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MULTILEVEL SCHWARZ METHOD FOR
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CONSTRAINTS OF NON-QUADRATIC
FUNCTIONALS
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Abstract

We succinctly present the results in [2] and [3] on the convergence
rate of a multilevel method for the constrained minimization of non-
quadratic functionals. The main goal of this paper is to check up the
dependence of this convergence rate on the mesh and overlapping pa-
rameters by numerical tests concerning the solution of the two-obstacle
problem of a nonlinear elastic membrane.

AMS subject classification: 65N55, 656N30, 65J15

1 Introduction

The literature on the domain decomposition methods is very large. We can
see, for instance, the papers in the proceedings of the annual conferences on
domain decomposition methods starting with [8], or those cited in the books
[12] and [13]. The multilevel or multigrid methods can be viewed as domain
decomposition methods and we can cite, for instance, the results obtained by
[9], [10], and [13]. Evidently, this list is not exhaustive and it can be completed
with a lot of other papers.

In [1], the convergence of a Schwarz method for variational inequalities
coming from the minimization of a quadratic functional has been proved. In

Key Words: domain decomposition methods, variational inequalities, non-quadratic
minimization, multigrid and multilevel methods, finite element methods, nonlinear obstacle
problems.
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that paper, the convex set is not assumed to be decomposed as a sum of
convex subsets. This method has been extended to the one- and two-level
methods in [4]. Also, its convergence for the constrained minimization of
the non-quadratic convex functionals in a reflexive Banach space is proved
in [2]. This result extends to variational inequalities that given in [15] for
nonlinear equations. Using the general convergence theorem in [2], errors
estimates for the one- two- and multilevel methods are given in [3]. These
error estimates are similar with those which are obtained for the minimization
of quadratic functionals in [4] or [14]. The main goal of this paper is to
confirm by numerical examples the dependence on the mesh and overlapping
parameters of the convergence rate given in [3].

The paper is organized as follows. In Section 2, we succinctly present the
convergence result in [2]. In Section 3, we give the convergence rate for the
multilevel method in [3], and, as some particular cases, we obtain the depen-
dence of the convergence rate on the mesh and overlapping parameters for
the multigrid and two-level methods. Finally, in Section 4, we illustrate and
compare the convergence rates of the one- and two-level methods using numer-
ical tests concerning the solution of the two-obstacle problem for a nonlinear
elastic membrane.

2 General convergence result

In this section, a general algorithm and an error estimate theorem for it are
given. This general theory, the proof of the theorem included, are given in
detail in [2].

We consider a reflexive Banach space V', and some closed subspaces of it,
Vi, , V. Also, let K C V be a non empty closed convex set which satisfies
together with the subspaces Vi, --- ,V,, the following

ASSUMPTION 2.1 There exist two constants Cy > 0 and p > 1 such that for
any w,v € K and w; € V; with w+2§=1wj e K,i=1,---,m, there exist
vi € Vi, i =1,---,m, satisfying
i—1
w+ij+vi€Kf0ri:1,~~,m, (2.1)

j=1

m
v—szvi, (2.2)
i=1
and

D lillP < Cf <|vallp+2|lwillp> : (2.3)
=1 i=1
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We point out that we do not assume that the space V is written as V =
Vi+ -4 V,, as usually it is supposed in order to prove the convergence of
the Schwarz method. Also, in the above assumption, even if it looks rather
complicated, we do not assume that the convex set K should be written as
a sum of convex subsets, as it is supposed for the solution of the obstacle
problems. Moreover, we can easily check that if we impose the condition
K=Ki+ +K,, K, CV;,,i=1,--- ,m, then equations (2.1) and (2.2) are
verified.

Let F : K — R be a Gateaux differentiable functional which will be
assumed to be coercive if K is not bounded. We assume that for any real
number M > 0 there exist two functions

OtM(T):AMTp, BM(T):BMqul, (24)
such that
< F'(v) — F'(u),v —u >> ay(||v — ul|), for any u,v € K, ||ul|,|[v]] < M,
(2.5)
and
Bu([[v —ull) > |[F'(v) = F'(u)lly, for any u,v € K, [Jull,|]v|]] < M, (2.6)

where F is the Gateaux derivative of F', and Ay > 0, By > 0 and g > 1 are
some real constants. We have marked here that the constants Aps and By
depend on M.

