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ABSTRACT

Variational inequalities have found many applications in applied science. A partial list
includes obstacles problems, fluid flow in porous media, management science, traffic net-
work, and financial equilibrium problems. However, solving variational inequalities remain
a challenging task as they are often subject to some set of complex constraints, for exam-
ple the obstacle problem.

Domain decomposition methods provide great flexibility to handle these types of prob-
lems. In our thesis we consider a general variational inequality, its finite element formu-
lation and its equivalence with linear and quadratic programming. We will then present
a non-overlapping domain decomposition formulation for variational inequalities. In our
formulation, the original problem is reformulated into two subproblems such that the first
problem is a variational inequality in subdomain ' and the other is a variational equality
in the complementary subdomain 2¢. This new formulation will reduce the computational
cost as the variational inequality is solved on a smaller region. However one of the main
challenges here is to obtain the global solution of the problem, which is to be coupled
through an interface problem. Finally, we validate our method on a two dimensional
obstacle problem using quadratic programming.

Some part of this thesis has been accepted to publish in proceeding from the twenty first

international conference on domain decomposition methods [94].
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CHAPTER 1

INTRODUCTION

Variational inequalities have gained great importance over the last few decades both
from a theoretical and a practical point of view. These problems arise in many physical,
engineering and financial phenomena and have applications in various fields. For example,
we could find some applications in the study of obstacle problems [27] [71], American
options pricing model [117], the Stefan problem, the filtration dam problem [95], flow
problems [49] etc.

A famous variational inequality problem was introduced by Antonio Signorini in 1959,
named as the Signorini problem; which was essentially an equilibrium problem. These
problems were solved by Fichera 1963 [44] and 1964 [45]. Some more details on the
historical review of variational inequality problems can be found in [[2], pp 282-284].
Variational inequalities can often be reduced to a complementarity problem. An LCP
can be solved by optimization techniques such as linear programming (LP) or quadratic
programming (QP) (constrained minimization problem) problems. For example Lion in
[30] and Murty in [88] have given some results to show the equivalence of LCP to LP
and QP problems. The LCP seems to be a bridge between variational inequalities and
optimization problems.

Domain decomposition (DD) methods are one of the most powerful tools for developing



parallel algorithms for the solutions of very large scale problems in the field of science
and engineering. These methods have been extensively used for the solution of elliptic
problems either for partial differential equations or partial differential inequalities. DD
methods are based on the rule of divide, conquer and combine. Combining the solutions
for different subdomains is a challenging task. The decomposition of a domain is also very
important as in different subdomains the behavior of the original problem differs and each
subproblem could be solved independently depending on the behavior of the subproblem.
In this thesis we apply DD methods to reformulate our variational inequality problem and

then find its solution using optimization techniques for minimization problem.

1.1 Elliptic variational inequalities (EVI)

Let Q € RY, d = 1,2, be a bounded open domain with boundary 9. Consider the

problem
.

Lu > f in €,

u =1 in €,
(1.1.1)
(Lu— f)(u—1)=0 in £,

\ u=0 on 012,

where L is an elliptic operator defined as
Lu = —div(a-Vu)+b-Vu+cu.

These types of problems arise when a problem is to be solved subject to some constraints,
for example, in the above problem, we have to compute the solution with the restriction

u > 1, and thus it gives rise to a variational inequality problem

a(u,v —u) = Llv—u), YveK,



where K ={veV:v>2¢inQ v=0 in Q},

The discrete form of (1.1.1) is

Lu>f,
VIL,f,V): ¢ u> 0,

(1.1.2)

where L € R™" u,f, ¥ € R” and the last product is understood in an entrywise sense.

Problem (1.1.2) is related to the following LCP and QP problems.

Find w,z € R” such that

w — Mz = q,
LCP(M,q) : w>0, z>0,
wlz = 0.

QP(A,b,c,D): subject to Ax > b,

x = 0.

1
Minimize Q(x) = cf'x + §XTDX,

We will show in Chapter 3 that these variational inequality problems are equivalent to

linear complementarity and quadratic programming problems.

VI(L,f,¥) = LOP(L, LY — f) = QP(I, ¥, —f, L).

As a model example for variational inequality we consider the well known Obstacle Prob-

lem.



1.1.1 Obstacle problem

The obstacle problem seeks the equilibrium position of an elastic membrane (a string in
the one dimensional case) in an open bounded domain 2 with closed boundary 0f2, which
lies above an obstacle ¥ under a given vertical force f. The membrane is fixed along the

boundary 052, so u = 0 on 0f2. This can be written as the system of equations

—Au—f>0 inQ,
wu—1>0 inQ, (1.1.3)
(u—Y)(—Au— f)=0 in Q.

Some examples are shown in figures (1.1)-(1.3)

91 F Qz F 93

Figure 1.1: Obstacle problem in 1D



Figure 1.2: Obstacle functions

Figure 1.3: corresponding solution



Figure (1.1)-(1.3) correspond to the obstacle problem in which a membrane lies above
three obstacles (cylinders), could be seen that the obstacles have support on a small area

of the domain.

1.1.2 Convection diffusion problems

In Chapter 2, we give another example of variational inequalities, a convection diffusion
problem, which was motivated by models in mathematical finance such as the Black-

Scholes equation.

—div(a-Vu)+b-Vu>f in Q,
u > ¢in Q, (1.1.4)
(u—1)(—div(a-Vu)+b-Vu—f)=0 in Q,

a = aly, is a diffusion direction and b is a convection vector. Since these problems are
non-symmetric in nature, they do not possess a minimization formulation and hence can
not be solved by quadratic programming solvers. We describe a method in which by mak-
ing some suitable substitution we convert the non symmetric problem into a symmetric
reaction diffusion problem. This problem, can then be solved by domain decomposition
method. The solution to the convection diffusion problem is obtained by converting back

the variables.

1.2 Parabolic variational inequalities (PVI)

Parabolic variational inequalities usually arises in the theory of heat conduction, air con-
ditioning heat flow, Black-Scholes, Stefan problem [40]. The dynamic obstacle problem, a
kind of parabolic variational inequality, is of great importance in physics, mechanics and

engineering applications. The parabolic variational inequality can be written as;



find u(x,t) such that

( % —Lu = f,
u(x,t) = ¥(x,t) in Qx]0,T7,
(u — ) (%— Eu) =0, (1.2.1)
u(x,t) = 0 on I x [0, 7],
u(x,0) = ¥(x,0) on €, at t = 0.

The variational formulation for parabolic problem is; find u(x,t) such that

<%,v —u) +a(u,v—u) =2 Ll(v—u), Yve K, te€0,T], (1.2.2)

with initial condition

(u(x,0),v —u) = (P(x,0),v —u), (1.2.3)

where

K ={vlve H}(Q): v>1in Q}
is a non-empty convex subset of V, u(x,0) € K and f € L*(0,T; L*(Q)).

1.2.1 Semi-discretization in space

The matrix form of the semi-discretised problem is

du

(v—u)’ ME +(v—-u)llu > (v—-u)f,
or equivalently
du
M—+ Lu>f, 1.24



with initial condition

u(x,0) > ¥(x,0).

1.2.2 Discretization in time

To obtain the fully discrete form of the parabolic variational inequality we use two schemes,
the backward Euler and Crank Nicolson. The matrix formulation for the fully discrete

problem can be written as

~

Akuk 2 /fk,
ut > Uk, (1.2.5)

(uF — UF); (At — %), =0 1<k <1,

where fAlk and /f\k depend on the time discretization scheme. These problems upon dis-

cretization yield the same type of discrete variational inequalities.

1.3 Domain decomposition Methods

Domain decompositions methods generally refers to the splitting of boundary value prob-
lem, into coupled subproblem on smaller subdomains, which are the partitioning of the
original domain. In 1870 Schwarz [103] proposed an overlapping domain decomposition
method to compute the numerical solutions of partial differential equations on an exotic
domain combining a disc and a rectangle. The decomposition of domain is also very im-
portant as in different subdomains behavior of the original problem may differ and each
subproblem can be solved on the subdomains independently and in parallel. Some more
advantages are that, the domain decomposition algorithms are geometry free and can be
implemented as fast iterative solver.

In this thesis we consider non-overlapping domain decomposition methods for (1.1.1) and

(1.2.1). A detailed discussion is given in Chapters 5 and 6.



1.3.1 Domain decomposition Method for elliptic problem

For elliptic problems, we introduced a novel approach in which, € is partitioned into two
subdomains and solve our variational inequalities in such a way that for each subdomain
either we solve an equality problem or an inequality problem. Thus, we partition the

domain € into two subdomains Q* and ¢ with interface I" such that

Q=0UQ°UTr

and in this way, we reformulate our problem into two subproblems one of which is a
variational inequality in subdomain Q¢ and the other is a standard PDE in subdomain
Q°¢. The domain decomposition formulation of (1.1.1) can be written as follows: find

z1, Z9, A, w such that

Lz =f in Q°,
z1 = 0 on 00\ I (1.3.1)
z17 = 0 on I
{ Se)\: _n‘VZ]_ _n-vw’ on F (132)
(Lw>f in O,

w > Y in Q)
(Lw— f)(w—1)=0 in Q (1.3.3)
w=0 on I\ T,

| w = A onl

( Lz =0 in Q°
zg = 0 on 90\ I (1.3.4)
Zo=A on [

10



The resulting solution is then

U|ge = 2 1= 21 + 29,

where the solution for A and w is approximated in an iterative manner. Note that (1.3.1)
and (1.3.4) are standard linear problems which can be solved either directly or indirectly
(using DDM, for example). We show in Chapter 5 that the discretization of problems

(1.3.1)-(1.3.4) gives rise to an algebraic system

w0 A uj f
Au = O Ay Al u > fi | =1 (1.3.5)
A?I A?l AFF ur fp

The idea of applying the domain decomposition method here is to solve the variational
inequality problem only in the domains containing the support of the obstacles. This
approach leads us to a reduced variational inequality system, which could be seen as a
Schur complement approach for the system (1.3.5) and is discussed in detail in Chapter
5. The reduced system for (1.3.5) is

A?J A?F u§ f} (1.3.6)

A?l Se ur fp

where

S = Arr — A, (A7) Afr,

and the solution on 2¢ is given by

uj = (A?I)_l(fle — Afrur).

Thus, we try to achieve the task of solving a variational inequality in a smaller region

11



rather than in whole domain with the aim to reduce the computational cost.

1.3.2 Domain decomposition method for PVI

The domain decomposition method for PVI at each each time step k, can be written as

A?I O A?F (u?)k (ff)k
Awt =1 o A, A || ) [=] @ | =1 (1.3.7)
Asp Ab, App (up)® (fr)*

In particular, we have
g?[ = E?} + My, A\}I = Zz11 + M;,,
Apr=Lrr+ Mpp, Ajp =L+ Mj, Ayp=Lip+ M.
M

Where L = (1+6)L and M = AL 6 = 0 or 1/2, depending on the discretization
k

scheme. By using this notation, we have the following matrix form at each time step k

A (ufE = (£, (1.3.8)
Se(ur)® = (fr)F — A% (uf)r — Ap, (up)", (1.3.8b)
Ap(a)F > (£)F = Ajp(ur)t, (1.3.8¢)
A (ufPE = — A (up)”, (1.3.84)

subject to conditions ((/f\})k — A\’H(u})k — A\ZIF(up)k)J((u})k — (¥1)"); = 0, which represent
the complementarity conditions for (1.3.8¢). The Partial Schur complement, §e, is given
by

S¢ = Arp - g?l(gﬁl)_lgﬁr‘

12



The resulting solution at each time step, k, is then

(™ + ufPhE, (), (ur)t).

1.4 Definitions and Notations

In this section we review some basic concepts from the theory of partial differential equa-
tions. We will also discuss the theory of function spaces that have a key role in the theory
of finite element methods. We will see in this chapter and the rest of the thesis that the
study of finite element methods and the accuracy of the approximate solution which is
obtained by this method requires classes of functions with specific differentiability and
integrability properties. In this section we introduce some standard definitions, notations
and simple results from the theory of functional analysis see [75] [91] [105].

We will also use the follwing notations for certain problems

13



PDE  partial differential equation
PDI partial differential inequality
PV I parabolic variational inequality
FEM finite element method
DDM  domain decomposition method
KKT Karush Kuhn Tucker
VI  variational inequality problem
MIN  minimization formulation
LCP linear complementarity problem
LP linear programming
QP quadratic programming
RQP  reduced quadratic programming
PRQP Picard reduced quadratic programming
NRQP Newton reduced quadratic programming

JENG  Jacobian free Newton-GMRES

1.4.1 Spaces of continuous functions

Let N be the set of non-negative integers. An n-tuple a = (ay, ag, ..., a,), is called a
multi index of order || = oy + a2+ ... + .. Let D; = a%j, we define a partial differential
operator of order |a| as
D* = D{*..Dir = —ala\ :
Ox{t...xdn

14



Let Q be a bounded open set in R", k € N and let v : 2 — R, then the set of all continuous

real valued functions with up to k continuous derivatives is denoted by C*(2)
C*(Q) = {u : D*u is continuous on €, for all & € N" with |a| < k}.

