolic equations as well as the Allen—Cahn
and the Cahn—Hilliard equations presented in Chapter 2l can be expressed in this way.

We assume that Rothe’s method is applied to this equation using the semi-implicit
time discretization

(wg;j;kl’v B u’f) + (Flug), v —ug) + (g(ug—1),v —ug) =0 Vo€ H k>0
k
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6 Adaptive Numerical Solution of Nonlinear Saddle Point Problems

where uj denotes an approximation of u(¢;). Again we can represent the semi-implicit
and the fully implicit time discretizations introduced in Section B.4] for the Cahn-—
Hilliard equation in this way.

Although we discretize the evolution problem in function space, we solve each sta-
tionary problem approximately in a discrete finite element space. The main advantage
of Rothe’s method is that different adaptive grids can be used in each time step. Let
Tr_1 be a locally refined grid and assume that the approximation from the previous
time step is some uZ’i‘f € S(Ti—1) in the finite element space S(Tx—1). Then the ap-
proximation for the current time step k is computed in S(7g) for an adaptive grid T

by
(uZ;“,v - u?) + Aty <.7-"T’“(uz’“),v — u[’“>
> Aty (Atkg(uz;fll) + uZ—’“_’ll,v — u?) Vo e S(Tk)-
In general, we will have T,_1 # Ti. Hence, expressions of the form
(w2,

for grid functions w”*1 € S(T,_1) and v7* € S(T;) have to be computed. Several
strategies are used to deal with this problem:

1. Two separate grids objects can be used. In this case two problems appear: With
typical data structures for finite element functions it is quite difficult to relate a
function from one grid to elements from the other. Moreover, this approach has
the drawback that storing two adaptive grid objects uses a lot of memory.

2. Only use a full grid object for the current time step and store nodal coordinates
and values for the function w7¢-1 from the previous time step. This approach
will introduce errors since the available information does not allow to reconstruct
the exact function.

3. Construct the current adaptive grid by modifying the grid 7;_; from the previous
time step. Starting from the grid 7 _1 the grid for the time step k can be refined
or coarsened where necessary during the adaptive cycle. Every time the grid is
refined in a region, the solution from the previous time step can be interpolated to
the new grid. In regions where the grid is coarsened the solution can be projected
to the coarse grid.

Although this approach is used often, it has several drawbacks: The projection
needed for coarsening will in general introduce errors. Moreover, it is not possible
to re-refine the grid where it was already coarsened since the old function (before
projection) values cannot be reconstructed. Also, the adaptive loop needs a
coarsening strategy in addition to a refinement strategy. Finally, this approach
will in general be expensive because the problem size will in most cases not vary
much from one time step to the next. This implies that in each time step several
(at least two) problems of approximately the same size must be solved.
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All these strategies are unsatisfactory for the reasons stated above. As a remedy the
DUNE-SUBGRID module was developed [60] on the basis of the dune library. The next
subsections will describe the DUNE-SUBGRID module and show how it allows to avoid
these problems.

6.2.2 The Dune-Subgrid Module

DUNE is an object oriented C-+-+ library |11, 12| that provides interfaces for common
functionality needed for grid based methods for partial differential equations. Most
importantly it provides a unified interface to access and manipulate adaptive hier-
archical grids. This interface is implemented by different grid managers. While the
DUNE library itself does only come with grid managers for structured grids, it includes
bindings for the unstructured adaptive grid managers UG |10], ALUGrid |27, [99], and
Alberta |97].

A consequence of this design is the possibility to implement so-called meta-grids that
modify one or more other underlying grids. The fact that all grid implementations can
be accessed through the same interface allows to write generic libraries and applications
where the grid manager can be exchanged without changing the actual application code.
Since these interfaces are realized using C-+-+ template techniques they only lead to a
very small runtime overhead |11].

The basic feature of the DUNE-SUBGRID module is a meta grid manager provided by
the SubGrid class that allows to treat a subset of a grid hierarchy as a grid hierarchy in
its own right. Let (7o,...,7;) be a grid hierarchy provided by a DUNE grid manager.
We will call this hierarchy the “host grid”. Then the tuple (77,... ,7}’/) is called a
“subgrid” if T C Ty, for k =0, ..., 7" and if the tuple is a grid hierarchy itself.

The SubGrid class allows to deal with such subgrids in an efficient way. An object
of the SubGrid class is created by marking a subset of the host grid’s elements for
inclusion. The marks and consecutive indices for these elements and adjacent faces,
edges, and nodes are stored internally. After creation the SubGrid allows to access the
subgrid (7, ... ,7}’/) induced by the marks.

Note that the subgrid does not store the elements, their geometry, and their father
and neighbor relation itself. If the user wants to iterate over a level T, of the subgrid
it internally iterates over the whole host grid level 7 skipping the elements that are
not contained in 7;. Similarly iterating over the subgrid leaf 7' = L(7y,...,T})
iterates over all host grid level grids 7, with k < 5’ skipping the elements that are not
contained in 7’. Thus storing a subgrid through the SubGrid class needs significantly
less memory than storing a copy of it as a classical stand alone grid manager, at least
if the subgrids size not too small compared to the host grids size.

Since the SubGrid class implements the standard DUNE grid interface all algorithms
that run with classical DUNE grid managers can also be used on a subgrid. This does
also include adaptive algorithms. If an element 7 € T’ of the subgrid is marked for
refinement one of the following two things happens:

e If 7 is not contained in the host grids leaf 7 = L(7y,...,7;), then the direct
children of 7 are included in the subgrid.
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6 Adaptive Numerical Solution of Nonlinear Saddle Point Problems

e If 7 € T then the element is marked for refinement in the host grid. After
refinement of the host grid the direct children of the element are included in the
subgrid.

This strategy allows to transparently refine a subgrid such that it grows in the existing
host grid where possible and refines the host grid only where needed.

One important consequence is that 77 is in general nonconforming even if T is
conforming, since elements introduced as “closure” during a red—green refinement in
the host grid are not necessarily included in the subgrid. In order to guarantee a
certain regularity, the SubGrid class allows to restrict the maximal level difference of
elements in 7’ that share a vertex. If such a restriction is imposed additional elements
are refined if necessary.