It is well known (see [6]) that if V' and F satisfy the above assumptions,
then the minimization problem

ue K : F(u) < F(v), forany v € K (2.7)

has an unique solution, and it also is the unique solution of the problem
ueK: < F'(u),v—u>>0, forany v € K. (2.8)
The proposed algorithm corresponding to the subspaces Vi,---,V,, and

the convex set K is written as follows

ALGORITHM 2.1 We start the algorithm with an arbitrary u® € K. At itera-
tion n + 1, having u™ € K, n > 0, we compute sequentially for i =1,--- 'm,

w?“ € V; satisfying
witt = arg ~_min G(vi), with G(v;) = F(u"Jr% +v;), (2.9)
ut = 4+, e K
v; €V;

and then we update

7 i—1
i 1
u"tm =" 4w
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As for problem (2.7), since the subspaces V; are reflexive Banach spaces, prob-
lem (2.9) has a unique solution and it also satisfies the variational inequality

witt eV, utE w T e K
<F%MH%r+w?HLw witt >>0, (2.10)
for any v; € Vi, u"tm +v; € K.

Concerning the convergence of Algorithm 1, we have the following

Theorem 2.1 We consider that V is a reflexive Banach space, Vi, -+, Vp,
are some closed subspaces of V., K is a non empty closed convexr subset of
V, and F is a Gateauz differentiable functional on K which is assumed to
be coercive if K is not bounded. We assume that the functional F satisfies
(2.5) and (2.6), and we make Assumption 2.1. On these conditions, if u is
the solution of problem (2.7) and u™, n > 0, are its approzimations obtained
from Algorithm 2.1, then we have the following error estimations:

(i) if p = q we have

Fum) - Fu) < (&) [F@®) - F(w)],

5 T\" (2.11)
[[u™ —ulP < CT (CLH) [F(u) — F(u)].
(ii) if p > q we have
F(u™) — F(u) < F(u®)—F(u)
< - =
lu — un||P < Q (F(u")fF(u))Z;—i (2.12)

q—1)2

{H—(n DE(F (u0)—F(u)) - 1] r=Dp=a

The constants C’, C and C are written as

2= Clm Coa) = Byl (4260 (R = F10) 5 ¢

C
(Ba)Hewl) ™ €7 7T J1 =,

2.13)
C:ﬁ%lgig, (2.14)
¢ = P4 — (2.15)

|

(p—1) (F(u®) = F(u)+=" + (g —1)C=
The value of n can be arbitrary in (0,1).
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The above algorithm can be viewed as a multiplicative Schwarz method,
in a subspace correction variant, if we use the Sobolev spaces. In this way, we
consider for a domain Q in R?, d > 1, with Lipschitz continuous boundary
0%, an overlapping decomposition € = U}2;Q; in which the subdomains §2;
have Lipschitz continuous boundary, too. We associate with the domain ) the
space V = Wol’S(Q), 1 < s < o0, and with the subdomains 2; the subspaces
Vi = WOI’S(QZ-), i=1,---,m. For a convex sets K C V satisfying

PROPERTY 2.1 Ifv,w € K, and if € C1(Q) with 0 < § < 1, then Ov + (1 —
w e K

it has been proved in [2] that Assumption 2.1 holds. Consequently, provided
that the functional F satisfies (2.5) and (2.6), Algorithm 2.1 converges and we
can apply Theorem 2.1 to get the convergence rate. The above Sobolev spaces
WO1 " correspond to Dirichlet boundary conditions. Similar results can be
obtained if we consider appropriate subspaces of W1 * for the mixed boundary
conditions.

The constants C' and C' in the error estimations in Theorem 2.1 depend
on the domain decomposition parameters through Cy. For the multilevel mul-
tiplicative Schwarz method, we show in the next section that Assumption 1
holds for any closed convex set K satisfying a certain property. In this case we
are able to explicitly write the dependence of Cy on the domain decomposition
and mesh parameters.

