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Abstract

There are basically two approaches to solve optimal design problems with a partial
differential equation, usually called the state equation, as a constraint. The usual pro-
cedure is to eliminate the state variables and the state equation and only optimize in
the design space. Another possibility is to keep the state equation and to treat it as a
constraint throughout the optimization progress. This formulation is called simultaneous
or one-shot optimization. Then, in order to satisfy the optimality conditions, large scale
indefinite linear systems (KKT-systems) have to be solved. This is the drawback, or bet-
ter the challenge, of this alternative approach. If it is possible to construct an optimal
solver to this KKT-systems, we can benefit from the expected speed-up of the one-shot
formulation.

In this work we consider a multigrid based solver to such a KKT-system, resulting
from stress constrained topology optimization. As a proper smoothing procedure we use
a multiplicative Schwarz-type smoother. Here, in each iteration step of the smoother,
several small local saddle-point problems are solved. The numerical test examples show
the typical multigrid convergence behaviour, i.e. asymptotic constant number of iterations
and convergence rates.
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1 Introduction

In this work we will consider a topology optimization problem with local stress constraints as
a starting point for a derivation of a KKT-system. Treating topology optimization problems
with local stress constraints usually results in a large scale optimization problem with a large
number of constraints, e.g. two local stress constraints per finite element after discretization.
Moreover, the design domain (i.e. the feasible set defined by the constraints) may be noncon-
vex (even nonconnected) and contain degenerated appendices with lower measure. (Global)
optima are very likely to be located in this lower dimensional regions (cf. ROzZVANY [14]),
where constraint qualifications are lacking. In literature, this effect is often called the sin-
gularity problem. To overcome this difficulty we consider a reformulation of the given stress
constraints, similar to STOLPE AND SVANBERG [17], which results in an even higher number
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of constraints and unknowns. Over the last two decades interior-point methods turned out to
be efficient optimization methods for solving large-scale nonlinear optimization problems (cf.
Subsection 2.1). Most of the computing time is actually spent in the solution of linear sys-
tems arising from the linearization of the primal-dual optimality equations. These optimality
conditions lead to large scale KKT-systems, like

(3% )(&)=(5) 2

For this system we have to ensure that A is positive definite on the null space of the matrix
B. It might also happen that B” does not have full rank, as a consequence the system matrix
in (1) is singular. Thus, it might be necessary to modify the matrix in the following way to

sustain regularity:
A+51 BT Ax\ [ f
B —do1 Ay )] \g)’

with some small d1,d2 > 0 (see also Section 5).

Multigrid methods certainly belong to the most efficient methods for solving large-scale
systems, arising from discretized systems of partial differential equations of elliptic type.
While the construction of such methods for symmetric and positive definite systems is quite
standard, this is not the case for saddle point problems like (1). A successful construction of
a solver with optimal complexity for linear systems like (1) would yield a significant speedup
for an interior-point method, because these systems have to be solved in each iteration of an
interior-point method. One of the most important ingredients of an efficient multigrid method
is an appropriate smoother, i.e. a simple iterative smoothing procedure (cf. Subsection 2.2).
In this chapter we consider a multiplicative Schwarz-type iteration method as a smoother
in a multigrid method. Each iteration step of such a multiplicative Schwarz-type smoother
consists of the solution of several small local saddle point problems, i.e. small local version of
the problem (1).

In the next section we will give a brief introduction to interior-point methods, multigrid
methods, and the stress constrained topology optimization problem, which optimality condi-
tions we are going to solve. In the following section, we will deduce a saddle point problem
from the primal-dual optimality conditions for the optimization problem presented in the
previous chapter. More information about the used kind of smoother will be given in Section
4. Finally, in Section 5 we will present some numerical experiments from the application of a
multigrid method with the mentioned smoother to the derived saddle point problem.

2 Basics

2.1 Interior—Point Methods

In the last two decades interior—point algorithms have evolved to efficient methods for large
scale nonlinear programming since their revival in 1984. For a survey see e.g. the related
chapters in NOCEDAL AND WRIGHT [13] and WRIGHT [20] and the references therein.

The rediscovery of interior—point methods is rooted in the desire to find algorithms with a
better complexity than the simplex method for linear programming by Dantzig in 1947. Since
then, the simplex method dominated the field of linear programming, although its worst-case
complexity is exponential in the size of the problem dimension. After Karmakar’s announce-
ment in 1984 of the projective algorithm, a polynomial-time method for linear programs,



interior—point methods have been subject of intense research. In principle there are two ways
to motivate these methods nowadays, namely minimizing a barrier function or perturbing the
optimality conditions.

For a short introduction we consider the following general optimization problem:

J(x) — min

x€R™
subject to ci(x) = 0, ief, (2)
ci(x) <0, iel.

where all appearing functions should be sufficiently differentiable. For the sake of simplified
notation we will denote cz(x) as (¢;(x));er and cg(x) as (¢j(x))iee. This problem is then
modified such that the restricting inequality constraints are treated implicitly by adding
them to the objective functional using some barrier term. The predominant barrier function
is the logarithmic barrier function and so the new barrier objective J,,(x) := J(x) + B, (x) is
now the sum of the original one and a logarithmic interior part:
J(x) — ,uZln (—ci(x)) — min
iez xeRY (3)
subject to ce(x) = 0,

where p > 0 is called the barrier parameter. A major characteristic of these methods is that
all inequality constraints are (have to be) satisfied strictly, which leads to the nomenclature
interior-point methods. Minimization of (3) for a decreasing sequence of the barrier parameter
p — 0 will result (under appropriate assumptions) in a sequence of minimizers X, — Xg =X
converging to the minimizer X of the original problem (2). The sequence X, also defines a
path to X, which is either called the central path or the barrier trajectory. The central path is
a path of strictly feasible points that satisfy the perturbed complementarity conditions, see
below. It is the essential idea of most interior—point methods to follow this path numerically
more or less exactly.

Using the following notation we state the first order necessary optimality conditions for (3):
Cz(x) = diag(c;(x),7 € ), A¢ the vector of Lagrange multipliers for the equality constraints
and e a vector of ones in the appropriate dimension:

VJ(x) + uVezr(x)TCr(x)te + Vee (x)TAs = 0,

ce(x)= 0. )

Usually Newton’s method is used to solve (4) and to find minimizers X. Unfortunately, the
poor-scaling of the objective J,,(x) becomes worse as y1 — 0. The extreme behavior of the
barrier function close to the boundary of the feasible set translates to ill-conditioning in the
barrier Hessian ViBM(x). As a consequence the quadratic Taylor series approximation, on
which Newton-like methods are based, does not reflect the behavior of the original function
except in a small neighbourhood of X. This fact was one of the major motivations for the
downfall of barrier methods before 1984, since it may cause poor numerical performance of
unconstrained optimization methods (€ = (). Fortunately Newton’s method (in a carefully
implemented algorithm, see FORSGREN, GILL, AND WRIGHT [7]) can be made insensitive to
this poor scaling.