Besides the standard grid interface the SubGrid class also provides methods that
relate the subgrid to the host grid. For example one can check whether a host grid
element is contained in the subgrid. If this is the case one can construct the object
representing the element as part of the subgrid from an object representing it with
respect to the host grid and the other way around. For a more detailed survey of the
SubGrid interface and the internal implementation we refer to [60].

6.2.3 Spatial Adaptivity for Rothe's Method using Dune-Subgrid

Subgrids allow to efficiently implement spatial adaptivity for time-dependent problems
avoiding the problems mentioned in Section We now describe how to achieve
this and discuss its advantages and possible drawbacks afterwards.

Assume that uy_1 is the solution of the spatial problem from the previous time step as
finite element function with respect to a leaf grid 7 = L(7o, ..., 7T;) of a grid hierarchy
(To,...,T;). For the current time step we want to solve a problem using an adaptive
grid sequence that involves the integration of a product of ux_; with a function from
the current grid. This requires the evaluation of ug_1 on suitable quadrature points in
the elements of the current grid. If we consider (7o, ..., 7;) as a host grid the adaptive
solution in the current time step can be done using the following algorithm.

YR . 0 .
1. Create an initial coarse subgrid (70, ... ; T;,) of the host grid T.

2. Solve the problem on the leaf of the current subgrid. If ux_1 needs to be evaluated
on the subgrid, evaluate it on the host grids leaf and transfer the information to
the first ancestor that is contained in the subgrid. This can be done using the
father relation in the host grid and the subgrid—host grid relation provided by
the SubGrid class.

3. Estimate the discretization error for the solution on the current subgrid. If the
desired tolerance is matched, go to step Bl

4. Adaptively refine the subgrid. If the host grid was refined implicitly by the
SubGrid class, transfer the function ug_1 to the new host grid leaf level using
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standard techniques. This can be done exactly, since the host grid is only refined
and never coarsened implicitly. Go to step

5. Coarsen the host grid such that it is as coarse as possible while still containing
the subgrid, and transfer the current solution from the subgrid to the new host
grid. This can again be done exactly, since the host grid can never be coarser
than the subgrid.

In all steps the host grid is fine enough to represent solutions from the previous time
step and from the current one. Only after the coarsening in the last step, solutions from
the previous time step can no longer be represented. This is, however, no problem,
since they are no longer needed for the next time step. This approach has several
advantages compared to the approaches presented in Section

Compared to the first approach using two separate grid it is much more efficient,
since the subgrid needs significantly less memory than a separate grid. Moreover, the
evaluation of the function from the old grid on the current one can be implemented
efficiently using the relation of the subgrid to the host grid.

In contrast to the second approach that stores nodal values and coordinates of the
function from the old grid, the use of a subgrid allows for the exact evaluation of ux_1 on
the current grid. This is especially important since many evolution problems conserve
certain integrals, which can only be inherited by the discretization if the respective
integration is done exactly.

The latter is also an advantage compared to the third approach that modifies the
grid from the previous time step. Furthermore, the subgrid approach is in general much
more efficient since it allows to build the grid for the current time step from a very
coarse grid. Assuming that an optimal solver is available and that the problem size
increases by a factor of at least 2 during refinement, the overall computational effort is
about 2n where n is the problem size on the finest grid. If the grid from the previous
time step needs to be modified k times to construct the current grid, this implies this
amounts in an effort of (k + 1)n.

Numerical experiments for the heat equation |60] have shown that the overall com-
putational effort for the adaptive refinement loop is at most 2.5-times as large as the
effort for the solution on the resulting fine grid. In most time steps the factor was even
contained in [1.5,2] which is a real improvement compared to the factor k+ 1 where k
is at least equal to one but in almost all cases larger.

The factor becomes even larger, if we also take into account that, for strongly non-
linear problems, solutions from the coarse grid do in general provide a better initial
guess than solutions from the previous time step.

The drawbacks are the following. On the one hand the computation of subgrid
indices takes additional time. On the other hand iterating over the subgrid is slower
than iterating over the host grid for two reasons. Even if the subgrid level 7/ is
much smaller than the host grid level T, one must iterate over the whole set Tg
internally. Moreover, the additional layer introduced by wrapping the host grid in
the subgrid make each grid access slower. Computational experiments in [60] showed
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6 Adaptive Numerical Solution of Nonlinear Saddle Point Problems

that this leads to an overhead of about 37% when assembling a stiffness matrix for
the Laplace operator where the subgrid covers the whole host grid. In practice this
is not a problem, because assembling the problem takes only a small fraction of time
compared to the solution of the nonlinear saddle point problems we are interested in.
Also, certain optimizations in the implementation may allow to reach a smaller number
in the future.
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In this chapter we test the methods developed in the previous chapters numerically.
Since we did neither prove error bounds for the finite element discretization nor reliabil-
ity or efficiency of the error estimator we will not do extensive test for them. However,
we will show that the local error indicators allow the construction of adaptive grids
that capture local properties of the solution well.

The numerical tests of the algebraic solvers will concentrate on the Schur Nonsmooth
Newton method applied to the Cahn—Hilliard equation. The TNNMG method will be
used as solver for the nonlinear subproblems in each step of the Schur Nonsmooth
Newton method. Hence its efficiency will directly influence the efficiency of the latter.
Although both algebraic solvers are applicable to a variety of problems, testing them
for other problems than the Cahn-Hilliard equation is not within the scope of this
work.

For further numerical examples regarding the TNNMG method we refer to |58, 162,
94]. There is was applied to quadratic obstacle problems, contact problems in elas-
ticity, and the Allen—Cahn equation, respectively. Neither of these problems includes
a nonquadratic smooth energy so the anisotropic problems considered here are truly
novel. For the Schur Nonsmooth Newton method we refer to [57, [59], where it was
applied to the Cahn—Hilliard equation and a control problem for the Poisson equation
with control constraints. In both cases the convex energy of the saddle point problem
was a quadratic energy with obstacles. Thus the presented anisotropic problem with
logarithmic potential is again more general.

