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quasi-variational inequalities of the second kind

L. BADEA®

Abstract

We introduce and analyze some two-level multiplicative and
additive Schwarz methods for variational and quasi-variational in-
equalities of the second kind. The methods are introduced as
subspace correction algorithms for problems in a reflexive Ba-
nach space. We prove that these methods are globally convergent
and give, under some assumptions, error estimates. In the finite
element spaces, the introduced algorithms are in fact two-level
Schwarz methods. In this case we prove that the assumptions we
made for the general convergence result hold, and write the con-
vergence rate depending on the overlapping and mesh parameters.
We get that our methods have an optimal convergence rate, it
is almost independent of the mesh and overlapping parameters,
and also, the methods have an optimal computing complexity per
iteration.

Keywords: domain decomposition methods, multilevel methods, sub-
space correction methods, variational and quasi-variational inequalities
of the second kind.

AMS subject classification: 65N55, 66K15, 65N30.

1 Introduction

Literature on the Schwarz methods is very large, and it is motivated
by their capability in providing robust and efficient algorithms for large
scale problems. We can see, for instance, the papers in the proceedings
of the annual conferences on domain decomposition methods starting in
1987 with [12] or those cited in the books [16], [19], [20] and [21]. Natu-
rally, most of the papers dealing with these methods are dedicated to the
linear problems. However, their generalization to non—linear problems is

*Institute of Mathematics of the Romanian Academy, P.O. Box 1-764, 014700
Bucharest, Romania (e-mail: lori.badea@imar.ro)


http://www.editorialmanager.com/acom/download.aspx?id=1014&guid=1e9bb2d8-f818-473e-8938-22b9e1983c1c&scheme=1

O©CO~NOOOTA~AWNPE

not straightforward, in particular for variational inequalities of the sec-
ond kind or for quasi-variational inequalities, is far from being trivial.
The convergence of the projected Gauss—Seidel relaxation (or successive
coordinate minimization) for variational inequalities of the second kind
in R? has been proved in [11]. There, the non-differentiable term has
been decomposed as a sum of terms, each of them depending only on
one vector component. The projected Gauss-Seidel method is a partic-
ular case of a Schwarz method in which the domain is decomposed into
the interior of the supports of the nodal basis functions. Consequently,
the above representation of the non-differentiable term can be viewed
as a decomposition in concordance with the domain decomposition. A
straightforward generalization of the convergence proof in [11] to more
general decompositions can be obtained using this idea, but it fails if,
in order to get a faster convergence, a two-level or multilevel method
is considered. This is due to the fact that the nonlinearities are not
decoupled on the coarser levels. A remedy can be found in adapting
minimization techniques for the construction and analysis of multigrid
and domain decomposition methods, see [14]-[16].

In [7] (see also [5] and [6]), one- and two-level multiplicative Schwarz
methods have been proposed for variational and quasi-variational in-
equalities of the second kind, and they have been applied to frictional
contact problems. It is proved there that the convergence rates of the
two-level methods are almost independent of the mesh and overlapping
parameters. However, the original convex set, which is defined on the
fine grid, is used to find the corrections on the coarse grid, too. This
leads to a suboptimal computing complexity. To avoid visiting the fine
grid, some approximating subsets of this convex set for the coarse levels
have been constructed in [10], [18], [10] and [14]-[16] for complementar-
ity problems. It is well-known that the additive methods are the best
on parallel machines even if their convergence is a little slower than that
of the multiplicative ones. In this paper, we introduce multiplicative
and additive two-level methods for variational and quasi-variational in-
equalities of the second kind whose convex set is of two-obstacle type.
Suitable constraints for the corrections computed on the coarse mesh
are provided in order to ensure the optimal convergence of the methods.
In this way, besides the optimal convergence rate, these methods have
also an optimal computing complexity.

The paper is organized as follows. Section 2 is devoted to a general
framework in a reflexive Banach space. We introduce here an assumption
on the construction of the level convex sets. Another two hypotheses will
be introduced, which will be necessary in the convergence proofs, one
for the multiplicative algorithms and the other one for the additive ones.
Mainly, these hypotheses refer to the decomposition of the elements in
the convex set, and introduce a constant Cy which will play an important
role in the writing of the convergence rate. In Section 3, we introduce
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subspace correction algorithms for variational inequalities of the second
kind, and prove that, under the above assumptions, they are globally
convergent. We also estimate their convergence rates. In Section 4,
we introduce subspace correction algorithms for the quasi-variational
inequalities. As in the previous section, we prove their convergence
and estimate the convergence rate, using the assumptions introduced
in Section 2. Section 5 is devoted to the two-level methods. If we
associate finite element subspaces to the domain decomposition and to
the coarse grid, the abstract algorithms introduced in Sections 3 and
4 become two-level Schwarz methods. We show that the assumptions
introduced in the previous sections hold for two-obstacle convex sets and
we explicitly write the constant Cy depending on the mesh and domain
decomposition parameters. In this way, we get that the convergence
rates of the two-level methods for the variational and quasi-variational
inequalities of the second kind are similar with the convergence rates
obtained for equations, ie., we get an optimal convergence. In the case
of the two-level methods, the convergence rate is almost independent of
the mesh and domain decomposition parameters.

2 General framework

Let V be a reflexive Banach space and Vy, Vi1, -+, Vi, be some closed
subspaces of V. Subspace Vjy will correspond to the coarse discretization,
and Vi1, -, Vi, corresponds to the decomposition of the domain. Also,
let K C V be a non empty closed convex set of V. To introduce the
algorithms, we make an assumption on choice of the convex sets where
we look for the level corrections. These level convex sets depend on the
current approximation in the algorithms.

ASSUMPTION 2.1. We assume that for a given w € K, we can recursively
introduce the convex sets Ky and K as:

0e Ky, K1C{vi eV :w+wv € K} and, for a wy € K,

0€ Ky, Ko C{vpeVp : w+wy +1v9 € K}.

As we already said, we shall analyze both types of algorithms, mul-
tiplicative and additive. In the case of the multiplicative algorithms we
make the following

ASSUMPTION 2.2. There exists a constant Cy > 0 such that for any
u,w € K, any wy; € Vi, w1+ ... +wy; € Ky, 1 =1,...,m, and any
wg € Ky, there exist uy; € Vi, i =1,...,m, and ug € Vy, which satisfy

upp € K1 andwyy + ... +wym1 +u € Ky, i =2,...,m, uy € Ky
uw—w=>y " u, +uy and
> iy Nuasl | < Co([lu —wl| + 3207 [lwil| + [fwol])-
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The convex sets Ky and Ko are constructed as in Assumption 2.1 using
w and wy = Wiy + ... + Wi -

This assumption is simpler in the case of the additive algorithms

ASSUMPTION 2.3. There exist a constant Cy > 0 such that for any u,w €
K, there exist uy; € Vi; N Ky, i =1,...,m, and uyg € Ko, which satisfy

w—w =330 i+ g and 35T [Juil] + [Juol] < Collu — wl].

