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Abstract. We derive fast solvers for discrete elliptic variational inequalities
of the second kind as resulting from the approximation by piecewise linear
finite elements. Following the first part of this paper, monotone multigrid
methods are considered as extended underrelaxations. Again, the coarse
grid corrections are localized by suitable constraints, which in this case are
fixed by fine grid smoothing. We consider the standard monotone multigrid
method induced by the multilevel nodal basis and a truncated version. Global
convergence results and asymptotic estimates for the convergence rates are
given. The numerical results indicate a significant improvement in efficiency
compared with previous multigrid approaches.
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Chapter 1

Introduction

Let © be a polygonal domain in the Euclidean space IR®*. We consider the
optimization problem

w€ Ho(Q): J(u)+o(u) < T(v)+é(v), ve Hy(Q), (1.1)
where the quadratic functional 7,
J(v) = ja(v,v) — {(v), (1.2)

is induced by a continuous, symmetric and HJ(Q)—elliptic bilinear form a(-, -)
and a linear functional £ € H~*(2). The convex functional ¢ of the form

ov) = [ ofv(a)) de, (13)

is generated by a scalar convex function ®. Denoting z_ = min {z,0} and
zy = max {z,0} for z € IR, then ® is taken to be the piecewise quadratic
convex function

d(z) = %al(z—eo)z_ —31(2—00)_—|—%a2(2—00)3_—|—32(2—90)+, z€IR, (1.4)

with fixed 0y € IR and non—negative constants ay, as, s, s2 € IR. More general
boundary conditions can be treated in the usual way.

It is well-known (c.f. Glowinski [8]) that (1.1) can be equivalently rewritten
as the elliptic variational inequality of the second kind

u € Hy(N): a(u,v —u) + ¢(v) — d(u) > (v —u), ve HH(N), (1.5)

and admits a unique solution u € Hy(2). Note that (1.1) becomes a lower
(or upper) obstacle problem, if s; (or s3) tends to infinity.

Non—smooth optimization problems of the form (1.1) arise in a large scale of
applications, ranging from friction problems or non—linear materials in elas-
ticity to the spatial problems resulting from the implicit time—discretization
of two—phase Stefan problems. Roughly speaking, the underlying physical
situation is smooth in the different phases u < 6y and u > 6, respectively,
but changes in a discontinuous way as u passes the threshold 6,. We refer to
Duvaut and Lions [4], Glowinski [8] and Elliot and Ockendon [7] for numerous
examples and further information.

Let 7; be a given partition of § in triangles ¢ € 7; with minimal diameter
of order 277. The set of interior nodes is called A;. Discretizing (1.1) by

1



continuous, piecewise linear finite elements S; C Hy(£2), we obtain the finite
dimensional problem

uj €850 J(uy) + ¢i(uy) < J(v) + ¢(v), veS;. (1.6)

Observe that the functional ¢ is approximated by &;-interpolation of the
integrand ®(v), giving

B0) = [ 3 )N (@) dr. (17)

pEN;

where A; = {)\](j), p € N;} stands for the nodal basis in S;. Of course, (1.6)

is uniquely solvable and can be reformulated as the variational inequality
uj €8t aluy, v =)+ @(v) = gi(uy) = Lo —uy), veS;.  (1.8)

For convergence results we refer to Elliot [6].

In this paper we will derive fast solvers for the discrete problem (1.6). Clas-
sical relaxation methods based on the successive optimization of the energy
J + ¢; in the direction of the nodal basis are discussed to some extend by
Glowinski [8]. To overcome the well-known drawbacks of such single—grid
relaxations, Hoppe and Kornhuber [15] have derived a multigrid algorithm,
which was applied successfully to various practical problems [13, 16]. As a
basic construction principle, the different phases must not be coupled by the
coarse grid correction. Using advanced relaxation strategies of Hackbusch
and Reusken [11, 12], Hoppe [14] recently derived a globally dampened ver-
sion displaying a considerable improvement in asymptotic efficiency rates.

The construction of the previous multigrid methods was based on the full
approximation scheme so that the possible implementation as a multigrid V-
cycle was clear from the very beginning. However, suitable conditions for con-
vergence were less obvious. Following the first part of this paper [18], we will
derive monotone multigrid methods by extending the set of (high—frequent)
search directions A; by additional (intentionally low—frequent) search direc-
tions. As a consequence, our construction starts with a globally convergent
method, which then is modified in such a way that the efficient implementa-
tion as a multigrid V—cycle becomes possible while the global convergence is
retained. It is the main advantage of our approach that such modifications
can be studied in an elementary way.

The corresponding theoretical framework will be derived in the next section.
We formally introduce extended relazation methods and describe so—called
quasioptimal approximations, preserving the global convergence and asymp-
totically optimal convergence rates.