CYUQ) = {u:u e C*Q), and whose support is a bounded subset of Q}

C2(Q) is the set of all real-valued, continuous and infinitely differentiable functions de-

fined and whose support is in €2

C5o () = () ChQ).

keN

1.4.2 LP-Spaces

The LP-Spaces are defined for 1 < p < 00, as
LP(Q) ={u(z): Q > R: / lu(x)|P dx < oo} forl < p < oo,
Q
where the integral is a Lebesgue integral. The spaces LP(€2) with norm

1/p
vy = ( / ()P dx)

are Banach spaces. The above LP spaces can be extended to the case when p = oo i.e.,

the space consisting of functions u, and equipped with norm

||u||L°°(Q) = €SSsup —{zc} SUP U(X)

15



A particularly important case of L spaces is the case when p = 2, the space L*(Q) is

then a Hilbert space with norm defined by

1/2
lll ey = ( [ dx) |

and equipped with inner product
(u,v) = / u(x) v(x)dSQ.
Q

1.4.3 Sobolev Spaces

In this section we introduce an important class of spaces known as Sobolev spaces. These
spaces act as a pillar in the theory of the finite element formulations of partial differential
equations. Before introducing Sobolev spaces we define the weak derivative.

Suppose that u € C*(Q), with © an open subset of R™, and let v € C§°(€2), then the

integration by parts holds for all v € C§°(Q2)

/Q D* u(z) v(z)dx = (—1) / w(x) D*u(x) dx,

Q

the boundary terms vanish because v and its derivative have support in §2. Suppose that

u is a locally integrable function on Q i.e. u € L} (). Then w® € L, .(Q2) defined by

loc loc

/Q w(x) D(x)dx = (1) /Qw(x)D”‘v(x) dx, Vel Q),

is called the weak derivative of u of order .. By using the above identities we could define
the spaces of weakly differentiable functions, known as Sobolev spaces. Let o be multi-
index of order k£ > 0, and let p € [1,00], D* denote the weak derivative of order |a|. We

define W7(Q) the set of L? functions with derivatives of order up to and including % also

16



in LP(Q)
WP(Q) ={ue LP(Q): D € LP(Q),|a| < k}.

The set W () is called the Sobolev space of order k, with norm given by

1/p

lallwpy = llulli = { Do ID%ulley |, 1<p < oo

|a|<k

When p = oo the corresponding norm is

lullwesoy = > 1D%ul| (o).

la|< k

The case p = 2 has a special importance. The spaces WZ(f2) corresponds to Hilbert

spaces, equipped with the inner product

(, Vg = D, (D%u, D)2 q)

laf<k

We will denote these spaces by H*(Q2) = W2(€2). Throughout this document, for the
solution of partial differential equations as well as for the solution of partial differential
inequalities we will frequently use the Hilbert spaces H'(2) and H?(Q2). The space W} (€2),
its norm and semi-norm can be defined for p = 2 and k£ = 0,1 as follows

k=0

lullmoy = llullza@),

for k=1
HY(Q) = {u€ Ly(Q): Dju € Ly(Q), j=1,..n},

17



1/2
ull ) = {’uHLQQ + ZHD ull7,@ } ,
and semi-norm

. 1/2
[ulmi) = {Z HDjuH%Q(Q)} :
j=1

We define Hg(Q2) as the closure of C5°(Q) in the norm ||.|g1(q). This is the Sobolev
space that we will use in the next section to solve elliptic boundary value problems,
with homogenous Dirichlet boundary conditions: u = 0 on 0f2, the boundary of ). For

sufficiently smooth boundary and & = 1 the space can be defined as
Hy(Q) ={ue H(Q):u=0on 00}

Another space of interest is H'/2(I",) which is the interpolation space between H'(I") and
L*(I)
H'Y2() = [H'(I), L*(I))1 )2,

The space Hy/*(I") denotes the completion of C3°(I") in HY/2(I'). The space Hy)*(I') is
the subspace of HS/Q(F) and can be defined as

Hyp*(I') =: [Hy(I), LX(I)]1 2,

equipped with the norm || - ||1/2 p.

1.5 Outline

An outline of the thesis is as follows:
In Chapter 2 we describe the classical formulation of partial differential equations and its
equivalent formulations with variational and minimization problems. We shall also review

some basic results of existence and uniqueness of solution for variational problems.
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In section (2.2) of this chapter, we introduced the variational inequalities which will form
the main focus of our thesis. Variational inequalities arise when a problem is to be solved
with respect to some constraints. We discuss equivalence formulations, existence and
uniqueness of the solution for the variational inequalities. Then we present the obsta-
cle problem and convection diffusion problems as examples of the variational inequality
problems.

In Chapter 3 we present the finite element formulations and the matrix formulation of
variational problems. We also introduce generic linear complementary problem (LCP)
and quadratic programming problems (QP) and show how variational inequalities can be
reformulated as LCP and QP problems.

In Chapter 4, we discuss the parabolic variational inequality. Some spaces and func-
tional setting are given to describe the PVI. We use finite element methods to obtain the
semi-discretization in space and to discretize in time we use finite difference methods for
backward Fuler and Crank-Nicolson scheme. The LCP and QP formulation for parabolic
variational inequalities are also given in this chapter.

In Chapter 5, we apply domain decomposition method to solve elliptic variational in-
equalities. We reformulate our problem into two subproblems: a variational inequality
in some subdomains and variational equality in complementary subdomains. Thus, we
try to solve a variational inequality locally, that is in a smaller region. To solve the
variational inequality, we introduce the quadratic programming algorithms and then in
remaining subdomains the variational equality is solved as a standard PDE. We also
present algorithms to solve the obstacle problem. First algorithm is a direct procedure in
which the problem is solved for PDE and PDI separately and then subdomains solutions
are combine to produce the global solution. Whereas Picard reduced QP algorithms are
iterative procedure in which the subproblems in subdomain ¢ and on I" are solved itera-

tively. Finally we, solve the nonlinear problem at the interface I', using algorithms which
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employ Newton’s method, Newton-GMRES method and preconditioned Newton-GMRES
method.

In Chapter 6, we describe the domain decomposition methods for parabolic variational
inequality. At each time step k& we solve two subproblems, a PDE and a variational in-
equality and then solution is combined together through a non linear interface problem.
To implement our method we consider an example of parabolic obstacle problem, in which
the obstacle changes its position with time. We apply all algorithms introduced in Chap-
ter 5 to the parabolic variational inequality.

In Chapter 7 we present numerical results for the two dimensional obstacle problem for
both elliptic and parabolic type a well as the for the obstacle problem with convection

diffusion parameters as examples of variational inequalities and validate our method.
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CHAPTER 2

VARIATIONAL FORMULATION

In this chapter we consider general elliptic boundary value problems and their variational
formulation. Variational methods provide a strong basis to study the existence theory of
PDE, PDI and other applied problems. These methods have been extensively applied to
solve partial differential equations see [14] [27] [64] [105] and to solve partial differential
inequalities for example see [27] [50] [82]. In this chapter we consider some mathematical
aspects of finite element approximation, including existence, uniqueness and convergence
of the solution of partial differential equations and partial differential inequalities. We
develop some theoretical tools to study the rest of the document. The basic ideas concepts

and notations introduced here will be used throughout the document.

2.1 Classical formulation of elliptic problems

Let Q be a bounded open set in R? with boundary 9. For a given function f = f(x) we

seek a function u = u(x) € V. .C C?(Q) N C(). such that

Lu=f, (2.1.1)
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where L is a linear operator defined to be
Lu = —div(a-Vu)+b-Vu+cu, (2.1.2)
where the coefficients a, b and c satisfy the following conditions
[a);; = a; € C'(Q),i,j =1..d, be[C(Q)]% ceCQ),

and

fat > &TN¢ WV €eRY VxeRY ¢> 0, (2.1.3)

with A > 0 a positive constant independent of £ and x. The condition (2.1.3) is referred as
the ellipticity condition and equation (2.1.1) with these conditions on constants is called
an elliptic problem. The equation (2.1.1) is usually accompanied by one of the following
boundary conditions:

(a) Dirichlet boundary condition:

u = g on 0f2p, where g is a function defined on 02p

(b) Neumann boundary conditions:

@
on
c

(c) Robin boundary conditions:

=g on 0Ny, where n is the outward unit normal to 0Q2y

0
8_U+Mu:gonf,whereu200n 0.
n

In this chapter we consider the homogenous Dirichlet boundary value problem, defined as

Lu=f in €,
(2.1.4)
u = 0 on 09,

where L is a linear operator defined above.

The function u = u(x) € C%(Q) N C(Q) satisfying (2.1.4) is called the classical solution of
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this problem. This solution is unique if the boundary is sufficiently smooth and depends
also on a,b and c. In general, when the situation occurs where the smoothness is not
possible, and for such problem the classical theory is insufficient. This limitation can be

overcome by weakening the differentiability requirement on wu.

2.1.1 Variational or weak formulation

To define a weak solution of equation (2.1.4) take any v that satisfies the same essential
boundary conditions as u and integrate by parts. The boundary term vanishes and we

get the following formulation

find u € V such that Vv €V,

(2.1.5)
a(u,v) = {(v),
where
a(u,v):/Vu-a-Vv dQ+/b-Vude+/cude,
Q Q Q
l(v) :/fv dsQ.
Q
We assume that
a;i, b, c € L>*(Q), i,5,k=1,....d
> Ok (€2) J (2.1.6)

and ¢ — %divb >0, Ve

In this formulation the second derivative term is eliminated. Thus, the solution of (2.1.5)
requires less continuity than those of the classical solutions of (2.1.4). Therefore these
solutions are called weak solutions and these formulations are called weak formulations.
It is obvious that if u is the classical solution of (2.1.4) then it is also a weak solution
of (2.1.5). As the derivative of v comes from the integration by parts, so v must be in
a space where functions are more regular than L? functions. We will therefore choose

the functions u and v from a Sobolev space. Also, since we require that v and v satisfy
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homogenous Dirichlet boundary conditions, it is natural to choose the space H{(2), as
we described in section (1.4.3). Thus, we could summarize above variational formulation

as, find u € H}(Q) such that

a(u,v) = {(v) Vv e Hy(Q).

2.1.2 The Lax-Milgram Lemma

We present a well known result the Lax-Milgram lemma, which plays an important role

in the theory of the existence and uniqueness of the solution of PDE.

Theorem 2.1.7 Lax-M:ilgram: Let V be a Hilbert space, £ a linear functional on V
and a(-,-) a bilinear form on V- x V such that

(i) a(-,-) is coercive, i.e., there exists a constant o > 0 such that

a(v,v) = alv|3, Yo e, (2.1.8)

(ii) a(-,-) is continuous, i.e., there exists a constant > 0 such that

a(u,v) < Bllullvlvlly Vw0 €V,

(i) L(-) is a bounded linear functional on V', i.e., there exists a constant v > 0 such

that

()] < Allvllv Vo e V.

Then there exist a unique function u € V' such thatV v eV

a(u,v) = (v).
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Proof of this theorem can be found in [27].

Existence and uniqueness of weak solutions for elliptic problems

We apply the Lax-Milgram Lemma with V = H{(Q) and || - [y = |- ||# @) to prove
the existence of a unique solution. The bilinear form in (2.3.2) satisfies the coercivity
condition provided ¢ — %div b > 0 and the condition of continuity with

6—2dmax{1r<133§drf€a)<|aw( )], gﬁglmaXIb( )], IileagIC(w)!}

and ¢ is a bounded linear functional [[105],P-18-20], therefore there exist a unique solution
of our problem.

The uniqueness is immediate: If we consider u; and us are two solutions, then by
taking v = uy (respectively v = u;) relative to u; (respectively to ug) in the variational
formulation and by adding the result we obtain a(u; — ug,u; — ug) < 0, which is in

contradiction to (2.1.8) unless u; = us.

2.1.3 Minimization Formulation

Let the bilinear form in (2.1.5) be symmetric, then we can define a minimization problem
associated to the classical problem as follows. Let V' C HJ () and define the quadratic
functional J : V' — R, by

J(w) = %a(w,w) — t(w). (2.1.9)

Consider the following minimization problem

find u € V such that Yv €V,
(2.1.10)

J(u) < J(v),

Lemma 2.1.11 A function u(x) is the solution of minimization problem (2.1.10) if and

only if it satisfies the variational formulation (2.1.5).
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Proof

Let u(x) be a function satisfying the variational problem in H} (), consider

1
J(u+w):§a(u+w,u—|—w)—€(u+w)

1 1
= Sa(u,u) = (u) + a(u, w) = (w) + Sa(w, w)

by using (2.1.5) and coercivity of the bilinear form we get

J(u+w) = J(u) + za(w,w)

hence J(u) < J(u+ w). for any w € V.
Now suppose that u(x) is the solution of minimization problem, then for any v € V' and

real number € we have
J(u) < J(u+ev), where (u+ev) eV
Thus the differentiable function
2

g(e) = J(u+ev) = %a(u, u) +ea(u,v) + 6Ea(v,v) —(f,u) —e(f,v)

has a minimum at € =0 and hence ¢'(0) = 0. But

this implies that
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hence u s the solution of variational problem.

In this section we described the partial differential equations and their equivalent formula-
tions such as variational formulation and minimization formulation. We also present some
important results from literature such as Lax Milgram Lemma to prove the existence and
uniqueness of the solution. The finite element formulation for PDE is given in Chapter 3.
In next section we introduced the elliptic variational inequalities which is the main focus

of our thesis.

2.2 Elliptic Variational Inequalities

Variational inequalities have found many applications in applied science. In mathematics,
the variational inequality is an inequality involving a functional over a convex set. How-
ever, solving variational inequalities remain a challenging task as they are often subject
to some set of complex constraints. Variational inequalities have gained importance in
analysis, both from the theoretical and the practical point of view and extensive research
has been done to construct and analyze the methods to solve variational inequalities see
[27] [30] [31] [40] [50] [70] [82]. The mathematical theory of variational inequalities was
initially developed to deal with equilibrium problems, specially the Signorini problems:
in this problem the functional involved was obtained as the first variation of the potential
energy [69] [101]. In this chapter we describe the partial differential inequality and its
weak formulation and then introduce the well known obstacle problem as an example of a
variational inequality. The obstacle problem gives rise to a variational inequality problem
in the weak form due to the presence of some constraints [90]. This variational inequality

problem is equivalent to a constrained minimization problem.
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2.3 Classical formulation of Partial Differential In-

equalities

Let 1 : 2 — R and let V' be a suitable function space to be specified later. Let K be a

closed and convex subset of V' given by
K={veV:iv=2¢inQ, v=0 on 00},

Consider the problem find v € K, such that

(

Lu> f in €,

u = Y in €,
PDI : (2.3.1)

(Lu—f)(u—v)=0 inQ,

\u:Oon(‘?Q,

where L is an elliptic operator defined as
Lu = —div(a-Vu)+b-Vu+cu.

The function v = u(x) € C?(Q) N C(Q) satisfying (2.3.1) is called the classical solution
of this problem. This solution is unique if the boundary is sufficiently smooth and also
depends on the coefficients a, b and c.

2.3.1 Variational formulation

Let u be the classical solution of (2.3.1). To define a weak solution take any v that satisfies

the same essential boundary conditions as of u, multiply by v — u and integrate by parts,
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to get the formulation

find u € K such that Vv € K,
(2.3.2)

a(u,v —u) = (v —u),

where

a(u,v):/Vu-a~Vv dQ+/b~Vuv dQ—i—/cuv dos2,
0 Q

Q
Ev:/fde.
)

As before, the second derivative term is eliminated. Thus, the solution of (2.3.2) requires
less continuity than the classical solution of (2.3.1). It is obvious that if u is the classical
solution of (2.3.1) then it is also a weak solution of (2.3.1). As in the weak formulation
the derivative of v appeared in the result of integration by parts, so v must be in a space
where functions are more regular than L?. As we require that u and v satisfy zero Dirichlet
boundary conditions, therefore we choose the space Hg (), as described in section (1.4.3).

Thus, we could summarize above variational formulation as, find u € K such that

a(u,v —u) = L(v—u) VoveK.

2.3.2 Variational Inequalities and Lax-Milgram Lemma

In this section we review the existence and uniqueness of the problem. It is interesting to
know that the existence and uniqueness of variational inequalities can also be proved by

using the well known abstract result 'Lax-Milgram Lemma’.

Theorem 2.3.3 Lax-M:zilgram: Let V be a Hilbert space, let K C V, is closed and

convez, € a linear functional on 'V and a(-,-) a bilinear form on 'V x V' such that
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(i) a(-,-) is coercive with respect to ||v||y, i.e. there exist a constant Cy > 0 such that

a(v,v) = Ci|lvl|}y Yo €V, (2.3.4)

(ii) a(-,-) is continuous, i.e. there exist a constant Cy > 0

a(u,v) < Gallullvvly  Vu,v €V,

(iii) £(-) is bounded on V with respect to ||v||y such that for Cs > 0

l(v) < Csllvlly  YveW.

Then the variational formulation (2.3.2) has a unique solution.
Proof of this theorem can be found in [71].

2.3.3 Existence and uniqueness of Solution

To apply Lax-Milgram lemma let V = Hj(Q) and || - v = || - ||#1(). The bilinear form
in (2.3.2) satisfies the coercivity condition provided ¢ — 1div b > 0 and the condition of
continuity with

B—Qdmax{lgggdr?aﬂ%( )], gg%maXIb( )], IQ%XM(:B)H,

and ¢ is a bounded linear functional [[105],P-18-20]. Therefore, there exist a unique
solution of our problem. The uniqueness is immediate: If we consider u; and uy are two
solutions, then by taking v = uy (respectively v = w;) relative to u; (respectively to us)
in the variational inequality and by adding the result we obtain a(u; — ug, u; — ug) < 0,

which is contradiction to (2.3.4). Hence uy = us.
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2.3.4 Minimization Formulation

Let the bilinear form in (2.3.2) is symmetric (i.e.,let b = 0) and coercive. Then we
can associate a minimization problem with the classical formulation of a elliptic problem.

Define the quadratic functional J : V — R, V C H}(Q) by

J(w) = %a(w,w) ~ tw). (2.3.5)

Let K be a closed and convex subset of V, then the minimization problem reads

find u € K such that Vv € K,
(2.3.6)

J(u) < J(v),

Lemma 2.3.7 A function u(x) is the solution of the minimization problem (2.3.6) if and

only if it satisfies the variational formulation (2.3.2).
Proof

Let u(x) be a function satisfying the variational problem in K then the variation about

that function yields the minimization problem.

1
J(u+w):§a(u+w,u+w)—€(u+w)

= %a(u, u) — l(u) + %a(u, w) — l(w) + %a(w, w)

by using (2.3.2) and symmetry of bilinear form we get
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hence J(u) < J(u+ w).
Now suppose that u(z) is the solution of the minimization problem; then for any v € V

and real number €, g(e) = J(u+e(v —u)) is differentiable and has minimum at € =0

J(u) < J(u+e(v—u)), where (u+e(v—u)) eV,

a(u, u)+€a(uv—u)+§a(v—uv—u)—€( ) — el(v — u)
a(u, u)+sa(uv—u)+§a(v—uv—u)—a ) — el(v — u)
= J(u) + (a(u,v—u)—e<u,v—u))+%2a(v—u,v—u)

[\DI»—tL\JI»—t

subtracting J(u) from both side and dividing by € we get

0<

™ | =

(J(u+e(v—u))—J(u)) :a(u,v—u)—é(u,v—u)+g a(v —u,v—u),

by taking limit € — 0
(I(U,U—U) > (f,’U—U)7

hence u is the solution of the variational inequality problem [68].

2.4 Obstacle Problem

As a model example for a variational inequality we consider the well known obstacle
problem, to illustrate how a problem can be formulated as a variational inequality. The
obstacle problem is to determine the equilibrium position of a string (an elastic membrane,
in two dimensional problem) in a domain © with closed boundary 952, which lies above
an obstacle ¢ under the vertical force f. The classical solution u of this model problem is

the vertical displacement of membrane. Since the membrane is fixed along the boundary
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L), we have the boundary conditions v = 0 on 9€2. This can be written as

—Au—f>0 in €,
u—1vY = 0 in (2.4.1)
(u—Y)(—Au—f)=0 in Q.

To describe the obstacle problem we consider the figure (2.1)

91 F Qz F 93

Figure 2.1: Obstacle problem in 1D

red shaded area shows the coincidence set C for u and 1,

PDE holds in 2\ C,

—Au = f, in €y and €3, where f is the given vertical force,

o u = 1, in .
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Weak or variational formulation

The weak formulation can be obtained by multiplying with variations (v — u) and inte-

grating by parts

find u € K such that Vv € K,
(2.4.2)

(vu7 V('U - U’)) 2 (fv (’U - u))7
where V C HJ () and K = {v € V| v > ¢ in Q}, with the obstacle functiony : Q — R.
Minimization formulation

The minimization form of the obstacle problem is

find v € K, such that Vv € K,
(2.4.3)

where

J(v) = %(V?),V?}) — (f,v).

2.5 Convection diffusion problem

Convection-diffusion problems arise in the modeling of heat and mass transfer phenom-
ena as well as processes of continuum mechanics. These problems are non-symmetric in
nature. Various techniques could be found to derive and study the discretization of con-
vection diffusion problem. For example, some finite difference techniques are given in [7],
[58], [100], [104] etc. A finite difference scheme for one dimensional convection dominated
problem is presented in [58], where an error of O(h?) is shown to hold in maximum norm.
In [53], a finite difference scheme on triangular meshes is proposed, where it is shown
that for self adjoint operators, this scheme can be seen to be similar to one obtained by

the finite element method. A cell-centered finite difference scheme on triangular meshes
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is given in [115], where the error estimate for uniform triangular meshes is proven to be
of O(h?) in H'-norm. Another cell centered finite difference scheme for non symmetric
problems is derived in [79] and proved an error of O(h™™ 1), 3/2 < m < 3, which is the
extension of the results presented in [42]. When the convected term in convection diffu-
sion problems is approximated by central finite differences, the resulting scheme is second
order and stable for sufficiently small mesh parameter, h. This conditional stability can
be overcome by considering upwind schemes, which are obtained by adding the artificial
diffusion in order to produced non oscillating solution. Several upwind methods have been
developed and analyzed in [54], [65], [33], [15]. Some streamline methods are described in
[63], [113], [41], [66]. Some upwind methods, to obtain unconditional stability and second
order convergence are proposed in [7] [100]. Petrov-Galerkin methods, in which artificial
diffusion is added in the stream line direction are presented in [16], [57], [56]. These
methods are also referred to as stream line diffusion methods and are shown to be higher
order accurate and have good stability properties independent of the mesh parameter.
A rigorous analysis of these methods is given in [89] and [112]. [97] proposed a central
upwind difference scheme for two-dimensional problem conduction and convection and
proved a better rate of convergence. In a finite element framework, different strategies
are considered to upwind the convective term. An example of an upwind finite element
formulation can be found in [26], where the proposed scheme involved the approach of a
modified weighting function for one dimensional problem for the upwind effect. An exten-
sion to two dimensional problem was studied later in [54]. A simple finite element upwind
scheme is proposed in [55], where a modified quadrature rule is applied for the convective
term to achieve the upwind effect. An upwind Petrov-Galerkin method is presented in
[15]. In this formulation, artificial diffusion is added in the flow direction and to achieve a
Petrov-Galerkin scheme, standard Galerkin functions are modified by adding stream line

upwind perturbation in flow direction, resulting in a consistent weighted residual formu-
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lation.

As previously mentioned, the convection diffusion problems are non-symmetric in nature,
so they do not possess a minimization formulation and hence can not be solved by QP
solvers. We will present a method in which, by using an appropriate substitution, we
can convert the non-symmetric convection-diffusion problem into a symmetric reaction
diffusion problem. We can then apply any QP solver to find out the solution for it, which

will be then used to obtain the solution of the original convection-diffusion problem.

2.5.1 Formulation of problem

An obstacle problem with convection-diffusion term is

—div(a-Vu)+b-Vu>= f in Q,
u = YPin Q, (2.5.1)
(u—1p)(=div(a- Vu) +b-Vu—f) =0 in Q,
a = aly, is a diffusion vector and b is a convection vector.
Let u = UeP**% where p = b and g = b—2
« o

By using these substitutions, the problem (2.5.2) becomes a symmetric reaction diffusion

problem.
—aAU+CU > f in Q,
Uz in Q, (2.5.2)
(U =) (—aAU — f) =0 in Q,
where
2 2
¢= blfabz, R S S

This symmetric reaction diffusion problem can be solved by DDM, this solution is then

used to determine the solution of the convection diffusion problem.
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In this chapter we introduced the variational formulation of PDE and PDI and discussed
its various aspects. As an example of a variational inequality problem, we presented
an obstacle problem. We also show that the convection diffusion problem, which is non
symmetric in nature can be converted into a symmetric reaction diffusion problem. In
next chapter we present the finite element method, then obtain the matrix formulation of
PDE and PDI, described in this chapter. We also introduce generic linear complementary
problem (LCP) and quadratic programming problems (QP) and show how variational

inequalities can be reformulated as LCP and QP problems.
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CHAPTER 3

FINITE ELEMENT METHODS

The finite element method (FEM) is a valuable tool for approximating the solution of
both PDE and PDI. It was initially proposed in [32], but was not fully appreciated at
that time. Later on, this method was rediscovered by engineers; see [28]. The analysis of
this method was started in [131] with the development of a number of important results
in this field, in particular, an asymptotic estimate of the discretization error is derived.
Nowadays the FEM has become an established method for the numerical approximation
of PDE and PDI, typically used in engineering design and analysis problems.

Finite element methods are generally employed, when it is not possible to determine the
analytical solution of the problem. This can be due to complex geometries, boundary
conditions or boundary operators. Finite element methods convert the problem into
system involving matrices by using spatial discretization. Solution to this system of
matrices correspond to the solution of the original boundary value problem.

In this chapter, we describe the finite element method for both PDE, PDI together with

some important results from the theory of finite element methods.
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3.1 Formulation of finite element method

The formulation of finite element method is quite systematic.
The first step of formulation of the elliptic boundary value problem is to convert it into

the weak formulation, which is to find u € V' such that
a(u,v) =L(v) Yv eV, (3.1.1)

where V' C H}(Q2). The bilinear form for elliptic variational problems is symmetric, con-
tinuous, coercive and the functional ¢ is continuous.

The second step is to replace V' in above equation by Vj, the finite dimensional subspace
of V' which consists of continuous piecewise polynomial functions with compact support

in the domain. Then the discretization of weak formulation reads
find w, € V), such that a(up,vy) = l(vy) Vo, € V. (3.1.2)

The minimization problem reads

find u, € Kj such that Vv, € K},
‘](uh) < ‘](Uh)a

where

1
J(wh) = éa(wh,wh) - ﬁ(wh), wp, € Vh.

The third step is to find the approximations for the functions u and v. These functions
are typically piecewise continuous linear functions, usually polynomials, defined on the

subdivision of the mesh. The functions u and v are replaced by approximations uy, vy,
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written as linear combinations of basis function {¢;(z,vy)}.

N N
Up = Zuqul(xay)a Up = Zvj¢j($7y>7
i=1 j=1

Then the discretized form can be written as the summation of contributions from each

element

N N N
ZZ ¢17¢] Uy Z 7

=1 j=1 7j=1

which in matrix form reads

(v—u)lLu=(v—-u)’f (3.1.3)

3.1.1 Galerkin Orthogonality

We note that V;, € H}(), also bilinear form is symmetric, coercive and the functional
¢ is continuous, it follows from the Lax-Milgram lemma (3.1.2) has a unique solution

up, € Vj.. Also (3.1.1) holds for any v = v, € V}, C V, so it can be written as

Subtracting (3.1.2) from the above identity we have
a(u —up,vp) =0 Yo, € V. (3.1.4)

We see that the finite element error e, = u — uy, is orthogonal to Vj,. The property (3.1.4)
is called the Galerkin orthogonality property and plays an important role in the theory

of error analysis for finite element methods [64] [105].
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Lemma: 3.1.5. Cea’s lemma: Let the bilinear form a(-,-) be continuous and coercive
on'V xV and let £ be a bounded linear functional on V. If u and uy, satisfy (3.1.1) and
(3.1.2) then

B .
— < = — .
=l < = inf lu =i

Proof of this lemma can be found in [64].

3.2 Technical details

In this section we give some technical details to implement the finite element method
to partial differential equations. The implementation of finite element methods requires
some suitable approximation of solution and the domain. In the following we will show the

assembly of the element matrices for the system of (3.1.3) using finite element methods.

3.2.1 Linear basis functions

To construct the finite element approximation to elliptic problem with homogenous bound-
ary conditions we consider a subdivision of the domain Q0 C R2. Let 7, denote a subdi-
vision of the domain €2, into a set of simplices T}, such that UiV=1 T = Q. Let us define

the basis functions ¢; € H'(Qy), corresponding to this subdivision of V}, such that
¢ (@i, yi) = dij- (3.2.1)
The functions uy, and vy, can then be written as linear combinations of these basis functions
N N
Uh(x,y) = Zuz¢z($ay>7 ’Uh(xay) = Zvj¢j(x>y)' (322>
i=1 j=1

In the following we assume T}, to be a generic triangle with vertices 1,2 and 3. Let u* = ulz,

be the restriction of u on the triangle element. We denote by u*(z;,y;) = u?, j=123.
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Where uf is
j

solving (3.2.3) we have

1
ﬂ(alu’f + agug + ozgu';
k

),

a; =

as = Bruf + Boul + Baul),

1
2A 74,

az ==—— (71U} + Yous + y3us),

1
5 (
2A,
where Aj, is the area of the triangle T}, also
Q; =LYk — TkYj,

Bi =Y — Yk,

Vi =— (25 — k),

where i, j, k = 1,2, 3. Substituting (3.2.4)-(3.2.6) into (3.2.2) we get

3
", y) = Zuz‘ﬁbz‘(%y),
=1

where ¢;(x,y) are defined in (3.2.1), also

o1 = ay + Bz + my),

2Ak<

Og = ag + Box + Y2y),

2Ak<

¢z = as + Bz + v3y),

2Ak<

42

b =a; + asx; +azy; for j=1,2,3.

(3.2.3)

(3.2.4)
(3.2.5)

(3.2.6)

(3.2.7)
(3.2.8)

(3.2.9)

(3.2.10)

(3.2.11)
(3.2.12)

(3.2.13)



Transformation to the canonical triangle

Consider the transformation of each global triangle (in the (x, %) coordinates system) to
the canonical triangle E, with vertex 1 at the origin(0,0), vertex 2 at (1,0), vertex 3 at

(0,1) by using the following transformation

r=al+bn+c,

y=dé+en—+ f.

(3.2.14)

Then the coordinates z(£,n) and y(£,7n) in terms of canonical elements can be written as

z(§,m) = (w2 — 21)§ + (w3 — 1) + 21, (3.2.15)

y(&n) = (Y2 — y1)€ + (ys — y1)n + 1.

Note that the Jacobian of this affine transformation of an arbitrary 7}, is given by

Ty — T —
I = gix, yg _ [ R (3.2.16)
SY T3 —T1 Ys—
with determinant
1 oy 1
x3 Yz 1

Substituting (3.2.9) and (3.2.15) into (3.2.13), we obtain

¢1(§a77) =1- g -
¢2(€a 77) 257
$1(&,m) =n.
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Hence the transformation of (3.2.10) into canonical form can be written as

uF (& m), y(€,m) = u*(€,n) = Zuzézﬁn

Assembly of stiffness matrices

The element stiffness matrix for elliptic problem is

(") = /K Voi(z,y)Vi(z,y)drdy, (3.2.18)

It can be shown that after transformations to the canonical element the element stiffness

matrix has the form

uf —ul* (uf — ug)(us — uf)  (uf — uf)(u] — u5)

1
k _
L= 4_Ak |uf — uf? (uf — uf)(uk — ub) (3.2.20)
symm. b — k2

Assembly of mass matrix

The mass matrix is given by

:Ammemmm (3.2.21)

transforming to the canonical element we have

=L@@m@@w@mm. (3.2.22)
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Approximation of right hand side

The right hand side in the finite element method can be approximated as

flz,y) = Z I, i) o, y),

then the elemental right hand side is given by

= [ 31605, p)dady, (3229

transforming to the canonical elements we have

(=S [ S o&mo €l hldsdn = b)) (3229

3.3 Finite Element Method for Variational Inequali-

ties
As for variational equalities, the finite element method plays an important role in the
theory of variational inequality problems. A lot of work has been done for the finite
element formulation and analysis of variational inequalities see [50]. In this chapter we
describe the matrix formulation of variational inequality problems. We show that vari-
ational inequalities problems can be transformed into linear complementarity problems.
We will also present some results from the literature to show the equivalence of variational
inequalities with optimization problems such as LP and QP problems [30], [60], [80], [88]
[43]. The formulation of the finite element method for variational inequalities is based
on the same procedure as that for the partial differential equations discussed in previous

section.

45



3.3.1 Formulation of the method

Recalling the weak formulation of variational inequality from Chapter 2
find v € Ksuch that a(u,v —u) > (v —u) YveK,

where K C V C H}(Q) for the case of homogenous Dirichlet boundary conditions.

For the case when the bilinear form a(-,-) is symmetric the minimization problem reads

find u € K such that Vv € K,
(3.3.1)

J(u) < J(v),

where

J(w) = %a(w,w) —l(w), w C Hy(Q). (3.3.2)

The second step is to replace V' in the above formulation by V},, the finite dimensional
subspace of V' which consists of continuous piecewise polynomial functions with compact

support in the domain. Then the discretization of the weak formulation reads
find uy, € Kj, such that a(up, vy, —up) = (v, —up) Yo, € Ky, (3.3.3)

where

K, = {U S Vh|v > Yy in Q}

The minimization problem reads

find u, € Kj, such that Vv, € K},
(3.3.4)

J(uh) < J(Uh),
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where

J(wy) = %a(wh,wh) —l(wy), wy € V. (3.3.5)

The functions v and v are replaced by approximations wuy, v, written as linear combina-

tions of basis function {¢;(z,y)}.

N

N
Up = Zuz¢z(xvy)7 Z J¢J T y
i=1

Then the discretized form can be written as the summation of contributions from each

element

N N N
YD (v a(gi b)) ui = > (v

i=1 j=1 J=

—_

which in matrix form reads

(v—u)lLu>(v—-u)'f (3.3.6)

3.4 Matrix formulation

The system of linear equations (3.3.6) can be expressed in matrix form as follows

Lu>f,

VIILED) : { u > . (3.4.1)

(v—u)(Lu—-f), =0 (1<i<n).

The matrix form of the minimization problem is

minimize ju’ Lu — ',
MIN(L, f, T) : (3.4.2)
subject to u > U,

47



where the matrix L is positive definite, symmetric and sparse and is given by

Ly = albndy), f= / Fou(, y)de.

3.5 The linear complementarity problem

Complementarity problems are getting more attention in both applications and from
mathematical point of views. The discretization of variational inequality problem also
contains the linear complementarity problem as a special case. The Linear Comple-
mentarity Problem (LCP) is a general problem which can be posed as both linear and
quadratic programs see [30] [43] [88].

Let M be a square matrix of order n and q a column vector in R”. The LCP is defined

as find w = (wy, ..., w,)T, 2 = (21, ..., 2,)7 satisfying

w— Mz = q,
LCP(M,q) : w>=0, z>0, (3.5.1)

3.5.1 LCP formulation of Variational Inequality

By choosing v = u+e; and v = 2u — VU the discrete variational inequality (3.4.1) can be

expressed in the form of an LCP as,

find u € R"”,such that,

(u—V);(Lu — f); = 0 (1<i<n),

LCP(L,LY —f) : (3.5.2)
u—v > 0,

Lu—-f > 0.
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This has the form (3.5.1) if we set

Mz+q =w = Lu—f = L(u— W)+ (LU —f),

which implies that

and hence we conclude that

VI(L,f,¥) = LCP(L,LV —f).

The complementarity problem and discrete variational inequality problem have the
same solution. Linear complementarity problems can be solved by Linear programming
(LP) and Quadratic programming (QP). In the following two sections we will discuss
how we can solve the variational inequality problem by using LP and QP programming

problem by using some results and theorems from [88].

3.5.2 Linear Programming Problem

We consider now the following general linear programming problem

minimize c’'x,

LP(A,b,c): subject to (3.5.3)

Ax > b, x > 0.
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Here A € RV*™_ If x is an optimum feasible solution of LP then there exist a dual vector

y € R™, a primal slack vector u € RY which together satisfy the LCP

u 0 —AT X c
v A 0 y —b
u X
> 0, >0, (3.5.4)
v Yy
T
u X
=0.
v y
\

Conversely, if u, v, x,y satisfy (3.5.4) then x is an optimum solution of the LP problem

[60] [88]. If n =m + N, and if we set

then (3.5.4) is seen to be an LCP of order n. Thus, we see that the solution of an LP
problem (3.5.3) can equivalently be obtained by solving the LCP (3.5.4) [88].
3.5.3 Quadratic Programming Problem

Let us now consider a minimization problem in which a quadratic objective function is to

be minimized subject to a linear inequality constraints

Minimize Q(x) = ¢’x + i1x' Dx,
QP(A,b,c,D): subject to  Ax > b, (3.5.5)

x = 0.
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If X is an optimum solution of QP, X is also an optimum solution of the LP

Minimize (¢! +x'D)x,
subject to Ax > b, (3.5.6)

x > 0.

Using the equivalence between (3.5.3) and (3.5.4) we have the following corollary

Corollary 3.5.7 IfX is the optimum feasible solution of Quadratic programming problem,
there exist vectors y € R"™ and slack vectorsu € R",v € R" such that X,y, 0,V

together satisfy

u D —AT X c’
v A 0 v -b
o _
=0, > 0, (3.5.8)
v y
T
u X
=0.
v y
Letting
u X
W = y 4 = )
v y
and
5 D —AT cr
M == 9 q - )
A 0 —b

we can see that (3.5.8) is an LCP which can be solved by solving the quadratic program-
ming problem (3.5.5)[30] [88].

Remark 3.5.9 (3.5.8) is the KKT system associative with (3.5.5) and X is a so-called
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KKT point for (3.5.5).

3.5.4 Quadratic Programming and LCPs

Theorem 3.5.10 IfX is an optimum solution of (3.5.5), X must be a KKT point for it.
Conversely if D is symmetric and positive definite and X is a KKT point of (3.5.5), X is

an optimum feasible solution of (3.5.5).

The proof of this theorem can be found in [88].

If X is an optimum solution of (3.5.5) then it must be a KKT point for it, also we
have seen in corollary (3.5.7) that a quadratic programming problem can be transformed
into an LCP. Solving (3.5.8) gives a KKT point for (3.5.5) and this KKT point is an
optimum solution of (3.5.5), if D is symmetric and positive definite. Conversely consider
a LCP(M,q), where M is symmetric and positive definite. The LCO'P(M, q) can also be

written as

minimize z7(Mz + q),
subject to Mz +q >0, (3.5.11)

z > 0.

This is a quadratic program, where the matrix M is symmetric and positive definite.
LCP (M ,q) has a solution (W,2) if the objective optimum value in this program is zero,
and z is a optimum solution for it. Conversely, if the optimum objective value in this
quadratic programming problem is greater than zero, then the LC'P (M ,q) has no solution.
We conclude that every LCP, which is associated with a symmetric and positive definite

matrix can be transformed into a quadratic program [88].
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3.5.5 Quadratic programming formulation for minimization
problem

The minimization problem can be formulated as the QP problem

minimize J(u) = 1u’Lu — 'y,
QP(I,V,f L): (3.5.12)
subject to u > W.

If we compare it with (3.5.5) we see that

Hence, we conclude that

MIN(L, U, f) = QP(I, ¥, £, L).

In this chapter we presented the matrix formulation of both the variational equality and
variational inequality problems. We described its equivalence with LCP and QP problems
using some results from the literature. In Chapter 5, we will apply a non overlapping
domain decomposition method for variational inequality problems. We will also propose

some iterative algorithms for computing the solution.
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CHAPTER 4

PARABOLIC VARIATIONAL INEQUALITIES

4.1 Introduction

Parabolic variational inequalities are time dependent problems and usually arise in the
theory of heat conduction, air conditioning heat flow, Stefan problem [40], [81], [96],
American option problem [124] etc. The dynamic obstacle problem, a kind of parabolic
variational inequality, is of great importance in physics, mechanics and engineering appli-
cations.

In this chapter we will discuss the formulation of parabolic variational inequalities and
their weak formulation. We will first consider the semi-discretization, where we discretized
in space using the finite element method. To convert into fully discrete problem we then
discretized in time by using finite difference methods. The discretization in space give
rise to an initial value problem for a system of ordinary differential inequalities. For
discretization in time we will employ standard methods such as backward Euler and
Crank-Nicolson. We derive its equivalence with LCP and QP to solve the parabolic vari-
ational inequalities in a similar fashion to the elliptic variational inequalities discussed
in Chapter 2.2. An extension of domain decomposition method for the case of parabolic

variational inequalities is given in Chapter 6.
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4.2 Spaces and functional setting

We include here a brief overview of the spaces and some concepts of functional analysis
used to study parabolic variational inequalities. The basic concepts are given in [40] and
the new ideas are discussed in [83].

In the time dependent case we will use two Hilbert spaces instead of one space as we used
for steady state case.

Let V and H be two Hilbert spaces with V' a dense subset of H.

We denote the inner product for V by ((-,-)) H by (-,-), the norms for V and H are

denoted by || - || and | - | respectively, such that
lv| <clv]| VYveW
Let V' is dual space of V and let H identify with its dual space, then we have
V¢ HcV.
The dual space is equipped with the dual norm defined as
|w]|+ = sup(w, v) with [jv]| = 1.
vev

For a given interval [0,7] C R and a Banach space X with norm || - ||, we denote the
LP(0,T; X) the space of functions, ¢ — f(t) that are measurable from [0,¢] — X. Let X is
Hilbert space equipped with inner product (-,-)y, the spaces L?(0,T; X) are the Banach

spaces for p # oo, with norm

1/p

T
1 leorx) = (/ ||f||’§(dt) < 00,
0
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and for p = oo LP(0,T; X) are the Banach spaces with norm

[fllorixy = sup ess|[fllx < oo.
te(0,T)

The case p = 2 is the special case for which the space L?(0,T; X) is the Hilbert space

with inner product

T
(f,9)re0rx) = / (f,g9)x dt.
0
To set up our parabolic variational inequality we assume that V' = H}(Q2) and H = L*(Q),

K CV defined as K ={v € V,v > in Q}.

4.3 Formulation of parabolic partial differential in-

equality

Let Q be bounded open set in R? with boundary 992. We seek a function u(x,t), t €

[0,T], x € Q such that

( Ou

5 " Lu=f

w(x, 1) > (x,1) in Qx(0,T),

(u — ) (% - Eu) — 0, (4.3.1)
u(x,t) = 0 on 99 x (0,T),

u(x,0) = (x,0) i€, att=0,

where L is a linear operator defined as

Lu = —div(a-Vu)+b-Vu+cu,
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the coefficients a, b and ¢ satisfy the same conditions for ellipticity discussed in Chapter
2, in equation (2.1.3). The function v = wu(z,t) satisfying (4.3.1) is called the classical
solution of this problem. As in the case of elliptic partial differential inequalities we
discussed in Chapter 2, in many applications of parabolic variational inequalities we have
to deal with the situation where the smoothness is not possible, and for such problem
the classical theory is insufficient. This limitation of classical theory can be overcome by
generalizing the notion of solution u of the partial differential equations with 'non-smooth’

data, by weakening the differentiability requirement on wu.

4.3.1 Variational formulation

Let us suppose that u(x,t) is the classical solution of (4.3.1). To derive the variational
formulation of the equation, let K be any closed convex subset of V' C H}(Q) take any
v, that satisfies the same essential boundary conditions as u, multiply by test function
v — u and integrate by parts, we have the following parabolic variational inequality: find

u(x,t) € L*(0,T; K) for almost all ¢ € [0, T] with u; € L?(0,T; L*(Q2)) such that

(%,v - u) +a(u,v—u) 2 Ll(v—u), Yve K, te€[0,T] (4.3.2)

with initial condition

(u(x,0),v —u) = (Y(x,0),v —u), (4.3.3)

where

K ={vjve Hy(): v=1in Q},

is a non-empty convex subset of V, uy € K, f € L*(0,T; L*(Q)) and

a(u,v):/Vu-a-Vv dQ+/b-Vuv dQ+/cuv dos2,
Q Q

Q
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év:/fv ds2.
Q

4.4 Existence and uniqueness of solution

The existence and uniqueness of variational inequalities can be checked by using the

following theorem from [50] and [82].

Theorem 4.4.1 Let V' be a Hilbert space, £ is a linear functional on V, K, is a convex
subset of V, ug € K and a(-,-) a bilinear form such that

(i) a(-,-) is coercive, i.e. there exist a constant o > 0 such that
a(v,v) = alv|3  Ywev, (4.4.2)
(ii) a(-,-) is continuous, i.e. there exist a constant > 0 such that
a(u,v) < Bllullullvlla Va0 €V,

(1ii) Let f(x,t) and u(x,0) = ug satisfies the following conditions,

fe€L*0,T,V) and % e I2(0,T,V")

f(X,O)—;CU[) € K.

Then there exists a unique solution for parabolic variational inequality (7.4), also the
solution satisfies

)
u, 8—;‘ e L2(0,T:V) N L0, T; H).

Proof of this theorem can be found in [82].

Remark 4.4.3 The uniqueness is immediate: Consider uy and us be two solutions, then

by taking v = us(t) (respectively v = uy(t)) relative to uy(t) (respectively to us(t)) in the
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variational inequality (4.3.2) and add the results we obtain

( d¢(x,t)
dt

>C(X’t))_a(C(X>t>7C<X7t)) 2 0

where ¢ = u; — uy and ((x,0) = 0, By using the coercivity condition (4.4.2) the above

wmequality can be written as

= < 0.
S IO + allcx DI < 0

By using the initial condition ((0) = 0 we have
K= <0,
which tmplies that { = 0 and hence u; = us.

4.5 Semi-discretization in space

Consider the variational formulation (4.3.2) and (4.3.3)

ou
—_— — — > —
(at,v u) +a(u,v —u) = (v —u),

with initial conditions

(U(X7 0)7U - u) > W(Xa O)?” - u),

where V' C Hj () for the homogenous Dirichlet boundary conditions.
The second step is to replace V' in above equation by V}, the finite dimensional subspace
of V' which consist of continuous piecewise polynomial functions. Let K, = {v, € V}, :

vp = ¢y, in Q}. Then the semi-discretization of the weak formulation reads
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find up(x,t) € K, Vte (0,T) such that

9 (4.5.1)
<%,vh — uh> + a(up,vp, —up) = vy, —up) Yo, € V.

The third step is to find the approximations for the functions u; and v;,. These functions
are typically piecewise continuous linear functions, with respect to the subdivision of the

domain. We choose a separation of variables ansatz to represent u;, and vy, :

=D w0, wnlxt) = > v(0)6(x). (15.2)

Additionally, we also have initial condition

(uh(x, 0), Vp — Uh> 2 (¢h(X, 0), UV — uh).

Then the semi-discretized form can be written as

N N au N N N N
Do (i —u) S G e) + YD (v w) aldd) u > D (0 - ui)l(d; — ),
i=1 j=1 i=1 j=1 i=1 j=1

In matrix form it becomes

(v— u)TM((ii—l;1 +(v—uw)lLu>(v—-u)f.

where matrix L is called the stiffness matrix, with

[L]ij = a(¢;, ¢i),
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and M is called the mass matrix, with

and

[M]; :/Q Gip; df)

[fl: = £(¢0),

[\D]l = %’(Xa t)'

For this parabolic problem, the matrix L is positive definite, symmetric and sparse.

4.6 Discretization in time

We shall now consider time discretization methods to convert the semi-discrete problem

(4.5.1) into a fully discrete problem. We will consider the backward Euler and the Crank-

Nicolson methods [50]. Let 0 =ty < t; < ...t,, = T be the subdivision of the interval

(0,77, and let Atj, =ty — tx_1 be the time step. Then at each time step the fully-discrete

problem reads; find uf € V;, such that for all k = 0,...t,, — 1,

( k+1 k
wymt —u
h h k41 k+6 k1 k1
(—tk ,Up — Uy >—|—a(uh Jop —uy ) — Loy —uy ) =0,

un(x,0) > 1p(x,0), (4.6.1)

k0 _ ok KLk
| un = g 0wy — ),

where 6 € [0,1] is fixed. For § = 1, the scheme becomes the backward Euler method and

for # = 1/2 the scheme is the Crank-Nicolson method.
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4.6.1 Backward Euler scheme

The backward Euler method for the semi-discrete problem reads find uf € V},, such that

forall k=0,...t,, — 1,

S
h h k1 1 k1 [
< ,vh—uh+)+a(uh+,vh—uh+) > Loy —utt) Vv eV,

Aty (4.6.2)
ul}vL-&-l > gt
the initial condition is
(up(x,0), v, —up) = (Yp(x,0), v, — up). (4.6.3)

4.6.2 Crank-Nicolson scheme

The Crank-Nicolson method for the semi-discrete problem can be described as

find uf € V3, k=0, ...t,, — 1, such that

k+1 k k+1 k
U — U U +u
uz—‘rl 2 wk—i—l’

(4.6.4)

with initial condition

(u(x,0),v —u) = (Y(x,0),v —u). (4.6.5)

To discretized in time we considered backward Euler and Crank-Nicolson methods [50].
We know from general theory of numerical analysis, that these methods are uncondition-

ally stable and are first order and second order accurate respectively.
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4.7 Minimization formulation

In this section we consider the minimization formulation for the Backward Euler and the

Crank-Nicolson schemes given in (4.6.2)-(4.6.5).
Backward Euler scheme

The backward Euler method for the minimization problem reads

for k=0,1,....t,,
find u¥ € Kj, such that Yo, € K, (4.7.1)
J(uy) < J(vn),

with initial condition

where
1.
T(uh) = St uf) — T,
Sk K E K 1 E K
a(uy,uy) = a(uy, up) + ——(uy, up)
Aty
- 1 B
O(up) = O(uy) + A—tk(ulﬁaui Y

Crank-Nicolson scheme

Crank-Nicolson method for Minimization problem can be written as

for k=0,1,....t,, find u} € Kj,such that Vo, € K,
(4.7.2)

J(“Z) < ‘](Uh)a

with initial condition

uh<X7 O) 2 wh(xa 0)7
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where here

J(uy) = Saluy, uy) — (up),

N | —

- 1
CL( fw Ui) = a(“%“ﬁ) + A_tk(uia u§>7

~ 1 -~ 1 -~
ﬁ(uk) = E(ui) + A—m(ulz,ulg 1) _ §a(ulz,ulg 1).

4.8 Matrix formulation of semi-discrete problem

The system of linear equations given in (4.5.3) can be expressed in the matrix form as

d
(v —u)” Md_ltl +(v—-ulLu > (v-u)f,
or equivalently
du
M—+ Lu>f, 4.8.1

with initial condition

u(x,0) = ¥(x,0),
where L, M, f, U are defined previously.

4.8.1 DMatrix formulation for fully discrete problem in time

The matrix formulation for the fully discrete problem can be written as
(4.8.2)
(uf — Uk),(Auk — 1), =0 V4,

where A and f depends on the time discretization scheme.
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Backward Euler scheme

~ M ~ M
For the backward Euler scheme we have A = A + Land f = A + f. Thus we obtain

the following system of equation at each time step k =0,1....,¢,, — 1

( (M M
R L k+1 P — k fk+l
y (Atk + ) u Atku +
VI (E + L, f, \p) : ubtl > gl
k

M M
o L k+1 _ 7 ko fk+1 E+1 _ \pkt+1y — 0

\ ((Atk+ )u Atku (u ) =0,

(4.8.3)

with initial condition

u’ = u(x,0) > ¥(x,0),
Crank-Nicolson scheme

L
+ f. Thus we

~ M L ~ M
For the Crank Nicolson scheme we have A = — + — and f = AN 2

At 2
obtain the following inequalities at each step k =0,1...,¢,, — 1

( M L k+1 M L E~F
—_— — - - 2 fk+1
[P (Atk+2>u +( Atk+2>u
VI (_ il \pf) : > gk
M L M L -~

(4.8.4)

with initial condition

u’ = u(x,0) > ¥(x,0).

4.8.2 Minimization formulation

The matrix formulation of minimization problems (4.7.1) and (4.7.2) can be written as

follows.
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Backward Euler scheme

In this case, we obtain the following set of minimization problem at each time step k

for k=0,1,...t,, — 1,

1 M M
minimize J(uf+!) = 5(u’““)T (E + L) uttt — <Euk + f’““) u"t (4.8.5)
k k

ubtt > q,k—i—l’
with initial condition

u’ = u(x,0) > ¥(x,0).

Crank-Nicolson scheme

In this case, we obtain the following set of minimization problem at each time step k

for k=0,1,...t,, — 1

1 M L M
minimize J(u**!) = §(uk+1)T <E + 5) uftt — ((E _
k K

no |

)uk . fk+1> uh

uk—‘rl 2 ‘I,k;—&-l,

(4.8.6)

with initial condition
u’ = u(x,0) > ¥(x,0).
4.9 LCP formulation of parabolic variational

Inequalities

In this section we shall describe the LCP formulation of the variational inequalities (4.8.3)

and (4.8.4) constructed by backward Euler and Crank-Nicolson methods respectively. We
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recall here the generic LCP problem (3.5.1)

W—Mz:q,
LCP(M,q): { w>0, z>0,

Backward Euler Scheme

Comparing (4.8.3) with (3.5.1), we obtain

~ M M M
M= -— L — k1 \Iijrl N L \I/kJrl e fk—&-l‘
A T 1 (Atk * ) Aty

We conclude that

M M M M
I|—+4+LfV)|=LCP|—+L | — + LU — —yF— 1),
v <Atk+ o ) ¢ (Atk+ ’<Atk+ ) Aty

Hence, the above LCP formulation for the backward Euler method can be written as

find u® € R™¥V

with u® > ¥(x,0),
¢ (4.9.1)
such that for £=0,1...,t,, — 1,

M M M
k+1:LCP il L el L \I,k:-i-l__ k:_fk—H ]
v (Atk+ ’(Atk+ ) Aty

Crank-Nicolson scheme

For the Crank-Nicolson method we have

M:£_|_£ 7z = uFtl — prt! q:(£+£>@k+l+<_£+£>uk_f/€+l
Aty 2’ ’ )

and therefore

M L M L M L M L
I(—+=,U.f)=LCP||-—+= U T ) e R )
v (Atk+2’ ) ¢ ((Atk+2>’(Atk+2) +< Atk+2)u
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Hence, the above LCP formulation for the Crank-Nicolson method can be written as

(

find u® € R™V
with u’ > ¥(x,0),
such that for £ =0,1....t, — 1,

M L M L M L
k+1:L P o = o = \I;k-i-l o - k fk+1 )
wrrer((gg ) (an o) v (ag g wee)

(4.9.2)

4.9.1 QP formulation of minimization problem

In this section, we describe the QP formulation of the minimization problem (4.8.5) and

(4.8.2) constructed by backward Euler and Crank-Nicolson methods respectively.
Backward Euler scheme

Comparing (4.8.5) with (3.5.5) (see also (3.4.2)) we obtain the following equivalence
M M

D=-—+1L = ——u" — " b =Tk A=L
R Vi ’ ’

We conclude that

M Mo M M
o o f +1 \I/k+1 =0PI|1 \I/k+1 I fk+1 s L.
MIN <Atk + L, Atku + , ) Q ( , , Atku At +

Hence the above QP formulation for backward Euler method can be written as

find u* € RV

with u’ > ¥(x,0),
(4.9.3)
such that for £=0,1...,t,, — 1,

M M
L= QP (LU (—— + L)yu* — "), — + L ).
utt = Q ( (-3 T hu b an Tt
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Crank-Nicolson scheme

Similarly for the Crank-Nicolson method, we obtain

M M L

D=—+1L = (———— + )uF = p=0Fl A=1
Atk + ’ ¢ ( Atk * 2)11 ’ ’
M L M L M L M L
MIN ( —/— okl 2 NGE fk—l-l =0P|(1 \I/k—l-l o Nk fk-l-l e y
(Atk+2’ ’(Atk. 2)u + @ ’ Atk+2)u ’Atk+2

Hence the above QP formulation for Crank-Nicolson method can be written as

;

find u® € RN

with u(x,0) > ¥(x,0),
(4.9.4)
such that for £ =0,1....t,, — 1,

M L M L
" @ ( ( Atk+2)u ’Atk+2)

\

In this chapter we introduced the parabolic variational inequalities. We applied the
finite element method to discretize in space. To convert into fully discrete problem we
used standard backward Euler and Crank-Nicolson methods. We described the variational

and minimization formulations of parabolic variational inequalities and the corresponding

LCP and QP problems.
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CHAPTER 5
DOMAIN DECOMPOSITION METHODS
FOR ELLIPTIC VARIATIONAL

INEQUALITIES

5.1 Solution methods

Domain decomposition methods (DDM) form an active research field in the area of it-
erative methods. They are typically used for large scale algebraic systems arising from
the modeling of partial differential equations, for which parallel algorithms are desired.
These methods are a powerful tool for devising parallel algorithms. Domain decom-
position methods can be categorized into two branches namely: overlapping and non
overlapping. Overlapping DDM are usually referred to as Schwarz alternating method
and the additive Schwarz method [8], [20]. Non overlapping methods are usually called
substructuring methods [118]. In both cases, the problem is formulated in each subdo-
main, yielding a family of reduced size subproblems that are coupled together through
some suitable boundary conditions at the interface. These reduced problems are solved

at the expense of an iterative procedure among the subdomains to impose the interface
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coupling. Overlapping domain decomposition methods are inefficient when the region of
overlap is reduced [13] or in the case of elliptic problems with large jump coefficients [118].
A comparison between overlapping and non overlapping DDM can be found in [24] [11]
(18], [19].

Another important class of solution techniques is that of multilevel and multi-grid meth-
ods for constrained minimization problems, introduced in [87] and [48]. Some variants
of these method were studied in [73] and were analyzed in [74]. A challenging task for
multi-grid method when applied to variational inequalities, is the representation of the
coincidence set on a coarse grid, as shown in the review paper [52]. Some multi-grid and
two level domain decomposition methods are given in [111] [107] in which it is shown
that the overlapping DDM has linear convergence for the constrained obstacle problem if
the obstacle and computed functions have been decomposed in a suitable manner. Some
more variants of multi-grid method are discussed in [10], where the decomposition of the
closed convex set for the minimization problem is introduced as a sum of closed convex
level subsets; the convergence rate is shown to depend on the number of levels.

In the following, we give a literature review of domain decomposition methods for partial

differential equations and variational inequalities.

5.1.1 DDM for partial differential equations

In 1870 Schwarz [103] proposed an overlapping domain decomposition method to compute
the numerical solutions of partial differential equations on an exotic domain combining a
disc and a rectangle. A detailed discussion for overlapping and non overlapping DDM for
partial differential equations and related algorithm to solve these problems can be found
in [23], [92], [114], [116]. A brief study of the Schwarz alternating method for a range
of different problems including Laplace equations and Stokes equations can be found in

[85], [84], [86]. These papers emphasize the excellent convergence properties of Schwarz
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methods, and why Schwarz methods can be applied and extended to a wide range of
problems. Another class of Schwarz methods are the two level or multi level additive
Schwarz methods, introduced in [35], [34], [37]. A two level method for symmetric and
positive definite problem is given in [39]. In this paper, a good convergence rate is proved
and the running time of the problem is shown to reduce for subdomains with a small
region of overlap. An increasing number of conjugate gradient iterations are compensated
by the fact that the local problems are smaller. A generalization of the two level methods
is described in [126] [12], [38], [125]. In these papers, the family of domain decomposition
methods are shown to be merged with multi-grid methods.

Several domain decomposition methods are proposed and analyzed for solving symmetric
positive definite elliptic problems. For these problems, domain decomposition methods
have been shown to yield a good condition number as an iterative method and can be
implemented in parallel. Domain decomposition methods for solving convection diffusion
problems are few as compared to elliptic problems. Some domain decomposition methods
for such problems are described in [46], [59], [6], [77]. A DDM for convection dominated
problem was proposed and analyzed in [93], where convergence is achieved without any
condition on the macro element. An overlapping DDM is proposed in [67], in which
iterative Schwarz method is used for a convected-dominated problem and convergence is
proved for the algorithm. Numerical experiments presented there show that the number
of iterations depends on the number of subdomains in the flow direction. A combination
of sequential and parallel DDM for convection dominated problems is given in [127]. The
sequential algorithm is applied in the down stream direction and the parallel algorithm
is used in the crosswind direction. In each iteration, a local problem is solved by stream
line diffusion finite element method with artificial boundary conditions. The convergence

of the global approximated solution is shown to be of order O(h/?) in the L? — norm.
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5.1.2 DDM for variational inequalities

There are classical iterative methods like point projection and point over relaxation meth-
ods [50]. However, the convergence rate of these methods has been shown to substantially
increase on fine meshes. Domain decomposition methods for variational inequalities were
initially used in [85], and subsequently many algorithms were constructed and analyzed.
For example, some Schwarz algorithms for variational inequalities are described in [86],
[128], [129]. A DDM method for the Signorini problem is presented in [102], where a pro-
jection method is applied to solve the constrained minimization problem and an optimal
preconditioner for the decomposed problem is derived. [110] proposed a DDM by using
space decomposition techniques for variational inequalities and were able to prove good
rate of convergence.

An additive Schwarz method for the obstacle problem is presented in [9] and shows
nice recurrence for the error between two consecutive steps. Geometric convergence is
proved by using projection operators onto a closed convex Hilbert space. An overlap-
ping DDM with monotone operators for the obstacle problem is given in [76], where it
is shown that the algorithm is monotonically convergent with a suitable choice of initial
guess. A generalized Schwarz algorithm for the obstacle problem with two subdomains is
given in [129], where the obstacle problem is solved with the Robin boundary condition
gi(v) = (97;(1))—1—(1—91-)88—72, 0 < 0 < 1. Some convergence results for variational inequalities
can be found in [107], [108], [109] [122], [123]. For example [108], [109] proposed some gen-
eral space minimization problems for convex functional over a convex constrained subsets,
using space decomposition methods. This work is further extended in [106] , where an
analysis of the rate of convergence of the method is provided. [123] proposes a monotonic
convergent method for the two sided obstacle problem. The estimate of convergence is
given there, is valid only for the two subdomain case and with uniform overlapping size.

The systems with different governing problems in different subdomains can be solved by
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non overlapping (DD) methods by solving in parallel for the solution in each subdomain.
A non overlapping DDM with two subdomains for the free boundary problem is given in
[61]. Convergence analysis and numerical results are also given to support the algorithm.
Another non-overlapping domain decomposition method for the obstacle problem is given
in [62]. The global domain is converted into several non overlapping subdomains and then
in each subdomain a variational inequality is solved. Numerical experiments presented
there show that the algorithm is monotonically convergent, but the rate of convergence

is mesh dependent.

5.2 A non-overlapping domain decomposition method

In this chapter we introduce a non overlapping domain decomposition method for elliptic
variational inequalities. The purpose of using the domain decomposition method is to
reformulate the original problem into two subproblems showing different behaviour in
their respective subdomains, namely one subproblem in some subdomains governed by
a partial differential equation and the other in the complementary subdomain satisfying
a variational inequality. Each problem is then solved locally (in each subdomain), with
Dirichlet boundary conditions on the interface, and the solutions are coupled together

through an interface problem.

5.2.1 Formulation of the method

Let Q be a smooth bounded open convex domain with boundary 92. We recall here the

variational inequality problem described in Chapter 2:

(

Lu > f inQ,
w = ¢ in Q,
(Cu— f)(u—v) =0 nQ,
u = 0 on 0f.

(5.2.1)

\
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The weak formulation of the above inequality is

find u € K such that Vv € K,
(5.2.2)

a(u,v —u) = (v —u),

where the bilinear form is given by

a(v,w):/VU-a-Vw dQ—i—/b-va dQ+/cvw dsY
Q 0 Q

and

K={veV:v>¢yinQ,} with V = Hj(Q).

Let € be partitioned into m non-overlapping disjoint open subdomains €2;, 7 =1,...,m

and let I := 0Q; \ 09, with I" = Ji_, I, the interface. Thus,
ﬁ: Uﬁj and QiﬂQj :(Z)
j=1

If we denote by u;, f;,1; the restrictions of u, f, 1 respectively to each subdomain 2; and
by A;, the solution restricted to the interface I, then problem (5.2.1) can be defined in

each subdomain ; for j = 1,...,m as follows

find u; € K in §2; such that
Lu; > f; in Q,

u; = Y in Q,

(Luj = f)(u; —¢;) =0, in &y,
uj =A;, on 0Q,;NI,

(5.2.3)

u; =0, on 00N OQ,.

\

To apply the idea of partitioning the domain in our problem, we decompose the domain
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into two multiply-connected subdomains Q¢ and Q. In Q¢ we solve a PDE and in Q) we
solve a PDI. This partitioning requires some mild assumption about the coincidence set C
for u and ¢ to locate Q. We choose Q¢, the domain containing the region corresponding
to the coincidence set, then Q¢ = Q\ Q.

To understand this partitioning of €, we consider the Figure (5.1) for 1D obstacle

problem.

-y

ot T Qf I of

Figure 5.1: Domain decomposition for obstacle problem in 1D.
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Since it is not possible to estimate the exact extreme points for the coincidence set
C, we assume that the interface I lies outside the support of the obstacle. This mild
assumption allows us to pose the problem (5.2.1) as a PDE on Q° as well as on the
interface I'.

Thus for our problem the partitioning of {2 together with interface I' can be defined as

Q=0°UQUTI where I'=0°NQ.

ai, f© = floc and f' = f

Q° and Q' respectively. We shall use superscript e for subdomain Q¢ and superscript i

Let z = u

Qe, W = U qi be the restrictions of u and f on

for subdomain ¢ throughout this chapter. By using the above partitioning the problem

(5.2.3) can equivalently be written as two subproblems PDE and PDI as follows

(

Lw>f in Q)
Lz=f in QF w > ¢ in Q
PDE: ¢ z = 0 on 9Q°\ I, PDI:q (Lw— f)(w—1)=0 in @, (5.2.4)
z = X onl, w =0 on I\ T,
w = X\ on [l

\

where ) is the value of solutions z and w on I respectively.
The subproblem PDE can be decoupled into two sets of problems, as for the case of

standard domain decomposition methods for PDE [92]

Lz =f in Q° Lz =0 1in °,
PDEy:{ 21 = 0 on9Q¢, PDE3:Q 2z = 0 on 9Q°\ T, (5.2.5)
z1=0 on I zg=A on I

Note that zy is the L-extension of A to domain ¢ and will be denoted by E\, where E
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is the L-extension operator. By using above definitions, the solution in each subdomain
can be written as

U|ge = 2 = 21 + 22,

and

Ui = W.

5.2.2 Variational formulation

Note that by using the above splitting the weak formulation (5.2.2) can be written as

find uw € K such that Yv € K,

| (5.2.6)
ae(zav - Z) +a’l(wvv —UJ) > (faU_Z)QE + (f,U—'lU)Qi,
where
a’(z,v) = [ Vz-a-Vu dQe+/ b-Vzv dQe—i-/ czv dQ°.
Qe e e
and
a'(w,v) = | Vw-a-Vv in—i—/ b - Vwu dQ’H—/ cwv dSY'.
The variational formulations of (5.2.5) and PDI are
(
find z; € H}(Q°) such that Vv € H'(Q°)
(5.2.7)
a(z1,v — z) — / n -Vz - (v—2z)dl = (f%v— 2)qe,
3 r
)
find 2, € H'(Q2°) such that Vv € H}(Q°)
(5.2.8)
ae(zQ,v—z)—/nl-VZQ-(v—z) dl’ =0,
{ r
)
find w € K such that Vv € K
| | (5.2.9)
a'(w,v—w) — / ny - Vw - (v—w)dl = (f',v—w)qi.
( r

78



Adding above weak formulations we get

ae(zl,v—z)—/nl-Vzl-(v—z)df—l—ae(zg,v—z)—/nl-Vzg-(v—z)dF
r r

—l—ai(w,v—w)—/ng-Vw'(v—w)dF> (fiv—2)qe + (f,v —w)q.

Using 21 = 0, 20 = A = w on [" and letting v = Fu, where F' is any extension operator

we have

a®(z1, 0 — A) +a'(w, p — N) —/

n1Vzl(u—A)dF—/n1Vz2(u—)\)dF—
r

r

/ Ny Vo (jt— NAT > (f. 1t — New + (.t — Neye
r
Using the weak formulation (5.2.6) yields a partial Steklov-Poincaré inequality for A :

—/nl-VE)\~(u—A)dF}/nl-Vzl'(u—)\)df+/n2-Vw~(u—)\)dF.
r

r r
r r
Equivalently
(SAp=A) < (g(A), = A). (5.2.11)

As discussed in the beginning of the chapter, we assume that the interface I" lies outside
the support of the obstacle and the problem (5.2.1) satisfies a PDE for A on the interface

I'. Therefore (5.2.11) can be seen to be equivalent to the non-linear variational problem

(SN ) = (9(N),p), (5.2.12)
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The Steklov-Poincaré operator S¢ : A — A’ (where A = HY(I'), Hy*(I') or HY*(I')

depending on the nature of the problem) is defined as

(S0 1) = / (01 - V(EN)u dT,

and

(9N, 1) = — / (01 - V1 + 0y - Vo) o T

Applying Green’s formula, we get the alternative representation of S¢
(S°A\, 1) :==a(EX, Fu) VA ue€A,

where F' denotes an arbitrary extension operator to 2°. By using the above definition
of §¢, our classical problem can be written as an ordered sequence of three decoupled

problems involving elliptic problem on subdomain ¢ together with a problem set on the
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interface I" which is coupled with the problem on .

521 = f in Qe,
z1 = 0 on 90\ I (5.2.13a)
z1 = 0 on I
{ S°A=-n-Vz —n-Vu, (5.2.13b)
( Lw > f in Q)

w = 1 in QO
(Lw— f)(w—1)=0 in Q (5.2.13¢)
w=0 on I\ T,

| w = A onl]

(Ezgzo in Q°,
29 = 0 on 90°\ I (5.2.13d)
z9 =\ on I

The resulting solution in ¢, is

u

Qe = 2 = 21+ 29,

where as solutions for interface I" and € i.e. A and w could be approximated in an
iterative manner. To write down the weak formulation of above problem we rewrite the

sets of equations (5.2.13d) as

LzZo = Lg° in QF
Z = 0 on 00\ I, (5.2.14)

Zo=0 on [
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where Z, = 25 — ¢%, ¢° chosen such that ¢¢ € H}(Q¢). By using these notations, the weak

formulations of domain decomposition problem can be written as

find 2, € H} ()

such that V v € H}(Q°), (5.2.15a)
a‘(z1,v) = (f,v)ar,

) find A\ € HY*(I') such that ¥V pu € HY*(I), 52.150)
(SN w) = ((fe, Fope) — a(z1, Fope)) + ((fF, Fipt) — a'(w, F' )

find w € H'(Q)

such that V v € HY(QY), (5.2.15¢)
W0 —w) > (f,0 - whas

find Zp = 20 — ¢° € H} ()

such that V v € Hg(Q°), (5.2.15d)

at(Ze,v) = —a®(q°,v).

5.2.3 Finite element discretization

Finite element approximation of the domain decomposition formulation can be described
as follows
Let Q C R? be a bounded open convex set and let T, be some subdivision of Q into

simplices t. Then  can be written as

0= U t.
teTy,

Let P.(t) denote the space of polynomials defined on t in d variables of degree less than

or equal to r.
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We define the finite dimensional spaces of continuous piecewise polynomial functions on

some subdivision ¥, of Q¢ and Q' into simplices t of maximum diameter h, as

be = {Uh S Co(ﬁe) | vy, € P(t), \V/t € Eh, ’Uh|aﬂemag = O},
Ki = {vy € CO) | vy € P(t), YVt € Ty, v =1 in Q and v|painge = 0.

Let N, N* denote the sets of nodes located in the subdomains ¢, Q' and N1" be the
number of nodes lying on the interface I', with |N¢| = N, |[N?| = N*, INT| = N Let
now

K} = span{®y, k € N},

K = span{®;, k € N},

K} =span{®;, k€ N},
§" = span{y0(I)®x, k € N}

This yields the decomposition
K'=K'o K ® K} C Hy(Q).

By using the above definitions, we have the following finite element discretization for the
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domain decomposition method:

p

find 2 € Kj
(5.2.16a)
a®(ztv) = (f,v)qe, Yo, € K
\
(
find A\, € S" such that V yu;, € S*,
- N (5.2.16b)
L Se(AhnU’h) = (<f67F6MZ) - ae<z?7 Fe:“i)) + ((fvaZ:u;z) - az(wh’quz)) )
(
find wy € K} such that Vv, € K},
| (5.2.16¢)
\ a'(wp, vy — wy) = (f,vn — wi)qs,
(
find Z8 = 2I — ¢¢ € K7
such that V v, € K}, (5.2.16d)
ac(Zp,v) = —a®(q5,v).

5.2.4 Matrix formulation

The discrete formulation (5.2.16a)-(5.2.16¢) leads to a Schur complement approach for the
solution of the problem (5.2.1). To obtain the matrix formulation of the above discrete
formulation of the domain decomposition problem let us denote the unknowns vectors by
u®, u’, ur and the right hand side vectors by £¢, f?, fr of lengths N¢, N?, N respectively,
such that N = N4+ N+ NT with A € R¥*¥ and f € RY. Then the matrix representation

of (5.2.1) can be written as

A O Afp uj f7
O A, A, u, | = £, (5.2.17)
A?I A?l AFF ur fp

uz v,
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Where we have partitioned the degree of freedom into those internal to ¢ and to € and

those on the interface I'. In particular, we have

(A7)es = a® (P, B5) k. j € N,

(Aikj = a'(Pr, @) k,j €N,
(Arr)y; = a*(Pk, ®;), keN®, jeNT,
(AIF)ZJ‘ = ai<q)k7q)j) ke N, Jj € NT.

Proposition 5.2.18 By using the above notation, the solution of problem (5.2.15a)-

(5.2.15¢) has the following algebraic form

{ Ag = e (5.2.19a)
{ Seup = fr — A%t — AL ui, (5.2.19b)
{ Atab > fi— Al ur, (5.2.19¢)
{ uSt = —(A¢)) LA up (5.2.19d)

Equations (5.2.19a)-(5.2.19d) could be seen as a partial Schur complement approach for
the system (5.2.1) and the solution for u% and ur will be approximated in an iterative
manner. The resulting solution is then [ui{l} + ui{Q}, u’, ur]. The proof that the solution

of a linear system on € is u" + us"* can be found in [3], [92)].

5.3 The Obstacle problem

To demonstrate the implementation of the domain decomposition method we will consider

a well known example: the obstacle problem. Recall from Chapter 3 that the finite element
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formulation of the obstacle problem yields the discrete problem; find u, such that

Au>f

Y

u->Uv

Y

(u—U);(Au—f); =0 Vi,

where A;; = [, V¢;.Ve; dQ, ¥; =1(x;) and f; = [, f¢; dQ. Equivalently, using the

same decomposition as used in (5.2.17) the above system could be written as

Ay O Afp uj f7
O A, Al u, | = - (5.3.1)
A?I A?l AFF ur fp

The solution method described in (5.2.19a)-(5.2.19¢) based on the Schur complement
approach can be applied to the above system for the obstacle problem. We could see
that the domain decomposition method described in this chapter leads to a PDE in ¢
corresponding to the first row block in (5.3.1), the second row block is a reduced variational
inequality in € and the third row block can be considered as either a PDE or a PDI on

I". We can write the PDE corresponding to )¢ as

€ € e __ fp€

Solving for u® we get

uj = (A7) (ff — Ajpur). (5.3.2)
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Replacing u® in the remaining system we get the reduced system for obstacle problem,
i.e., only for the sub-domains containing the support of the obstacle
A Apr u; f]

>
= ~
Aé"] Se ur f['

: (5.3.3)

where

S = App — A% (AS) T AS, and froo= fp — AG(AS,) Y

Hence, the reduced obstacle problem can be written as

Au >f,

where
N At A u} - f: - L
A= T s a= Ty = ] and U= !
App S5° ur fr U,

We will see in algorithms (5.4.1.1) - (5.4.1.2) and (5.6.1.1)-(5.6.3.1) below how this reduced

system can be solved more efficiently by splitting the system for A%, and S°.

Minimization formulation of reduced obstacle problem

This reduced problem can be written as a minimization problem of the following form.

FindﬁGKSUChth&tVVEK:{UGRN”'NF : V>¢’}, (5.3.4)

J() < J(v).
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where

J(v) = %<V)TAV ~ (v)'F.

QP formulation of reduced obstacle problem

To solve this reduced obstacle problem we derive the QP formulation of the minimization
problem (5.3.4), as described in Chapter 3. Thus, the quadratic programming formulation
for the reduced minimization problem is equivalent to

QP(Af,1,7) (5.3.5)

where

a’ = [(u)", (up)"] and T =[(¥)", (¥p)"].

5.4 Solution methods for the obstacle problem

We develop three algorithms to solve the obstacle problem. The first algorithm is a direct

method in which we first calculate ui{l} then solve the reduced system for the obstacle
problem for u’ and ur and in the third step we calculate ui{Q}. The other algorithms we
propose, are iterative methods to approximate the solutions u’ and ur. The algorithms

are described as follows.
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Algorithm 5.4.0.1 Reduced QP (RQP) direct algorithm

1: step 1: find us™ = (As,)"'fe,

2: step 2: find u € K such that

Ju)<Jv)VveR,

3: where a7 = [(u))7, (up)?], and J(v) = 1(v)TAv — (v)'f

1
2
4: step 3: Compute

e{2 e \— e
uI{ b= —(Afy) 1AIFuF

5: The resulting solution is then

u= [ui{l} + u§{2}, uﬁ, url.

In this algorithm, we see that the matrix for reduced inequality problem contains the
partial Schur complement for the equality domain S¢ as an element, which could make
the algorithm computationally expensive. In the following we propose algorithms in which
we approximated the reduced problem (5.3.4) in an iterative manner. In this algorithm we
use two level refinement and the solution is calculated by using a coarse mesh to compute

an initial guess.

5.4.1 Picard reduced QP algorithm

We proposed a Picard algorithm for solving the nonlinear problem corresponding to
(5.2.19a) and (5.2.19b). In our Picard algorithm we will consider two cases, in the first
case we solve for u$ on Q¢ whereas we compute u} on Q' and ur on I' by solving varia-
tional inequalities. In the second case we assume that solutions uf, up satisty PDEs on
Q¢ and I respectively. We solve a variational inequality only in the subdomain €. The

proposed algorithms are included below;
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Algorithm 5.4.1.1 Picard reduced QP algorithm I

1: step 0: Find an initial guess by using coarse mesh solution
2: step 1: find ui{l} = (Ag,) e,
3: step 2:

: for k=0,1,2, ..., till convergence do

B S

5. Find (up)*t € K such that
J(up)M™ < J(v) VveKp

6:  where
1 e i )

7. Find (u})*1 € K such that
J(u)) < J(v) Vv eK!

8:  where

1 , , .
J(v) = 5 () Apyv = ()T (8 — A

9:  If converged, set up = u’}“ and exit
10: end for
11: step 3: Compute
ug™? = —(47) " A rur

12: The resulting solution is then

u=[u" 4w upl
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Algorithm 5.4.1.2 Picard reduced QP algorithm II

1: step 0: Find an initial guess by using coarse mesh solution
2: step 1: find uS" = (A2,)71fe,

3: step 2:

B S

: for k=0,1,2, ..., till convergence do

5: (i) Solve S°(up)** = (fr — Afutt — AL (uh)F)
6:  (it) Find (u})* € K such that
J(uH) ) < J(v) Vv eK!
7 where
1 i i i
J(v) = §(V>TAUV - (W) (f; - IFu]lcj_l)
8:  If converged, set up = u’}“ and exit
9: end for
10: step 3: Compute
uft? = — (A7) " Afruy

11: The resulting solution is then

u=[u" 4w upl

We described three algorithms to solve variational inequality problems. The first algo-
rithm is a direct method which solves the system in one step. This method requires the
construction of a Schur complement, as an element of a matrix to be solved. The algo-
rithms (5.4.1.1) and (5.4.1.2) are iterative procedures. In these algorithms the solution

on the interface and in the inequality region are obtained in an iterative manner.
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5.5 Convergence analysis for Picard algorithm

In this section we give convergence analysis for Picard reduced QP algorithm.

Lemma 5.5.1 Let (0)**! is the solution of reduced minimization problem (5.3.4) at k+1

iteration, where

~ S,

7 7 7
u . e’ ' f

where

and

J((er)™") = %((er)’“)TSG(er)’“ — ((er)")T{fr — S°uf — Ap,(up)*}.
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Proof

Consider

= %{(ek +a")T A" +a")} — (e +ah)f
— %(ﬁk)TAﬁk + ()"t
= (ek)TA(lek +a) — (ef)'f
T ((er))T A31 Agf lek ) — (eF)T f}
= (et ey | (3t +u) |
= %((ezz)'“)TA’}z((e’})’“ — ((e)")" {f; — Ay (u))* — Ajp((er)” +ur)'}
+ %((er)k)TSe(er)k) — ((er)")"{fr — S°up — Apy(up)*}
= %((eé)'“)TA’}z((e’})k — ((e)")"{f] — Aj(u))* — Ajp(ui)}
+ (TS (er)t — ((er) ) {Er — S°uf — A (u)")
= J((en)") + J((er)*).

Theorem 5.5.2 If J((€})*™) and J((ep)**), are defined as in above lemma then

Therefore the sequence (0*), k € N, generated by the above algorithms converges to the

solution of the reduced minimization problem (5.3.4).
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Proof

Consider

— (e Ay (e}
= () (A () =) = (") (A5 () — )
— (DT AL ()"
= () (A () = ) = ()" (AL () — )

k+1

since (ub)**1 is the solution of minimization problem in subdomain 2 so

(uh)* = (w0)” (Af () — ) = 0.
By using the symmetric and positive definite property of Ab;, we get
F((al i i i i ci L i
J((eD)*) = =((uh)* = (W) (A ((uh)**! =) = S((e))) A ((e

Stmilarly, we can prove

J((er)*™)

I
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Thus, we have,

which implies that

and hence

This implies that {J(@*)} converges, since A is symmetric and positive definite and the
functional J is continuous, the sequence (ﬁ’“) .k € N is bounded and converges to u, the

solution of the minimization problem (5.3.4).

Corollary 5.5.3 Let (u)**! be the solution of the global minimization (5.3.1) at the k+1

e (& e
u; er f

iteration. Letu= | uwi |, e=| e |[,f=[ fi | ande" = (u)*" — (u)¥, then
ur er fp

therefore the sequence (u*), k € N converges to the solution of the global minimization
problem (5.3.1).
Proof

From lemma (5.5.1) it is easy to show that

T — J(u*) < J(e)*) + J(e)*) + J(er)")
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and we can prove

Thus we have

and therefore {J(u*)} converges, since A is symmetric and positive definite and the func-
tional J is continuous so (u*), k € N is bounded and converges to u, the solution of the

global minimization problem (5.3.1).

5.6 Newton’s method for the nonlinear interface

problem

In these methods, we solve the nonlinear interface problem in step 2(i) of the algorithm
(5.4.1.2) by using Newton’s method and then coupled with the PDI, in step 2(ii) of
(5.4.1.2) iteratively.

Newton-Krylov methods and Krylov-Schwarz (domain decomposition) methods have been
considered in many applications for the last few decades. The first method, is a Krylov
method inside of Newton’s method in a Jacobian-free manner, through directional dif-
ferencing. The second one is an overlapping Schwarz domain decomposition to derive a
preconditioner for the Krylov accelerator that relies primarily on local information, for
data-parallel concurrency. These methods seem particularly well suited for solving non-
linear elliptic systems in high-latency, distributed-memory environments. Some Newton-
Krylov and Krylov-Schwarz methods are discussed in [21].

The domain decomposition method we described in this chapter give rise to a non lin-
ear partial Steklov Poincaré operator which requires the solution of a nonlinear interface
problem given by (5.2.19b). In the following algorithms we apply the Newton method

and Newton-GMRES methods at interface, for non-linear elliptic problems. Recall the
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interface problem

Seup = fr — A5t — AL ul(up).

Let

glur) = fr — A5t — AL i (up)

Then the above interface problem for u, can be written as

F(UF) = Seup — g(llr) =0

Newton’s method for F(ur) =0 is
J(Sll[’ = —F(UF),

where J is the Jacobian given by

59(11F)'

J = Fll[‘(uF) =5°— 811p

For a small perturbation € and an arbitrary direction e; we have

Jdg(ur) _ g(ur +¢ e;) — g(ur)
811p €

or

Og(ur) _ i wi(ur+¢e;) —uj(ur)
our I €
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5.6.1 Newton reduced QP algorithm

Equations (5.2.19b) and (5.2.19¢) form a coupled system which we solved previously, by
using Picard iterations. In this algorithm we applied Newton’s method for the solution

of nonlinear interface problem. The proposed algorithm is included below;
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Algorithm 5.6.1.1 Newton reduced QP algorithm

1: step 0: Find an initial guess by using coarse mesh solution
2: step 1: find uS" = (A2,)71fe,
3: step 2:

: for k=0,1,2, ..., till convergence do

B S

5: compute Jacobian

6: for j=1:Np compute

Og(uh () _ ; wy(uh e (s ) — wj(uf)
ouk, r1 5
7. end
dg(uf.)
Jk — Se + I
ouk,
8:  solve

9:  Set (up)**t = (up)* — duk)
10:  find (uh)* € K such that

J(u) ) < J(v), WveK!

11:  where

1 i i i
J(v) = §<V>TAUV - (V)T(fl - AIFu];“+1)

_ kL .
If converged, set ur =uy;"" and exit

12: end for
13: step 3: Solve

e{2 e \— e
U-I{ b= —(Afy) 1AIFUF

14: The resulting solution is then

u= [ui{l} + uﬁ{Q}, ul,ur).
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It is important to note that in Picard algorithm we solvethe interface problem through
the direct inversion of the matrix S¢. On the other hand Newton’s reduced QP algorithm
required the construction of Jacobian matrix, which contains an extra term together with

S¢, given by
Og(u})

Jh =8+
ouk,

Which increase the complexity of the Newton’s algorithm. However, we will see in Chapter
7 that this algorithm exhibit rapid convergence. The complexity of this algorithm can
be reduced by using GMRES. In this method the Jacobian is approximated by using

matrix-vector products.

5.6.2 Newton-GMRES method with exact Jacobian

In this method we construct the Jacobian matrix in Newton step given by (5.6.2)

J =S¢+ 39(11F)‘
0ur

To find the solution of the non-linear interface problem

Jkéup = —F(llp),

we employ GMRES [99]. The Newton-GMRES algorithm with exact Jacobian is given

below
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Algorithm 5.6.2.1 Newton-GMRES with exact Jacobian algorithm

1: step 0: Find an initial guess by using coarse mesh solution
2: step 1: find uS" = (A2,)71fe,

3: step 2:

4: for k=0,1,2, ..., till convergence do

5: compute Jacobian

6: forj=1:Np

Dg(ut () o mylub < els )~ w(ub)
ouk, I 5
Jk — Se + ag(u?)
ouk,

7. end
8:  apply GMRES to compute
ouf. = GMRES(J*, —F(uk))

9:  set (up)*! = (up)* + suk
10:  find () € K such that
J((up)*h) < J(v), WweK

11:  where

1 i i i
J(v) = §(V)TAUV - (V)T(fl - Afrulfjl)

12: If converged, set up = u and exit

13: end for
14: step 3: Solve
e{2 e \— e
uI{ b= —(A7r) 1AIFuF

15: The resulting solution is then 1} {2}
u=[u;" +ui'”, up, upl.

101



5.6.3 Jacobian free Newton-GMRES method

Jacobian free Newton Krylov methods are the combinations of Newton methods and
Krylov methods for solving the Newton correction equations. In these methods the Jaco-
bian is approximated by using matrix-vector product, without constructing and storing
the Jacobian as in Newton method section (5.6). The Jacobian equation given in (5.6.2)
is approximated by using the following approximate matrix-vector product in GMRES
17) [22]

Jv = Sv+ [g(ur + e v)—g(ur)l/e, (5.6.3)

where ