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SEMISMOOTH NEWTON AND AUGMENTED LAGRANGIAN
METHODS FOR A SIMPLIFIED FRICTION PROBLEM*

GEORG STADLERT

Abstract. In this paper a simplified friction problem and iterative second-order algorithms for
its solution are analyzed in infinite dimensional function spaces. Motivated from the dual formulation,
a primal-dual active set strategy and a semismooth Newton method for a regularized problem as well
as an augmented Lagrangian method for the original problem are presented and their close relation
is analyzed. Local as well as global convergence results are given. By means of numerical tests,
we discuss among others convergence properties, the dependence on the mesh, and the role of the
regularization and illustrate the efficiency of the proposed methodologies.
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1. Introduction. This paper is devoted to the convergence analysis of iterative
algorithms for the solution of mechanical problems involving friction. As a model
problem we consider a simplified friction problem that can be stated as the minimiza-
tion of the nondifferentiable functional

over the set Y :={y € HY(Q): 7y =0 a.e. on Iy},

where Q C R" is an open bounded domain with Lipschitz continuous boundary T,
Iy C I is a possibly empty open set, I'y := I'\T'g, further g > 0, f € L?(2), 7 denotes
the trace operator, and a(-,-) denotes a coercive bilinear form on Y x Y. Introducing
for y € H'(Q) the abbreviation

i) =g / lry(@)] de,

it is well known (cf. [12]) that (P) can be written as the elliptic variational inequality
of the second kind

Find y € Y such that

1.1
-y aly,z—y)+j(z) —jy) = (f,2 = y)r2() forall zeY.

While usually in engineering papers finite dimensional discretizations of (P) or
(1.1) and related problems are studied, little attention has been paid to their infinite
dimensional counterparts, specifically to Newton-type methods. This contribution
focuses on the formulation and analysis of second-order solution algorithms for (P)
in a function space framework. Such an infinite dimensional analysis gives more
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insight into the problem, which is also of significant practical importance since the
performance of a numerical algorithm is closely related to the infinite dimensional
problem structure. In particular, it is desirable that the numerical method can be
considered as the discrete version of a well-defined and well-behaved algorithm for
the continuous problem. A finite dimensional approach misses important features
as, for example, the regularity of Lagrange multipliers and its consequences as well
as smoothing and uniform definiteness properties of the involved operators. It is
well accepted that these properties significantly influence the behavior of numerical
algorithms.

In principal there are two approaches to overcome the difficulty associated with
the nondifferentiability in (P). One is based on resolving the derivative of the abso-
lute value function introducing a Lagrange multiplier; the other one is based on an
appropriate smoothing of the nondifferentiable term j(-).

An overrelaxation method and the Uzawa algorithm are proposed in the mono-
graphs [12, 11] for the solution of (P), and convergence results for these first-order
methods are given. The Uzawa method is also suggested for a variational inequality
of the second kind in [14]; however, in that paper no numerical results are given. In
[19] iterative techniques for the solution of friction contact problems are presented
and further developed in [15]. Those methods require minimization of a nondifferen-
tiable functional over a convex set in every iteration step, which also motivates our
investigation of problem (P).

In [7, 5, 6] a generalized differentiability concept (Pang’s B-differential) is used
that allows application of a Newton-like method for discretizations of friction contact
problems, whereas algorithm formulation and analysis are done in finite dimensional
spaces and only few convergence rate results are given. The authors of those con-
tributions report on good numerical results and, in [6], an almost mesh independent
behavior of the algorithm is observed, which suggests that the finite dimensional
method is induced by an infinite dimensional one. A different approach towards nu-
merical realization of discrete elliptic variational inequalities of the second kind was
followed in [26, 25], where monotone multigrid methods are employed to derive an
efficient solution method.

For a smoothed variational inequality of the second kind, again in [11] the Uzawa
method is proposed. More recent contributions apply classical Newton methods to
the smoothed finite dimensional problems (see, e.g., [29]).

While there is a large literature on finite dimensional constrained and nondiffer-
ential optimization techniques (see, e.g., [10, 31, 30] for finite dimensional semismooth
Newton methods), the systematic analysis of these methods in continuous function
spaces started only rather recently [16, 33]. The methods proposed in this paper are
related to the primal-dual active set strategy for the solution of constrained optimal
control problems [1, 2]. This algorithm is closely related to semismooth Newton meth-
ods as shown in [16]. The papers [1, 2, 16, 22] apply these methodologies to unilateral
pointwise constrained optimization problems; the convergence analysis for bilaterally
constrained problems (as is the dual of (P)) involves additional problems as will come
out in this contribution (see also [18, 17]). The first-order augmented Lagrangian
method for nonsmooth optimization is investigated within a Hilbert space framework
in [21].

This paper is organized as follows: In section 2 the dual problem for (P) and
the extremality conditions are determined, and further possible generalizations of
the model problem to vector-valued friction problems in linear elasticity are dis-
cussed. Section 3 is devoted to a regularization procedure for the dual formulation, the
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corresponding primal problem, and the convergence of the regularized problems. In
section 4 we state algorithms for the solution of the regularized and the original fric-
tion problem and investigate their relation. Section 5 analyzes these algorithms and
gives local as well as global convergence results. Finally, section 6 summarizes our
numerical testing.

2. The dual problem. In this section we summarize basic results for (P); fur-
ther we calculate the dual problem and corresponding extremality conditions and
discuss the relation between friction problems in elasticity and the model problem (P).

To simplify notation we use the trace operator 7, : ¥ — L?(I't) defined by
7y = (7Y)|r;. Before we calculate the dual problem, we state the following existence
and uniqueness result.

THEOREM 2.1. Problem (P) or equivalently (1.1) admits a unique solutionj€Y .

Note that in [8] conditions are stated that guarantee existence and uniqueness
of a solution to (P) in the case that a(-,-) is not coercive. To get a deeper insight
into problem (P) we next calculate the corresponding dual problem. We start with
rewriting problem (P) as

(2.1) inf {F(y) +G(ry)}
yey
with the convex functionals
1
F(9) = 50(0:9) ~ (£ 0)zao) and Glw) =g | [ry(a)|

Ty
Following [9], the dual problem can be written as

(2.2) sup  {—F"(=75"A) = G"(\)},
AEL2(Ty)

where F* : Y* — R and G* : L?(Ty) — R denote the convex conjugate functionals
to F and G, and 7* € L(L?(I'y),Y*) is the adjoint of ;. In (2.2) we already identified
L?(Ty) with its dual. Calculating (2.2) explicitly results in the following dual problem.

1

(P*) swp ) = —ga(w(N), w(h),
[A[<ga.e. on Iy

where w()\) denotes the unique solution of

(2.3) a(w,v) = (f,v)r2@) + (A, 70)2(ryy) =0 forallv ey

for given A € L?(I'f). From the convexity of F and G, further from the fact that there
exists a yg € Y such that F(yo) < oo, G(1;90) < 00, and from the continuity of G at
TYo, it follows that

inf J(y) = — sup J*(A);

yey |\|<g a.e. on Ty

that is, no duality gap occurs (see [9]). Existence of a solution A € L2(I'y) for the
dual problem (P*) follows from Fenchel’s duality theorem. Thus, by means of duality
theory we have transformed (P), the unconstrained minimization of a nondifferentiable
functional, into (P*), the constrained maximization of a smooth functional.

Following duality theory the solutions ¢, A of the primal problem (P) and the dual
problem (P*), respectively, are connected by the extremality conditions

~7"A € OF(y), A € 9G(77),
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with 0 denoting the subdifferential. These conditions, which also characterize primal
and dual solution (cf. [9]), result in

(2.4) a(y,v) = (f,v)r20) + (A, 70) 2(ry) = 0 forallv € Y

and in the complementarity condition

7y<0 aeon A. = {xely: 5:: —g a.e.on I'f},
(2.5) 7y=0 aeon I = {zely:|\<gae only},
75>0 aeon Ay = {zel;:A=gae only}.

The next lemma states an equivalent expression for condition (2.5), which will be
used frequently. The equivalence follows from results in convex analysis but can also
easily be verified by a direct computation.

LEMMA 2.2. Condition (2.5) can equivalently be expressed as

(2.6) 75 = max(0, 7§ + o(A — g)) +min(0, 75 + o(A + g))

for every o > 0.