The true reason for the inefficiency of classical barrier methods is another. Unfortunately,
it is often not possible to take a full Newton step, because this step would move the current



iterate out of the feasible region, especially when the current iterate is very close to a minimizer
of B, (x) with a fixed ;. Suppose the current iterate is the minimizer X, of (3) with a fixed p
and the barrier parameter p is now reduced to i with g > fi. If the ratio u/ 1 exceeds a certain
factor and the next Newton step is computed with respect to the new barrier parameter [, a
full Newton step will move the iterate to a significant infeasible point.

There are several remedies to overcome these poor steps that occur after a reduction of
the barrier parameter, but the best one is to use primal-dual interior methods. In primal-dual
methods we treat the primal variables and the dual variables (the Lagrangian multipliers
of the problem) independently. In this spirit we now create an independent variable Az of
multipliers for the inequality constraints from the relation Az = —uCz(x) 'e. Furthermore,
if we consider A = (A7, A¢) and c(x) = (cz(x),ce(x)), we can rewrite (4) as a system in the
primal variables x and the dual variables A:

VJ(x) + Ve(x)TA = 0, (5a)
Cz(x)Az +pe = 0, (5b)
ce(x) = 0. (5¢)

The second equation (5b) can be interpreted as the perturbed complementarity condition for
the inequality constraints in the KKT conditions for (2). The success of primal-dual methods
is now partly due to their effectiveness at following the central path, especially in steps where
the barrier parameter is reduced.

The left-hand-side of (5) defines a function F),(x, A). Instead of minimizing (3) for u — 0,
we look for solutions of F,(x,A) =0 for s — 0. For a fixed u (5) can be solved, e.g., using a
modified Newton-type method such that x and Az fulfill the inequality constraints cz(x) < 0
and Az > O strictly. The Newton direction (Ax,AX) of such a method is defined as the
solution of VF,(x, A\)(Ax, AX) = —F,(x, A):

V’H —Vc% ch Ax VJ+ Vel
A7Ver Cr 0 AT = — CrA1 + ne s (6)
Vee 0 0 JAD.V: ce

where A7 = diag(A;,7 € Z), H(x,A) denotes the Hessian of the Lagrangian of (2) and all
arguments in (6) are omitted.

An efficient solver for systems like (6) are important for an efficient performance of an
interior-point method, since they have to be solved in each iteration step of the optimization
method.

2.2 The Multigrid Method

The multigrid method provides an optimal order algorithm for solving linear systems arising
from finite element discretizations, as well as other discretization techniques applied to certain
classes of PDEs. The number of iterations of standard iteration methods are increasing as
h — 0 if no proper preconditioning is applied. When using multigrid methods we get numbers
of iterations that are asymptotically independent from the mesh parameter h. In other words
the convergence speed does not deteriorate when the discretization is refined, whereas clas-
sical iterative methods slow down for decreasing mesh size. A fundamental attribute of the
multigrid method is that it is working on a hierarchy of meshes and related discretizations of



a boundary value problem. We recommend e.g. the books BRAMBLE [3] and HACKBUSCH |[9]
for detailed introduction.

The multigrid method has two main features: smoothing on a fine grid and error correction
on a coarser grid. The starting point for this idea is the observation that classical iteration
methods have smoothing properties, i.e. they remove the high oscillating parts of the error
very quick. The smooth part of the error can be represented and corrected well on coarser
grids. Hence, combining these two approaches makes the multigrid method are of the most
efficient solvers. For a short introduction let us consider a hierarchy of I meshes (e.g. like in

Figure 1: A hierarchy of 3 meshes: 7o C 7; C Ts.

Figure 1)
TocThhc...Cc1T,

with corresponding finite element spaces Vy C ... C Vj, mesh sizes hg > ... > h;, and number
of unknowns ng < ... < n;. One of the ingredients of a successful multigrid method are the
intergrid transfer operators:

Definition 1 (Intergrid Operators). The coarse-to-fine operator
I, Vil >V

is called the (prolongation) operator and the the fine-to-coarse operator
I V= Vi

is called the (restriction) operator.

Remark 1. If we have a sequence Vo C ... C Vi of spaces, the prolongation operator Ill_l
can be taken to be the natural injection. In other words, le_lv =wv, VYové&Vi_q1. Then the
restriction operator is defined to be the adjoint of I | with respect to (-,-);—1 and (-,-); inner
products. In other words, (Ill_lw,v)l_l = (w,Ill_lv)l = (w,v);, YweV_j,welV.

A proper choice of the intergrid operators influences the convergence speed considerably,
and may even be necessary for convergence.

In addition to the intergrid operators we need an iteration method (smoother) for the
smoothing iterations on the fine grids. For instance we choose the smoothing operator S to
realize the Jacobi-relaxation with a damping parameter 7 > 0 (cf. Algorithm 3):

ur— Su = u—7(Ku-f).

Since it reduces the high frequency error components the smoothing operator S is an essential
part in multigrid methods. Typically, a proper smoother for a problem takes the special



Algorithm 1 Two grid method
Choose a relative error bound ¢ > 0.
Choose a number v of pre-smoothing and a number vo of post-smoothing steps.
(07 )

Initialize start value u; .

k=0;

while not converged do
/* Pre-smoothing: */
uglkyl) — SV1u2k70)7
/* Coarse grid correction: */
/* Defect calculation: */

E,1
d];i = fh — Khugl )7
* Restriction onto coarse I'idi *
g

k _ THAk.
dj = I} dj;
/* Solve coarse grid system: */
KHW];{ = d]}{;
/* Prolongation onto the fine grid: */

/* Add coarse grid correction: */
al®?) = kD) ok
/* Post-smoothing: */
uglk+1,0) _ S,,zugc,z);
k=k+1;
end while

structure of the system matrix into account. Beside the point Jacobi smoother also the point
GauB-Seidel (cf. Algorithm 4), the block Jacobi and block Gauf-Seidel smoother are suitable
for a large class of finite element discretized problems. In Section 4 we will discuss a local
patch smoother for an specific application case. Beside the smoothing operation we also need
a coarse grid correction. Let us assume that we have the corresponding system matrices
Ko, ..., K; and load vectors fy,...,f; for each level at hand. These can either be generated
by assembling on each level or can be constructed by Galerkin’s method, i.e.

K =I"KI_,.

After these preliminaries we are ready to state a two level method, as in Algorithm 1, where
we assume that [ = 1 and we use the following notation hg = 2hy = H, I(l) =17, and I(l) = IhH
for better readability. The parameters 11 and vy control the number of smoothing iterations.
For benign problems like the Poisson equation it usually does not pay off to use more than
two smoothing steps. In the case of more complex problems, such as saddle point problems,
it can be necessary to use more smoothing iterations.