3 Multilevel multiplicative Schwarz method

The framework and details concerning the proofs of the results in this section
can be found in [3]. Over the domain 2 C R? we consider a family of L regular
simplicial meshes 7, of mesh sizes h;, such that 75, , is a refinement of 7},
j=1,--- L —1. We write

o= (3.1)

TEThj

and we assume that = 2. Also, we assume that if a node of 7y, lies on 9€;
then it lies on 92,11, too, that is, it lies on 9. Also, for the nodes xz; € 9Q
of Tp,, g =1,--+,L — 1, we consider the set w; defined as the union of the all
7 € Ty, having z; as a vertex, and we define the set S;; as the union of w;
with all 7 € 7p,,,,, 7 ¢ §;, which are contained in the smallest sphere which
is centered at x; and contains w;. We assume that

Q;11\Q; © U Sy, forj=1,---,L—-1. (3.2
z; node of 7;, ., z;€00
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Since the mesh Thj+1 is a refinement of ’]}Lj, we have h; 1 < hj;, and we assume
that there exists a constant v, independent of the number of meshes, L, such
that

I
l<y<—2, j=1,---,L—1. (3.3)

hjt1
At each level j = 1,---,L, we consider an overlapping decomposition

{O§}1§i§Mj of ©;, and we assume that the mesh partition 7, of €; sup-
plies a mesh partition for each O;, 1 <14 < M;. Also, we assume that the
overlapping size for the domain decomposition at the level 1 < j < L is 4y,
ie.,

0iNa(| JO!) # 0 and dist(00:\09;, 05 N a(| JO!) > 4; (3.4)

1#£i I#£i
is satisfied. In addition, we suppose that there exists a constant C' such that
diam(0%,,) < Chj, j=1,--- ,L—1,i=1,---, M;. (3.5)
Now, at each level j = 1,--- | L, we color the subdomains O;, i=1,---,Mj,

such that the subdomains with the same color do not intersect with each other,
and the union of the subdomains Oé- having the color 7 will be denoted by €27,

i=1,---,m;. Finally, we assume that m; = 1, and let us write
m= max m;. 3.6
P A (3.6)
At each level j =1,--- | L, we introduce the linear finite element spaces,

Vi, = {v e C%Qy) : v|. € Pi(r), T € Ty;, v =0 on 09}, (3.7)

and, for i =1,--- ,m;, we write
Vi, ={v€Vy, : v=0in Q;\Q}} (3.8)
The spaces Vj; and V}fj, j=1,---,L,i=1,---,my, will be considered as

subspaces of W% 1 < s < co. We denote by || - ||o,s the norm in L*, and by
[| - |l1,s and | - |15 the norm and seminorm in W'*, respectively. The convex
set will be a subset K}, of V},, satisfying

PROPERTY 3.1 Ifv,w € Ky, , and if § € C1(Q) with0 < 6 < 1, then Ly, (fv+
(1 — G)w) S KhL-

Above, Ly, is the P;-Lagrangian interpolation operator which uses the func-
tion values at the nodes of the mesh 7p,, .

It is proved in [3] an inequality of Friedrichs-Poincaré type for the finite
element spaces. In general, the constant in this inequality depends on how
complicated is the shape of the domain. Since our meshes are regular, we give
here the following simplified result
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Lemma 3.1 Let w C R? be a domain of diameter H, and T;, a simplicial
regular mesh partition of it. If v is a continuous function which is linear on
each 7 € Ty, and 2° € @g is a node of Tp, such that v(z") = 0, then

[ollo,s. < CHCa,s(H, h)[v]1,5,0,

1 ifd=s=1orl<d<s<o
d-1
where Cq s(H,h) = (ln%—i—l) a ifl<d=s<o0
(E)S if1<s<d< oo,

and the constant C' is independent of domain and mesh.

The above lemma can be very useful in the various error estimations. In the
proof of the following proposition we use some operators Iy, : Vi, ., — Vp,,
whose properties are found using the above lemma.