Concerning a numerical solution of (P) in [11], two methods are proposed. First,
an overrelaxation method for the discretized problem is described and tested; second,
Uzawa’s algorithm is applied to (P) and convergence results are given. Since we focus
on higher-order methods, and further since for (P*) the iterates of the algorithms
presented in section 4 are not contained in spaces of square integrable functions, we
introduce a regularization procedure for (P*) that allows the statement and analysis
of our algorithms in infinite dimensional Hilbert spaces and will be shown to be closely
related to augmented Lagrangians.

We conclude this section with a brief discussion of possible generalizations of our
model problem (P) to vector-valued friction problems in linear elasticity (see [8, 24]).
Let © C R™ be occupied by the elastic body in its nondeformed state and denote by
y € Y := Y" the deformation of the body that is fixed on I'g, subject to a given
force on 2 and to friction conditions on I'y. For the material law we take, e.g., the
Navier-Lamé equations and denote the corresponding bilinear form on ¥ x Y by
a(-,-). Then, similarly as for (P), we get the following condition for y:

(2.7) a(y,v) — (f,v)r2) + (A v7)pery) =0 forallv € Y,

where L*(Q) = (L*(Q))", L*(T}) = (L*(I}))", f € L*(Q) is a given force, (-)r
denotes the tangential part along I'y, and X € Lz(l"f). Let us assume that the region
of contact between the body and the rigid foundation is fixed (bilateral contact), i.e.,
the normal component y  of y along I'y is zero, and let us take Tresca’s law to model
friction on I'y. This leads to the conditions y, = 0 and ||A|| < g on Iy (here || - ||
denotes the Euclidean norm in R™) and to

2.8) {yT:0 ae.on I := {xely:||Al]<gae only},

yT:%HyTH)‘ a.e.on A := {er‘f:||)\||:ga.e.oan}.

The above complementarity system models the assumption that slip begins if a certain
magnitude of friction traction is exceeded. Note the similarity between (2.4), (2.5)
and (2.7), (2.8). In case of planar elasticity (i.e., n = 2), one has that y; = yt, where ¢
is the unit tangential vector along I't and y is a scalar-valued function. This allows us
to replace (2.8) by (2.5); i.e., this paper covers friction in planar elasticity. For n > 3,
however, compared to (2.5) the expression in (2.8) includes an inherent nonlinearity
on A. We plan to extend the results presented in this paper for the simplified model
problem (P) to elasticity problems with friction for » > 3 in our future research.
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3. Regularization. In this section we introduce a regularization procedure to
overcome the difficulty associated with the nondifferentiability of the functional J
in (P). Therefore we consequently utilize results from duality theory and discuss
relations between the regularization and the primal and dual problem.

For the term frf |7y(z)|dz in (P), which involves the absolute value function,

many ways to construct sequences of differentiable approximations are possible (cf.,
e.g., [13, 20]). While these regularizations are mainly motivated by the primal prob-
lem, our approximation is motivated by considering the dual problem and by results in
the context of semismooth Newton methods [16, 22, 33] and augmented Lagrangians
[21]. In the corresponding primal problem the regularization turns out to be a very
natural one that is related to those used in [11, 14, 28].

This section is organized as follows. After presenting the regularization for the
dual problem, we calculate the corresponding primal problem and the optimality
system, argue the connection with [11, 14, 22, 28], and investigate the convergence as
the regularization parameter tends to infinity.

3.1. Regularization for (P*). For fixed v > 0 and A € L2 (T't), we consider

1 1 < 1.+
P* * = —— _ _ 22 i 22
(P3P ) = = galw), w) = g A= Aaqey) + 5 My

where again w(\) denotes the solution to (2.3) for given A. This regularized problem,
which has the form of the auxiliary problem in proximal point methods, is obtained
from (P*) by adding

1 . 15
(3.1) _EH)‘_)‘H%Q(I}) “‘EHAH%Q(F}*)

to the objective functional. Standard arguments show that (Pfy) admits a unique
solution A\, for every v > 0. The second term in (3.1), which is a constant, can be
neglected from the optimizational point of view; it has been introduced to get a simple
connection with the corresponding primal problem (see Theorem 3.2).

In what follows we shall use e : Y x L*(Ty) — Y* defined by

ey, N),2)y=y = aly,z) — (f, Z)LZ(Q) + (A TfZ)L2(rf)~

This allows us to write (2.3) as e(y,A) = 0 in Y*. We now derive the first-order
optimality conditions for the constrained optimization problem (PZ) using Lagrange
multipliers.

THEOREM 3.1. Let A, € L*(Ty) be the unique solution of (P%). Then there exist
Yy €Y and &, € L*(Ty) such that

(3.2a) e(yy, \y) =0 in Y™,
(3.2b) Ty 7 A= A) — & =0 in L2(Iy),

(3:2¢) & —max(0,&, +0(X, —g)) —min(0,&, + (A, +9)) =0 in L*(Ty)

hold for every o > 0.
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Note that (3.2¢) is equivalent to

& <0 aeon A, — = {xely:\ =—gae onl}}
(3.3) & =0 aeon Z, := {zxely:|\|<gae only}
& >0 aeon A,y = {zely:\, =gae onlj}

3.2. Corresponding primal problem. Next we turn our attention to the pri-
mal formulation of problem (P}). For o € R we define

2y

%|’yz+a|fﬁ if  |yr+al>g,
Le+a)? i hata<g
The function h is a continuously differentiable smoothing of the absolute value

function. We can now define problem (P.):

) min ()= a0~ (Fy)ie + [ (). Aw) d.
yey 2 Ty

Note that the functional J, is uniformly convex and continuously differentiable. The

next theorem clarifies the connection between (P,) and (P7). The proof uses standard

arguments from duality theory.

THEOREM 3.2. Problem (P%) is the dual problem of (P.) and we have J3(\,) =
—Jy(yy), where A, and y., denote the solutions of (P%) and (P,), respectively. Fur-
thermore, if one introduces the variable & = Ty, + AL — \y) € L*(Ty), the
extremality conditions yield (3.2a)~(3.2c) and these conditions are sufficient for A,
and y~, to be the solution of (P3) and (P), respectively.

We next discuss by what means the above regularization is related to those used
in other papers. First consider the case that A = 0. Then the smoothing of the
absolute value function in (P.) results in

2
_ 9 3 >
hu):{wl £ it lal2

(@2

Ta? if || < 2.
This approximation of the absolute value function has also been studied and used
in [11, 14, 28] for the numerical solution of related problems. Let us now argue

the relation of the above regularization to the one in [22], where A is now arbitrary.

For this purpose we choose o := v~ ! in the complementarity condition (3.2c) and
eliminate the variable £, using (3.2b). This gives
(3.4)

Ty + 7 A = Ay) = max(0, 7y, + 7 (A — g)) — min(0, 7y, + 7 (A +g)) = 0.

One can see that the specific choice of o := y~! results in eliminating the variable

Ay in the max- and min-function, which is of interest regarding semismooth Newton
methods, as will become clear in the next section. In [22] a formulation related to (3.4)
was successfully used to construct an effective algorithm for unilaterally constrained
variational problems of the first kind. However, in the case of (PZ), which is a bilat-
erally constrained optimization problem, (3.4) may mislead us to an algorithm, which
is less efficient. Obviously, from the theoretical point of view, the two formulations
are equivalent, but the splitting of (3.4) into (3.2b) and (3.2¢) contains the additional
parameter o and thus motivates a slightly different algorithm, as will be discussed in
section 4. Next we investigate the convergence as v — oo.
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3.3. Convergence of the regularized problems. We conclude this section
with a convergence result with respect to the regularization parameter v (for related
results see [11, 22]).

THEOREM 3.3. For any \e L3(Ty) the solutions y- of the regularized problems
(Py) converge to the solution § of the original problem (P) strongly in Y as vy — oo.
Furthermore, the solutions A, of the dual problems (Pi;) converge to the solution \ of
(P*) weakly in L*(Ty).