The restricted system on the coarse grid is by far easier to solve than the one on the finer
grid. When switching to a mesh from mesh size h to 2h by uniform refinement, the number
of unknowns decreases about to a quarter. But still, the complexity of solving the coarse grid
system may be regarded to high. The idea to advance from a two grid method to a multigrid
method is now to repeat this procedure recursively. That is to coarsen the grid until the



coarsest grid yields a sufficiently small system, that is easy to solve. The linear system on
the coarsest grid is usually solved directly, e.g. by some Cholesky factorization. So, instead of
solving the coarse grid system, one or two multigrid steps are performed, resulting in a V-cycle
or a W-cycle. The patterns in Fig. 2 will explain the naming, where o denotes smoothing,
e marks the solution of the system on the coarsest grid, \, and " stand for restriction and
interpolation between the grids, respectively. In the early days the common choice was a

N,
NS VN
WY

Figure 2: V-cycle and W-cycle on a hierarchy of 4 grids.

W-cycle to ensure that the error is not increasing too much when cycling between several
grids. But most of the problems are so benign, that a V-cycle is more efficient. The following
Algorithm 2 sketches the operations of the k™" multigrid iteration on level i with 1 < i < .
For sake of readability we drop the iteration index k.

2.3 A Topology Optimization Problem with Local Stress constraints

In structural optimization there are two design - constraint combinations of particular impor-
tance, namely the maximization of material stiffness (minimizing the compliance) at given
mass and the minimization of mass while keeping a certain stiffness. The first combination,
also known as the minimal compliance problem, seems to be mathematically well understood
and various successful numerical techniques to solve the problem have been proposed (see e.g.
BENDS@E AND SIGMUND [1] and STAINKO [16]). The treatment of the second problem is by
far less understood and until now there seems to be no approach that is capable of computing
reliable (global) optimal designs within reasonable computational effort. The main source of
difficulties in this problem is the lack of constraint qualifications for the set of feasible designs,
defined by the local stress constraints.

The approach we briefly introduce here is described in more details in BURGER AND
STAINKO [5]. Let Quat = {x € Q | p(x) = 1} € Q € R? (d = 2,3), denote the optimal
design, which is of course initially unknown. Furthermore, let I';; C I'; describe the part of
the boundary I'y where the traction forces are zero, i.e. t = 0. Then, the stress constrained



Algorithm 2 One multigrid method iteration MGM(K;, u;, f;, )

Let p describe the number of MGM calls per level i.
Let 1 and v5 denote the number of pre- and post-smoothing steps.

Initialize start value u) = w;;

if i == 0 then

Solve the coarsest grid system, i.e. ug = K, Ly

return;
else

/* Pre-smoothing: */

ui1 =S u?;

/* Coarse grid correction: */

/* Defect calculation: */

di = fz — Kz-uzl;

/* Restriction onto coarse grid: */

d;—1 =I"d;;

/* Recursively call MGM for coarse grid approximation: */

wi_1=0;

for j=1,...,udo

MGM(K;—1,w;_1,d;_1,7 — 1);

end for

/* Prolongation onto the fine grid: */

w; =L_ ,w;_1;

/* Add coarse grid correction: */
uZ2 = u} + Wy
/* Post-smoothing: */
ug’ = 8" 2u22;

end if

Figure 3: The reference domain and applied forces in a minimal mass problem.

topology optimization problem that we are going to investigate states as follows:

J(p) :/Qp(x) dx — min

pu
subject to dive = 0, in Qumat,
o —Ce(u) = 0, in Q,
u = 0, on ['y,
o-n = t, on I,
oc-n=0,38 on (8Qmat \Ft) UTy,,
p(x) € {0,1}, a.e. in
pmin < @(a’(x)) < omex a.e. in Quat,
ut < u(x) < um, a.e. in Q.

EN|
—



Thus, in a first formulation, the objective functional (7a) only consists of a mass term. Note
that we only optimize with respect to the design p and the displacements u, because the
stresses o can be eliminated using the stress-strain relation (7c). But for sake of better
readability we will keep the stresses in the formulation. The constraints (7b) - (7f) describe
the elasticity equations with corresponding boundary conditions (all to be interpreted in a
weak sense), where we again neglect body forces for the sake of simplicity. In an ideal case,
the material density p only attains two values, 1 for material and 0 for void, see the 0-1
constraint (7g). Moreover, the vectors u™® and u™® in the bound constraint (7i) are lower
and upper bounds for the displacements u. In the bound constraints (7h), ® denotes a proper
stress criterion. For ®(0) = o we have that o™ < o < 0™ and we shall call this criterion
total stress. For sake of simplicity we will only treat here the case of total stresses, but, e.g.,
von Mises stresses can be handled in the same way.

Starting point of our analysis is a reformulation of the equality constraints describing
the elastic equilibrium and the local inequality constraints for the stresses into a system
of linear inequality constraints as recently proposed by STOLPE AND SVANBERG [17]. A
remaining difficulty is that the arising problem also involves 0-1 constraints in addition to the
linear inequalities. Instead of solving mixed linear programming problems we propose to use
a phase—field relaxation of the reformulated problem. Due to the well-known ill-posedness
of topology optimization problems we might add a perimeter penalization to the objective
functional. The phasefield relaxation consists in using a material interpolation function
n(p) = p, and additionally, a Cahn-Hilliard type penalization functional (see CAHN AND
HILLIARD [6]) is used to approximate the perimeter. Up to the knowledge of the author, the
phase—field method was first introduced by BOURDIN AND CHAMBOLLE [2] to the field of
topology optimization.

For the reformulation of the set of constraints we introduce a 3 > 0, such that

Bloi(x)| <1, ae. inQ, i,j=1,...,d,

and an additional variable s, such that s(x) = o (x) if p(x) =1 and s(x) = 0 if p(x) =0, i.e.
s = po. Then the equivalent reformulation of the set of constraints looks like:

divs = 0, in Q, (8a)

o —Ce(u) = 0, in €, (8b)

u = 0, on Iy, (8¢)

s-n = t, on I'y, (8d)

s-n = 0, on I'y,, (8e)

—(1-p1 < Bo-5) < (1-p1, (st)
p(x) € {0,1}, a.e. in Q, (8g

p(x)e™t < s(x) < p(x)o™, a.e. in Q, (8h)
u™ < u(x) < u™ a.e. in . (81)

All the constraints in (8) are linear with respect to the vector of unknowns (p,u,o,s),
except for p(x) € {0,1} almost everywhere in . We now replace the 0-1 constraint p(x) €
{0, 1} by the following continuous version p(x) € [0, 1]. Moreover, we approximate a perimeter
term by the Cahn-Hilliard term and add it to the objective:

Jio) =1 [ o0 ax-+ 5 [ 19060 ax+ [ W(oio0) ax. (9)

9



The term [, W(p(x) dx favorites those designs which take values close to 0 or 1 (phase
separation), while the term [, [Vp(x)[> dx penalizes the spatial inhomogeneity of p. The
theorem of Modica and Mortola tells that the minimizers of (9) converge to the minimizers
of [ p(x) dx in the sense of I'-convergence (see MODICA AND MORTOLA [12]). The resulting
relaxed parameter dependent problem is now given by the objective functional (9) and by
the constraints (8), where (8g) is replaced by 0 < p(x) < 1. The problem is now solved for
a decreasing sequence of the parameter € — 0. For the relaxed problem it is now possible to
show the existence of solutions in the corresponding set of feasible designs.