The convex sets K1 and Ko are constructed as in Assumption 2.1 with
the above w and wy = 0.

Now, we consider a Gateaux differentiable functional F' : V' — R,
and assume that there exist two real numbers p, ¢ > 1 such that for any
real number M > 0 there exist two constants aps, Sar > 0 for which

(2.1) ay|lv—u|P < (F'(v) — F'(u),v — u), and
(2.2) IF' (v) = F'(u)lvr < Bullv =l
for any u,v € V with [Ju||,||v|| < M. Above, we have denoted by F’ the
Gateaux derivative of F', and we have marked that the constants

and By may depend on M. It is evident that if (2.1) and (2.2) hold,
then for any u,v € V, |lul|,||v| < M, we have

23)  aullo - ullP < (F'(0) = F'(u),v —u) < Barllv —ull".

Following the way in [13], we can prove that for any u,v € V, ||u]|, [[v| <
M, we have
(F"(w),v —u) + Do =P < F(v) = F(u) <

(2.4) <F’(u),’u—u>+ %Hfu—u”q.

We point out that since F' is Gateaux differentiable and satisfies (2.4),
F' is a strictly convex functional (see Proposition 5.4 in [9], pag. 24).
Also, we can prove that ¢ <2 < p.

3 Subspace correction algorithm for variational
inequalities of the second kind

Let ¢ : V — R be a convex lower semicontinuous functional and we
assume that F' + ¢ is coercive in the sense that

(3.1) Fv) + ¢(v) — o0, as ||v]| = o0, v € K,
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if K is not bounded. In the multiplicative case, in addition to the
hypotheses of Assumption 2.2, we suppose that

Yo le(w + 23—211 wij + u1;) — p(w + 23;11 wyj + wii) |+
(3.2) o(w + w4+ ug) — p(w + wi + wp) <
p(u) = p(w + 3250 wii + wo)

for u,w € K, uy;, wy; € Vi; and ug, wg € Vp as in Assumption 2.2. Also,
in addition to Assumption 2.3, for the additive case, we suppose that

(3.3) Z o(w + uy;) + p(w + up) < mp(w) + p(u)
i=1
for any u,w € K, uj; € Vi;, i = 1,...,m, and ug € Vy which satisfy

Assumption 2.3.
Now, we consider the problem

(3.4) uwe K : (F'(u),v—u)+ o) —¢(u) >0, for any v € K,
which is equivalent with the minimization problem
(3.5) ue K : F(u)+ ¢(u) < F(v) + ¢(v), for any v € K.

These problems have a unique solution (see [9], Proposition 1.2, pag.
34). From (2.4) we see that, for a given M > 0 such that the solution u
of (3.4) satisfies ||u|| < M, we have

(3.6) o —ullP < F(v) = F(u) + ¢(v) = o(u),
: for any v € K, ||v| < M.

We first introduce the algorithm which is of the multiplicative type

ALGORITHM 3.1. We start the algorithm with an arbitrary v° € K.
Assuming that at iteration n > 0 we have u™ € K, we successively
perform the following steps:

- at the level 1, as in Assumption 2.1, with w = u™, we construct the
convez set Ky. Then, we first write wi = 0, and, fori=1,...,m, we

. +=1 .
successively calculate w?;rl e Vi, w? mo4 w?;rl € K1, the solution of
the inequalities

1(ym et n+1 n+1
(F'(u™ +wy ™ +wiy™ ), v —wif )+

(3.7) ! -1
Fo) — e Fwl T k) >0,

n+-
QO(’U/n + wl m

i

nti=1 . n+-t —1 n+1
foranyvy; € Vi, wy ™ 4oy € Ky, and write w; ™ =w; ™ 4wy,
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- at the level 0, we construct, as in Assumption 2.1 with w = u"
and wy = w’f“ the convex set Ky. Then, we calculate w"Jrl € Ky, the

solution of the inequality

<F’(u _|_wn+1 _|_wn+1) vy — 6L+1>+

(3.8) o(u™ + w"Jrl +v9) — p(u™ + w"Jrl + w"*l) >0,

for any vy € Ky,
- we write u™t = u™ 4+ w"+1 + ng

The proposed additive algorithm is written as follows

ALGORITHM 3.2. We start the algorithm with an u® € K. Assuming
that at iteration n > 0 we have v € K, we simultaneously perform, the
following steps:
- we construct the convex sets K1 and K as in Assumption 2.1 with
w=u" and w; =0,
- we simultaneously calculate,
w?fl € Vi; N Ky, the solutions of the inequalities

(3.9) (F'(u" +wit™), vy — wit™) + o(u™ + vi;) — p(u” +with) >0,

for any vy; € Vi; N K, write wi™ =" wt and
+1K0, the solution of the inequality

(3.10) (F'(u™ +w"+1),v0 "+1>+<,0(u + o) — (u” +w"+1)20,

for any vy € Ky,

Then, we write "1 =

(Wit wi ™), with a fized 0 <7 < 1.

m+1

These algorithms do not suppose a decomposition of the convex set
K depending on the subspaces of V. Like problem (3.4), problems (3.7)—
(3.10) have unique solutions, and they are equivalent with minimization
problems. We have the following general convergence result.

Theorem 3.1. Let V' be a reflexive Banach, Vo, Vit, -, Vim some
closed subspaces of V', and K a non empty closed convex subset of V
which satisfies Assumption 2.1, Assumption 2.2 when we apply Algo-
rithm 3.1, and Assumption 2.3 in the case of Algorithm 3.2. Also, we
assume that F is Gateauz differentiable and satisfies (2.1) and (2.2),
the functional ¢ is conver and lower semicontinuous, satisfies (3.2) for
Algorithm 3.1, (3.3) for Algorithm 3.2, and F + ¢ is coercive if K s
not bounded. Let

(3.11) M = sup{|[v]| : F(v) +¢(v) < F(u) + p(u’)}

where u is the starting point in Algorithms 3.1 or 3.2. Then, the norms
of the approximations of the solution w of problem (3.4) obtained from
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these algorithms are bounded by M and we have the following error es-
timations:
(i) if p = q¢ = 2 we have

F(u™) +o(u") = F(u) — ¢(u)

<
(3.12) ()" [F(0) + p(u®) — F(u) — p(u)],
(313)  um —ulP < 2 (&) [F () + () — F(u) — p(u)].

(i) if p > q we have

F(u™) + o) — F(u) — p(u) <
(3.14) F () o (u®) — F ()~ p(u)

(LGl (F(u0)+p(u) — F(w)—p(w)) i1 | 3=1
HU — un”p < b F(u0)+¢(u0)_F(u)_w(u)

(3.15)

— aum p—g a=1-
[14nC2 (F(u®)+p(ul)—F(u)—p(u) 1-1]P=4

The constants C1 > 0 and Cy > 0 depend on the functional F', the
solution u, the initial approzimation u®, m, and the constant C.

Remark 3.1. For Algorithm 3.1, constants Cy and Co can be written

1 C1 = Bar(1 +2Co) (m + 1> (2)r (F(u®) - F(u)

B0 ) — )T 4 ol + 1) ()

(3.17) Cp = r—1 — =
(p — D)(F(u0) + o(u®) — F(u) — o(u))st + (¢ — 1)C*

where

(3.18) e = an/(pBuCo(m+ 1) ).

Also, in the case of Algorithm 3.2, these constants can be written as,

Cp= [l — Lo 4 (1+Cp)(m+ 1)%+

(3.19) C2(m + 1)(%)2]

Cy =
(3.20) p—q
(p—1)(F(u0)+p(u0) —F(u)—p(w)) 4= +(g—1)C T

|

—q p—1-

S}

7
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where
@:WH[<>g> p(u®) = p(w)] =1 +
(m+1) Bzw(l-i-c'o)(m'zl) P =
(3.21) T 0 Ghr 0 _p—q_
(R0~ P (4 — )7+
m+1 B (m+1)
(it 2

Proof of Theorem 3.1. Except the changes of notation due to the in-
troduction of the convex sets K7 and Ky, the proof in the case of the
multiplicative Algorithm 3.1 is identical with that of Theorem 1 in [7]
(see also [5]) and will be omitted. Also, the proof for the additive Algo-
rithm 3.2 uses the same techniques as that given for the minimization of
non-quadratic functionals in [4]. The proof is divided into several steps.

Step 1. The existence of M defined in (3.11) follows from the coer-
civity of F'+ . In view of the convexity of F', we get

Fut) = Fu" + 57 (S wiy™ +wg™)) =

F((l—’l") m+l(z7bl(u +W?Z+1)+’LL +w8+1))§
(1= r)F (") + 57 00 Fu® + ™) + Fu" +wg ™))

A similar result can be obtained for ¢, ie., we have

Fu™1) < (1 —7r)F(u™)+
s Do F(u™ + w4+ F(um + wg )
P(u"th) < (1 —7r)p(u™)+
D e + with) + e(u + wg ™)

From (3.9), (3.10) and these inequalities, we get
F(um™h) + o(u) < F(u") + o(u”)

Therefore, for any n >0 and i = 1,--- ,m, we get

(3.22)

max{F'(u" + w?jl) + p(u™ + w?jl),
(3.23) Fu" +wi™) + p(u" + wit!)} <
Fu™) + p(u”) < F(u®) + o(u).

Step 2. Now, from (3.9), (3.10) and (2.4), for any n > 0 and ¢ =
1,--- ,m, we have

F(u") — F(u™ +wii™) + o(um) — p(u® + wiit) >
A ||| and

F(u) — F(u +uf ™)+ o(u) = o + ™) >
2t a1 P
p

(3.24)
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In view of (3.22) and (3.24), we get

Furth) < (1= r)F(u") + 55 300 Flur +wiif™) + Fu" +wg )] <

F(u) = i S50 P + g ™ P]+

A [T (™) — o + wi) + p(u) — p(u” + with)

Consequently, we have

(325) T I P+ [0 I < Fut) - P )
T R ) = e+ wi) 4 p(u) = et +wp )]

But, in view of (3.22), we have

i (p(u™) = o(u® +wii™h) + (") — p(u” +wy ™)) <
p(u”) — p(u"t)

9

and consequently,

Sy [P+ [lwg P <
m+1l p_ [F(u") _ F(un—i-l) + go(u") o go(u"+1)]

T (634

(3.26)
Step 3. Writing
(3.27) =u" + Zw”“ +witt

from the convexity of F', we get

r T

(3.28) F(un+1) <(1- p— 1)F(un) + ml

F(ﬂn+1)

Applying Assumption 2.3 for w = u"™ and v = u, we get a decomposition
uly, - ,ul,, ug, of u—u", and we can replace vy; and vy by uf; and
ug in (3.9) and (3.10), respectively. From (3.28), (2.4), (3.9) and (3.10),
we obtain

F(u) = F(u) + ¢(u™™) = (u) + g St Ju — @ P <
(1 = Z5)[F(u™) — F(u))+
g [F @) = F(u) + 220 Ju — @ P+ (w1 — o(u) <
(1 ) [F (u” F( I+

L (F (@), @ — ) + o) — p(u) <
( — mr) F (") = Fu)]+
m+1 Zz 1< /(u +wn+1) F/( n+1) ulz _w?z+1>+
m+1<F’(u +wg ) — FY (@), uf — wp T+
m+1 Zz 1[ (u +ulz) (,D(’LL +w?z+1)]+
—le(u® + uf) — e(u™ + with)] + o(u ) — o(u)
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Consequently, we have

Fu™) = F(u) + (u"™) — o(u) + g 2 lu — a P <

(

(3.29)

n
m+1 Zz 1<F,(’LL +w?z+1) F,(

m+1

m+1 p
) — p(u)]+
n+1)7ulz w?z+1>+

<}w(u _+?Un+l) PV( n+1) ug g+l»+

) [F(u") = F(u) + o(u

m+1 Zz:l[ (’LL +ulz) gp(u +w?z+1)]+

mrt P (u” + ug) — p(u” + wp

n—i—l)]

o le(™) — o(uw)] + (™) — p(u™)

As in [4], using (2.2) and Assumption 2.3, we get

D iy (F (u”

" +w"+121 F/( ”111) u81 6‘+1>§ 1 +1
B (i 1w 1+ g™ DT D22y ey — i ]+ [uf — wg™ ] <

*1)(11

(p -1)
Bu(m+1) g) 1Hw1+1Hp+H+ui”“Hp)
Do (s |+ w7 D + g 1] + Hwg T ] <

M a1
Brlm +1) 73 (2 |t P )
(CoHu—u”HJr)(Z%)leﬁ |+ [Jwg™(]) <
q
Bu(m +1) (0 [P + (g Py 5

(Collu—un+1||+(1+00)(22 L wg ]+ g “II))

(p=1)(g—

1))
BurColm+1)" 0" (S [[ufi e+ g 1P) 7 flu — a4+

Ba(1+ Co)(m +1)"

But, for any € > 0, r > 1 and =,y > 0, wehavexry<ax+

Therefore,

(3.30)

—1)g q
P (O ([P ffwgtP) e

yr 1 .
gT
we get

ZTl(F/(u +w?z+1) F/( n—l—l) ulz _w?z+1>+
(F/(u + ™) = F@ ), uf — w ™) <
q
Bar(1 + Co)(m + 1) T (™ 1||w1+1||1”+llw”“ll”)f’+

(p—1)(g—1)
Bar Co T (57 w7+ 7)1+

=
1)(g—1)
BarCoe(m + 1) =5 ju — an+1|p

for any € > 0. Also, using (3.22) and (3.3), we get

r
+
r
m+1
r
+
r
+

- (a4 uly) — p(um + wit )]+

[ (u” + uff) — p(u” +wg ™))+

clo(u™) — ()] + eu™th) — p(um) <

Ty e(u” +uly) + o(u™ 4+ ug) — me(u™) — p(u)] <0

10
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From (3.29) and (3.30), we have

PO =) ) gl
it = BuCoe(m + 1) ’
(3.31) (1= 757 [F ") = F(u) + (u") = p(u)]+

B[+ Co)m + 1)

(p—1)(g—1)

ep—1

for any € > 0.
Step 4. From (3.31) and (3.26), we get

PO —Fl) + ola) gl
e[ — By Cos(m + 1) Y — i
(1= )P () = F(w) + o) = plu)]+

*1)q
r m 1+Co)(m+1
m+15ﬂd( jl) L (1+ %iwzé
q
(F(u ) Fu™) + pu™) — p(u™1))r +
=1 Co(m )(p 1)(qg—1)
Unjl) ( )q 4%, :
(Fu™) = F(u"*h) + p(u) — p(u"*1)
With
g 1
- 11

P BuCo(m +1)"

the above equation becomes,

F(um*) — Fu) + o(u) — p(u) <

AL () — P ) + p(u") — p(um )]+

(=g
ﬁM[(m+1) (l+Co)((;n;|—)1i) p— 1q
3.32 n | n
(332 () = F) 4 (0 = ofu™)
Cn+1)q 15 4j70n+ﬂ
r (aM)J%
r

Using (3.6), we see that error estimations in (3.13) and (3.15) can

be obtained from (3.12) and (3.14), respectively.

Now, if p = ¢ = 2, from the above equation, we easily get equation

(3.12), where C is given in (3.19).

11

N —a" P <

—1)g
b (S [P+ [P P+

+1 P 1 1 =t
Colmt) 2 (o™ |[wit [P 4 [Jwh [Py r=1]
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Finally, if ¢ < p, from (3.22), (3.23) and (3.32), we get

F(u™) + ou™) — F(u) — p(u) <

(3.33) C5[F(um) + p(u) — F(un+h) — op(un+1)] 51

where C3 is given in (3.21). Now, from (3.33), we get

F(u) + (™) = Fu) = p(u) + —r [F@™) + p(u)-
ca-

Fu) — ()] 51 < F(um) + (u") — F(u) — o(u),

and, like in [2] or [4], we have
Fu™) + o(u") — F(u) — p(u) <
B3t 10 + (P + o) — F(u) — p(u) ],

where Cy is given in (3.20). Equation (3.34) is another form of (3.14). O

4 Subspace correction algorithms for quasi-variational

inequalities

Let ¢ : V x V — R be a functional such that, for any v € K, ¢(u,-) :
K — R is convex and lower semicontinuous. We assume that F' + ¢ is
coercive in the sense that

(4.1) F(v) + ¢(u,v) — 00, as ||v|| = o0, v € K, for any u € K

if K is not bounded.
In this section we assume that p = ¢ = 2 in (2.1) and (2.2). Also,
we assume that for any M > 0 there exists cy; > 0 such that

(4.2) lp(v1,w2) + p(va, w1) — p(v1,w1) — @(v2,we)| <
e llvr — val[Jwr — we|
for any vy, ve, wy wy € K, ||v1]|, |lv2ll, [|wi] ||wz| < M. As in the

previous section, we introduce additional conditions concerning ¢. In
the multiplicative case, we suppose that

S lp(uw + 35w ug) — o, w + 35w+ w4
(4.3)  o(u,w +wy +ug) — @(w + wy + wp) <
o(u,v) — p(u,w + " wi; + wo)

for u,w € K, uy;,wy; € Vi; and ug, wo € Vo satisfying Assumption 2.2.
Also, for the additive case, we suppose that

m
(4.4) Z o(u, w4+ u1;) + e(u, w + up) < me(u,w) + p(u,u)

i=1

12
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for any u,w € K, u;; € Vi, i = 1,...,m, and ug € Vy which satisfy
Assumption 2.3.
Now, we consider the quasi-variational inequality

(4.5) ue K : (F'(u),v—u)+ p(u,v) — @(u,u) >0, for any v € K.

Since ¢ is convex in the second variable and F' is differentiable and
satisfies (2.1), problem (4.5) is equivalent with the minimization problem

(4.6) ue K : Fu)+ ¢(u,u) < F(v)+ ¢(u,v), for any v € K.

As in [7], we can show that problem (4.5) has a unique solution if there
exists a constant s < 1 such that ;—Jl‘é < %, for any M > 0. In view of
(2.4) we see that, for a given M > 0 such that the solution wu of (4.5)
satisfies ||u|| < M, we have

' for any v € K, |jv]| < M.
To solve problem (4.5), we can introduce three multiplicative algo-
rithms. The first one can be written as,

ALGORITHM 4.1. We start the algorithm with an arbitrary v° € K.
Assuming that at iteration n > 0 we have u"™ € K, we successively
perform the following steps:

- at the level 1, as in Assumption 2.1, with w = u™, we construct the
convex set Ki. Then, we first write wi = 0, and, fori=1,...,m, we

. nt il .
successively calculate w’f;rl e Vi, w, ™+ w’f;rl € K, the solution of

the inequalities

/'71
/ n+t= +1 +1
(F'(u" +wy ™ +wiy™ ), v —wiy )+
1 n—i—l;
(4.8) gp(v?;r Jut Fwy ™ 4 vy)—
/'71
n+1 nt+o= n+1
e ut +w, ™ 4wl ) >0,
i—1 i izl

+ . +
for any vy; € Vi;, w? ™ +ouy; € Ky, and write w? m=w; " +w?2-+1.
Above, the first argument of @ is

i

-1
n+tl _ n n+ n+1
(4.9) vt =ut w " Fwy

- at the level 0, as in Assumption 2.1, we construct the convex set
Koy with w = u" and wy = w’f“. Then, we calculate ng € Ky, the
solution of the inequality

(F'(u" + w4+ wg™), v — wgt )+

4.10
( ) (,D(U6L+l,un + w?-ﬁ-l + UO) _ (,D(U6L+l,u" + w?-ﬁ-l + w(r)z-i—l) > 0’

13
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for any vy € Ky, where
(4.11) vpt = u w4l

+1 ntl wgﬂ-

- we write u"T = u" 4+ wy

The other algorithms are variants of the above algorithm in which
we change the first argument of ¢, taking

i—1

n+
(4.12) o =" w7 and of Tt = u” 4wt
or
(4.13) o = ot =

Also, we introduce two additive algorithms. A first algorithm corre-
sponding to the subspaces Vy, Vii,---,Vim and the convex set K is
written as follows

ALGORITHM 4.2. We start the algorithm with an u° € K. Assuming
that at iteration n > 0 we have v € K, we simultaneously perform, the
following steps:

- we construct the convex sets K1 and K as in Assumption 2.1 with
w=u" and w; =0,

- we simultaneously calculate,

w?;rl € Vi; N Ky, the solutions of the inequalities

(F'(u + wiith), vy — wi )+

4.14
(4.14) P U+ 1) — (o w0,

for any vy; € Vi; N Ky, write w’f“ =3 w?;rl, and
ngKo, the solution of the inequality

(F'(u™ + wg“), Vg — w8+1>+

n+1 n+1

4.1
(4.15) P ™+ ) — (I ) > 0,

for any vy € Ky, where

n+l _ n+l _ n n+1
(4.16) v =y =t wi

Then, we write u™t! = u™ + mil(w?“ +w6L+1), with a fited 0 < r < 1.

A simplified variant of Algorithm 4.2 is obtained by taking
(4.17) o = T and of T = w4+ wf

Like for problem (4.5), we can prove that the problems in the above
algorithms are equivalent with minimization problems, and they have
unique solutions if there exists a constant s < 1 such that ;—ﬁ < 2, for
any M > 0.

The following theorem proves that if c¢j; is small enough, then Algo-
rithms 4.1, 4.2 and their variants are convergent.

14
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Theorem 4.1. Let V be a reflexive Banach, Vo, Vii, -+, Vim some
closed subspaces of V', and K a non empty closed convex subset of V
which satisfies Assumption 2.1, Assumption 2.2 when we apply Algo-
rithms 4.1, and Assumption 2.3 in the case of Algorithms 4.2. Also,
we assume that F' is Gateaux differentiable and satisfies (2.1) and (2.2)
with p = q¢ = 2, the functional ¢ is conver and lower semicontinuous
in the second variable, satisfies (4.2), (4.3) for Algorithm 4.1, (4.4) for
Algorithm 4.2, and F + ¢ satisfies the coercivity condition (4.1) if K s
not bounded. Let

(4.18) M = sup{||v|| : F(v) + ¢(u,v) < F(uo) + cp(u,uo)}

where u is the solution of problem (4.5) and u® is its initial approwi-
mation in Algorithms 4.1 or 4.2. On these conditions, there exists a
constant xar > 0 and if

(4.19) M <y

then, the norms of the approximations of the solution u of problem (4.5)
obtained from these algorithms are bounded by M and we have the fol-
lowing error estimations:

Fu™) + o(u,u") — F(u) — p(u,u) <

(4.20) (Clcil)n[F(uo) + @(u,u) — F(u) — @(u, u)],

(421)  Ju" —ull® < Z (o) F () + p(u,u) — F(u) — p(u,u)].

The constant Cy > 0 depends on the functionals F' and @, the solution
w, the initial approzimation u°, m, and the constant C.

Remark 4.1. For Algorithm 4.1, constant Cy can be written as,

Cl = CZ/C3
) Co = Bar(m + 1)(1+2C + So)+
: ent(m+1)(1 +2C + L)
C3 =%t —cpr(1+e3)(m+ 1)
where
 2em(mA1) _ B oeulmtl)
(4.23) €1 =€y = Wy (m+ 1)’ €3 = 2epr(m+1) 7

and x 18 the smallest positive solution of equation

1
(4.24) (m+ Dxn + \/2(m +1)(25C, + 8)a—MXM -5=0.
M

15
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Also, in the case of Algorithm 4.2, constant Cy can be written as,

Cl — m—i-rl—r + C2 m:—l
Cy = "L B (1 4 Co(1 + 55))+

4.25 :
( ) ev(1+Co+ 1—55300 )]
Cy =4t —cp(1+ 5=)(m+1)
where
1
(4.26) E1 = &2 =€&3 = CM(m + )

S — ey (m+1)’
and x 18 the smallest positive solution of equation

(3 - Coxm) 5L =

XM (mA+1) (xm)?(m+1)?
(1+3Co) 5 —xnm(m+1) +2(1+ Co) [5 —xar(m+1)]2

Proof of Theorem 4.1. As for Theorem 3.1, the proof in the case of the
multiplicative Algorithms 4.1 is identical with that of Theorem 2 in [7]
(see also [5]), except the changes of notation due to the introduction of
the convex sets K; and K, and will be omitted. Moreover, we shall
prove the theorem only for Algorithm 4.2, the proof of its variant with
v and vfth in (4.17) is similar.

Step 1. Evidently, the existence of M > 0 satisfying (4.18) follows
from the coercivity of F'+ ¢. Now, we show that this M has the prop-
erties in the statement of the theorem. In this proof, equations (2.1),
(2.2) and (4.2) will be used with u, v, v1, ve, w; and wy replaced only
with the solution u of problem (4.5) or its approximations obtained from
Algorithms 4.1, 4.2 or their variants. Let us assume that M, is the max-
imum of the norms of these approximations obtained after n iterations.
With this M,,, we shall get that error estimation (4.20) holds until the
iteration n. Even if C7 depends on M,,, this error estimation implies
F(u™) + p(u™) < F(u®) + p(u®). Moreover, using the minimization
problems equivalent with the inequalities in the algorithms we get that
the other approximations of u satisfy a similar equation, ie. M,, < M.

Step 2. From (4.14), (4.15) and (2.4), we get that, for any n > 0 and
i=1,--,m,

(4.27)

Flut) = F(u" 4+ wiit!) + oot ur) -
(4.28) QI + i) 2 gt
F(u™) — F(u" +wy™) + o(vg T, u™)—

eugth um + wgth) > 4L flwg T2
Also, in view of (4.7), we get
F(u™+ w;‘jl) — F(u) + o(u,u"™ + w?fl)—
p(u,u) > 9L [u" 4wl — |2
F(u™+ ng) — F(u) + o(u,u"™ + ng)—
p(u,u) > 2 |um + with — ul?

(4.29)
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forn>0andi=1,--- ,m. From (3.22) and (4.28), we have

F(un+1) (1 —T’)F(U ) TI’L1+1 [Zz lF(lu +w?z+1) +F(un +w6L+1)] é
F(u") — i 9t [0 [y P + [Jwg ™)+

. m+1 2 emion 1 n+1
m+1 [Z (@ (vlz s u) — vy u" +wy )+
so(vg“,u") o(optt un +wg+1)]

Consequently, we have

#%[ZZ 1Hw11+1\!2+!\w6‘“1\!]<F( 2 Fu™)+
(130) oSS (ool ) — (ol + )

n+1’un) (p(v(r]z—i-l u™ +wn+1))]

Using (4.2) and the convexity of ¢ in the second variable, we have

S (e um) — oo um 4w+

P ) = (o, )] — ol ) + () <
S (e um) — oo um 4w+

P T ) — plog ™ 4wl

mil[ZZ”l(sO(uu +w"“) o(u, um))+

m+10M[Zzl [ +w"1 = ul[f[wy |1+
[ +wy " — ul|[Jwg ] <

—] M[Z, 1||wl“||+1||w"“ll+1
Jam+t — uH][ZZ 1w H+Hw"++!1\]2 s
e (14 g00) (m+ DT [Jwii 1+ [hwg ™ P+

eren 17— ul?

for any e; > 0, where @"*! is defined in (3.27). In view of (4.30) and
(4.31), we get

[T” ear(1+ ) (m + OIS [Jwf P + [Jwg P <
+

[F(u")—F( ")+ p(u,u) = (u, u]+
~n+1 uH2

(4.32)

for any 1 > 0.

Step 3. Applying Assumption 2.3 for w = u™ and v = u, we get a
decomposition wu(, ufy, - ,uf,, of u—u". From Assumption 2.3, we can
replace vy; and vy by uf; and ug in (4.14) and (4.15), respectively, and

17



O©CO~NOOOTA~AWNPE

in view of the convexity of F, (2.4), (4.14) and (4.15), we obtain

F(u) = F(u) + @(u, u™ ) — p(u,u) + 57 %Gt Ju — a" P <

(1- mil)[F(U") — F(u)] + 757 [F(a"+) — F(U)+
QMHU a4 o(u, u" ) — p(u,u) < (1 — L) [Fu™) — F(u)]+
(F'(@™ ), a" ™ — ) + o(u, u™™) — p(u, u) <
(1= )W) = F(u)l+

L[S (Y (o wi) = P, ul — wih+
(F i) - P, — wg T

LS (ol um + ul) — (ol um + wh)+
elop™™u +u) — e(ui T ut + wi ]+

ol u™ 1) — ()

m+1

Consequently, we have

F(u™h) = F(u) + o(u, u") — o(u, u)+
gl — i <

(1= 75 )F W) = F(u) + ¢(u,u”) — p(u, u)]+

(4.33) o (FY (w4 i) — B @), ulfy — wi )+
B ™) — P, g — )
m+1[221(90(v?,+1 u” +ul;) — 90(”?:“ u +wn+1))+
90(1)6“‘1 Un—i—u ) (p(,ug—i-l u” +w"+1)]+

o, u) = o(u, w)] + @ (u, u™) — (u, u™)

Using (2.2) for p = ¢ = 2, Assumption 2.3 and the Holder inequality,
similarly with (3.30), we get

S (F ( + wi) = F @), u — with+

(F'(u™ +wi ™) — F/(a ), ufy —wi™) <
ﬂM<m+1>[1+Co<1+g)HZZ w12+ oy 2+
,BMCO HU n+1H2

(4.34)

for any e > 0. Similarly with (3.22), from the convexity of ¢ in the
second variable, we get

plu,u™) < (1-r)p(u,u")

po——l Zcp (u, u" w5 ) o (u, u™ )

18
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Using this equation, in view of (4.4), (4.2) and Assumption 2.3, we have

1 1 1
i i (e (o ;) — (o u + with)+
go(vg“ u” +ug) — gp(ng u"—l—wgﬂ)]—l-
o L (u, u™) — 905 u)] + (u, u"tt) — 1 p(u,u )f
m’;l[ZZ’"‘l(so(v?f u +uly) — (o u + wi)+
euf T um +uf) — o(ug T un +WS‘+1)]+

1 1
g [y (u, u™ 4w + pu, u™ 4 wp )] -
o [mep(u, u™ )+190(U7U)] < ) X
m:—l[zznl((p(v?j_ u” +ulz) (‘0(?};7_ u” +wn+ ))+
cp(vg+ Ju ) — gp(ng u™ +w"+1)]+
1
o (i () — o +uf))+
o(u,u™ —i—w"H) o(u, u™ +ug)] <
1 1

e Doy lu + wi ™ — u ol — |+
[Ju” +w"+1—uHHw"+l ugll] <
ercMHW”rl1 —ul + 33, ||w11+1|| + Jlwg ]
Do (Jwhs 1H + [Ju"|l) + [Jwg ™ JU1+ ugll] < s
e [|a" T =l + 370 [Jw; ||+1H o I 1
[Colla™ — wll + (1 + Co) (7 NlwiH | + lwg™)]

or

it o (P (ol ) — (o w - wi )+
+o(vpth u™ ) — (it w4 wp T+

(4.35) g (s u™) = o(u, w)] + (u, u"*h) — p(u,u™) <
" ewlCo + (1 2C0) 2] [am — w2+
rem[l+ Co + HQCOHZZ w2+ g 2]

2e3

for any €3 > 0. Consequently, from (4.33)—(4.35), we have

Fu™) — F(u) + o(u, u™ ) — o(u, u)+
{2 — B Co% — enm[Co + (1 +2Co) L H|u — a2 <
(4.36)  PEEL[F(ut) — F(u"™) + o(u, u™) — o(u, u™ )]+

(m + D{Bum[1 + Co(1 + 252)]+CM[1+C'0+ 1-5350]}.
[0 w2 + | wg ]2

for any 9, €3 > 0.
Step4. Writing C, Cy and C35 as in (4.25), and

Cy = aM — Bm C07 — CM(C + 1+2CO€3) CM 5 Ly
then, from (4.36) and (4.32), on the condition C5 > 0, we get

Fumh) — F(u) + o(u, u™) — p(u,u) + Cy||lu — a2 <

3T P @™) — Fm) + plu, u™) — (o, )]
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Now, if Cy > 0, then (4.20) can be obtained from (4.37). Also, in view
of (4.7), (4.21) can be obtained from (4.20).

We can easily see that Cy, as a function of €1, €9, and &3, reaches its
maximum for the values given in (4.26), and this is

Cimaz = 4+ — crCo — [BuCo + enr (1 + 200)]%
c2 (m+1)2
-(1+ CO)(BM +eM) Er

Condition Cypaz > 0 is satisfied if

1 CM | QM AL (m +1) (£2)2(m 4 1)2
~——Co— > (1+3C M +2(1+C, M
(2 OOéM),BM ( 0)%—%(771—1—1) ( 0)[% 2L (m + 1))

Writing xar = ;—Jl‘é, we see that equation (4.27) has a solution s €

(CO, ﬁ); gnd if it is the smallest one and we take g—x < xm, then
dmax = Y-
The value of C3 for €1 in (4.26) is

1 ayy

C’3max = 5(7 - CM(m + 1))

Since we can always take C'o > m+1, the above solution x s of equation
(4.27) satisfies xps < ik and therefore, we get C3pmax > 0 for any

A< X

2(m+1) =)

O

5 Convergence rates of the two-level methods

Algorithms in the previous section can be viewed as two-level Schwarz
methods in a subspace correction variant if we use the finite element
spaces. The convergence rates given in Theorems 3.1 and 4.1 depend on
the functionals F' and ¢, the number m of the subspaces and the constant
Cy introduced in Assumption 2.2 or 2.3. In the multiplicative methods,
the number of subspaces can be associated with the number of colors
needed to mark the subdomains such that the subdomains with the
same color do not intersect with each other. Since this number of colors
depends on the dimension of the Euclidean space where the domain lies,
we can conclude that our convergence rates essentially depend on the
constant Cj.

We prove in this section that Assumptions 2.2 and 2.3 as well as
conditions (3.2), (3.3), (4.3) and (4.4) hold for closed convex sets K of
two-obstacle type for which we construct level convex sets K and Ky as
in Assumption 2.1. Also, we are able to explicitly write the dependence
of Cp on the domain decomposition and mesh parameters. Therefore,
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from Theorems 3.1 and 4.1, we can conclude that the two-level meth-
ods globally converge for variational inequalities of the second kind and
quasi-variational inequalities. Moreover, the introduced methods have
an optimal computing complexity per iteration, and from the depen-
dence of Cy on the mesh and domain decomposition parameters, the
convergence rate is optimal, ie. is similar with that in the case of linear
equations, for instance. This convergence rate depends very weakly on
the mesh and domain decomposition parameters, and, for some partic-
ular choices, it is even independent of them.

We consider two simplicial mesh partitions 7, and Ty of the domain
Q c R of mesh sizes h and H, respectively. The mesh 7}, is a refinement
of Ty, and we assume that both the families, of fine and coarse meshes,
are regular (see [8], p. 124, for instance). We assume that the domain
is decomposed as

(5.1) o=

and that 7, supplies a mesh partition for each subdomain €;, ¢ =
1,...,m. The overlapping parameter of this decomposition will be de-
noted by §. In addition, we suppose that there exists a constant C,
independent of both meshes, such that the diameter of the connected
components of each €; is less than CH. We point out that the domain
2 may be different from Q¢ = Urc7;, 7, but we assume that if a node of
Ty lies on 0y then it also lies on 02, and there exists a constant C,
independent of both meshes, such that dist(x,Qy) < CH for any node
x of Tp,.
We consider the piecewise linear finite element space

(5.2) Vi, ={veC®Q): v, € P(r), T €T, v=0on o0},
and also, for ¢ = 1,...,m, let
(5.3) Vi={veV,:v=0in Q\Q}

be the subspaces of V} corresponding to the domain decomposition
Q1,...,Q,. We also introduce the continuous, piecewise linear finite
element space corresponding to the H-level,

(5.4) Vi ={ve Qo) : v|, € Pi(r), 7€ T, v=0o0n 0%},

where the functions v are extended with zero in Q\Qy. The spaces V},
and V,f, i=1,...,m, and VI(} are considered as subspaces of W1*, for
some fixed 1 < s < co. We denote by || - ||o,s the norm in L*, and by
|- ll1,s and | - |15 the norm and seminorm in W*, respectively.
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We consider problems (3.4) and (4.5) in the space V = V}, with the
convex set of the form

(5.5) K={veV,: p<v<1},

where ¢, ¥ € Vi, ¢ < 1p. The two-level methods are obtained from the
algorithms in the previous sections with V) = V137 Vii = Vhl7 s Vi =
v,

" Naturally, if for the previous choice of the convex set K and the
subspaces V, Vi1,..., Vi, of V| we construct the convex sets Ky and
Ky as in Assumptions 2.1 and prove that Assumptions 2.2 and 2.3 are
satisfied, we can conclude that these algorithms converge if we prove in
addition that the functionals ¢ satisfy, depending on problem and on
the utilized algorithm, (3.2), (3.3), (4.3) or (4.4).

In general, the functionals ¢ in the original problem do not satisfy
these technical conditions. For this reason, they have been replaced [7]
by approximations, obtained by numerical quadrature in V},. In the case
of the variational inequalities of the second kind, we assume that the
functional ¢ is of the form

(5.6) p(v) = Z sp(h)g(v(zy)) = Z $k(h)¢r(v)

KEN}, keNy,

where ¢ : R — R is a continuous and convex function, N}, is the set
of nodes of the mesh partition 7, and s.(h) > 0, k € N}, are some
non-negative real numbers which may depend on the mesh size h. For
the ease of notation, we have written ¢, (v) = ¢(v(x,)). We see that ¢y,
k € Ny, can be viewed as some functionals ¢, : V}, — R which satisfy

6.7 Pa(Ln(0v+ (1 = O)w)) < O(zx)dx(v) + (1 = 0(2x)) b (w)

for any v,w € K, and any function § : Q — R which satisfy § € C°(Q),
6|, € C'(r) for any 7 € T, and 0 < § < 1. Above, we have denoted
by Lj the Pi-Lagrangian interpolation operator which uses the function
values at the nodes of the mesh 7.

For the quasi-variational inequalities, we assume that the functional
¢ is of the form

(5'8) go(u,v) = Z Sn(h)Qs(u’U(xn)) = Z Sﬁ(h)Qsﬁ(u’v)

KEN}, keN},

where ¢ : V;, x R — R is continuous, and, as above, s.(h) > 0, k € Np,
are some non-negative real numbers which may depend on the mesh size
h. Also, we assume that ¢(u,-) : R — R is convex for any u € V}, and,
for the ease of notation, we have written ¢, (u,v) = ¢(u,v(zy)). We see
that ¢, K € N}, can be viewed as some functionals ¢,. : Vj, x V}, = R
which satisfy

(5:9) bu(u, Lin(0v + (1 = O)w)) < 0(2x) b (u,v) + (1 = 0(2)) dr (u, w)
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for any v € Vj,, v,w € K, and any function 6 : Q — R with the proper-
ties € C°(Q), 0|, € C(r) for any 7 € Ty, and 0 < 6 < 1.

To verify that Assumptions 2.1-2.3 for the convex set in (5.5), we
consider the operator Iy : Vi, — VJ3, which has been introduced in [3],
and we recall here some of its properties. For any x € ), we have

0 < Igv(z) <wv(x)if v(z) > 0,
(5.10) 0> Igv(xz) > v(z) if v(z) <0,
Igv =0 on 7 € Ty if there exists a = € 7 such that v(x) =0

for any v € V3. Consequently, writing

Igv(z) .
0 (z) = o f v(z) #0
0 if v(z) =0

then 0, € C%(Q), ,|, € C'(r) for any 7 € T;, 0 < 6, < 1, and
(5.11) Igv=~0,v

for any v € V3. Also, Iy has the following properties (see Lemma 4.3 in
[3]) for any v € Vj:

(5.12) [ 1av —vllo,s < CHCy(H, h)|v|1s
(513)  [[avlos < Cllollos and [Tvl,s < CCos(H,B)olus,
where
1 ifd=s=1or
- T 1<d<s<x
(. ) d,s( ) )_ (ln%ﬁ_l)% fl<d=s<o0
(&) if1<s<d< oo,

Now, we define the level convex sets K and Ky, satisfying Assump-
tion 2.1. Let K be the convex set defined in (5.5), and a w € K. We
consider

(5.15) K1 = [p1,91], o1 = ¢ —w, 1 =9 —w,
| Ko = [0 90ls wo = Tu(er —wi), o = I (Y1 —wn)

where w; has been chosen in K. Using (5.10) we can easily prove

Proposition 5.1. Assumption 2.1 holds for the convex sets K1 and K
defined in (5.15) for any w € K and w; € K.
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Now, let us consider u,w € K and define
(5.16) up =u—w—Ig(u—w—wy) and ug = Iy(u —w — wy).
where w1 € Kq1. Now, we prove

Lemma 5.1. If K1 and Ky are defined in (5.15), and uy and uy are
defined in (5.16), then

(5.17) u € Ky, ug € Ko and v —w = uq + ug
and

[uoli,s, [uilr,s < CCqs(H,h)[|wili,s + Ju — w1,
(5.18) [[utllo,s < [|lwillo,s + CHCys(H, h)[|lwil1,s + |[u — wli 4]

[luollo,s < Cllfu = wllo,s + l[wilfo,s]-

Proof. Since v — w,w; € K, using (5.11), we get u3 = v — w —
Ov—p—w, (U —w—w1) = (1 = Oy—y—uy ) (U — W) + Oy—y—uy w1 € K7. Also,
since u, w+w; € K, we have w+wi+ug = w+wi+0y—w—w, (u—w—wi) =
(1 = Op—pwy)(w + w1) + Oy—p—wyu € K, ie. ug € Ky. Evidently,
u—w = uy + up, and therefore (5.17) holds. Inequalities (5.18) easily
follows from (5.12) and (5.13). O

To prove that Assumption 2.2 holds, we associate to the decomposi-

tion (5.1) of © some functions 6; € C(Y;), 0;|, € Pi(7) for any 7 € Tp,
i=1,---,m, such that

(5.19) 2 <#; <1on Q;nﬂi =0on U, Q;\Q; and
P = 1 on Qz\ Uj:i—i-l Qj.

Such functions #; with the above properties have been introduced in [1]

and they are constructed using unity partitions of the domains U;»”:Z-Qj,

i=1,...,m. Also, to prove that Assumption 2.3 holds, we associate to

the decomposition (5.1), a unity partition {6; }1<i<m, with 6; € C°(Q),

0;| € Pi(7) for any 7 € Tp, i =1,--- ,m,

(5.20) 0<6; <1onQ, supp 6; C ; and Yoiribi=1

Since the overlapping size of the domain decomposition is §, the func-
tions #; in (5.19) and (5.20) can be chosen to satisfy

(5.21) |0z,0i| < CJo, ae. in, forany k=1,...,d

As in (5.21), we denote in the following by C' a generic constant which
does not depend on either the mesh or the decomposition of the domain.

Now, we prove the following proposition which, in particular, shows
that the constant Cj in Assumptions 2.2 and 2.3 is independent of the
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mesh and domain decomposition parameters if H/é and H/h are kept
constant when h — 0. Also, we can conclude from this proposition
that the error estimations in Theorems 3.1 and 4.1 hold for the two-
level methods, arising from the algorithms introduced in the previous
section, for variational and quasi-variational inequalities of the second
kind.

Proposition 5.2. Assumptions 2.2 and 2.3 holds for the convex sets
Ky and Ky defined in (5.15) with the constant Cy written as

(5.22) Co = C(m+1)Cys(H, h)[1 + (m — 1)%]

where C is independent of the mesh and domain decomposition parame-
ters, and Cqs(H,h) is given in (5.14). Also, conditions (3.2) and (3.3),
for functionals ¢ of the form (5.6), and (4.4) and (4.3), for the func-
tionals ¢ in (5.8), are satisfied.

Proof. For Assumption 2.2, let us consider u, w € K and wy; € V' such
that w11 + ... +wy; € Ky, @ = 1,...,m. In the construction of the
convex sets Ky, we take wy; = > /" wy;, and consider uy and ug given
in (5.16). Now, we define

(5 23) Uil = Lh(91U1 + (1 — 91)2011) and
’ Uy = Lh(el(ul - Z;_:ll ulj) + (1 - ei)wli)v = 27 sy,
with 6; in (5.19), L; being the Pj-Lagrangian interpolation. Like in
Proposition 3.1 in [3] (see also [1] or [7]), where we take v = u; and
w = 0, we can prove that

U1 EV;:, wiy + ...+ w1 +uy € Ky, i=1,...,m and
m
Uy :Zi:1u1i~

From (5.17) and (5.24), we get that the first two conditions of Assump-
tion 2.2 are satisfied. We estimate now the constant Cjy. In view of
(5.23), and using (5.21) and some proprieties of the Lagrange interpola-
tion operator, as in the proof of Proposition 3.1 in [3], we can write

(5.24)

(5.25) [lurill1,s < C(lul,s + (14 252 |ualo,s+
(14 (m = DE) ST Jwijls)-

In view of (5.18) and (5.25), we have

lluill1s < CCas(H,h)[1+ (m — D) H[lu —wly s+ 372 |wijls),
i=1,...,m, and [[ul[1,s < CCys(H,h)[[u —wll1,s + 371 [wijs]

ie. Assumption 2.2 is satisfied with Cy given in (5.22).

25



O©CO~NOOOTA~AWNPE

In the case of Assumption 2.3, we consider u,w € K and construct
uo and uy as in (5.16) with wy = 0. Then, we define

(5.26) u; = Lp(0uy), i=1,...,m,

and it is clear that uy; € V}f N K7 and the first condition in Assumption
2.3 is satisfied. As above, we get

l|uii]]1,s < CCqs(H, h)[1 4+ (m — 1)%]\u —w|is, i =1,...,m, and

l|uol1,s £ CCqs(H, h)||u —wl|1s

ie. Assumption 2.3 is satisfied with Cj given in (5.22).

Finally, to prove that conditions (3.2), (3.3), (4.3) and (4.4) hold for
the functionals ¢ in (5.8) and (5.6), it is sufficient to show that these
conditions are true for each ¢, kK € Nj. We prove in the following only
condition (3.2), the proof for the other ones being similar. Like in the
proof of Propositions 1 and 2 in [7], using (5.16), (5.23) and (5.11), in
view of (5.7), we have

Yol (w4 D052 wij + was) — ow(w + 3505 wiy + w4+

Or(w + w1 + ug) — e(w + wy + wp) <

0w+ u1) — pe(w + w1) + pr(w + w1 + ug) — e(w + wy + wp) =
or(u—ITg(u—w—wy)) — oe(w+wy)+

(w4 w1 + Ig(u—w —wy)) — e(w + wy + wp) <

(1 = Ouww—wr (T6))Pr (1) + Ouro—wr (T) P (W + w1) — @ (w + wr)+
(1 - eu—w—wl (wn))gpn('w + wl) + Hu—w—uq (x,.@)gp,{(u) - (,O(U) + w1 + wO)
Pr(u) —p(w + 31" wi; + wo)

ie. (3.2) holds. O

Remark 5.1. In this Section 5, we have assumed that, in the case of
the quasi-variational inequalities, the functional ¢ is of the form (5.8).
We notice that the proofs of Proposition 5.2 also holds if we replace the
functional ¢(u,v) in (5.8) with

(5.27) p(u,v) = Z se(h)p(u(zy), v(zy)) = Z 8k (h) o (u, v)

KEN}, keN},

where s,(h) > 0, and ¢ : R x R — R is continuous and convex in the
second variable. We have denoted above ¢, (u,v) = ¢(u(zy),v(zy)), K €
Np,. In general, (5.6), (5.8) or (5.27) represent numerical approximations
of some integrals. Concerning to condition (4.2) imposed on ¢ of the
form (5.8) or (5.27), in the case of quasi-variational inequalities, we have
to check it for each particular problem we solve.

The results of this section have referred to problems in W1* with
Dirichlet boundary conditions. We point out that similar results can
be obtained for problems in (W1#)? or problems with mixed boundary
conditions.
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