Proof. Recall the complementarity conditions and the definition of the active and
inactive sets (2.5) for the original and (3.3) for the regularized problem. Note that
for all v > 0 we have |\y| < g a.e. on I'y. We now choose an arbitrary sequence -,
such that ~, — oo for n — oo. From the weak compactness of the unit sphere in a
Hilbert space, we can infer the existence of \* € L?(I'y) and a subsequence ., in
L?(T'y) such that

FYrge

U)K . 2
Ay, — A" weakly in L*(Tf).
Since closed convex sets in Hilbert spaces are weakly closed, we have |\*| < g a.e. in
L*(Ty). The weak convergence of (Ay,, ) in L*(Ty) implies Yy, — Y weakly in Y
for some y* € Y and that the pair (y*, \*) also satisfies e(y*, A*) = 0. We henceforth
drop the subscript ng with ~,, . It follows that

(3.5) a(yy = U9y — §) = (17, Ay = Nrary) + (597, A = Ay )2y -

We are now going to estimate the above two terms separately. Let us first turn our

attention to the term (7,7, Ay — )\)Lz(pf). We have that
79Ny = A) = 155Ny — 9) <0 ae. on A,

since 775 > 0 and A, < g. Similarly we find that 7,5(\,—A) < 0 on A_ utilizing 7,5 < 0
and A, > —g. Finally, on 7 we have 7;j = 0 which yields, since I'y = A_ U AL UZ,
that

(3.6) (79, Ay — X)L?(rf) <0.

Next we consider 7y,(A — Ay) on the sets A, _, A, ;, and Z,, which also form a
disjoint splitting of I'y. On A, _ the variable A, is equal to —g and vy, + A < —g
holds. This implies

(3.7) Ty (A= Xy) = 5y,(A+9) <7y (=g — AN (A +g) ae on A, _.

By a similar calculation one finds

(3.8) 7Y, (A =) <7 Mg —A)(A—g) ae. on A, ..
On Z, we have Ay = y7y, + A and thus YTy + Al < g, which shows that a.e.

Ty (A = 159y — A) = =755 2 + 5y, (A = A)

(39) Tfy’Y(j‘ - )"Y) = ) R o .
< =AYy + 1T5y5||A = Al <= Al535 > +77Hg + [ADIA = Al

Hence, using (3.7), (3.8), and (3.9), one gets

(3.10) (59 A = A ey <77 g + AL AL+ AL+ 9) 2oy
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Using (3.5), (3.6), (3.10), and the coercivity (with constant v > 0) of a(-,-) on Y, we
can estimate

0< hmsupVHy'y - 37”%{1(9) < lim Supa(y'y — Y, Yy — g)
(3.11) T 1o e
< lim (55, A = M)z < lim y7Hg AL AL+ AL+ 9) 22y = 0.

It follows that y, — ¥ strongly in Y and hence y* = 3. Passing to the limit in
e(y,Ay) = 0 and using that weak limits are unique imply \* = X. Thus we have
proved that every sequence <, with -, — oo for n — oo contains a subsequence
Yn,, such that A, —— A in L2(Ty) and Yv,, — ¥ in Y. Since (7,) is the unique
solution to (3.2a)—(3.2c), the whole family {(y,, Ay)} converges in the sense given in
the statement of the theorem. O

As a corollary to the proof of Theorem 3.3 one obtains a convergence rate of y,
to y.
COROLLARY 3.4. Let y, and y be solutions of (P) and (P), respectively. Then
there exists a C > 0 independent of v such that

_ C
(3.12) 1Yy = Gl < —-

val

Proof. The inequality follows from (3.11) and the coercivity of a(-,-) on Y. a

4. Algorithms for the solution of (P}) and (P*). In this section we present
iterative algorithms to solve (P) and (P*). To simplify notation we drop the sub-
script 7y for the iterates (y’vc , )\5,55) of the algorithms. The solution variables of the
regularized problem are still denoted by (v, Ay, &+).

4.1. Primal-dual active set algorithm for (P}). The primal-dual active set
algorithm (PDAS) is related to the algorithms in [1, 2, 18, 17, 22] in the context of
constrained optimal control and obstacle problems. It is an iterative algorithm which
uses the current variables \*, &* for (P%) to predict new active sets AkFL A’iﬂ for
the constrained optimization problem (P} ), whereas this prediction is motivated from
expressing the complementarity condition in the form (3.2¢). On these active sets the
variable \**1 is fixed. Thus in each iteration step the method requires solving the
equality constrained problem

(4.1) sup  JJ(A) st. A=-—gon AF N =g on AT
AEL2(Ty)

which admits a unique solution. Note that, compared to inequality constrained opti-
mization, equality constrained problems are significantly easier to handle, both theo-
retically and numerically. The algorithm is specified next.

Algorithm 1: (PDAS)

1. Choose y° € {y € Y : %‘Ff € L*(Ty)}, o > 0 and set \Y := —%—flrf,

=790 + 4 A=A, k:=0.
2. Determine
A = L e Ty €F 4 o(\F +g) < 0},
A ={z €Ty : €F + o(AF — g) > 0},
THH=Ty \ (AR U AR,

3. Ifk>1, A = AF and Aiﬂ = Ai stop, else
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4. Solve problem (4.1) for A1 on 7" and the corresponding y**! € Y and

update
o [T Gt g)on AT
= iy 7 (A = g) on AT,
0 on I]H'l,

k :=k + 1 and goto step 2.

Note that ¢*+1 is the Lagrange multiplier for the equality constraints in (4.1). The
justification of the stopping criterion in step 3 of (PDAS) is given in the following
lemma (see also [2]). The proof relies on the fact that, if the active sets coincide for
two consecutive iterations, the quantities £ and \ satisfy the sign-structure as required
by the complementarity conditions (3.3).

LEMMA 4.1. If Algorithm (PDAS) stops, the last iterate is the solution to system
(3.2a)-(3.2¢c).

We now discuss the influence of the parameter ¢ on the iteration sequence for
k > 1. On Z" we have that €¥ = 0 and thus o has no influence when determining
the new active and inactive sets. On A* we have ¥ = —g and distinguish two cases:
The set where £€¥ < 0 belongs to ARFL for the next iteration independently from o.
In case £ > 0 we have &¥ + o(\* — g) = €% — 20g. The set where ¢¥ — 209 < 0
moves to Z"T! if €8 — 209 > 0 to Aﬁ_“ for the next iteration. Hence, only in this
case o influences the sequence of iterates. Smaller values for o make it more likely
that points belong to A* N Ai‘H. A similar observation as for A* holds true for .Ai,
which shows that with ¢ > 0 one can control the probability that points are shifted
from one active set to the other within one iteration. We also remark that, if for
some o := o1 > 0 one has A" N Afl = .Aﬁ N AL = (), then for every o > o1 also
Af 0 Alf'l = Ai N ATt = () and the sets A**!, A]f’l, and Z%*! are the same for all
o > o01. This observation will be of interest regarding our local convergence analysis
of (PDAS).

4.2. Semismooth Newton method for (P*). This section applies an infinite-
dimensional semismooth Newton method (SS) to (P%). We use the differentiability
concept as introduced in [16], which we recall for the reader’s convenience later in this
section.

We start with writing the optimality system (3.2a)—(3.2¢) as one nonlinear op-
erator equation utilizing (3.4). For this purpose we denote by ¢ the solution to the
problem

a(y,v) — (fyU)LZ(Q) =0forallveY.

Further we introduce B~! € L(H ‘%,Y), the solution mapping for the variational
equality

a(y,v) — ()\,va)H,% gy =0forallveYy

for given A\ € H™z (T'y). We can now define the Neumann-to-Dirichlet operator
(4.2) C =785 p, € L(L*(Ty), L*(Iy))

and summarize some of its properties in the next lemma.
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LEMMA 4.2. The Neumann-to-Dirichlet operator defined in (4.2) is self-adjoint,
positive definite, injective, and compact.

Proof. Self-adjointness, positive definiteness, and injectivity follow easily from
the properties of a(-,-). Sobolev’s embedding theorem implies the compactness of
C. O

With the help of the operators B~! and C one can write the solution y to e(y, \) =
0 in Y* for given A € L?(Iy) as y = —B7'A + § and 7,y as —C\ + 74. This allows
elimination of the variable 7,y in (3.4). We introduce the mapping F : L*(Ty) —
L*(Ty) by

F\) =C\— 17— 'y_l(;\ - ) 4+ max(0,-CA+ 79+ 7_1(5\ -9))

43 3
(4.3) +min(0, —CA+ 75 + v LA+ g)).