After a standard finite element discretization we end up with a large scale optimization
problem, that now fulfills constraint qualifications, ¢f. BURGER AND STAINKO [5]. We solved
the discrete optimization problems using Ipopt, which is a free available optimization code
realizing a primal-dual interior-point optimization method (see WACHTER ET AL [19]).

I @ ] I -

Figure 4: Optimal designs of the 4 level e-continuation with ¢y = 0.1, ¢ = 0.05, e2 = 0.025, and
€3 = 0.0125, respectively.

3 The Optimality System

In this section we will derive an optimality system for the optimization of the objective
(9) subject to the constraints (8) from the previous Subsection 2.3. The derivation can be
performed for both stress criteria, total stress and conservative von Mises stress, but we
restrict ourselves to the case of total stress for the sake of simplicity. As a starting point we

10



reconsider the following optimization problem:

Je(p) — min (10a)

divs = 0, in €, (10b)

o —Ce(u) = 0, in €, (10c)

u =0, on I'y, (10d)

s-n = t, on I'y, (10e)

s-n = 0, on I'y,, (10f)

p =1, on I'y, (10g)

—(1-p)1 < Bld—s) < (1-p)1, in Q, (10h)
0 < p(x) <1, a.e. in €2, (101)
p(x)e™t < s(x) < p(x)o™, a.e. in Q, (107)
ut < u(x) < ume, a.e. in Q. (10k)

with

Je(p) = / ) dx + = /Wp dx + - /Qp(x)(l—p(x)) dx,

and the function space setting
(pou,s) € (H' () N Loo(2)) x (H' (B R?) N Loo (% R?)) x Lo (4 R*?).

We mention that the conditions (10b), (10e), and (10f) have to be understood in a week sense,

namely as
/s:s(v)dx:/v-tda, VVEH%\t,
Q Tt

with Hf, = {v € H'({;R?) | v = 0 on I';}. Because we aim at an interior-point optimization

method to solve this problems, we will perform the derivation in a primal-dual interior-

point framework. Especially, we consider a primal-dual barrier method to solve nonlinear
optimization problems of the form

f(x) — min

subject to c(x) = 0,

Xmin < x < Xmax7

see, e.g. WACHTER AND BIEGLER [19]. Problems with inequality constraints, like (10), can be

reformulated in the above form by introducing slack variables. Thus, we rewrite the inequality

constraints (10h) and (10i) as equalities with the additional functions z; € Lo(£2;R?*2),

1 =1,...,4. Furthermore, to ease the representation of the problem, we omit the boundary

conditions (10d) - (10g), and rely on their proper incorporation in the FE-discretization. As

an additional simplification we eliminate o using the identity (10c). Consequently, we end

11



up with the following optimization problem:

Je(p) — min, (11a)

divs(x) = 0, in Q, (11b)

—(1=p(x))1 - B(Ce(u(x)) —s(x)) +zi(x) = 0, in €, (11c)
—(1=p(x))1+ B(Ce(u(x)) —s(x)) +z2(x) = 0, in €, (11d)
p(x)o™" — s(x) 4 z3(x) = 0, in Q, (11e)

s(x) — p(x)o™* +z4(x) = 0, in Q, (11f)

0 < p(x) <1, a.e. in €2, (11g)

u™ < u(x) < u™ a.e. in Q, (11h)

z;(x) > 0, ae.inQ,i=1,...,4. (11i)

Interior-point methods propose to add the bound constraints to the objective functional and
treat them implicitly by using a barrier function. With a barrier parameter p > 0 this leads
to the barrier objective functional

Jeu(p) = Je(p) — 1 (/Q In (p(x)) +In (1 — p(x)) dx +

+ [ 1 a0 — ) (0 — ) dx [ 1 (a() dx>,

Q
where we write Inu instead of Inwu; + Inuy for u € R? and Inz instead of Z?,j:l In z;; for
z € R?*? for simplicity. The corresponding barrier problem is given by
Jeulp) — min,
divs(x) = 0, in Q,
—(1-p(x))1 - B(Ce(u(x)) —s(x)) +z1(x) = 0, in , (12)
—(1=p(x))1+ B(Ce(u(x)) —s(x)) +z2(x) = 0, in €,
p(x)o™" — s(x) 4 z3(x) = 0, in Q,
s(x) — p(x)o™® + z4(x) = 0, in €,

In order to formulate the first order necessary conditions for (12), we consider the Lagrangian
for the above problem. For this sake we introduce Lagrange multipliers Ag € H}(€;R?) =
{ve H (R?) | v=0o0n 00}, A1,..., A1 € Lo(2;R?*?) and state
‘C(p7 u,s, ZvA) = JE,,U«(p) - <57€(A0)> + < - (1 - p)l - ﬁ(CE(U) - S) + 2z, A1> +
+ (= (1= p)1+B(Ce(u) —s) + 2z, A2) + (13)
+ (po™™ —s+23,X3) + (s— po™™ + 74, Ag),

12



with the notation A = (Ag,...,Ay) and z = (
as:

1
VoL =v+eAp+ 2(1—2/))—

4+ 1: Ao o™ Ay — o™ Ay

VL = — H KB

Z1,...,24). The optimality conditions then look

P B f1ia+
p l—p

u— U_min umax

— +BCdiv A, — ACdiv Ay

VS£ = — E(Ao) —I—ﬁAl — ﬁAg — Ag + A4

Vol = — 2L 4N
Z;
Va Ll = divs
UanL = —(1-p)1 - B(Ce(u)
Val = —(1—p)1+ 3(Ce(u)

VL = po™ — s 4 73
VL =s—po™™ + 2y

—S)+Z1
—S)+Z2

© 0 0o o0 o o o <

(14a)
(14b)
(14c)
(14d)
(14e)
(14f)
(14g)
(14h)
(14i

s

In (14b) and (14d) (and further on) the fractions are meant by components. Moreover, we

/diva-vdx:—/azs(v) dx
Q Q

for v.€ H}(Q) for the derivation of (14) and for the statement of the Lagrangian (13).
Moreover, the equality (14b) again has to be understood in a weak sense. In the spirit of
primal-dual interior point methods we now introduce new independent variables v; that act
as multipliers for the bound constraints (11g) - (11i). In particular we choose vy, vy € H(Q),
v3, vy € HY(R?), and v; € Ly(;R?*2) for i = 5,...,8, such that

use the identity

V_ﬁ 1/——'u v S - Vy = a
1—p, 2_1—,0’ 3_u—umin’ 4_umax—u
_ M M M
Vs =—, Vg=—, V7= —, Vg=—

41 V4] Z3 Zy

13

(15)