J+1

Proposition 3.1 Let, for each level j = 1,--- | L, le, e ,Q;nj be the over-
lapping decomposition of the domain Q; defined in this section with Qp =
and my = 1. Then Assumption 2.1 is verified for the piecewise linear finite
element spaces, V. = Vy, and V} = V}fj, j=1,--,L,i=1,---,m; defined
in (3.7) and (5.8), respectively, and any convex set K = Kp, C Vy, with
Property 3.1. The constant in (2.3) of Assumption 2.1 can be taken of the
form

g9 1_1 h
Co=Cm*(L+1)*7% Z 5 ]C'ds( j—1,hL) (3.9)
j=1 J
in which we take hg = hy. The constant C is independent of the mesh and
domain decomposition parameters.

The multigrid method is obtained from the multilevel method by taking the
subsets O;- as the supports of the basis functions associated with the nodes of
Th, . Evidently, all the previous assumptions on the domain decompositions are
satisfied and we can take §; = h;. In the multigrid methods, the construction
of a finer mesh from a coarse one, is made following the same procedure of
lelSlOD of the simplexes at each level. Therefore, we can assume that 1 < vy <
<Cv, j=1,---,L—1. From (3.9), if we write h = hy and H = hq,

h7+1
we get

Co = CL*> v~ 54Cq..(H, h). (3.10)
In the case of the two-level method, if we denote by H = hy, h = ho and
0 = 02, from (3.9), we get

Co = Cm?*[1 4+ (m — 1)—=]Cq.s(H, h) (3.11)

%lm
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This expression of Cy fits with that one given in [4] for the case of the mini-
mization of quadratic functionals. Also, it is proved in [3] that for the one-level
method the constant Cy can be taken of the form

Co=C(m+1)(1+ mT_l). (3.12)

4 Numerical example

We illustrate the error estimations for the one- and two- level methods given
in the previous sections, by a numerical example concerning the two-obstacle
problem of a nonlinear elastic membrane without exterior forces: find u € K
such that

/ |Vul*"2VuV (v —u) > 0 for any v € K.
Q

Here, Q ¢ R2, K = Wol’ng) Nla,b], a,b € L¥(Q), a < b, and 1 < s < c0.
Evidently, we take V' = W"®, and our problem is equivalent with

u € K : F(u) = min F(v), with F(v) = é/g |Vol®. (4.1)

vEK

Using [7], we can show that if 1 < s < 2, then we can take ap(7) = T 72
and By (1) = B in (2.4). If s > 2, we get (see [5]) an(7) = ar® and

B (T) = B(2M)*~27. The convex set K having Property 3.1, we can conclude
that Algorithm 1 can be applied for the solution of problem (4.1).

In our numerical tests, the domain  is the rectangle (0, 4) x (0, 3), and the
two obstacles of the convex set K are given by (see Figure 4.1.b): a(x,y) =

3—1—\/(%)2 — (2 —2)2 — (y — 1.5)2if (z—2)*+(y—1.5)% < (%)2, else a(z,y) =0,

and bz, y) = 1/6—/(2)° = (z — 4/3)% — (y — 3/4)% if (x—4/3)2+(y—3/4)* <
(%)2, else b(z,y) = 1—69. The meshes 7y and 73, contain right triangles, which
are obtained through a rectangular uniform refinement of Q2. In Figure 4.1.a,
the fine mesh 7} contains 30 x 30 rectangles, ie. 1800 triangles, and the coarse
mesh 7y contains 6 X 6 rectangles, ie. 72 triangles. The obstacles a and b
in Figure 4.1.b are plotted for a mesh 7; coming from a 60 x 60 rectangular
uniform partition of €.
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Figure 4.1. (a) Meshes Ty, Ty, and the domain decomposition, (b) Obstacles a and b.

The domain decomposition on the first level contains only one subdomain
O = O} =Q, My = m; = 1. The subdomains O}, i = 1,..., Ms, on the
second level, are obtained from an uniform rectangular partition of . In
Figure 4.1.a we have My = 9, and evidently, the number of the subdomains
Q; is mg = 4. The width of the overlaps in this figure is of 2 triangles in 7j,.

————— =ayr

Taan - R

Figure 4.2. Solutions for: (a) s=2, (b} s=1.5, (¢} s=3.