The actual construction of quasioptimal approximations takes place in Sec-
tion 3. The reasoning is guided by the basic observation that the standard



V—cycle for linear problems relies on simple representations of linear opera-
tors and linear functionals on the coarse grid spaces. For nonlinear problems
such (approximate) representations can be expected only locally. Conse-
quently, the coarse-grid corrections of our monotone multigrid methods are
obtained from certain obstacle problems, which are fixed by the preceding
fine grid smoothing. In this way, the coupling of different phases is not ex-
cluded. Following the first part of this paper [18], we consider a standard
monotone multigrid method and a truncated variant, relying on the multi-
level nodal basis and its adaptation to the actual guess of the free boundary,
respectively. Both methods can be regarded as permanent extensions of the
classical multigrid method and of the corresponding algorithms presented
in [18]. By construction, we obtain global convergence and the asymptotic
convergence rates are bounded by 1 — O(;73).

In our numerical experiments reported in the final section, we basically found
the same behavior as for obstacle problems (c.f. [18]). In particular, for good
initial iterates as obtained by nested iteration, the overall convergence is
dominated by the optimal asymptotic convergence rates, which are inherited
from the related linear case. Compared to previous multigrid methods, this
leads to a significant improvement in asymptotic efficiency.

Of course, our approach is not restricted to the special problem (1.6). We
chose the very simple functional ¢ (and the related functionals ¢;) in order
to keep the exposition as clear as possible. However, the basic convergence
results to be presented extend without change to any functional ¢; of the form
(1.7) with ® replaced by arbitrary scalar, convex functionals ®,, p € N;.
For example, the restriction of the optimization (1.1) to a convex subset
K C H}(Q) of obstacle-type would cause no changes of the theoretical results
and only minor modifications of the multigrid algorithms. If not explicitly
otherwise stated, all our algorithmic considerations and convergence results
are independent of the space dimension.



Chapter 2

Extended Relaxation Methods

Let (M"),>0 be a given sequence of finite subsets M” C S;, v > 0, with the

property 4
A=\ [peNcm, v>o (2.1)

Recall that )\]()j), p € N;, denote the nodal basis functions of the given finite
element space S;. Each set MY = {u},...,u’.} is ordered in a suitable way
and we assume that all functions yj are non—negative, i.e. that

0<pui(p), peAN, (2-2)

holds for all uy € M”, v > 0. The elements of MY = M"\ A; are intended to
play the role of coarse grid functions with large support, in contrast to the
fine grid functions contained in A;.

The extended relaxation method induced by (M"),>o is resulting from the
successive minimization of the energy J+¢; in the search directions pf € M".

More precisely, we introduce the splitting
Si=>_V' V/=span{uj}, v=0, (2.3)
=1

of §; in the one-dimensional subspaces V)" C §;. Then, for a given iterate
u? € §;, we compute a sequence of intermediate iterates wy, [ = 0,...,m",

from the m" local subproblems

v € VP J(wiey +vf) + ¢i(wig +vf) <

< Twis +0) + si(wir +v), vevy, Y

setting wg = v} and w} = wy_; +of, { =1,...,m”. The next iterate is given
v+1
J

Of course (2.4) is just the nonlinear multiplicative Schwarz method induced
by the splitting (2.3). Observe that M” may change in each iteration step,
so that the corresponding splitting can be iteratively adapted to the actual

discrete free boundary. By construction, the extended relaxation (2.4) is

by u

— v
= w;,,.

monotone in the sense that
J(w]) + ¢j(w)) < T(w_y) + ¢i(wy). (2.5)

For notational convenience, the index v will be frequently suppressed in the
sequel.



Before investigating the convergence of extended relaxation methods, we will
consider the (approximate) solution of the local subproblems (2.4). It is easily
seen that (2.4) admits a unique solution and can be equivalently rewritten
as the following variational inequality

v € Vi alvf,v =) 4 gj(wiy +0) = @j(wi 7)) =

> (v —vf) —a(wi—1,v —v]), vEV. (2.6)

This formulation avoids the derivative of the convex functional ¢;, which
does not exist in the classical sense. However, using subdifferential calculus
(c.f. Ekeland and Temam [5] or Clarke [2]), we can reformulate (2.4) as the

differential inclusion
vy €Vie 0€alv,v)+alwi—y,v)—L(v)+ dpj(wi—1 +v])(v), veE V. (2.7)

Here, the subset d¢;(w) C S} denotes the set of subgradients of ¢; at w € S.

Denoting v/ = z;p, the inclusion (2.7) can be rewritten as the scalar differ-
ential inclusion

zf €IR: 0 € ayz] —r + 0®i(z]), (2.8)
where we have used the definitions
ag = alpg, ), = L) — alwi—y, )

and 0®,(z) C IR denotes the subdifferential of the scalar convex function
®i(z) = ¢j(wimr + 2m), z € R.