Using the definition (15) of the dual variables, the optimality conditions (14) turn into the
following system in the primal variables p, u, s, z, and the dual variables A and v:

’y+eAp+%(l—2p)—V1+V2+1:)\1+1:)\2+0min:)\3—ama":)\4: , (16a)
—v3+vy+ BCdivA — BCdivAay = 0, (16Db)

—e(Xg) + A1 —BA2— A3+ Ay = 0, (16¢)

—Us+ Al = —Vg+Ay = —VU7+ A3 = —vgt+A = 0, (16d)

divs (16e)

—(1-p)1—p(Ce(u) —s) +z, = 0, (16f)

I
S oo o000 oo o

—(1—=p)1+B(Ce(u) —s) +2z2 = 0, (16g)
po™ —s fz3 = 0, (16h)
s —po™* +zy = 0, (161
w :
—pt- =0 (16)
Ko
V)
—(u—u™") + 2 — o, (161)
V3
(™ —u)+ £ =0, (16m)
V4
o+ = B o g B v B0, (16n)
Vs Vg vt Vs

where the form of the equalities (16j) - (16n) is motivated to get a symmetric system matrix
after discretization.

In the following we consider the discretization of the primal-dual equations (16). In order
to construct a finite element approximation we assume that = Ui, 7 is partitioned into
a proper triangulation 7 = {r; | i = 1,...,n} with n triangles ;. We shall use two different
finite elements for the primal and dual variables. For the density p, the components of the
displacements u, the dual variables vq, 19, and the components of the dual variables v3, vy,
we use the discrete H'-subspace of linear elements

Vh = {QN)EC(Q), ?NJ‘TZ E,Pl(TZ'), 2217771}

For the components of the Lagrangian multiplier Ay we use the discrete Hé—subspace Voh of
linear elements with zero boundary conditions. The components of the stress s, the slack
variables z, the dual variables vs, ... vg, and of the Lagrange multipliers Ay, ..., A4 are ap-
proximated by the Ly,-subspace of constant elements

Q" ={G€L(Q) | dlr, € Po(r), i=1,...,n}.

As in the previous chapters, P (7;) represents the space of polynomials of maximal degree
k over the triangle ;. Using these finite element approximations we discretize the system
(16) by a standard finite element approach, i.e. we consider the weak formulations of the
equations (16a) - (16n) and perform a partial integration for the divergence terms in the
equations (16b) and (16e). Taking into account the Hilbert spaces V = H(Q), Vo = H}(Q),
Vr, = H%u(Q), and Q = Lo(2) and having the application of a Newton type method in mind,
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we can write the weak linearized formulation of (16) in the following way: Find updates
p, V1,0 €V, u vy, vy € Vrzu, Ao € V02, and S,21,...,24,A1,..., A1, Vs, ...,vs € Q**2 for the
current values of 5, W,5,Z, A\, U1, U, U3, . . ., Ug, respectively, such that

2
—€(Vp,Vu)g — E(va)o — (v1,v)0 + (v2,v)0 + (1 : Ay, v)0 +

: 1
+ (1 : )\2,?))0 + (o,mm : )\3,1))0 + (o,max : A4,’U)0 = —(’Y + 2)(1,?])0,

—(v3,$)0 + (v4, 9)o — B(CA1,e(9)), + B(CArz,e(0)), = O,
—(e(X0),q), + BA1L, Qo — B(A2,@)o — (A3,Q)0 + (A1,q)o = 0,

—(Ws, o+ (A, d)o = —(ws,a)o + (A2, q)0 =
—(v7,9)o+ (A3,a)0 = —(vs;q)o + (Ag,q)0 = 0,

—(s,e(v,b))o :/Ft-zpdx,

(p1,q)o — B(Ce(u),q), + (s, a)o + (z1,9)0 = (1,a)o,
p1,q)o + B(Ce(u),q), — B(s,q)o + (z2,a)0 = (1,q)o,
(po™™, q)o — (s,q)o + (z3,9)0 = 0,
(s,a)o — (po™™,q)o + (2z4,9)0 = 0,
—(p,v)o + vﬁ(ul,v)o =0,
f

(p,v)o + 3—2(1/2,’0)0 = (1,v)o,
~(@. @)+ £-(vs 9l = —("" D)y,
(@) + L (vi, @)y = (u", ),
(e, @+ (w5, = (@) + (v Ao =

o
= —(z3. Q)0+ =)o = — (2,90 + = (vs,q)o = 0,
vy vy

where the above equalities shall hold for all test functions v € V, ¢ € VZ, 9 € Vqu’ and
q € Q%*2. Let the vectors Ap", Au”, and so on, contain the coefficients of the finite element
functions p € V" and 0 € (Vrhu)z, and so on, respectively. We add the symbol A to emphasis
that we consider the updates of current iterates in a Newton type iteration method. Moreover,
we use the symmetries in the occurring variables s, A1,..., Ayq, Z1,...,24, and vs,...,vs (e.g.
sij = Sji) to reduce the number of unknowns. The discretized problem can now be written
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as:

2 ~
—eKAph — SMAp" — MAVE + MAVE + NTAN! +
€

+ NTAX, + NI ANY - NTE™ AN = (7 + %) . (17a)
—MoAvk + Mo Avh — gDTCP AN + pDTCPANS = 0, (17b)
DA + BNAN! — BNANY - NAN + NAX! = 0, (17c)
~NAV! + NAN' = —NAVE + NAN) =
= —NAVE + NAN = -NAVE +NAN) = o, (17d)
-DTAsh = th, (17e)
NAp" — 3C"DAU" + BNAS" + NAZ! = e?Qh)S, (17f)
NAp" + fC"DAU" — BNAs" + NAzZ! = e?Qh)S, (17g)
SUENAp — NAs" + NAzE = 0, (17h)
—XmaNAph + NAs" + NAzZ! = 0, (17i)
~MAp" + M, AVE = 0, (175)
MAp" + M, Avh = e}“/h, (17k)
~MoAu" + pM,, Avy = —Myu™in”, (171)
MyAu” + uM,, Avy = Mguma"h, (17m)
—NAz! + uN, . Avt = —NAzZ} + N, Avl =
—NAz} + uN,. Avl = —NAzZ} + uN, Avh = 0. (17n)

In (17a), K is a stiffness matrix arising from the finite element discretization of the Laplacian
in V" and M is a mass matrix for the identity in V". Furthermore, N is mixed mass matrix
between the spaces V" and (Q")3. e}“/h and e?Qh)_g are vectors representing the coefficients of
the constant function 1 with respect to the spaces V" and (Q")3, respectively. 3™ and Xmax
are diagonal matrices representing the corresponding entries of ™" and o™ respectively.

In (17b), My is a mass matrix for the identity in Vlf?u X Vrhu and C" is the discrete analogon of

max

elasticity tensor C. Moreover, D7 is the representation of the divergence operator (restricted
to symmetric stress tensors). The mass matrix N in (17c) represents the mass matrix for
the identity in (Q")3. In the discretized partial differential equation (17e) t" is a discrete
representation of the traction forces. Moreover, in the equations (17j) - (17m) the matrices
M,,,...,M,,, and the matrices N,.,...,N,,, in (17n) are weighted mass matrices with the
weights v, ..., Vs, respectively.