All numerical examples presented in the following use the semi-implicit time dis-
cretization of the Cahn—Hilliard equation given by Problem with uniform time step
size Aty = At and 6o = 1. For the rank-1 regularization in (3.6) and the time step
size we select p =7 and At = 27, respectively. The norms used for the phase field and
the chemical potential are

[l imal = 7 (Y, Vi) +7 (u, 1) (u, 1),
||w||3ual = At (V’U), VZU) + At (w,w) .

We will present results for the isotropic Cahn—Hilliard equation with
2 =2
Y(x)” =7l

and for the anisotropic Cahn—Hilliard equation with a scaled version of the Kobayashi
anisotropy of Example BTl More precisely, we use

1(@)* =7 (1 + acos(kB(@))) ],
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with k = 3 and @ = 0.124 < 1/(k? — 1), where 5(€) € [0,27] denotes the angle between
the positive x-axis and &.

The spatial discretization is done using linear finite elements leading to the discrete
saddle point problems in Problem The equations are discretized on the domain
Q = (—1,1)? with a symmetric coarse grid consisting of four triangles, each spanned
by the origin and two vertices of 9f2.

For the solution of the algebraic problems we use the Schur Nonsmooth Newton
method according to Corollary [B.3] with the following parameters:

The truncated index set Z”(v) uses the truncation criterion
@i (vi) < (Cp)ii = 10° / Ap, (2) da.
Q

We do not apply any additional correction C, i.e., we use C = 0.

As step size rule we use the inexact step sizes introduced in Proposition [5.4] with
the accuracy € = 0.8.

The step size rule is switched off dynamically according to the strategy in Theo-
rem [5.4] if the norm of the direction contracts with ¢ = 0.8. We select a_1 > 0
such that the step rule is not used for the first correction.

The linear saddle point problems are solved using a linear multigrid method with
a Vanka-type block Gaufi—Seidel smoother that solves local 2 x 2 saddle point
problems for all vertices successively. The multigrid method uses a V-cycle with
3 pre- and post-smoothing steps. For the generated sequence d”* — d¥ the
relative correction norm

de’ﬂ B dl/“uil Hdual
de'“Hdual

is used as estimate of the relative error.

The linear saddle point problems are solved inexactly such that the estimated
relative error is bounded by

max{0.1”,¢e2_;}

where e, 1 = ||w” ™! — w" 72| qua is an estimate for the error of the previous step
of the Schur Nonsmooth Newton method.

The convex nonlinear minimization problems for the evaluation of F~! are solved
using the TNNMG method.

The TNNMG method is used with the following parameters:
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7.1 Cahn—Hilliard Equations on Uniform Grids

Three pre-smoothing steps of the nonlinear smoother are applied, followed by a
truncated linear coarse correction and another three nonlinear smoothing steps.

The truncated index set Z”(v) uses the truncation criterion
A 0) < (Colia =10° [ Ay, (@) do.
Q

The truncated linear system is solved inexactly with the multigrid method de-
scribed in Section .3.T] using one V-cycle with 3 pre- and post-smoothing steps.

The implementation used for the numerical tests is based on the DUNE framework.
The following DUNE modules where used:

7.1

The core modules DUNE-COMMON, DUNE-GRID, DUNE-LOCALFUNCTIONS, and
DUNE-ISTL, where used for the grid interface, shape functions, and matrix and
vector classes.

The DUNE-SUBGRID module was used for the handling of adaptive grids during
Rothe’s method.

The discretization module DUNE-FUFEM was used for the handling of grid func-
tions and finite element spaces, the assembling of matrices and vectors, and for
the implementation of the hierarchical error estimator.

The solver module DUNE-SOLVERS was used as infrastructure for algebraic solvers,
and the handling of multigrid transfer operators.

The TNNMG method was implemented in the DUNE-TNNMG module.

The Schur Nonsmooth Newton method and the nonlinearities where implemented
in the PHASE-FIELD module.

Cahn—Hilliard Equations on Uniform Grids

In order to allow for a better comparison of the solvers behavior for different problems
we consider the Cahn-Hilliard equation for fixed 7 = 4-10~* on a sequence of uniformly
refined grids. The finest grid is obtained by eight refinements and contains 131585

vertices.

7.1.1 Iteration History on a Fixed Grid

As a first test we investigate the convergence for the first time step of the Cahn—Hilliard
equation with the initial value

—1 else.

1 if |z| < 0.5,
to(@) = { 2| <
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Figure 7.1: Circle example: Error over iteration step for the isotropic case (left) and
the Kobayashi anisotropy (right).

This will be referred to as the “circle example” in the following.

Figure [[.1] depicts the algebraic error over iteration steps for the temperature 6 = 0,
i.e., the obstacle potential, and both choices of v. The error is approximated by
||w” — @||gual Where @ is precomputed up to a significantly higher accuracy. The left
and right plot show the iteration history for the isotropic case and the Kobayashi
anisotropy. For both versions the dashed line corresponds to the initial guess w® = 0,
while the solid line results from nested iteration, using the solution from a coarser
level as initial guess. In any case superlinear convergence is observed and the iteration
history seems not to depend strongly on the initial guess. Furthermore, the algorithm
behaves the same for the isotropic and the anisotropy problem.

The same quantities are depicted in Figure for a different initial value ug for the
evolution. Here it is taken to be 1 inside of finitely many random circles and —1 outside.
In contrast to the initial value in the circle example the transition between both phases
is not a jump but smoothed to a sine-profile to model a typical situation during the
phase transition evolution. This will be referred to as the “random discs example” in
the following. Again the isotropic and the anisotropic problem both exhibit comparable
superlinear convergence. However, nested iteration leads to faster convergence here.