Recall that ®; = ®} is depending on v. Using the abbreviation |p| =
fa )\g)(:zj) dx and the representation (1.7), we obtain

%)= 3 () + lp)lpl <€ R (2.9)

Exploiting (2.2), the subdifferential d®, is a scalar, maximal monotone mul-
tifunction consisting of a weighted sum of translated subdifferentials of the
given scalar, convex function ®,

O0() = 3 lp) OB(wia(p) + (ol =€ R (210)

Note that the subdifferential 0® is the maximal monotone multifunction

Cll(Z — 00) — 51 i =z < 00
00(z) = [ — 51, $9] if  z=46,. (2.11)
GQ(Z — 00) + s9 i =z > 00



For fine grid functions p; = )\%) € A;, the sum in (2.10) is reducing to
0Di(z) = 00 (wia(pr) + 200 I, AL € Ay,

Hence, the subdifferentials d®; corresponding to coarse grid functions p; €
M. are the sum of their fine grid counterparts. In multigrid terminology
this means that the evaluation of the subdifferentials on coarse grids can be
performed by canonical weighted restriction.

For fine grid functions p; = )\%) € A;, the local problems (2.8) can be easily
solved by means of

(rpl + Sl)/(%ﬁ + al)v Tp, < —51
; rp € [=s1,89] 0 (2.12)
(rpl - 32)/(apl + a2)7 Tp, > 82

o)

2zl =0y —wi—1(p) +

denoting
ap, = an/lptls  rp, = (r1 — au(Oo — wizi(p)))/ |1l

The situation is more difficult if iy € M.. The main reason is that the number
of critical values of 9®;, where 09, is set—valued, is growing with the number
of nodes p € N;N int supp . Recall that supp g is assumed to be large for
t; € M.. This motivates the approximation of d®; by scalar multifunctions
oV, for y; € M. In abuse of our preceding notation, the multifunctions 0¥,
do not need to be subdifferentials.

Assume that 0¥; is maximal monotone on D; C R, D; # . Then D,
must be a (possibly degenerated) interval. If D; is bounded from above,
say sup D = zg, then sup 0¥,(z) tends to oo as z tends to zo. Hence, we
formally set OW,(z) = oo for all z ¢ D;, z > z. In the same way, we extend

oV, by —oo, if D; is bounded from below.

A maximal monotone multifunction dW; is called a monotone approximation
of 8<I>l, if
sup 0W(z) > sup 99(2), z >0,
inf OW,(z) < inf 09;(z2), 2 <0.
In particular, we have d®,;(0) C 9¥;(0). This motivates the trivial choice
0V, = 0V, with 0¥ ,(0) = (—o0,00) defined on Do, = {0}. As a further
example, consider the finite differences 0W;(z) = (®;((g+1)z) — ®i(2))/(¢2),

with some fixed ¢ # 0, providing a monotone approximation for z # 0. Other

(2.13)

variants of practical interest will be described in the next section.

The approximations OV, y; € M., give rise to the approximate subproblems
z1€1R: 0 € ayz —r + 0V (=), € M. (2.14)

The resulting approximate coarse grid corrections are given by v; = zu;.

We will need the following location principle, which can be shown by standard
arguments from convex analysis.



Lemma 2.1 Assume that F' is a scalar, strongly mazimal monotone multi-
function on Dp C IR, which is extended to IR\ Dy as described above. Let
[20,21] C R and

inf Fi(z9) <0 <sup F(z).

Then there is a unique £ € [z, z1], such that 0 € F(£).
If 0¥, is a monotone approximation, then Lemma 2.1 applied to
F(z)=ayz—r+0Y(z), zé€R, (2.15)

shows that the approximate subproblem (2.14) admits a unique solution z;.

We now generalize a related result from the first part of this paper [18].

Lemma 2.2 Assume that 0¥, is a monotone approximation of ®;. Then
the corrections vf and vy, computed from (2.8) and (2.14), respectively, are
related by

v =wf, w € 10,1]. (2.16)

Proof. We will make use of the strongly maximal multifunction F(z) de-
fined in (2.15). Assume that the solution z; of (2.8) is non—negative. Utilizing
(2.13), we easily get

inf F(0) <0 <sup F(z))

and Lemma 2.1 yields 0 < z; < zf. In the remaining case, the assertion
follows in a symmetrical way. [ ]

An approximate scheme based on exact fine grid corrections v}, 1y € A;, and
dampened coarse grid corrections v; = wvf, w; € [0, 1], g € M., respectively,
is called extended underrelazation. Lemma 2.2 states that an extended under-
relaxation is induced by a sequence of monotone approximations (9W7),>o.
Note that the classical single grid relaxation is recovered by the trivial choice
oV, = 0V, for u; € M.

It follows from the convexity of J + ¢; that extended underrelaxations pre-
serve the monotonicity (2.5). The following Theorem is an immediate con-
sequence of this property and the convergence of the fine grid relaxation.

Theorem 2.1 An extended underrelazation is globally convergent.

We omit the proof, which can be almost literally taken from [18]. As a by—
product, we obtain the convergence of the whole sequence of intermediate
iterates wy,

w] —uj, vV — 0. (2.17)



We have described a general approach to construct convergent iterative schemes
by selecting suitable search directions (M"),>¢ and monotone approximations
(¥7),>0. Note that only the representation (2.12) of the exact solution of the
fine grid problems makes use of the actual choice of the scalar function ®. As

a consequence, Theorem 2.1 remains valid for all functionals ¢; of the form
(1.7), which are represented by a family of arbitrary scalar, convex functions
d,, peN;.