The linear system (17) can be written in a compact representation as

KAx = f", (18)

with
Ax = (Aph A NS Azl Al AN AN AV AV
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and
1 0,0,0,0,0,0, 0,0,0,
= -0+ )evfw t", efgnys, e(gny;

e, —Mou™ ,M2umaxh,0,0,0,0>.

The coefficient matrix /C in (18) contains the matrices in (17) as block matrices and turns
out to be large (even too large to be printed on one page). In order to reduce the size of the
system to a more reasonable one, we reduce the system (but we keep the notation IC for the
system matrix and f" for the right-hand side after each of the following eliminations) using
the following eliminations of the dual variables:

1
AI/? = ;M;llMAph, A g = —;M IMA + — M evh,

1 1
AVE = M, 'MpAu® — ~M; Mpu™™",
M M
1 1
AV = —;M;41M2Auh + ;M,leMgumaXh, (19)
1 1
AVl = —NINAzZ!,  Avp=-N,'NAz,
M ,U
1
AVl = —NINAZE,  Avl = In: WA NAZY.
M M
This first elimination yields a smaller linear system like
KAx = £ (20)
with
Ax = (Lph, Au", As" Azl Azl AN AN
and

v

£ :( (v+ 1)evh— —MM,, evh,——Mg(M Tymin® v Lgmash)

0 0 0 0 0 t e(Qh)3, (Qh)3,0 0>

The system matrix IC of (20) is given by

Kop 0 0 0 0 0 0 0 NT NT NTgmin T ypmax
0 Kuu 0 0 8} 0 0 0 -ppTch ppTch 0 0
0 0 0 0 0 0 0 -D BN —BN -N N
0 0 0 Kapzg 0 0 0 0 N 0 0 0
0 0 0 0 Kagzg 0 0 0 0 N 0 0
0 0 0 0 0 Kogzg 0 0 0 0 N 0
K= 0 0 0 0 0 0 Kayzy 0 o 0 0 N
0 0 -pT [§} 0 0 0 0 0 0 0 0
N -gchp BN N 5} 5} 5} 0 o o o o
N gchD  —pN 3} N 0 0 0 0 0 0 0
=N 0 -N 0 0 N 0 0 o o 0 0
—maxy 0 N 0 0 0 N 0 0 0 0 0
with
Kpp = — €K — M- -M(M,! + M, )M,
€ I
1
Kuw = — —Ma(M;! +M; )Mo,
o
1 _1 .
K.. = —;NNW N, i=1,...,4.
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We further eliminate we eliminate the slack variables Azlh ,fori=1,...,4, using (20):
Azl = iN7IN, AND, i=1,...,4.

to we come up with the following system

Aph —(v+ g)epn — sMM, el
Auh M2 (M 1um1n + M 1 maxh)
Ash 0
pe ANy | th
ax |~ oy
A)\% 0
AA4 0
with the coefficient matrix
’Cpp 0 0 0 NT NT Nszin _Nszax
0 Kuu 0 0 -gDTch pgDpTcCh 0 0
0 0 0 -D 6N —AN -N N
c - 0 0 -DT 0 0 0 0 0
- N —-BC'D AN 0 pN . 0 0 0
N fC'D —pN 0 0 N, 0 0
SminN 0 -N o0 0 0 uN . 0
. s\ 0 N 0 0 0 0 uN

As a last reduction we eliminate the updates concerning the Lagrange multipliers Aq, ..

from the linear system (22) using

11 B B
h 1 h 1h h 1 h
AA = 'u/N e(Q;L) — ;NV5 NAp + ;NV5 C'DAu" — ;NV5 NAs s
1 1 -
ANy = =Ny lelons — =N, /NAp" — éNljﬁlChDAuh + éN;;NAS’L,
M M M M
o 1.
AN = — ;meNwlNAph + ;Nl,?lNAsh,
1 - 1
ANy = —E=mNJINAp" — —N, INAs",
Iz Iz
This elimination finally results in the symmetric saddle point problem
Kpp Kpu Kps 0O Aph
Kl Kuw Kus 0 Aut |
ICT KI, K, DT Ash | T
0 0 D 0 AN
with ~
—(v+ el — sMMtel, — ENT(NJ!+ Ny el s

1M2(M 1 mln +M 1 maxh) gChD(N;;—N_l)eh

v )€ (Qnys
—Ns (NVsl — Ny )e(gnys
0

£ =

18

(21)

(22)

A4,

(24)



and the final block matrices

K,y = — K — %M - %M(Mif +M,, )M —
_ %NT (N;; n szal I zmin2N;71 n EmaXQN;Bl)N7
K, — %Mz M+ M;1)M, — %DTChQ(N;sl + N, 1D,
Kos = — iN([FN;{} + N+ NN DN, (25)
Kpu = gNT (N} - N e,
Kps = %N T(BNL, — AN 4 SN, 4 BN N,
p

2
Ku.s = —C'DT (N, !+ N, )N.
/,[/ 9
The linear system (24) yields a solution in the variables Aph,Auh,Ash,A)\g . Using this
solution, the other variables are determined by the substitutions (23), (21), and finally (23).

4 A Multigrid KKT Solver

In this section we consider (additive and multiplicative) Schwarz-type iteration methods as
smoothers in a multigrid method for saddle point problems. Each iteration step of such a
Schwarz-type smoother consists of the solution of several small local saddle point problems in
a Jacobi- or Gauss-Seidel-type manner. The computational domain is therefore divided into
overlapping cells, also called patches. One iteration step of a Schwarz-type smoother consists
now of solving a local saddle point problem for each patch. This is done in a Jacobi- or
Gauf3-Seidel-type manner and thus, called additive or multiplicative Schwarz-type smoother.
To begin with, we state the two most basic iterative methods for a linear system

Ku=Tf,

which are used as smoothing methods, namely the Jacobi- and the Gauss-Seidel iterations,
being the origins of the additive and multiplicative Schwarz methods, respectively. In Algo-
rithm 3 we present the Jacobi iteration. The algorithm is simple, but with the disadvantage
of slow convergence (note the analogy to the Richardson iteration). We state the Jacobi iter-
ation without any consideration about convergence, but refer e.g. to JUNG AND LANGER [10].
One criterion for the convergence of the damped Jacobi iteration is the symmetry and pos-
itive definiteness of the system matrix K. A similar method to the Jacobi iteration is the
Gauss-Seidel method. In difference to the Jacobi iteration we use for the computation of
the i-th component uf the already updated components u;f ,for j =1,...,i—1, in iteration
k. The GauB-Seidel method is presented in Algorithm 4. Again, the Gauss-Seidel iteration
converges if the system matrix K is symmetric and positive definite. For more information
we refer again e.g. to JUNG AND LANGER [10] or to HACKBUSCH [8]. Both iteration methods
(Jacobi iterations after under-relaxation, damped Jacobi) have smoothing properties in the
sense that they reduce the high frequency part of the error components and are cheap to

apply.
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Algorithm 3 Damped Jacobi iteration

Choose a damping parameter 7, 0 < 7 < p— diag(K),lK).
Choose a relative error bound € > 0.

Initialize start value u® € R”.

k=0;

while not converged do

for i=1,...,n do
n
-
C Kouk ) -
K;; (fl Z_; wu3>,

j._ .
J#i

uf“ =(1—7)uf+

end for
k=Fk+1;
end while

Algorithm 4 Gauf-Seidel iteration
Choose a relative error bound € > 0.

Initialize start value u® € R”.
k=0;

while not converged do

1 n
k+1 k
U =—\ fi— E Kius |
! Kll( ' =2 Y ]>

for i1=2,...,n—1 do

1 i—1 n
uptt = 7o (fi =Y Kyui = >y Kyl |
(13 .
7j=1

j=i+1
end for
1 n—1
gt = o fu - ZKnju§> :
k=k+1;
end while

Note, that the Gaufl-Seidel iteration depends on the ordering of the unknowns and that
the Jacobi iteration is independent of the ordering of the unknowns, see e.g. HACKBUSCH [9].
In order to get a symmetric multigrid operator the post smoothing has to be arranged in a
backward fashion for the Gauf3-Seidel-type iteration. Moreover, the same number of pre- and
post-smoothing steps has to be used.

The above definitions of the iteration methods would lead to pointwise methods. Below
we shall define smoothing operators in terms of subspace decompositions, which will lead to a
blockwise iteration method. These procedures are related to overlapping domain decomposi-
tion algorithms and to the classical Schwarz method. They are generalizations of Jacobi and
Gauf3-Seidel iteration procedures.

We start to introduce the Schwarz-type smoothers in an abstract framework of mixed
variational problems (cf. BREzZzZI AND FORTIN [4]). For this sake let V' and @ be Hilbert
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spaces and let a(+,+) : V. xV =R, b(,-): VxQ — R, and ¢(-,-) : @ x Q@ — R be continuous
bilinear forms. Furthermore, let f(-) : V — R and ¢(-) : @ — R be continuous linear
functionals. Then we can formulate the following mixed variational problem: Find u € V' and
p € @ such that
a(u,v) + b(v,p) = f(v), YovelV,
b(u,q) — c(p,q) = 9(q), VqgeQ.

Following on the framework of multigrid methods we would introduce now a hierarchy of
finite element spaces Vo C ... CV; CV, Qp C ... C Q; C @ on a corresponding hierarchy
of increasingly finer meshes and so on. But since the smoothing procedure involves only one
level of the sequence of spaces, we will omit these notations and fix one level 7, 0 < 7 < [. For
simplification of notation we will also drop the subindex k& when denoting spaces, matrices
and so on. Following a standard finite element discretization let the vectors v € R"™ and
q € R" contain the coefficients of the corresponding finite element functions with respect
to some bases of V' and ). Moreover, we introduce the matrix representation of the mixed

variational problem (26):
A BT u f
(5 %) (5)=(s) )

For our specific problem (24) it turns out that the the above block matrices are given by

(26)

’Cpp ’Cpu Kps
A=| K], Kuu Kus |, B=(00D), and C=0.

T T
’Cps ’Cus ’CSS
In the sequel we will again abbreviate the system matrix with IC, i.e.
A BT
K= ( > .
B -C
As a consequence from the properties from the bilinear forms, we assume that A is a symmetric
positive semi-definite n X n matrix, C is a symmetric positive semi-definite m X m matrix,

that B is a m X n matrix, and that I is regular.
We shall start with a decomposition of the spaces

l
v=>Vv and Q=> Q"
i i=1
Before we define the additive and multiplicative smoother we have to introduce linear opera-
tors for each subspace to set up the local sub-problems:
Py;:R™ — R" and Py, : R™ — R™, fori=1,...,1, (28)

with n;, m; denoting the dimensions of the local subspaces V; and @);, respectively. The
matrices Py; and P, denote prolongation operators with the associated restriction operators
PVZT and PQva respectively. Furthermore, let the operators (28) satisfy the conditions

l l
Z Py, Pyl =1 and Z PQiPQzT is regular. (29)
i=1 i=1
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With these preliminaries we can now define two Schwarz-type smoothers assuming that u*
and p”* are some approximations for the exact solutions u and p of (27).
The first one will be called an additive Schwarz smoother and is defined by

! !
u ! = ut 4 Z Py v, p"t =p"+ Z Po,ai,

i=1 i=1
with v; and q;, ¢ = 1,...,[, solving the local saddle point problem
A, BY vi \ _ [ PvI(f- Au* - BTpF)
B, BA/'BY-S;, /a4 )/  \ Po/(g—Bu"+Cp¥) )~
where S; = %(C, + B,-Ai_lBZT), with some damping parameter 7 > 0. Thus, the actual
residuum is restricted to the smaller spaces. Then the local saddle point problems are solved
for all patches, and the solutions are finally prolongated back onto the whole space. This

Jacobi-type process can be seen as an additive Schwarz method and the corresponding smooth-
ing operator S4 can be written as

s ()= (e ) gmemr ((5) < (30)

where we used the abbreviations

~

. A; BT ([ Py; O
Ki_<Bi Bz‘AZIB?—Si> and P2_< 0 PQZ-)'

Moreover, we define the multiplicative Schwarz smoother based on the above subspace
decomposition as the following procedure: Set w” = 0 and r° = 0 and compute

i i—1 L i—1
<WZ. >:<WZ._1 >+P,-1c,.1Pf<< f>—1c<wi_1 >> fori=1,...,1, (30)
r r g r

where we set 7 = 1, i.e. the local saddle point problems resemble the global saddle point
problem in shape. Finally we define the multiplicative smoother as

w($)-(5)(%)

So far we did not pose any conditions on the local matrices Ai, B,;, and C;. For the
additive case we can state the following theorem, under which assumptions it is possible to
interpret the additive Schwarz iteration as a symmetric inexact Uzawa method. Then, the
smoothing property, an important part of a convergence proof for multigrid methods, can be
shown (cf. SCHOBERL AND ZULEHNER [15]).

Theorem 1. Assume that (29) is satisfied, the matrices A; and S; are symmetric and positive
definite, and there is a symmetric positive definite n X n matriz A such that

PVZ-A = AiPV;?F, fori=1,...,1.
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Furthermore, assume that the matrices B; satisfy the condition
Po!I'B =B;Py7, fori=1,...,L

Then we have

= ubf 4 vE and pFT = pF 4o, (32)

where vF and q* satisfy the equation

(3 mamrs)(w)-(5)=(%) -

and
. -1
& &—1p T
S= <ZPQZ.SZ. PQZ.> :
i=1
Proof. See SCHOBERL AND ZULEHNER [15]. O

Up to the knowledge of the author, there is no theory available for the multiplicative
Schwarz-type smoother. We refer to SCHOBERL AND ZULEHNER [15] for a theoretical analysis
for the convergence and smoothing properties of the additive smoother. But in practice, the
multiplicative version turns out to much more efficient than the additive iteration scheme.
So, we realized our numerical test examples with the multiplicative Schwarz-type smoother,
as presented in the next section. The verification of the assumptions of Theorem 1 for our
particular case, as well as numerical experiments for the additive version, are still missing
and will be part of future research.