7.1.2 Mesh Dependency

Now we investigate if and how the convergence speed of the algorithm changes if
the grid is refined. To this end we consider the random discs example on different
refinement levels and for the temperature # = 0. Since averaged convergence rates
are inappropriate due to the superlinear convergence, we plot the number of Schur
Nonsmooth Newton steps needed to achieve an algebraic error less than 10713

The left and right plot in Figure [Z3] depict this number for the isotropic and the
anisotropic case. Again we compare the initial guess w" = 0 and nested iteration.
These examples show that the number of iteration steps does not increase for finer
grids. Moreover, the solution on coarse grids does even take much more iteration steps.
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Figure 7.2: Random discs example: Error over iteration step for the isotropic case (left)
and the Kobayashi anisotropy (right).
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Figure 7.3: Random discs example: Newton steps over refinement level for the isotropic
case (left) and the Kobayashi anisotropy (right).

This can be explained by the fact that very coarse grids cannot resolve the interface
layer. Thus the inactive sets selected during the algorithm tend to be unstable. While
the number of iteration steps is similar for fine grids, the anisotropic problem takes
significantly more iteration steps on coarse grids compared to the isotropic one.

Until now we have only looked at the number of Schur Nonsmooth Newton steps.
However, the computational work done in these iteration steps differs a lot for the
following reasons. On the one hand the linear saddle point problems are solved with
increasing accuracy leading to an increasing number of linear multigrid steps. On the
other hand the operator F~! has to be evaluated at least once in all steps, but several
times if the step size rule is activated. Since the nonlinear multigrid steps are much
more expensive than the linear ones we use the former as measure for the computational
effort from now on.

For the examples of Figure [Z.3] the numbers of overall TNNMG steps per refinement
level are depicted in Figure[7.4l Most of the iterates on coarser grids require significant
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Figure 7.4: Random discs example: Overall TNNMG steps over refinement level for
the isotropic case (left) and the Kobayashi anisotropy (right).

damping. Thus the number of TNNMG iterations does even take values larger than
1000 for the coarsest level. In order to provide a useful visualize for the more important
finer grids we truncated the plot at 120. For these finer grids the number of TNNMG
steps is bounded by 51 independently of the mesh size if nested iteration is applied.
However, it takes about twice as much steps for the initial guess w® = 0.

In the light of the bounded number of outer iterations presented in Figure [Z.3 this
shows that nested iteration provides initial guesses that are particularly suited for the
multigrid subproblem solvers, allowing for a mesh independent complexity of the overall
algorithm. Due to this fact we will use nested iteration for all following examples.

7.1.3 Robustness with Respect to the Temperature

To examine if the convergence is also robust with respect to the temperature 6 in the
logarithmic potential, we now use the same example with @ varying from 10~ to 102.
The limiting case § = 0 was already discussed.

Figure depicts the number of Schur Nonsmooth Newton steps needed on the
eighth level to achieve an algebraic error less than 1073 for different values of §. The
computational examples show that the convergence of the Schur Nonsmooth Newton
method is hardly effected by the temperature.

Figure depicts the number of overall TNNMG steps for the same example. Again
the method is robust for # — 0. Moreover, we observe faster convergence for high tem-
peratures ¢ > 0. This is not surprising since the nonlinearity dominates the differential
operator in the Ginzburg-Landau energy in this case and the problems solved by the
TNNMG method become “asymptotically diagonal” for 8 — oo.
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Figure 7.5: Random discs example: Newton steps over temperature for the isotropic
case (left) and the Kobayashi anisotropy (right).
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Figure 7.7: Circle example: Newton steps over number of unknowns for the isotropic
case (left) and the Kobayashi anisotropy (right).

7.2 Cahn—Hilliard Equations on Adaptive Grids

Now we consider adaptive grids obtained using the local error indicators and the re-
finement strategy introduced in Section

7.2.1 Mesh Dependency

We start with the circle example and use the smaller interface parameter ¥ = 10~*
now. Since the solution was most expensive for # = 1073 we consider this temperature
for the tests presented here.

The adaptive grid is constructed starting from a grid obtained by five uniform refine-
ments of the coarse grid. The hierarchical estimator uses the scaled norms introduced
above and the refinement strategy is applied with the fraction a = 0.64 as suggested
by Dorfler |46] (more precisely 6* = 0.2 for 6* = 1 — \/a was suggested there).

Figure [I.7] and Figure [.8 depict the number of Newton iteration steps and the
number of TNNMG steps over the number of nodes for the isotropic and the anisotropic
interfacial energy. Similar to the uniform case it can be seen that the number of Newton
steps does not increase with the number of nodes. While the same is true for the
TNNMG steps in the isotropic case, the number of TNNMG steps slightly increases
for the anisotropic case. However, it is still below 70 on the finest grid containing about
100000 nodes. In any case the number is significantly higher for very coarse grids.

The same results are depicted in Figure [[.9] and Figure [Z.T0 for the random discs
example. Here the number of iteration steps is bounded in all cases for an increasing
number of nodes.

7.2.2 Hierarchical Error Estimator

In order to examine the error estimator and the quality of the resulting grids, we
consider the same examples as in the previous section again.
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Figure 7.8: Circle example: Overall TNNMG steps over temperature for the isotropic
case (left) and the Kobayashi anisotropy (right).
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Figure 7.9: Random discs example: Newton steps over number of unknowns for the
isotropic case (left) and the Kobayashi anisotropy (right).
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Figure 7.10: Random discs example: Overall TNNMG steps over temperature for the
isotropic case (left) and the Kobayashi anisotropy (right).
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Figure 7.11: Circle example: Estimated error number of unknowns for the isotropic
case (left) and the Kobayashi anisotropy (right).
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Figure 7.12: Random discs example: Estimated error number of unknowns for the
isotropic case (left) and the Kobayashi anisotropy (right).

Figure [ T1] depicts the estimated error for the circle example and the isotropic and
the anisotropic case, respectively. In order to simplify the interpretation a line with
the slope of #nodes™'/¢ that corresponds to the error order O(h) for uniform grids
is also plotted. After an initial phase, where the estimator decreases quickly, it takes
almost exactly the slope of this line for the isotropic and the anisotropic case. For the
random discs example in Figure the slope can be seen even for coarse grids.