In the remainder of this section, we will investigate the asymptotic behavior
of extended underrelaxations. Denote

Ni(w)={peN;|v(p) =0}, veES,

and NP?(v) = N\ N?(v). The critical points p € N?(v) will take the role
of the active points occurring in solution of obstacle problems. The discrete
problem (1.6) is called non—degenerate, if

p € No(u;) = LAF) — a(uy, A\Y)) € int 0, (uy)(AD). (2.18)
This condition describes the stability of the critical nodes ./\/j'(uj) with respect
to small perturbations of u;. The discrete phases N7 (v) and N (v) of a
function v € §; consist of all nodes p € N, with v(p) < y and v(p) > b,
respectively.
We say that M"Y is ordered from fine to coarse, if yu = )\%) and p; €
int supp py implies [ < [” for all gy € A; and pp € MY. The sequence
(M?"),>0 is called positive and bounded, if there are positive constants ¢, C'
not depending on v, such that

0<e<yp/(p)<C, pe intsupp puf NN;, puf € M”, (2.19)

holds uniformly for v > 0. A positive, bounded sequence (M"),>¢ is called
reqular, if N?(wj') = N} (u;), v > vy, implies that the sets M" also remain
invariant for v > 1.

Lemma 2.3 Assume that the discrete problem (1.6) is non—degenerate. If
(M?),>0 is positive, bounded and ordered from fine to coarse, then the phases
of the intermediate iterates wy, [ = 1,...,m", resulling from an extended
underrelaxation induced by (M"),>0, converge to the phases of u; in the sense
that

Ny (w)) = N (ug), NP(wp) = N7 (ug), Ni(w)) =N (u;)  (2:20)

J J

holds for v > vy, L =1,....m", and some 1y > 0.



Proof. It is easily seen that the convergence (2.17) of the whole sequence
wy implies that there is a 14 > 0 with the property
N7 () CNT (wy), N (uy) C N (i), v = (2.21)

J

Then, the assertion easily follows from the inclusion ./\/j'(uj) C /\G’(w}’) for
large v. This is what we are going to show now. As a first step, we derive
the extended non—degeneracy condition

Upi) = aluj, pf) € I C int 9¢(w;)(uy), v 20, (2.22)

for all py € MY with the property int supp gy N N?(u;) # ©. The closed
intervals I; C IR are defined by

1= {= € Rl |z — () — aluy, w))| < <}

and ¢ is independent of [ or v. Indeed, as a consequence of the non—
degeneracy condition (2.18), we can find an ¢; > 0 such that (2.22) holds for
all py = )\%) € A;. Taking the constant ¢ from (2.19), it is easily checked
that (2.22) is valid for all ) € M", if ¢ satisfies 0 < & < ce;.

Because (M"),»o is bounded, the functionals a(-,uy) € S} are uniformly
bounded in [, v. Hence, utilizing (2.22) and the convergence of w}, we can
find a threshold v > 1 such that

() = alw) M) € int 06;(u)(N)), v zwe,  (223)

P1 P1

holds for all p; € N?(u;). Consider some fixed p; € N?(u;) and recall that w}
is resulting from the fine grid correction associated with )\%). This property
can be rewritten as

(D) — a(wy, A)) € 0;(w} )(AD). (2.24)

Using the representation aqu(w)()\](j)) = 0®(w(p))|p|, w € §;, and the mono-
tonicity of 9@, it follows from (2.23) and (2.24) that w} (p;) = u;(p;) = 0.
Hence, the fine grid correction makes sure that for large v each critical point
of u; is a critical point of the corresponding intermediate iterate. We still
have to show that these critical points are not affected by the coarse grid
correction, i.e. that

int supp pf NN (u;) # D= v =v =0, v >ws, (2.25)

holds for py € MY and a suitable v5 > 5. Let py € MY and int supp py N
./\/j'(uj) # 0. As (M"),»0 is ordered from fine to coarse, we can assume
inductively that the values of wy ; in p € int supp uy N ./\/j'(uj) were fixed
to o by the preceding fine grid corrections and were not changed by possible

9



preceding coarse grid corrections. In this case, we can use (2.22) and the
continuity of the derivative d®(z) in z # 6§y to find a 5 > vy such that

() — alw_y, 1) € 9 (wi_y ) (), v = vs. (2.26)
Using our ‘scalar’ notation (2.8), (2.26) can be rewritten as r;, € 99,(0),
giving z; = 0. This completes the proof. |