5 Numerical experiments

In this chapter we only investigate the numerical behaviour of the multiplicative Schwarz
smoother applied to our specific linear system (24). The behaviour of the overall interior-
point method was already investigated in BURGER AND STAINKO [5].

For the numerical results we choose 2 = (0,1) x (0,1) and decompose it into a regular
triangulation 7;¥ = {; | i = 1,...,n;} for each level k of a hierarchy of I nested meshes with
3 < k < [. That means that level k = 3 is the coarsest grid where the corresponding linear
system 1is solved exactly. For each level k we assemble the block matrices that finally build
up the saddle point system (24). For convenience we state the system matrix again:

Kop Kpu Kps O
Kl Ku Kus 0
K, Kl, K, DT |’
0 0 D o0

Ky = (34)

with the block matrices (25). In order to test the multiplicative patch smoother (30) - (31) we
solved the saddle point system (24) on a hierarchy with an increasing number of meshes. We
set f;, = 0 and used randomly chosen starting values for AX% for the exact solutions Axy. For
constructing the local subproblems we decomposed the grid ’Z;Lk into my, overlapping patches,
where my denotes the number of nodes on level k. Each patch consists of the at most 6
surrounding triangles for each node. As mentioned in the previous section, we approximated
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Figure 5: Patch of a local saddle point problem.

the density p, the displacements u, and the Lagrangian multiplier Ag with linear elements
and the stresses s with constant elements. The corresponding subspaces V;, for i = 1,...,my,
consist now of the degrees of freedom of the node i, related to the approximations of the
density and the displacement components, and the degrees of freedom in the surrounding
elements, related to the stress components. The subspaces Q;, for i = 1,...,my, consist
of the unknowns at node i with respect to the approximation of the Lagrangian multiplier
Ao. Figure 5 shows an example of a patch, where the places marked with a ’'m’ indicate the
unknowns of the constant elements and the places marked with a ’®” indicate the unknowns of
the linear elements. For the actual numerical tests we chose the local block matrix A; = A,

Smoothing steps
Level || Unknowns 2 4
Tterations | Conv. Factor | Tterations | Conv. Factor
4 725 25 0.478 14 0.255
5 2853 27 0.510 15 0.269
6 11333 26 0.489 14 0.255
7 45189 25 0.479 13 0.230
8 180485 23 0.445 12 0.209

Table 1: Convergence rates for a W-cycle and an error reduction by a factor of 1078 (e = 0.1, u = 0.1,
vh=1fori=1,...,8).

and used a W-cycle with 2 smoothing steps (one pre- and one post-smoothing step. We
stopped the iteration process when the initial defect was reduced by a factor of 10~8, measured
by the Euclidean norm. In Table 1 we list the convergence data for the following choice of
parameters: € = 0.1, p = 0.1, and u? =1 for ¢ = 1,...,8. The table shows the typical
multigrid convergence behavior, i.e., convergence rates that are asymptotic independent of
the grid level and an asymptotic constant number of iterations. For the next test example
we set pu and € so smaller values, as these parameters are supposed to tend to zero in actual
computations. We chose ;1 = 107% and € = 107, even smaller values as have actually been
used to compute reasonable designs in BURGER AND STAINKO [5]. All in all, Table 2 shows
again the expected behavior. Both, Table 1 and Table 2, show the robust behaviour of the
multigrid method with respect to the parameters p and e.
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Smoothing steps
Level || Unknowns 2 4
Iterations | Conv. Factor | Iterations | Conv. Factor
4 725 39 0.621 19 0.376
5 2853 25 0.478 14 0.258
6 11333 24 0.460 13 0.226
7 45189 22 0.427 12 0.210
8 180485 22 0.425 12 0.211

Table 2: Convergence rates for a W-cycle and an error reduction by a factor of 1078 (e = 1074,
p=10"% vh =1fori=1,...,8).

Also arbitrary values of the dual variables V?, e fo, in [1076,10!], possibly after suitable
scaling, do not change this behaviour. However, the dual variables 1/5’, e ,Vg, that act as
Lagrange multipliers for the slack variables z%, ...,z (see (15) in Subsection 3) may cause

troubles. In the case that V}g < vg and V? < vé’ the condition number of the system

matrix is raising, but the multigrid iteration still achieves convergence with more then 4
smoothing steps. See Table 3 for the convergence data for extreme values 1/}5‘ = 1/}7’ = 10 and

I/g = Vg = 1079 with 5 and 9 pre- and post-smoothing steps, respectively. Unfortunately, for

Smoothing steps
Level || Unknowns 10 18
Iterations | Conv. Factor | Iterations | Conv. Factor
4 725 52 0.701 26 0.490
5 2853 45 0.664 23 0.446
6 11333 34 0.582 18 0.358
7 45189 29 0.529 17 0.321
8 180485 27 0.500 16 0.298

Table 3: Convergence rates for a W-cycle and an error reduction by a factor of 1078, (e = 1074,
p=10"% vt =vt =10, and v} = vk = 1079).

some choices v& > vl and v > v the upper left block of the system matrix (34) becomes
almost indefinite, e.g., Amin € [~9 - 107%,9 - 107%]. Similar behaviour is reported, e.g. in
MAAR AND ScHULZ [11] and WACHTER AND BIEGLER [19]. If the upper left block looses
its property to be positive definite, the smoother fails and the multigrid iteration diverges.
For instance for the choices v} = v = 102 and v} = v} = 107¢ we get Apax = 336 and
Amin = —8 - 10°.

A known remedy for the above situation is to add a small multiple of the identity matrix
to the upper left block, which is called inertia correction in literature and is, e.g. used in the
software packages Ipopt, see WACHTER AND BIEGLER [19], and LOQO, see VANDERBEI AND
SHANNO [18].

In our test examples a addition of 61, with § = 1073, to the upper left part removed the
mentioned difficulties.
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6 Conclusions and Outlook

The optimal solver presented in this report shows the potential of Schwarz-type smoothers
in the multigrid framework, applied to saddle-point problems. The linear complexity solver
should be embedded in a dual-primal interior-point optimization method to show its true
potential.

Moreover, a comparison between the computational behaviour of the additive and the
multiplicative version of the smoother is still missing, as well as the validation of the assump-
tions of Theorem 1 for the additive case. It is expected that the additive version will not
behave as good as the multiplicative version. But, since there is no theory for the multiplica-
tive version available, the theoretical analysis of the additive case will be an interesting future
task.
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