Finally we solve the anisotropic random discs example adaptively for ¥ = 1073 and a
tolerance of 0.1 for the adaptive refinement. Figure [[. 13 shows the solution of the first
time step and the adaptive grid. The closeup of the grid near the interface shows that
the refinement strategy using the hierarchical estimator allows for grids that capture
the interface very well. Figures [[. 14 and show further time steps of this problem.
The threefold anisotropy is clearly visible from the shape of the initially round interface
regions.
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7.3 Conclusions

The numerical examples show that the Schur Nonsmooth Newton method converges
independently on the mesh size in the sense that the number of iteration steps, needed
to solve up to a fixed accuracy is bounded from above. Even more this number is in
the range of 3 to 7 for fine grids. Only on very coarse grids, which can not resolve
the interface layer, the number increases significantly. This behavior can be seen on
uniform as well as on adaptively refined grids.

Furthermore, the experiments show that the number of iteration steps for a fixed
accuracy is hardly influenced by the temperature. This result reflect the fact that the
method was designed without any smoothness assumption on the decoupling nonlin-
earity. Instead of this convex properties that are shared by the obstacle potential and
the logarithmic potential for all 8§ > 0 where used.

If we use the number of TNNMG steps as measure for the computational effort,
the situation is similar. However, the number of TNNMG steps is in most examples
significantly smaller if nested iteration is used to compute the initial guess for the Schur
Nonsmooth Newton method. In the light of the discussion in Section this can be
explained by the fact that the method is in general not mesh independent. Before fast
multigrid convergence is attained the method needs an increasing number of iteration
steps to determine the active set. In case of nested iteration the initial guess does
typically also provide a good guess for the active set. Hence this pre-asymptotic phase
is hardly visible in this case.

Finally we note that the hierarchical error estimator allows to construct grids that are
perfectly matched to the interface. While similar grids could also be obtained using
heuristic strategies that refine only near the interface, such strategies do in general
require the selection of several parameters. Furthermore, they ignore regions where
the solution is almost constant as they appear for computations with the logarithmic
potential.
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A Appendix

A.1 Properties of Convex Functions

A function f: R™ — R is called strongly convex with respect to a constant p > 0 and
a semi-norm || - [|3, = (M-,-) (for a symmetric positive semidefinite matrix M) if

fOz+ (1 =Ny) <Af(z)+ (1= A)f(y) — A1 - /\)gllﬂf oyl YA€[0,1] (A1)

holds true for all z,y € R™.

Lemma A.1. A differentiable function f : R™ — R is strongly convexr with respect to
w>0 and | - |a if and only if

F@) = f) 2 (V@ e —n) + S ey} veyerRm  (A2)
or if Vf is strongly monotone, i.e.
(Vi) =Vi@),e—y) >ple—yli,  Vo,yeR™
Proof. Use literally the proof in [53] for the Euclidean norm. O

Theorem A.1. Let V be a Banach space, f1,fo: V — RU{oco} convex, A > 0, and
x €V. Then

1. 8()\f1)(.%') = Aafl(m')
2. Ofi(z) + Ofa(x) C O(f1 + f2)(x) if f1 and fo do not take the value cc.

3. 0fi(z) + Ofa(x) = O(f1 + f2)(x) if fi and fo are lower semicontinuous, not
identical to oo, and if there is some xy € dom f; N dom fo where fi and fo are
contINuUoUS.

Proof. See |49, Chapter I, Section 5.3]. O

A.2 Properties of Function Spaces

Theorem A.2. Let Q C R? be a bounded, open set such that O satisfies the uniform
cone condition (cf. [110]). Then there is a constant C' > 0 depending only on 2 such
that

lollf < Cp (Jvf + (v,1)?) < Cp (ol + | (v, 1) ).
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Proof. See |110]. O

Note that the uniform cone condition in Theorem [A.2] is especially satisfied by a
Lipschitz boundary.

The following result on superposition operators gives provides continuity of such
operators under very few assumptions. For a comprehensive study on superposition
operators we refer to |3].

Definition A.1. Let Q C R? be an open set and f : Q@ x R — R. The superposition
operator F' induced by f is given by

(F(v)(z) = f(z,0(x)) Vrel

for functions v : Q — R. f is called a Carathéodory function if f(z,-) is continuous
on R for almost all x € Q and if f(-,y) is measurable on Q for all y € R.

Theorem A.3. Let Q C R? be an open set, f: Q x R — R a Carathéodory function,
and let the induced superposition operator F map LP to LY for some 1 < p,q < 0.
Then F is continuous.

Proof. See |3]. O

Corollary A.1. Let Q C R? be a bounded, open set and f : R — R be continuous and
bounded. Then the superposition operator F given by

(F(v))(z) = f(v(x))  VYrel

1s continuous from LP to LY for all 1 < p,q < oco.

A.3 An Existence Result for Saddle Point Problems

Theorem A.4. Let V,Z be Banach spaces, A C V, B C Z convex, closed and
nonempty sets. Let L : A x B — R satisfy

Yu € B, L(-, 1) : A— R is convex and lower semicontinuous,

Yv e A, L(v,-) : B— R is concave and upper semicontinuous.

Furthermore, assume that

A is bounded or Jpuo € B: lim  L(v, ug) = oo,
l[ollv —o0
veA
B is bounded or lim inf L(v,p) = —oo0.
lp]| z— o0 vEA
neB

Then L possesses a saddle point (u,\) € A X B, i.e.
L(u,p) < L(u,\) < L(v, \) V(v,p) € AxB.
Proof. See |49, Chapter VI, Proposition 2.4]. O
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A.4 Convexification of a Class of Saddle Point Problems

Let H be a Hilbert space with norm || - ||g. For functionals f,g € H’, symmetric,
positive semidefinite, linear operators M,C : H — H’, a nonlinear operator F : H —
H', a proper, convex, lower semicontinuous function ¢ : H — RU{oo} and 7 > 0
consider the saddle point problem:

Problem A.1. Find (u,w) € H x H such that
(F(u),v —u) + ¢o(v) —p(u) = (Mw,v —u) > (f,v—u) Vv e H,
— (Mu,v) — 7 (Cw,v) = (g,v) Vv e H.
It will be help full to consider the modified problem:
Problem A.2. Find (u,w) € H x H such that

<F(u),v—u>+cp(v)—ap(u)—<M?I},v—u>2<f,v—u> Vv € H,
—<Mu,v>—T<Cw,v>:(g,v> Vv e H.