Once the correct phases
N = N (1) U NS () UNF () (2.27)

are known, we can define the bilinear form b, (v, w),

by, (v, w) = Z ayv(p)w(p)lp| +

peNj_(uJ)
(2.28)
+ > aw(plup)lpl, v,weS;,
peNf(“J)
and the functional f,,(v),
fu)y="2>_ (si+abo)u(p)lp| -
peNj_(uJ)
(2.29)
— Y (sa—abo)o(p)lpl, vES;
peN]+(uJ)
Denoting
oy, (v, w) = a(v,w) + by, (v,w), Ly, (v) =L(v)+ fu,(v), (2.30)

it is easily checked that the desired solution u; satisfies the variational equal-
ity

oy, (uj,v) = Ly, (v), ©vES], (2.31)
where the reduced subspace S7 C §; is defined by

ST ={ve s |vlp) =0, pe N2(up)}
If M" is regular and we asymptotically have M” = M*, then the reduced set
M® ={pe M| u(p) =0, p € N (u;)} C M,

is inducing an extended relaxation method for the iterative solution of (2.31).
The corresponding corrections v; € V; in the direction of y; € M° are com-
puted from the linear local subproblems

vf €Vit o ay(v),v) = Ly, (v) — a(wi—y,v), vEW. (2.32)

10



Assuming that the original discrete problem (1.6) is non—degenerate, it is eas-
ily seen that an extended relaxation induced by a regular sequence (M"),>o
is asymptotically reducing to the linear scheme (2.32). In order to obtain
a related result for extended underrelaxations, we have to impose further
restrictions on the local approximations.

A sequence of monotone approximations (9W}),>o is called quasioptimal, if
the convergence of the intermediate iterates w; and of their critical values
N (wy) implies that there is a 1y > 0 and an open interval I C IR, which
contains 0 and is not depending on v, [, such that

oV (z)=00/(z), =€, v>uw, (2.33)

holds for all uy with u(p) =0, p € N7 (u;).

Now we are ready to state the main result of this section.

Theorem 2.2 Assume that the discrete problem (1.6) is non—degenerate.
Then the extended underrelazation induced by regular search directions (M"),>o
and quasioptimal local approximations (0V}),>o is reducing to the extended
relazation (2.32) for v > vy and some vy > 0.

Proof. It follows from Lemma 2.3 that ./\/]'(wf) = ./\/j'(uj) holds for v > 1
and some suitable v; > 0. The exact local corrections v;”" = 2"/ tend to
zero. Hence, we can find a vy > vy so that z,"" € I, v > vo. Then it follows
from (2.33) that z/ = 2", v > vg. This completes the proof. [ |

Theorem 2.2 states that for non—degenerate problems all extended underre-
laxations, which are induced by a fixed sequence (M"), o and various qua-
sioptimal approximations, asymptotically coincide. This includes the origi-
nal extended relaxation itself. In the case of good initial iterates (“good”
with respect to the stability of the actual critical set N*(u;)), this optimal
asymptotic behavior dominates the whole iteration process. We refer to the
numerical experiments reported below.

11



Chapter 3

Monotone Multigrid Methods

Assume that 7; is resulting from j refinements of an intentionally coarse tri-
angulation 7. In this way, we obtain a sequence of triangulations 7o, ...,7;
and corresponding nested finite element spaces S C ... C §;. Though the
algorithms and convergence results to be presented can be easily general-
ized to the non—uniform case, we assume for notational convenience that the
triangulations are uniformly refined. More precisely, each triangle ¢t € 7
is subdivided in four congruent subtriangles in order to produce the next
triangulation Tgy.

Collecting the nodal basis functions from all refinement levels, we define the
multilevel nodal basis A,

; 0 0
A={ADAU ...,A;{)],...,A;Q,...,A;n)o}, (3.1)
with m = n; 4+ ... 4+ ng elements. As indicated in (3.1), A is ordered from

fine to coarse. An extended underrelaxation induced by a regular sequence
(M?"),>0 and quasioptimal local approximations (¥}),so is called monotone
multigrid method, if the reduced multilevel nodal basis A° = {A € A|A(p) = 0,
p e ./\/;(u])} C A is contained in the corresponding reduced set M°.

We first consider the constant search directions M¥ = A, v > 0, with coarse
grid functions given by A, = A\ A;. In this way, we will generalize the
standard monotone multigrid method proposed in the first part of this paper
[18]. It is clear that A is regular.

Due to the ordering of the search directions A, each iteration step starts with
a fine grid smoothing of the given iterate u?, involving the search directions
A € Aj. Recall that the corresponding local fine grid corrections can be
easily computed from (2.12).

Then, we basically want to improve the resulting intermediate iterate w? by
successive minimization of the energy J +¢; in the coarse grid dlrectlons )\l €
A.. To take advantage of the simple representation of linear operators and
linear functionals on the coarse spaces Sy C S;, 0 < k < 7, which is crucial for
the optimal complexity of classical multigrid methods, we want to restrict the
scalar corrections z; to such intervals, on which the subdifferentials 0} (z) =
Ooi(wi_y + zA1)(A) are linear. In this case, we can evaluate the coarse grid
corrections v; = z;\; without visiting the fine grid.