The computed solutions for s = 2.0, s = 1.5 and s = 3.0 are plotted in Figure
4.2 for a mesh 73, coming from a 60 x 60 rectangular uniform partition of 2.
We have seen in the previous section that the constant Cjy depends on 1/
in equation (3.12), in the case of the one-level method, and on H/h and H/¢
in equation (3.11), for the two-level method. We have tried to verify it by
numerical tests for the nonlinear membrane problem taking various values of
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H, h and 6. In all the numerical tests the calculus has been stopped at a
relative error of 1.E-03 at the nodes of 75, between two consecutive computed
solutions. The solution on the subdomains have been calculated by the relax-
ation method, which is a particular case of the Schwarz domain decomposition
method. The computing of the solutions on subdomains has been stopped at
a relative error of 1.E-05 at the nodes of 7;, between two consecutive com-
puted subsolutions. For the results in Figure 4.3, H/h = 6 and H/é = 2 stay
unchanged while the coarse mesh size H varies and it corresponds to 2, 4, ...
, 18, 20 segments on each side of the rectangular domain ). The number of
the iterations is bounded for the two-level method, and it is in concordance
with the fact that Cp in (3.11) is constant. Also, we see that the number of
iterations is an decreasing function of H for the one-level method. Since H/§
is constant, it follows that the number of iterations is an increasing function of
1/4, and it is in concordance with Cp in (3.12). For the results in Figure 4.4,
we have taken H = 5.0/12, h = 5.0/120 and 6 = 1h, 2h, - -- , 10h. We see that,
in both cases, the number of iterations is a decreasing function of 4, and it is
concordance with the expressions of Cp in (3.12) and (3.11). For the results
in Figure 4.5, H = 5.0/6, § = 5.0/12, and h corresponds to partitions 7, with
12,24, 36, - - - , 120 segments on each side of the rectangular domain 2. For the
one-level method, the number of iterations is constant for h < 5/24, and it
is in concordance with Cj in (3.12). In the case of the two-level method, the
number of iterations is a decreasing function of h for s = 1.5 and s = 2, and
it is also in concordance with Cy in (3.11). For s =3 >d =2, Cys(H,h) =1,
and the number of iterations should be bounded. In Figure 4.5.b, the number
of iterations for s = 3 becomes constant for values of & less than 5.0/60.
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e e

Figure 4.4. Iterations for H and k constant, and & variable: (a) one level, (b) two levels.

In the tests in Figure 4.6 we have taken h = 5.0/120, § = 5.0/20 and H =
5.0/20, 5.0/12, 5.0/10, 5.0/8 and 5.0/6. In the case of the two-level method,
the number of iterations is an increasing function of H which is in concordance
with our constant Cp in (3.11).

Finally, we see from the above numerical tests that the number of iterations for
the two-level method is significantly less than that for the one-level method.
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Figure 4.6. Tterations for h and § constant, and H variable: (a) one level, (b) two levels.

Since the number of iterations is less in the two-level method than that one
in the one-level method, even if the projection for the two-level method is a
bit more complicated than that in the one-level method, the two-level method
is more efficient in point of view of the computing time. For instance, we see
in Figure 4.3 that for H = 5.0/10, h = 5.0/60 and § = 5.0/20, the number of
iteration is: 23 for s = 1.5, 19 for s = 2.0, and 15 for s = 3.0, in the case of
the one-level method, and 13 for s = 1.5, 10 for s = 2.0, and 9 for s = 3.0,
in the case of the two-level method. The computing time obtained on a PC
with one processor Intel Pentium III of 600MHz was: 18min45sec for s = 1.5,
6minl6sec for s = 2.0, and 17min8sec for s = 3.0, in the case of the one-level
method, and 13minb4sec for s = 1.5, 4mind3sec for s = 2.0, and 14min27sec
for s = 3.0, in the case of the two-level method. Naturally, the computing time
for s = 2.0 is less than that one for s = 1.5 or s = 3.0, since, in this case, we
solve linear equations in the relaxation method. This case corresponds to the
minimization of a quadratic functional. The finite element problem in these
computing time tests have had 3481 unknowns.
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