Theorem A.5. Let o > 0. Then Problem [A1 is equivalent to Problem [A.2 with
Fu = F(u) +2aM — 102C, M =M —1aC, f=f-ag,

in the sense that (u,w) € H X H is a solution to Problem[Ad. if and only if (u,w) €
H x H with % = w + au is a solution to Problem [A.2

Proof. Adding 0 = (aMu — Mau,v — u) to the first and 0 = (raCu — 7Cau,v) to
the second equation in Problem [A 1] leads to

(F(u) + aMu,v —u) + ¢(v) — p(u) — (Mw,v —u) > (f,v —u) Vv e H,
—<Mu,v>—T<C1I),v>:(g,v> Vv e H.
Testing the second equation with v — v and multiplying it by —« gives
((aM — Ta2C') u,v —u) — (—TaC,v —u) = —a(g,v — u) Vv e H.

Adding this to the first equation provides Problem [A.2l Since we can revert all opera-
tions we have shown equivalence. O

Lemma A.2. Let F = VJ : H — H' for a differentiable function J : H — R
and | - |3 := (T-,-) the seminorm induced by an operator T. Consider the Lagrange-
functionals

L{u,w) = J(u) + plu) = (f,u) + (~Mu —g,w) — Zul?,
L(u,®) = J(u) + ¢ (u) + aful}; — 2 [ulz = (f - ag,u)
+ {(raC = M)u - g,@) - .,

associated with Problem [A1 and Problem A2, respectively. Then L(u,w) = L(u,w +

au) and equivalently L(u,w — au) = L(u, ).
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If F is not monotone itself Theorem [A.H] allows to state an equivalent saddle point
problem where F' might be monotone. More precisely, if F' is the gradient of some
functional it allows to add some convex quadratic term with respect to M at the price
of adding a concave quadratic term with respect to C":

Theorem A.6. Let Cy: H — H' be a linear, continuous, symmetric, positive semidef-
inite operator such that C'+ Cy is coercive, i.e. |-|ctc, s equivalent to the norm ||- || o
of H. Assume that F = VJ —2aM with o > 0 and a convex, differentiable functional
J : H — R that is also strongly conver or equivalently VJ is strongly monotone, i.e.
there is a constant 5 > 0 with

(VJ(u) — VJ(v),u —v) >Flu—vlg,

Then the operator F from Theorem 1s strongly monotone if T < %

7
2

Proof. From 7 < -5 we get 7 — 7a? > 0 and hence

<F(u) — F(v),u — v> = (VJ(u) — VJ(v),u —v) — 7a?|u —v|4

Y

(7 = 70?) [u = v[& +Flu—v[g,
(7 = 70%) lu = v[Ei ¢,

>0

v

A.5 Properties of Lipschitz Continuous Operators

In order to be able to extract extract properties only from the domain where a Lipschitz
continuous operator is smooth, we need the following generalized mean value theorem.

Proposition A.1. Let T : R®™ — R™ be Lipschitz continuous on an open conver set
U CR"” and u,v € U. Then one has

T(u) —T(v) € {codcT([v,u]),u —v)
where OcT ([v,u)) is the union of all 0T (z) for all z in the line segment [v, u].

Proof. See |34, Proposition 2.6.5]. O

It is also possible to extract this information from an even smaller subset as the
following result shows.

Proposition A.2. Let T : R™ — R™ be Lipschitz continuous and S C R™ a set of zero
measure. Then

IcT (u)v = 9sT (u)v Vu € R", v e R™
where OsT is defined by
OsT(u) := co{klim VT (ug) : up — u,uy, € Dp\ S}.
—00
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Proof. See |34, Proposition 2.6.4]. O

Note that it is in general not known if dcT'(z) = OsT'(x) holds for m > 1 (cf. [34,
p. 71]). For smooth operators the mean value theorem implies strong monotonicity if
the derivatives are uniformly bounded from below. The following lemma generalizes
this result to Lipschitz continuous operators requiring boundedness only on an arbitrary
dense set where derivatives exists.

Lemma A.3. Assume that T : R™ — R"™ is Lipschitz continuous on an open convex
set U and that

(Hpv,v) < (VT (u)v,v) YoeR" ue (DrnU)\S (A.3)

holds with a symmetric positive semidefinite matric Hp and a zero measure excep-
tional set S C R™. Then T is strongly monotone on U with respect to the semi-norm
introduced by Hrp, i.e.

(T(u) =T(v),u—v) 2 (u=-v,u—v)y Vu,v e U.
Proof. First we note that by Proposition[A.2 for z € U, v € R™ and Z € 9¢T (u) there

are sequences ul € (DrNU)\ S with ul — u for k — oo and a convex combination
Ay A2 >0, >0 A = 1 sucht that

(Zv,v) = <<Z Ai klgr;o VT(u%)) v,v> = kll_)H;OZ)\Z <VT(u2)v,v> > (Hpv,v) .

By the generalization mean value theorem in Proposition[A. Ilthere are also A1,...,Ag >
0,>N=1,t1,...,tr €10,1], and Z1,..., Zr with Z, € OcT (u + t,.(v — u)) such that

R
T(u) = T(v) =Y \iZi(u—v)
i=1

Together with the above estimate of (Zz,x) for Z € JcT(y) this yields the assertion.
O

A.6 Truncated Matrices and the Moore—Penrose
Pseudoinverse

In this section we collect properties of so-called truncated matrices obtained by re-

stricting a given matrix to certain subspaces. For convenience we repeat the definition

originally given in Chapter Ml here:

Definition A.2. Let 7, J C N be index sets, x € R" a vector, and M € R™" a matriz.

Then define the truncated matriz Mz, 7 € R™"™ and the truncated vector xz € R" by

M;; ifieZ andje J, x; ifi €T,
(1) =

0 else,

(Mlj)ij = {

Furthermore, define the abbreviation Mz := Mz 1.

0 else.
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Lemma A.4. Let 7,7 € N be index sets and M € R™™ a matriz, and x € R™. Then
MI,N = IIM, MN,I = MII, MLJ = IIMIJ, M(mz) = MNJI', (M.%')I = MLN.%'.
Proof. The identities follow instantly from Definition [A.2] O

Although truncated matrices are singular we can still invert the corresponding op-
erators on suitable subspaces and represent the inverse operator as matrix. In order to
simplify the notation for these opeartors we recall the definition of the Moore—Penrose
pseudoinverse M € R™™ of a matrix M € R™" using Tikhonov regularization of the
symmetric positive semidefinite matrix MM7T.

Definition A.3. Let M € R™". Then the Moore—Penrose pseudoinverse M+ € R™»™
s given by

M = 1m(MTM + )" MT = lim MT (MM + eI)™!

e—0 e—0

of a matriz M € R™",

This limit exists even for singular matrices and M can equivalently be defined as
the unique matrix satisfying

MM™M =M, M*MM*=M" MMHT=mM*, (MM =MTM.
(A.4)

The pseudoinverse reduced to the inverse if M is invertible. Beside this it has the
properties

Mt =M, (MDY = (M), AM)T =X"TMT  va>o.

Lemma A.5. Let M € R™™ be symmetric positive definite and Z C N an index set.
Then we have

M = (Mp)* = <(MI Ty II)_1>I - ((MI)+>I.

Hence Mf is obtained by deleting the i-th rows and columns of M with i € T, taking
the inverse of the reduced matriz and then inserting zero rows and columns where rows
and columns where deleted.

Proof. The matrix (Mz+ I — I7) is also symmetric positive definite and thus invertible.
Its easy to see that for i, j € Z we have (M7 + I — II)Z._].1 = 0;;. Hence we have

(Mg +1—I7)"' = ((MI Ty II)_l)I Ty
Using this and (I — I7)I7 = 0 we get
<(MI Iy II)_1>IMI - MI((MI . II)_l)I — Ir.

This implies the four identifies in (A.4). O
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The pseudoinverse will also be helpful to handle limits of inverse matrices.

Lemma A.6. Let (MF) with M* € R™" be a sequence of symmetric positive definite
matrices such that M¥ — M for some symmetric positive definite matric M € R™™.
Furthermore, let A C N be an index set and o > 0 with o — co. Then

lim (M* + a"14) ™" = (I = I)M(I — 14))" = (M7)*

k—o0
with T =N\ A.

Proof. Without loss of generality we assume that the indices are ordered such that
i < jforallieZandje A Furthermore, we identify truncated matrices with the
corresponding submatrices where truncated rows and columns are deleted. We will
especially identify I 4 with I as submatrix. Then we have

Mk Mk
k k _ A z,A
MEraila= (M}jll Mj+a’f[> :

Using the Schur complement
-1
Sk = MK+ kT — MY, <M§) ME,

the inverse is given by the decomposition

—1
(M +abia) =

I — (MFE -1 ME Mk -1 0 I 0
(1 -0 ") (07 0 ) (gt 0) 49

From M* — M we get that the submatrices converge to the corresponding submatrix
of the limit. By continuity of building the inverse of (sub-)matrices we also have

<M§) VAR

Since all matrices M* + oFI 4 are symmetric and positive definite for arbitrary o it
is well known that the same is true for the Schur complements S*. Thus it is always
invertible and we have

(S’f)fl - % [i <Mj ~ M, (M§>71 M£A> + I}

ok

-1

From the convergence of the submatrices we know that the term containing only sub-
matrices converges to some matrix. Hence we the whole matrix that should be inverted
converges to I and from this we get (S¥)~! — 0. Inserting all convergence results for
submatrices in the above decomposition we get

(Mk—FOZkIA)il . <(M€)1 8) — (Mp)*
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where we switch back from submatrices to trucated matrices in the last identity. Note
that the essential step to take the limit after factoring 1/a* out is not possible for the
original full matrix since the remaining sequence (1/a* M* +14) converges to I4 which
is not invertible as full matrix. O
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B List of Symbols and Notation

Q

€2
XK
V2 f
coM

a.e.

a bounded, open, and nonempty domain in R, d =1,2,3..........
measure of the set Q... .. .. . .
indicator functional of convex set K ......... ... i 8
Hessian matrix of a functional f: R DM —R.................... O
convex hull of the set M ... .. 1
The unit (d — 1)-sphere in R%......... ... . ...................... 11
Ginzburg—Landau free energy ............... i 13
Euclidean inner product on R®. ... ... ... .. ... ............... 14
Euclidean norm on R ... ... ... . @4
bilinear form (-,-),, = (M-,-) on R™. ... 14
(semi-)norm on R™ induced by (-,<) 7 - ovvovveiniiiiiiiii. 14
Lebesque SPace ... ...t 14
norm on function space L2(€2) .....ooviiiiiii 14
inner product on function space L2(€2).......ccoooviiiiiiiiiii... 14
Sobolev space with weak derivatives up toorder k ................ 4
norm of the Sobolev space H¥(Q)..........cccoooiiiiiiiii .. 14
Sobolev space with zero boundary values.......................... 14
norm of a vector space V ... 14
inner product of a pre-Hilbert space H............................ 14
dual space of a normed space V......... ... . i, @4
dual pairing of V' and V for a function space V................... 14
subdifferential of convex function .............. .. ... ... 10l
almost everywhere . ...... .. ... 16l
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Tz

M+

Z(v)