Following this basic idea, we define the closed, convex subset XY C Sj,
Ky ={v eS| ¢(p) < vlp) <Zi(p), p € N},

12



where the obstacles g}f,@? € §; are given by

v _ —00, w;;] (p) < 00 —v _ 007 w;;J (p) < 00
904(}?) = { 0o, w;;] (p) >0, %(p) = { o0, w;](p) > 0, (3'2)

for all p € N;. As usual, the index v will be frequently skipped in the sequel.

By construction of the obstacles @, and @, the functional ¢; on K; can be
rewritten in the form

¢j(v) = 3bu, (0,0) = fu, (v), vEK; (3.3)

The bilinear form bwnj (+,-) and the functional fwnj on §; are defined by (2.28)
and (2.29), respectively, replacing u; by w,;. Observe that the underlying
approximate splitting

N} = N7 (10,,) U N (10, ) UNT (10,) (3.4)

is fixed by the fine grid smoothing.

We will impose the condition w; € K; on the remaining intermediate iterates
wy, | = nj; +1,---,m. Equivalently, the coarse grid corrections must not
cause a change of phase. In particular, the values w,, (p) = 0 at the critical
points p € ./\/j'(wn]) remain invariant. We emphasize, that the coupling of
the phases by the coarse grid correction is not excluded.

The restricted successive minimization of the energy functional J 4+ ¢; on K;
in the directions A\; € A, leads to the same type of local obstacle problems
as we have already considered in the first part of this paper [18]. Hence, we
can directly apply all the arguments and algorithms presented therein.

In particular, the exact solution of the resulting local obstacle problems is still
not available at reasonable cost. For an approximation we use quasioptimal
local obstacles ¢, P, € Vi = span{\;} generated by monotone recursive
restriction of the defect obstacles P, — w1, p; —wi—1 € S;. Introducing the
bilinear form a.,, (+,-) and the functional lu,, on Sj according to (2.30) and
the local constramnts D; C V],

Dy ={ve Vil ¢,(p) < vlp) < ¥ylp), p € Nj},
the (approximate) coarse grid corrections v; are finally computed from
v €D Gy, (v, v — ) > Ewnj (v—u) — o, (wi—1,v —vy), v €Dy, (3.5)

foralll =n;+1,---,m. Note that the resulting standard monotone multigrid
method can be implemented as a classical V—cycle. We refer to [18] for details.
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To apply the convergence theory developed in the preceding section, we re-
formulate (3.5) as a scalar inclusion of the form (2.14). For this reason, we
define the scalar, convex functions W,

\III(Z) = qu(wl_l + Z)\l) + XI(Z)7 Z e |R7 A€ Ac, (36)

with y; denoting the characteristic function of [; = {z € R | zA; € D;} C R.
Then, it is easily checked that (3.5) can be reformulated as

z € 1) 0 € apz —r + 0V (=) (3.7)

and v; = zA;. Recall the notation ay = a(A;, A;) and r; = £(N) — a(wi—1, A).

Lemma 3.1 The subdifferentials of the scalar functions (V}),>o defined in
(3.6) are quasioptimal approzimations (OV;),>o.

Proof. Consider some arbitrary, fixed v > 0 and a fixed [, \; € A.. Being
monotone restrictions of the defect obstacles P, — Wi and p; — w;_y, the

local defect obstacles i, and W), satisfy
¢, —wo Y <0< <P - w (3.8)
Hence, 0 € [;. Now the monotonicity (2.5) follows from
Ui(z) = 0i(2) + xi(2), z€IR, (3.9)

and simple arguments from convex analysis.

Assume that the intermediate iterates w} and their critical points N7 (wy)
converge to u; and N?(u;), respectively. Choose vy > 0 such that N?(w}) =
N2 (uj) for v > 1, I = 1,...,m. Then the obstacles f;, @7 and the cor-
responding constraints K remain invariant, say KY = K7 for v > 1p. Tt is
ecasily checked that w; is the solution of the double obstacle problem

uj € K7 o, (g, 0 — uj) > by (v — uy), v e k7.

Note that the corresponding active set of u; coincides with the critical set
N*(u;). By the definition of the quasioptimality of ¢/, and P, (cf. [18,19]),
there is a positive number »* € IR and a threshold v; > 14, such that

() < U7 <0 <" <P (p), peN;Nintsupp A, v >, (3.10)

holds if A; is vanishing on N*(u;). Setting I = (—%*, %), it is obvious that
0 € [ C I so that

vy (z) =09/(z), z€l, v>u, (3.11)
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is valid for all [ with int supp A, ﬂ./\/j'(uj) = (). This completes the proof. m

Exploiting recent estimates of the convergence rates for the linear reduced
problem (c.f. [18, 19]), the following theorem is an immediate consequence
of Lemma 3.1 and Theorem 2.2.

Theorem 3.1 The standard monotone multigrid method induced by the local
coarse grid problems (3.5) is globally convergent.

If additionally the discrete problem (1.6) is non—degenerate, then the phases
also converge and the a posteriori error estimate

luj = uy ™ < (1= e(g + D)7y — | (3.12)

holds for v > v with suitable vy > 0. Here || -||> = a(-,-) denotes the energy
norm and the positive constant ¢ < 1 depends only on the ellipticity of a(-,-)
and on the initial triangulation Ty.