Note that F'(X) = 0 characterizes A as the solution of (P). In what follows we utilize
for S C I'y the extension-by-zero operator Eg : L?(S) — L*(I'y) defined by

g(z)if z € S,
0 else.

(4.4) Es(g)(x) = {

Its adjoint operator EY : L?(T'y) — L?(9) is the restriction operator onto S. Writing
the optimality system as done in (4.3) suggests applying a semismooth Newton method
to solve F'(\) = 0. We briefly summarize those facts on semismooth Newton methods
which are relevant for the following results. Let X,Y, and Z be Banach spaces and
F:D C X — Z be a nonlinear mapping with open domain D.

DEFINITION 4.3. The mapping F : D C X — Z is called Newton differentiable
on the open subset U C D if there exists a mapping G : U — L(X, Z) such that

(4.5) Jim

foy |F(z+h)— F(x) — G(x+ h)h|| =0

for every x € U.
The mapping G in the above definition is referred to as generalized derivative.
The following convergence result for a generalized Newton method holds (see [4]).
THEOREM 4.4. Suppose that * € D is a solution to F(x) = 0 and that F is
Newton differentiable in an open neighborhood U containing x* and that {||G(z)~!| :
x € U} is bounded. Then the Newton-iteration

(4.6) 2f =gk — G TR (2”)

converges superlinearly to x* provided that ||z° — z*|| is sufficiently small.

To apply a Newton iteration to the mapping F, we need to consider Newton dif-
ferentiability of the max- and min-operator. For this purpose let X denote a function
space of real-valued functions on some € C R", and further max(0,y) and min(0, y)
the pointwise max- and min-operations, respectively. We now introduce candidates
for the generalized derivatives

1 ify(z) <0,

1 ify(z) >0,
<0 0 ify(z)>0.

(4.7) Gmaﬁc(y)('r):{o if ()

Gmin(y)(x) = {
Then we have the following result (see [16]).
THEOREM 4.5. The mappings max(0,-) : LI(Q) — LP(Q) and min(0,-) :
L1(Q) — LP(Q) with 1 < p < g < oo are Newton differentiable on L1(Q) with
generalized derivatives Guar and Goin, respectively.
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Note that Theorem 4.5 requires a norm gap (i.e., p < ¢) to hold true. In [16] it
is shown that the functions defined in (4.7) cannot serve as generalized gradients if
p > q. We now quote a chain rule for Newton differentiability (for a proof see [22]).

THEOREM 4.6. Let Fy : Y — X be an affine mapping with Foy = By + b,
Be L(Y,X), be X, and assume that Fy : D C X — Z is Newton differentiable on
the open subset U C D with generalized derivative G. If FQ_I(U) is nonempty, then
F = Fy o Fy is Newton differentiable on F2_1(U) with generalized derivative given by
G(By +b)B € L(Y, Z) fory € F;, 1 (U).

We can now apply the above results to the mapping F. Observe that Rg(C) C
H?=(Ty) and that

, =2l iy >
(4.8) H?(Ty) — LI(Iy) for {q g Mfn =3,
qg < oo if n=2,

where n > 2 denotes the dimensign of . Note that ¢ > 2 for all n > 2. From Theo-
rems 4.5 and 4.6 it follows that F' is Newton differentiable on L*(Ty). A generalized
derivative of F' is given by

(4.9) Gr(N)(8) = (EZE;C + i) 5

with the following definition for A_, A, Z:

A ={zely: —AA+75+7 (N —g) >0},
Ay ={zely: —AA+ 759+ (M+g) <0},
T=T;\(A_UA,).

Calculating (4.6) explicitly results in a semismooth Newton-iteration step for the
solution of F'(\) = 0 that is equal to one iteration step of (PDAS) with o = vy~ 1.

An analogous result for unilaterally constrained optimal control problems was
established in [16]. Note that the norm gap required for Newton differentiability of
the max- and min-function results from directly exploiting the smoothing property of
the operator C. This has become possible since we chose o := y~! in (3.2¢c) which
allowed elimination of the explicit appearance of A in the max- and min-function.
Taking advantage of this fact, the above semismooth Newton method does not require
a smoothing step, as do the semismooth Newton methods in [33].

We now investigate whether (PDAS) with arbitrary o > 0 can also be interpreted
as a Newton method. We introduce F : Y x L2(Ty) x L?(I'y) — Y* x L*(T'y) x L*(T})
by

e, \)
(4.10) Fly, ) == | ny+7v"(A=X) ¢
£ —max(0,€ + (A — g)) —min(0,£ + o(X + g))

and observe that F(y, \,§) = 0 characterizes y and A as solutions to (P,) and (P7),
respectively. Applying now the Newton iteration (4.6) with the generalized derivative
of the max- and min-function as given in (4.7) to the mapping F’ results in Algorithm
(PDAS) which can be seen similarly as for (SS). In section 5.2 it is shown that for
certain problems, (PDAS) converges locally superlinearly without the necessity of a
smoothing step as used in [33] to get local superlinear convergence of semismooth
Newton methods.
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We conclude this section with some remarks on the development of semismooth
Newton methods. The application of generalized Newton methods for semismooth
problems in finite dimensions has a rather long history (see, e.g., [10, 31, 30] and the
references given there). Recently, in [4, 16, 27, 33] concepts for generalized deriva-
tives in infinite dimensions were introduced. Our work uses the notion of slant dif-
ferentiability in a neighborhood as proposed in [16], which is a slight adaptation of
the terminology introduced in [4], where the term slant differentiability at a point
is also introduced. A similar concept is proposed in [27], where the name “New-
ton map” is coined. Applications of such pointwise approaches to Newton’s method,
however, presuppose knowledge of the solution. The differentiability concept in [16]
coincides with a specific application of the theory developed in [33]; we refer to the
discussion on this relationship in [16]. As in [22] and also motivated by [27], we
use instead of the notion slant differentiability in a neighborhood the name Newton
differentiability.

4.3. Augmented Lagrangian methods for (P*). Augmented Lagrangian
methods (ALMs) combine ordinary Lagrangian methods and penalty methods with-
out suffering of the disadvantages of these methods. For instance, the augmented
Lagrangian method converges without requiring that the penalty parameter tends to
infinity. For a detailed discussion of these methods we refer to [3, 21].

To argue the close relation of the regularization for (P*) to augmented La-
grangians recall that (3.2b), (3.2¢) can equivalently be expressed as (3.4) and, after
multiplication with ~, as

(4.11) Ay =79y + A — max(0, 75y, + A — g) — min(0, 5y, + A + g).

The augmented Lagrangian method is an iterative algorithm for the calculation
of A in (P*).

It sets A := Al in (4.11) and determines A'*! from the solution of (4.11), (3.2a).
Note that the augmented Lagrangian method can be seen as an implicit version of
Uzawa’s algorithm (see [21]). The whole method is specified next.

Algorithm 3: (ALM)

1. Choose v > 0, A\’ € L?(I') and set [ := 0.

2. Solve for (y' 1 ANHL 1) € Y x L2(Ty) x L%(Ty) system (3.2a)—(3.2c) with

A= AL

3. Update [ := 1+ 1 and goto step 2.
The auxiliary problem in step 2 of (ALM) has exactly the form of our regularized
problem and can thus efficiently be solved using (PDAS) or (SS). The question arises
concerning the precision to which the system in step 2 is solved. Several strategies
are possible, such as solving the system exactly for all [ or performing only one it-
eration step of the semismooth Newton method in each iteration. We tested several
strategies and report on them in section 6. Note that in (ALM) the regularization
parameter v plays the role of a penalty parameter, which is not necessarily taken
to infinity; nevertheless (ALM) detects the solution of (P*), as will be shown in
section 5.4.

5. Convergence analysis. In this section we present local convergence results
for (SS) and (PDAS) as well as a conditional global convergence result for (SS) and
unconditional global convergence of (ALM).
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5.1. Local superlinear convergence of (SS). In this section we give a lo-
cal convergence result for algorithm (SS) for the solution of the regularized friction
problem.

THEOREM 5.1. If |A° = X, |l L2(ry) is sufficiently small, then the iterates \* of
(SS) converge to (\,) superlinearly in L?(T'y). Furthermore, the corresponding primal
iterates y* converge superlinearly to Yy in Y.

Proof. We have only to show superlinear convergence of A\* to A, in L?(I'}); then
superlinear convergence of y* to y, in'Y C H'(Q) follows since B~ is continuous.

We already argued Newton differentiability of F' € £(L*(I'), L?(TIy)). To apply
Theorem 4.4 it remains to verify that the generalized gradients G € L(L*(Ty), L*(Iy))
of F have uniformly bounded inverses. Recall the definition of the extension-by-zero
operator E. and its adjoint E* as given in (4.4). Let (ha_,ha,,hs) € L*(A-) x
L?*(A.) x L?(Z) and consider the equation

(5.1) Gr(N)(8) = Gr(A)(6a_,04,,67) = (ha_, ha,, ha).

Recalling the explicit form (4.9) of G, we get from (5.1) that §, = ~vh, and
04, = vha, must hold; further

1
(7 + EI*CEI> 61 = h,z - 'VE;CEA,hA, - ’}/E;CEA+hA+.
Due to the positivity of C' we can define a new scalar product ({-,-)) on L?(Z) by
1
({x,y)) = << + E}‘CEI> x,y> for z,y € L*(T).
7 L2 @)

Utilizing the positivity of C' we have that the product ((-,-)) is coercive with constant
~~! independently from Z. Applying the Lax-Milgram lemma, one finds not only
that (5.1) admits a unique solution éz, but also that

162122y < Vhzllr2ry + VIC 2crzaryy) {ITha_ L2y + 1has ez, ) -

This proves the uniform boundedness of Gz(A\)~! with respect to A € L?(T'y) and
ends the proof. 0

5.2. Local superlinear convergence of (PDAS). As observed at the end of
section 4, algorithm (PDAS) cannot directly be interpreted as a locally superlinear
convergent semismooth Newton method if no smoothing steps are used. However,
exploiting the role of ¢ in (PDAS) (see the discussion after Lemma 4.1), it turns out
that local superlinear convergence holds for (PDAS) as well, provided the dimension
n of Q is 2.

COROLLARY 5.2. Assume that n =2 and 'y C T is a sufficiently reqular subset.
IFIIN = Ayl 2(ry) is sufficiently small, the iterates (y*, \¥) of (PDAS) with o > !
converge superlinearly in'Y x L?(Ty).

Proof. The idea of this proof is to show that in a neighborhood of the solution
A, the iterates A¥ of (PDAS) coincide with A* from (SS), which allows application of
Theorem 5.1 also for (PDAS).

Step 1. We first consider only (SS) and denote by § > 0 the convergence radius
of this semismooth Newton method. We introduce a 69 with 0 < 8y < §, which will
be further specified below, and choose A\° € L*(Ty) such that [|[A® = A, [[>(r,) < o.
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Since & < 6 the method converges and ||\ — A1 1> () < 26, for k > 1. Note that

k+1

the difference of the corresponding variables y* — y solves

a(yk - ka,v) + ()\k — >\k+1,7}U)L2(Ff) =0forallveY.
It thus follows from regularity results for mixed elliptic problems [32] that
19" = ¥ oy < CINF = XNo+H| p2(p, ) for some C > 0.
For the corresponding traces we have
(5.2) 17:(y* = 4" D) [lcoryy < CIN = Nt Loy < 2C4.

We now show that for §, sufficiently small A* N A’fﬁl = A’i N AL = 0. We prove
this claim by contradiction; i.e., we assume that J = Aﬁ_ N AL £ (. Then, almost
everywhere on J we have

T 4T (A= g) > 0 and T+ (A +g) <0,
which implies 7(y**1 — y¥) > 2¢gy~1. Thus, utilizing (5.2)
(5.3) 2977 < ||T(yF Tt — yk)HCO([‘f) < 2C8.

If we choose 69 < C%, relation (5.3) cannot hold true and therefore J = . An
analogous observation holds true for A* N A’j_ﬂ, which shows that

(5.4) AE AR = AR AR = i 8 < C%

Step 2. Recall that the iterates of (PDAS) with o = y~! coincide with those of
(SS). Thus, if [|r2(ry) |A° — Ay < 6o, then A* N AFTT = A% 0 AR = 0 for (PDAS)
with o = v~!. It follows from the discussion after Lemma 4.1 that for the active sets
calculated from (PDAS) using o > v~ also A* N AETT = A% N A*F! = @ holds. This
shows that (SS) and (PDAS) determine the same iterates for the variable A, provided
that [[A° — Ay || 22,y < do. Hence, superlinear L?-convergence for ¥ determined from
(PDAS) holds. For the variables y* superlinear convergence in Y follows from the
continuity of the solution mapping B~!. 0

5.3. Conditional global convergence of (SS). Our global convergence result
is based on an appropriately defined functional which decays when evaluated along
the iterates of the algorithm. A related strategy to prove global convergence (i.e., con-
vergence from arbitrary initialization) is used in [23] in the context of optimal control
problems. In what follows we use the notation from (PDAS) with o :=~~1 for (SS).
For (A, &) € L3(Ty) x L*(I'y) we define the functional

.7i _ 2 -2 -2 +12
(5.5) M(A,@.VQ/FJCKA DA+ dw/ﬁm | dx+/A*_ €2 da,

where AL = {z € Ty : Mz) > g} and AL = {z € T} : A(z) < —g}. By ()" and
(1)~ we denote the positive and negative part, i.e., ()7 := max(0,-) and (-)” :=
—min(0, ). As a preparatory step for the following estimates we prove a lemma that
can easily be verified using the spectral theorem for compact and positive definite
operators.
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LEMMA 5.3. Let X be a real Hilbert space with inner product (-,-) and C € L(X)
be injective, self-adjoint, positive, and compact. Then

(W,y) < ICllecx)(C 1y, y)

for all y € Rg(C).

Following Lemma 4.2 the Neumann-to-Dirichlet mapping C, as given in (4.2),
fulfills the conditions of Lemma 5.3. Utilizing the operator C step 4 of (PDAS)
implies

g on Aiﬂ,
CTlny™ = N = — GamyF 4 A on TFH,
—g on AL
(5.6) Ty T A =AM — g =,
With the above notation we get
RE, on Alfﬁl,
(5.7)  CTHmyF =y ) = A=A = Cy(m P —y*) + RE on TFTY
Rk on AT
where
k+1 k
0 on AT NAJ,

Ri+: g—A <0 on Ai+1ﬂ1k7
2g < &k on AXFt AR,

Yoy A —g =768 <0  on T Ak,

RF={0 on T nI*,
vEF >0 on TFn Ak,
—2g > ~EF on AN A’i,
RJ’L: —g—MN>0 on A NTF
0 on A*F1n AR,
Let us denote by R* the function defined on I'y, whose restrictions to A]ﬁ'l, Ik"’l7 and

Aiﬂ coincide with RY | RE and R 4+, respectively. Note that, from the definition

of R*, we have
(5.8) ||Rk||%2(rf) <APM(NF,ER).

To shorten the notation we introduce 6 := 7(y*** — y*). Multiplying (5.7) by —6
results in

CH(8E)(8E) = —RF6E — xaeran(85)?

a.e. on I'y, where xz#+1 denotes the characteristic function for ¢, Thus,

(5.9) (CT6F,60) r2(ry :/F —R’“(S’y“dx—'y/H (65)? dx < ||R¥|| 2168 L2 (ry )
¥ Tht
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where we used the Cauchy-Schwarz inequality and [, +1(6’y“)2 dr > 0. Utilizing
Lemma 5.3 for the Neumann-to-Dirichlet mapping C' and (5.9) yields

(5.10) 1651 20y < ICN ez @ IR 2 (-

We can now prove the following convergence theorem for (SS), or equivalently for
(PDAS), with o = v~ 1.

THEOREM 5.4. If v < HC’||Z(1L2 then

(7))’
MR R < M(AF, €F)

for k = 0,1,2,... with (\F,&F) # (A, &), where (XF €F) denote the iterates of
(PDAS) with o = v~1. Moreover, (y*,\¥, &%) converges to (y, Ay, &) strongly in
Y x L2(Ff) X LQ(Ff).

Proof. Recall that from the definition of (PDAS) with o = v~! one gets

LR yryEtt 4 A on THT,
gl = gyt T (A 4g) on AT
= gyt T (A —g) on AT

We therefore have

€=y Hg—A¥)>0 on AT nAY,

g =6y + 7yt + v A -g) = Sy IR —g) >0 on AXt N TF,
>0 on Af'lﬁ.Ai.
Thus, [(£¥) 7] := | max(0, —£5+1)| <| 6] a.e. on AR Note that

AP =z e Ty A (2) > g} = AT U {o € TFFL AR (2) > g},
which implies, using €51 = 0 on 7", that
(5.11) (¥ 7] <| 6] ace. on AT
Analogously, it follows that
(5.12) [(EF)F] < 6% ace. on AZFHY
where A®* = {1 € Ty : M+1(z) < —g}. Moreover, on ZF+?

) YE YT —g) <0 on TN AY,
>\k+1*g:’)’5§+’77}yk+)\*g:’y5§+ MN—g<0 on T"n1¥
78 <0 on T n AL

The above estimate shows that

k+1 + k k-+1
(5.13) (A" —g)"| < vlé,] ae.on I°7,
and analogously one can show

(5.14) (AP 4 g)7| < 7|65| a.e. on ZF 1,
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Since on active sets A**1 is set to either g or —g, we have on A*"1 U Affrl that
(AFFL— )t = (A1 4 )~ = 0. Further, at most one of the expressions at a.a. z € I

(A= g)*] IO+ g) 7] 1M7L 1)
can be strictly positive, which shows, combining (5.11)—(5.14), that
(5.15) ML) <I85117 2 1, -
Combining (5.8) and (5.10) with (5.15) shows that
(5.16) M(/\k+1a§k+1) < 'YZHOH%(B(FJC))M()\ICvfk)~
Our assumption on - implies that
(5.17) HCH%(H(Q))’YZ <1,
which shows that

M ) < M(AF, €9)

unless (A, &%) = (\,,&,). Combining (5.8), (5.10), (5.15), and (5.16) it follows that

||5’("'||L2 (Ty) <Cl? (LZ(Ff))HRka(Ff) <7*CI (LQ(Ff))M()‘k &)

_ 2(k+1)
(5.18) < 72||C||2£(L2(rf))||55 1”%2@,) < (7||C||L(L2(Ff))) M(A, %),

which shows, utilizing (5.17), that limg_. M(\*, &%) = limg_o | R vy = 0.
Further, summing up (5.18) over k and utilizing (5.17) results in Zk L llog ||L2 ry) <

o0, which shows that there exists a z € L?(Ty) such that limj_, 79" = 2 in L*(Ty).
Using (5.7) results in

IV = Xo 2y < AN8E 2oy + IRM 2oy
& 1
< (WMClleaayy)” PNCH ey + MM, €2,

and thus there exists A € L2(T;) with limy_, \* = X in L?(T}). From (5.6) one gets
limy o0 &% = € € L2(Ty) for € € L2(Ty). Since 0 = limy,_oo M(NF, &%) = M (X, €), the
pair (), €) satisfies condition (3.2¢). From (3.2a) follows the existence of § € Y such
that limj, ., y* = ¢ in Y. Note that, since (y*, \*, &¥) satisfies (3.2a), (3.2b), this
is also the case for (7, A,€). Hence (3, \,€) = (Y, Ay, &) due to the uniqueness of a
solution to (3.2a)—-(3.2c), which ends the proof. d

Note that for unilaterally constrained problems global convergence results can
possibly be gained using monotonicity properties of the involved operators (see, e.g.,
[22]), where the maximum principle for the Laplace operator is used to prove global
convergence. For bilaterally constrained problems (such as (PZ)), however, mono-
tonicity of the iterates does not hold, even if the operator satisfies a maximum
principle.

5.4. Global convergence of (ALM). The next theorem states global conver-
gence of (ALM) for all v > 0 and shows that large v increases the speed of convergence.
In the statement of the next theorem we denote the coercivity constant of a(-,-) on
Y by v > 0.
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THEOREM 5.5. The iterates \' of (ALM) and the corresponding variables y'
satisfy

_ 1 - -
(5.19) vyt - yHIQﬁll(Q) + %”)\Hl - )‘HLQ(Ff) =2y ||>\l >\||2L2(r )
and
[o'e) - 1 B
(5.20) VZ [yt — y”%ﬂ(ﬂ) < %H)\O - A”%?(rf)v

which implies that y' — 7§ strongly inY and A — X weakly in L*(Ty).
Proof. From the fact that § and X are the solutions to (P) and (P*), respectively,
it follows that

(5.21) a(@y™ = 5) = (fy™ = Drae) + AT = D)y =0,
and since y'*! and A1 solve (P) and (PZ) with A=Al we infer

(5.22)  aytL oyt =9 = (LY = Do) + AL B =) ey = 0.
Subtracting (5.21) from (5.22) results in

(5.23) a(y ™ =gy =g+ N =X 5 = 9)) ey = 0.

Note that one can write (4.11) and (2.6) as

(5.24) XH = P(yny'* ' + A1) and A = Py + X),

where P : L?>(I'y) — L?(I'y) denotes the pointwise projection onto the convex set
{ve L*(Ty) : |v] < g ae. on L*(I'y)}. Thus we get
AT =X = D)rawy =7 AT =X (T A = (958 + V) ey
— ’7_1()\l+1 — 5\, )\l — S‘)LZ(Ff)
>y AT = M a gy — 7T AT = AN = )2y,

where we used that

AT =X (g™ A =N = (157 + A = X)) ey 2 0,

which holds using (5.24) and since P is a projection onto a convex set. Using (5.23)
and the coercivity of a(-,-) on Y, we get

9l <ot =g,y =) = (N = A n = 9) ey

1 < 1 - -
—;\W“ - Alliz@) + (A= AN = N ey

vyttt

IN IN
2
—

1 _
I VA = S o Y12

which proves (5.19). Summing up (5.19) with respect to I, we obtain (5.20). O
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TABLE 6.1
Number of iterations for different values of v for Example 1.

l ~ [ 102 [ 10* | 10° | 108 |
[ No. of iterations “ 2 [ 3 [ 3 [ 3 ]

6. Numerical tests. In this section we present three test examples for the
algorithms proposed in section 5 for the solution of (P%) and (P*). For simplicity
we use for all examples the unit square as domain, i.e., Q@ = (0,1) x (0,1) and the
bilinear form

a‘(yv Z) = (Vyv vZ)LZ(Q) + :u’(yv Z)LZ(Q) for y,2 €Y,

which is coercive if g > 0 or I'y C I" has positive measure. For our calculations we
utilize a finite difference discretization with the usual five-point stencil approximation
to the Laplace operator. The discretization of the normal derivative is based on
one-sided differences and all linear systems are solved exactly. We denote by N the
number of gridpoints in one space dimension, which means we work on N x N-grids.
To investigate convergence properties we frequently report on

(6.1) dy == [IX = Al 2y,

where A := Ajgis is the solution of (P*) with v = 10'6 and A" denotes the actual
iterate. We compare our results with those obtained using the Uzawa algorithm,
which can be interpreted as an explicit form of the augmented Lagrangian method
[21]. While (ALM) converges for every v > 0 the Uzawa method converges for only
v € [aq, 2] with 0 < oy < ag, where a; and s are in general not known [11]. We
initialize the Uzawa method with A’ := 0 and report on the number of iterations
(one iteration requires one linear solve), where the iteration is stopped if dl/\ <1074,
Unless otherwise specified, we use A = 0, and o = 1 for (PDAS). As initialization for
(PDAS), (SS), and (ALM), the solution to (3.2a)—(3.2c) with £ = 0 is used, which
corresponds to the solution of (P}) neglecting the constraints on .

6.1. Example 1. This example is taken from [11]. The data are as follows:
Iy = ([0,1] x {0}) U ([0,1] x {1}), g = 1.5, p = 0, and

~J10 if z € (0,3) % (0,1),
fla) = {10 if v € [%,i) x (0,1)

Choosing N = 80 the Uzawa algorithm requires 32 iterations for v = 10 and 17
iterations for v = 20 and does not converge for v = 30. In our tests for (PDAS)
and (SS) we vary the value for the regularization parameter vy and investigate the
convergence as v — 0o. Table 6.1 reports on the number of iterations needed by (SS)
for various values of y and N = 80. It can be seen that the algorithm requires only very
few iterations to find the solution and that increasing the regularization parameter
for this example does not increase the number of iterations required to detect the
solution (cf. [22], where a different behavior for obstacle problems is observed). We
remark that for (SS) no points are shifted from the lower active set to the upper or
conversely within one iteration and thus (PDAS) determines the same iterates as (SS)

for all o > ~y~1.
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F1G. 6.2. Solution y- for Ezample 2 (left) and Ezample 3 (right) for v = 1010,

The primal solution y. for v = 10% is shown in Figure 6.1 (left). We also investi-
gate the convergence as v — oco. The table in Figure 6.1 reports on the value of

N|=

= (alyy — U,y — ¥))

Y1016 as approximation to the solution of the sim-
|| is a norm equivalent to

1y — 4l

for various v, where we take g :=
plified friction problem and use N = 160. Note that ||
the usual one in H'(Q). The result suggests the convergence rate y~!, while from

Corollary 3.4 we get only the rate ’y’%.

6.2. Example 2. This example investigates the behavior of (PDAS), (SS), and
(ALM) for a more complicated structure of the active and inactive sets (see the
solution y., for v = 10'° in Figure 6.2 (left)). Uzawa’s method faces serious troubles
with this example: In all test examples with v > 0.2 the method did not converge.
For v = 0.2 we stopped our test after 400 iterations at d3°° =1.03e-2. We choose
I'y = 99, which implies Y = H'(2); and further u = 0.5, ¢ = 0.4, and the external
force f(x) = 10(sin4nz + cosdnz).

We investigate superlinear convergence of the iterates, properties of (PDAS) and
(SS), and the behavior of algorithm (ALM). Table 6.2 reports on

k
v I =Ml k=1,2,...,

qy ‘= — s
AT AR - M llze(ry)
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TABLE 6.2
Values for q’/{ in Example 2, v = 50.

k 1 2 3 4 5
qf\ 0.58 | 0.45 | 0.25 | 0.18 | 0.00

TABLE 6.3
Number of iterations of (SS) and (PDAS) for different values of v for Example 2, N = 160.

|+ [3ls5l10]50]100] 150 160 | 10% [ 10 |
Hitorss |3 414 [ 5] 6 | 7 | dv | dv | div
Hiteren |[3 14 4 5] 6 [ 5 1 5 ] 6 | 6

TABLE 6.4
Tests for (ALM) with ezact solve of the auziliary problem for Example 2, N = 160.

[ 1 I » [ 2 ] 3 4 | 5 6 7
| #iterpp 6 3 2 1 1 1 1
v=10 dk 2.55¢-2 | 8.540-3 | 3.62e-3 | 1.62e-3 | 7.45e4 | 3.58e-4 | 1.77c-4
| #iterpp 6 1 1 1 1
v=10 dk 4.00e-4 | 3.06e-6 | 2.67e-8 | 2.62e-10 | 2.84e-12

for v = 50. We observe superlinear convergence of the iterates determined with (SS).

Table 6.3 shows the number of iterations #iterss and #iteryy required by (SS)
and (PDAS), respectively, to find the solution for different values of 7. We observe
a slight increase in the number of iterations as 7 increases. For 7 > 160 (SS) does
not detect the solution, whereas (PDAS) does. Using (SS) for these examples we
can observe the following behavior: Points in I'y move from A1 to A% | and then
from .Ai back to A1 for some k > 2, and due to this scattering the algorithm
does not find the solution (cf. the remark on the role of ¢ in (PDAS) after Lemma
4.1). Algorithm (PDAS) with o = 1 does not experience such problems and finds the
solution after a few iterations for all tested v > 0.

To avoid possible difficulties due to the local convergence of (SS), we test two
globalization strategies: First we use a continuation procedure with respect to -,
motivated from the local convergence result for (SS). We solve for v = 150 and use
the solution as initialization for the algorithm with larger . This procedure turns out
to be successful for only a moderate increase in . Increasing v moderately, typically
only one or two more iterations are needed to find the solution for larger v. However,
this method appears inconvenient and costly. Next we test backtracking with .J, as
merit function to globalize (SS). This strategy works successfully, but in particular
for larger v, several backtracking steps are necessary in each iteration. The resulting
stepsize is very small and thus overall up to 50 iterations are needed to find the
solution. This behavior becomes more distinct for large ~.

We also apply algorithm (ALM) for the solution of this example. In a first attempt
we solve the auxiliary problem in (ALM) exactly using (PDAS), whereas this method
is initialized with the solution of the auxiliary problem in the previous iteration step
of (ALM). Due to the local superlinear convergence of (PDAS), the auxiliary problem
is solved in very few iterations, as can be seen in Table 6.4, where for v = 102
and v = 10* we report on the number of iterations #iterpp required by (PDAS)
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TABLE 6.5
Tests for (ALM) with inexact solve of the auziliary problem for Ezample 2, N = 160.

[ T v [ 2 | 3 4 | 5 | s 7

, | #iterpp 1 2 2 2 1 1 1
7=10 dl 2.96e-1 | 5.03e-2 | 7.60e-3 | 1.89e-3 | 9.99e-4 | 5.36e-4 | 2.91e-4

" #iterpp 1 2 1 2 1 1 1
=10 dl/\ 3.81le-1 | 1.46e-1 | 3.79e-2 | 1.87e-4 | 2.20e-6 2.67e-8 3.28e-10

. #iterpp 1 3 2 1 1 1
v =100 l4le-l | 2.30e-2 | 2.16e-3 | 1.11e-5 | 1.04e-8 | 1.14e-12

TABLE 6.6

Number of iterations for different values of v (first line) and N (first column) for Example 3.

Ll

‘ 10 \ 30 \ 50 \ 102 \ 103 \ 105 \ 1010 ‘

5
20 31 3 3 3 3 3 3 3*
40 31 3 4 5 4 4 4 4*
80 3| 4 4 5 5 6 6 6*
160 || 3 | 3 5 5 6 8 T 7
320 || 3| 4 5 6 7 7 8* 8*

in every step [ of (ALM). Further we report on dj as defined in (6.1). We observe
a monotone decrease of d} and a faster convergence in the case that v = 10*. In a
second approach we test an inexact version of the augmented Lagrangian method: We
stop the (PDAS)-iterations for the auxiliary problem as soon as the initial residual in
(3.2¢) has been reduced at least by a factor of 2. The results for v = 102, 10* are shown
in Table 6.5, where we report on the number of (PDAS)-iterations and the value of
d’. We observe that for v = 10% the first iterates present a better approximation to A
than for v = 10%, whereas then the case v = 10* shows a faster convergence behavior.
This leads to the idea of increasing the parameter v in every step of (ALM). Choosing
v = 10" in the Ith (ALM)-iteration, the impressing results shown in the last line of
Table 6.5 were obtained.

6.3. Example 3. The solution y;gi0 for this last example is shown in Figure 6.2
(right). Again the Uzawa algorithm only converges for small v which results in an
extremely slow convergence. The data are as follows: I'y = 9Q, u = 0.5, g = 0.3, and

f(z) =132z — 1| + 2sgn(2y — 1) + 2sgn(x — 0.75) + 5sin(67x).

We investigate the number of iterations required by (PDAS) and (SS) for various
values of v and N; further we report on results obtained with (ALM). In a series of
test runs (Table 6.6) we investigate the number of iterations for various grids and
different values for v. We observe the low number of iterations for all mesh-sizes and
choices for 7. For the calculations in Table 6.6 we use (SS), except for those indicated
by *. For these examples with a rather large value of v, (SS) starts to chatter due
to effects described in the previous example. Thus we utilize (PDAS) to solve these
problems, which is always successful. Utilizing (PDAS) also for the examples with
smaller v yields the same number of iterations as (SS). Further, note from Table 6.6
that the number of iterations increases very weakly as the mesh becomes finer.
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TABLE 6.7
Tests for (ALM) with inexact solve of the auziliary problem for Ezample 3, N = 160.

[ I v [ 2 | 3 4 | 5 | 6 7
, | #iterpp 1 2 1 1 1 1 2
v=10 d 1.62-1 | 1.99e-2 | 6.94e-3 | 1.40e-3 | 4.67e-4 | 1.9le-d | 9.20e-5
. | #iterpp 1 3 2 1 1 1
=10 d 2.14e-1 | 1.46e-2 | 4.1le-4 | 9.06e-7 | 8.20e-9 | 8.43e-11
. | #iterpp 1 2 2 1 1 1
v =10 d 85462 | 2.6202 | 2.400-3 | 4.21e4 | 9.08¢-8 | 8.23¢-12

We again test (ALM) with (PDAS) for the auxiliary problem. In the case that this
inner problem is solved exactly, the overall number of system solves is 16 for v = 50
and between 10 and 20 for other tested values of v, where we used d} < 107* as
stopping criterion and N = 160. The results for the case where the auxiliary problem
is solved approximately in every (ALM)-iteration are summarized in Table 6.7, where
we again report on the number of (PDAS)-iterations and on d as defined in (6.1).
Again increasing « as in Example 6.2 turns out to be very efficient.