7' (v)
Z"(v)
PDAS
TNNMG

152

constrains set for phase field K := {v € H'(Q) : |v| < 1,a.e. in Q}.I8

a (simplicial) triangulation of a domain in R?..................... 23
set of all nodes of T ... i 23l
set of all edges of T ... 23
set of all hanging nodes of T ...... ... ... i 23]
a grid hierarchy....... .. ... 24]
leaf grid of a grid hierarchy ................. ... ... ... .. ... ..., 24]
first order conforming finite element spaceon 7 ................... 25]
conforming nodal basis of S(7)..... ..o 26l
lumped L? inner product on S(7) w.r.t. a triangulation 7 ........ 29]
set where the Lipschitz continuous operator T is differentiable. . ... 43
B-subdifferential . .......... ... . (48
generalized Jacobian in the sense of Clarke........................ 43
generalized linearization of operator............................... 438
generalized Hessian of functional .................................. 48
minimizer of J along the line x + pd with pe R................... B2l
identity matrix on R™. ... ...
matrix with (7, j)-th entry set to zeroif i € Zorje J............ hal
matrix with i-th row and column set to zeroifi € Z............... B9l
vector with ¢-th component set to zeroifi € Z.................... 18]
Moore—Penrose pseudoinverse of the matrix M .................... 59
set of all indices i where Jy;(v;) is single-valued................... GOl
set of all indices ¢ € Z(v) where ¢/ (v;) is finite.................... 60]
set of all indices i € Z'(v) where ¢/ (v;) is bounded by Cy, ......... 63
primal—-dual active set method ................. ... ... ... ... ..... 66l
truncated nonsmooth Newton multigrid method................... [72]
set of all v with the same active configuration asc................ O2]



set of all active configurations of p........... ... ... ...
set of all multi-indices of intervals where ¢ is smooth.............. 93]
set of all v € [¢] with v; in interior of 7;-th smooth interval ........ 93]
set of all v € [¢] with v; in closure of 7;-th smooth interval......... 93]
dense open subset of F([c],) ................... 93]
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List of Assumptions

v : R4 = R is positive, 1-homogeneous, convex and C* ................... 9]
Hessian of 42 is positive definite ....................c.c.oiiiiiiiiii... 12
Jo is LC" and VJy is strongly monotone. ..................cooooiii.... @
A generalized Hessian H, of Jp exists.............. .. ..., 48
The generalized Hessian H j, of Jy is bounded..................... ... .. 48
Jo is a quadratic functional .......... ... ... 49
Jo is quadratic + Ziﬁ:l Vi Di0) o 5]
 is piecewise smooth and decomposes in coordinate directions.......... B0l

F : dom ¢ — R™ is monotone w.r.t. ¢, fixed point iteration converges . ..[G3
B, C have proper size and C' is symmetric positive semidefinite.......... [l

Saddelpoint problem has a unique solution.............................. irded|
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Zusammenfassung

Phasenfeldmodelle sind ein weit verbreiteter Ansatz zur Beschreibung von Prozessen,
die sich wesentlich durch diinne Interfaceregionen zwischen weitestgehend homogenen
Bereichen auszeichnen. Ein wichtiges Anwendungsfeld von Phasenfeldmodellen ist die
Modellierung von physikalischen Phaseniibergangs- und Phasenseparationvorgéangen.
Eine wesentliche Eigenschaften ist dabei, dass die Trennung der Phasen durch ein
Doppelmuldenpotential getrieben ist, welches voneinander getrennte Minima fiir jede
Phase besitzt. Bereits 1958 haben Cahn und Hilliard ein logarithmisches Potential
vorgeschlagen, das zwar differenzierbar ist, aber singuldre Ableitungen besitzt. Geht
die Temperatur gegen 0, so degeneriert das temperaturabhéngige logarithmische Po-
tential gegen das nichtdifferenzierbare Hindernispotential.

Ziel der vorliegenden Arbeit ist die Entwicklung von Methoden zur effizienten nu-
merischen Losung solcher Gleichungen, die auch im Fall nichtglatter Potentiale und
anisotroper Oberflichenenergien robust sind. Diese Methoden werden fiir die Cahn-
Hilliard-Gleichung entwickelt, die prototypisch fiir eine Vielzahl solcher Modelle ist.

Das Hauptresultat der Arbeit ist die Entwicklung eines schnellen iterativen Ver-
fahrens zur Losung nichtlinearer Sattelpunktprobleme, wie sie bei der Diskretisierung
anisotroper Cahn-Hilliard-Gleichungen mit Finite-Elemente-Methoden entstehen. Die
Grundlage dieses Verfahrens ist eine Umformulierung des Sattelpunktproblems als
dquivalentes duales Minimierungsproblem. Das Energiefunktional dieses Minimierungs-
problems ist differenzierbar und seine Ableitung ist das nichtlineare Schur-Komplement
des Sattelpunktproblems.

Fiir dieses Schur-Komplement wird eine verallgemeinerte Linearisierung hergeleitet,
die im Rahmen eines nichtglatten Newton-Verfahrens Verwendung findet. Fiir dieses
so genannte ,Schur Nonsmooth Newton“ Verfahren wird die globale Konvergenz mit-
tels der Aquivalenz zu Abstiegsverfahren fiir das duale Minimierungsproblem gezeigt.
Ferner wird bewiesen, dass die globale Konvergenz auch bei inexaktem Losen der lin-
earen Newton Probleme erhalten bleibt.

In jedem Schritt dieses Verfahrens ist ein nichtlineares konvexes Minimierungspro-
blem zu l6sen. Fiir die effiziente Behandlung dieser Teilprobleme wird das so genannte
,Truncated Nonsmooth Newton Multigrid“ (TNNMG) Verfahren entwickelt. Dieses
nichtlineare Mehrgitterverfahren zeichnet sich im Gegensatz zu verwandten Verfahren
durch seine Einfachheit und die Anwendbarkeit auf anisotrope Probleme aus. Hin-
sichtlich der Konvergenzgeschwindigkeit ist es bereits bekannten Verfahren ebenbiirtig.

Numerische Beispiele zeigen, dass die entwickelten Verfahren gitterunabhéngig kon-
vergieren. Auch erweisen sich die Verfahren als robust fiir verschiedene Temperaturen,
einschlieflich dem Grenzfall 0. Der Grund fiir diese Robustheit ist, dass die Verfahren
nicht auf Differenzierbarkeit sondern der konvexen Struktur der Probleme basieren.
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