Note that the error estimate (3.12) requires no additional regularity assump-
tions. On the other hand, this result is restricted to two space dimensions.
We refer to [18, 19] for a detailed discussion.

Obviously, there are no contributions from coarse grid functions A\; € A\ A°,
once the correct phases are fixed. However, the reduced splitting induced
by A° may be rather poor, leading to unsatisfying asymptotic convergence
rates (c.f. [18, 19]). Following [18], we will extend the set A° by suitable

truncations of the coarse grid functions A\; € A, \ A°.
In each iteration step, we adapt A. to the critical set ./\/j'(wj;]) of the smoo-
thened iterate w;, . More precisely, the actual coarse grid search directions

A are given by

The truncation operators T;k,

The=lsv.. Isy . k=0, 5-1, (3.14)

v
J E+1”

are resulting from recursive Sy -interpolation denoted by Isv : §; — Sy. The
reduced spaces S} C Sy,

St={veS|vp)=0,peN}, k=0,...,7, (3.15)

consist of the functions v € &) vanishing on the restricted critical sets
Y =N N ./\/j'(ng), k=0,...,5. The ordering of AY = {A,,11,..., Apr} is
inherited from A.. It is easily checked that A¥ = A; UAY, v > 0, is regular.
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In particular, we have AY = A°, v > 1y, with some fixed A°, if the phases
remain invariant for v > 1. Note that A° C A° holds by construction.

As before, we use quasioptimal restrictions él and ﬁl of the defect obstacles

P~ wim and @; — w;_; to define the local constraints D CV = Span{S\l},

Di={veVi|dp) <vlp) <éip), peN;}, N eA.

For all 5\1 € /N\c, the coarse grid corrections v; are computed from
v € f)l : awn] (ﬁl, v — ﬁl) > gwn] (U — ﬁl) — awn] (wl_l, v — ﬁl), S f)l, (316)

In this way, we have derived a truncated monotone multigrid method.

The next theorem follows almost literally in the same way as Theorem 3.1.

Theorem 3.2 The truncated monotone multigrid method induced by the lo-
cal coarse grid problems (3.16) is globally convergent.

If additionally the discrete problem (1.6) is non—degenerate, then the phases
also converge and the a posteriori error estimate

luj = uy ™ < (1= e(g + D)7y — | (3.17)

holds for v > 1y with suitable vg > 0. The positive constant ¢ < 1 depends
only on the ellipticity of a(-,-) and on the initial triangulation Ty.

Both the standard and the truncated version can be implemented as a V-
cycle with non—linear Gauss—Seidel smoothing (2.12) on the fine grid and
projected Gauss—Seidel smoothing on the coarse levels. This carries over to
the adaptive case. Other variants including W—cycles or symmetric Gauss—
Seidel smoothing can be obtained in a similar way.
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Chapter 4

Numerical Experiments
The non-linear evolution equation
LHU)-AU =F, inQx(0,7), (4.1)

with suitable initial and boundary conditions describes the heat conduction
in ) undergoing a change of phase. H is a generalized enthalpy or heat
content, U is a generalized temperature and F'is a body heating term. The
enthalpy H is a scalar maximal monotone multifunction,

Cl(Z — 00)//%1 iz < 00
H(z) = [0, L] if z=46y, z€IR, (4.2)
02(2—00)/K2+L if Z>00

which is set—valued at the phase change temperature #,. The positive con-
stants ¢;, k;, © = 1,2, describe the thermal properties in the two different
phases and L > 0 stands for the latent heat.

Discretizing (4.1) in time by the backward Euler scheme with respect to a
uniform step size 7 > 0, the spatial problems at the different time levels
ty = k7 can be identified with problems of the form (1.1). The solution
u = U, (-, 1) is the approximation at the actual time step, the bilinear form
a(v,w) = 7(Vv,Vw) is generated by the Laplacian and the functional ¢ is
given by l(v) = (7Fy + Hy—1,v) with Fy = F(-,1;) and a suitable function
Hi—1 € H(U;(-,tk—1)). The brackets (-, -) denote the canonical scalar product
in L*(Q). Finally, we choose a; = ¢;/r;, 1 = 1,2, and sy = 0, s = L so
that the piecewise quadratic function ® defined in (1.3) satisfies ¢ = H.
This semi—discretization has been used by Jerome [17] to establish existence
and uniqueness of the continuous solution U and also provides a general
framework for a variety of numerical methods. We refer to Hoppe [14] and
the literature cited therein.

To illustrate the numerical properties of our monotone multigrid methods,
we will concentrate on a simple model problem, which has been already
considered by Hoppe and Kornhuber [15] and Hoppe [14]. The space-time
domain © x (0,7 is specified by Q@ = (0,1)* and T = 0.5, while the physical
data are ¢y = 2, ky = 1, ¢ = 6, kg = 2 and 6y = 0, L = 1. Using the
(physical) temperature 6,

0(x1,w9,t) = (21 — 0.5)* + (w5 — 0.5)* — exp(—4t)/4, (z1,72) €Q, t >0,
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the source term [ is given by

| crexp(—4t) — 4k 0 <0

F(xlvx%t) - { czexp(—4t) o 4/£2 ifo0>0 " (1’171}2) € Qv t>0.

Then the generalized temperature U,
U=r10 it <0, U=ryf iftd>0,

is the solution of (4.1). Initial and boundary conditions taken from the exact
solution U.

As in [14, 15], we choose the time step 7 = 0.0125. To obtain an initial trian-
gulation 7, a partition of € in two triangles is regularly refined. Starting with
To, we apply successive uniform refinement to obtain a sequence of triangula-
tions 7o, ..., Tz. The resulting discrete problems (1.6) are solved iteratively
by the standard monotone multigrid method STDKH (c.f. Theorem 3.1)
and the truncated version TRCKH (c.f. Theorem 3.2). The implementation
was carried out in the framework of the finite element code KASKADE (c.f.
Erdmann, Lang and Roitzsch [1]) and we used a SPARC IPX Workstation

for the computations.

G—6—© STDKH

104 *—*—k TRCKH

error
5
L

; . . . . . . . . . T
0 0.3 0.6 0.9 1.2 15 1.8 21 2.4 2.7 3
number of iterations ( * 10)

Figure 4.1: Iteration History

Let us consider the convergence behavior for the spatial problem resulting
from the initial time step. In our first experiment the refinement level is fixed
to j = 6 and we apply both multigrid methods to the initial iterate u® = 0.
The resulting iterative errors with respect to the energy norm are depicted
in Figure 4.1. Obviously, the iteration history can be separated in three
different parts. First, we observe a rapid decrease due to the fast elimination
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of the high frequent terms. In the following transient phase the algorithm
determines the correct free boundary until finally the asymptotic behavior of
the reduced linear iteration is reached. Obviously, TRCKH heavily benefits
from the adaptive truncation of the standard search directions, providing a
tremendous improvement of the asymptotic convergence rates.

G—6—O STDKH
1 *—*— TRCKH

0.9
0.8
0.7
0.6
0.5

0.4

convergence rate

0.3

0.2

0.1

T T T T
10 102 108 104 108

number of unknowns

Figure 4.2: Asymptotic Convergence Rates

We now concentrate on the variation of the convergence behavior with in-
creasing refinement level j. For the fixed initial iterate u® = 0 the transient
convergence rates seem to be uniformly bounded but the number of transient
steps grows considerably with increasing j. However, using reasonable ini-
tial iterates as resulting from nested iteration, we found that the transient
steps were vanishing completely or (for large j) were reduced to a very small
number. Starting with the interpolated solution from the previous level, we
consider the asymptotic convergence rates p; given by

p]:ymv j:()v"'777 (43)

where ¢ denotes the iterative error after v iteration steps. To be compatible
with [14, 15], the error is measured in the [*norm and we choose 14 such
that £ < 10.7%. The resulting asymptotic convergence rates of STDKH and
TRCKH over the levels 7 = 1,...,7 are shown in Figure 4.2. Obviously, the
convergence rates only slightly deteriorate with increasing j.

To compare TRCKH with previous multigrid methods, we consider the algo-
rithms MGSTEF2 (c.f. [15]) and the dampened version DMGSTEF (c.f.[14]).
As a basic construction principle of both methods, the coarse grid correction
is restricted to the interior of the (approximate) phases, which have been
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fixed by fine grid smoothing. In addition, DMGSTEF uses advanced relax-
ation strategies in the spirit of Hackbusch and Reusken [11, 12], leading to
global convergence results and significantly improved asymptotic efficiency
rates. The asymptotic efficiency rates ¢; are obtained by multiplying the
number g of iterations appearing in (4.3) by a certain work unit. A work
unit corresponds to one symmetric Gauss—Seidel step on the finest level j.
Table 1 below displays the resulting asymptotic efficiency rates ¢s for TR-
CKH, MGSTEF2 and DMGSTEF at the time levels t = 10kT, k= 1,....5.
The values for MGSTEF2 and DMGSTEF are taken from [14]. Similar re-

sults are obtained for the remaining time steps.

| [ t=0.10 [ £=0.20 | t=0.30 | t=0.40 | t=0.50 |

TRCKH [ 020 [ 023 | 021 | 0.19 | 0.19
DMGSTEF | 034 | 031 | 033 | 030 [ 0.29
MGSTEF2 || 050 | 045 [ 050 | 044 | 043

Table 4.1: Asymptotic Efficiency Rates

Though we did not (yet) apply a suitable ordering of the unknowns or ad-
ditional relaxation techniques, TRCKH performs best for all time levels.
Unlike the other two methods, TRCKH allows the coupling of the phases by
the (truncated) search directions. This leads to a larger coarse grid space,
which is the reason for the improved convergence.

Acknowledgements. The author wants to thank R. Roitzsch for compu-
tational assistance.
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