6.4. Summary of the numerical results. In our numerical testing we ob-
serve a remarkable efficiency of algorithms (SS) and (PDAS) for the solution of the
regularized simplified friction problem (PZ) and of (ALM) for the solution of (P*).
For moderate values of v, the iterates for (SS) and (PDAS) coincide and these al-
gorithms converge superlinearly. For large values of «, (SS) may start to chatter,
while (PDAS) always detects the solution. The two tested globalization strategies
for (SS) turn out to be successful but inconvenient. The number of iterations of the
semismooth Newton methods increases only slightly for finer grid and larger regular-
ization parameter. The efficiency of (SS) and (PDAS) is interesting also with respect
to augmented Lagrangian methods since these algorithms present a powerful tool to
solve or approximately solve the auxiliary problem in (ALM). Our tests show that,
solving the auxiliary problem in (ALM) only approximately using (SS) or (PDAS), the
overall number of system solves for (ALM) is rather the same as for the semismooth
Newton methods with large . However, (ALM) has the advantage that it detects the
solution of the dual (P*) of the original simplified friction problem without requiring
that v — oo. Finally, we remark the advantage of (PDAS) with large v that one has
a simple stopping criterion at hand that guarantees that the exact solution of (Pi‘;) is
detected.

REFERENCES

[1] M. BErGounNiOoUX, M. HapDOU, M. HINTERMULLER, AND K. KUNISCH, A comparison of a
Moreau—Yosida-based active set strategy and interior point methods for constrained optimal
control problems, STAM J. Optim., 11 (2000), pp. 495-521.

[2] M. BErcounioux, K. ITo, anD K. KuNiscH, Primal-dual strategy for constrained optimal
control problems, STAM J. Control Optim., 37 (1999), pp. 1176-1194.

[3] D. P. BERTSEKAS, Constraint Optimization and Lagrange Multipliers, Academic Press, Paris,
1982.

[4] X. CHEN, Z. NASHED, AND L. QI, Smoothing methods and semismooth methods for nondiffer-
entiable operator equations, SIAM J. Numer. Anal., 38 (2000), pp. 1200-1216.

[5] P. W. CHRISTENSEN, A. KLARBRING, J. S. PANG, AND N. STROMBERG, Formulation and com-
parison of algorithms for frictional contact problems, Internat. J. Numer. Methods Engrg.,
42 (1998), pp. 145-173.



62 GEORG STADLER

[6] P. W. CHRISTENSEN AND J. S. PANG, Frictional contact algorithms based on semismooth New-
ton methods, in Reformulation: Nonsmooth, Piecewise Smooth, Semismooth and Smooth-
ing Methods, Appl. Optim. 22, M. Fukushima and L. Qi, eds., Kluwer Academic Publishers,
Dordrecht, The Netherlands, 1999, pp. 81-116.

[7] P. W. CHRISTENSEN, A nonsmooth Newton method for elastoplastic problems, Comput. Meth-
ods Appl. Mech. Engrg., 191 (2002), pp. 1189-1219.

[8] G. DuvauT AND J.-L. LIONS, Inequalities in Mechanics and Physics, Springer-Verlag, Berlin,
1976.

[9] I. EKELAND AND R. TEMAM, Conver Analysis and Variational Problems, Classics Appl. Math.
28, SIAM, Philadelphia, 1999.

[10] F. FACCHINEI AND J.-S. PANG, Finite-Dimensional Variational Inequalities and Complemen-
tarity Problems, Vol. 1 and 2, Springer Ser. Oper. Res., Springer-Verlag, New York, 2003.

[11] R. GLowINsKI, J.-L. LioNs, AND R. TREMOLIERES, Numerical Analysis of Variational Inequal-
ities, North—Holland, Amsterdam, 1981.

[12] R. GLOWINSKI, Numerical Methods for Nonlinear Variational Problems, Springer-Verlag, New
York, 1984.

[13] W. HAN, A regularization procedure for a simplified friction problem, Math. Comput. Mod-
elling, 15 (1991), pp. 65-70.

[14] W. HAN, On the numerical approzimation of a frictional contact problem with normal compli-
ance, Numer. Funct. Anal. Optim., 17 (1996), pp. 307-321.

[15] J. HASLINGER, Z. DoSTAL, AND R. KUCERA, On a splitting type algorithm for the mumerical
realization of contact problems with Coulomb friction, Comput. Methods Appl. Mech.
Engrg., 191 (2002), pp. 2261-2281.

[16] M. HINTERMULLER, K. ITO, AND K. KUNISCH, The primal-dual active set strategy as a semis-
mooth Newton method, SIAM J. Optim., 13 (2003), pp. 865-888.

(17] M. HINTERMULLER AND G. STADLER, A semi-smooth Newton method for constrained linear-
quadratic control problems, ZAMM Z. Angew. Math. Mech., 83 (2003), pp. 219-237.

[18] M. HINTERMULLER, A primal-dual active set algorithm for bilaterally control constrained opti-
mal control problems, Quart. Appl. Math., 61 (2003), pp. 131-160.

[19] I. HLAVACEK, J. HASLINGER, J. NECAS, AND J. LOVISEK, Solution of Variational Inequalities
in Mechanics, Appl. Math. Sci. 66, Springer-Verlag, New York, 1988.

[20] H. C. HuanG, W. HAN, AND J. S. ZHou, The regularization method for an obstacle problem,
Numer. Math., 69 (1994), pp. 155-166.

[21] K. ITo AND K. KUNISCH, Augmented Lagrangian methods for nonsmooth, convex optimization
in Hilbert spaces, Nonlinear Anal., 41 (2000), pp. 591-616.

[22] K. ITo AND K. KUNISCH, Semi-smooth Newton methods for variational inequalities of the first
kind, M2AN Math. Model. Numer. Anal., 37 (2003), pp. 41-62.

[23] K. ITo AND K. KuNIscH, The primal-dual active set method for monlinear optimal control
problems with bilateral constraints, SIAM J. Control Optim., 43 (2004), pp. 357-376.

[24] N. KikucHl AND J. T. ODEN, Contact Problems in Elasticity: A Study of Variational In-
equalities and Finite Element Methods, SITAM Stud. Appl. Math. 8, STAM, Philadelphia,
1988.

[25] R. KORNHUBER, Adaptive Monotone Multigrid Methods for Nonlinear Variational Problems,
Adv. Numer. Math., Teubner, Stuttgart, 1997.

[26] R. KORNHUBER, Monotone multigrid methods for elliptic variational inequalities. II, Numer.
Math., 72 (1996), pp. 481-499.

[27] B. KUMMER, Generalized Newton and NCP-methods: Convergence, reqularity, actions, Discuss.
Math. Differ. Incl. Control Optim., 20 (2000), pp. 209-244.

[28] C.-Y. LEE AND J. T. ODEN, A priori error estimation of hp-finite element approzimations of
frictional contact problems with normal compliance, Internat. J. Engrg. Sci., 31 (1993),
pp. 927-952.

[29] A. Y. T. LEUNG, G. CHEN, AND W. CHEN, Smoothing Newton method for solving two- and
three-dimensional frictional contact problems, Internat. J. Numer. Methods Engrg., 41
(1998), pp. 1001-1027.

[30] L. QI AND J. SUN, A nonsmooth version of Newton’s method, Math. Programming, 58 (1993),
pp. 353-367.

[31] L. Q1, Convergence analysis of some algorithms for solving nonsmooth equations, Math. Oper.
Res., 18 (1993), pp. 227-244.

[32] G. SAVARE, Regularity and perturbation results for mized second order elliptic problems, Comm.
Partial Differential Equations, 22 (1997), pp. 869-899.

[33] M. ULBRICH, Semismooth Newton methods for operator equations in function spaces, SIAM J.
Optim., 13 (2003), pp. 805-841.



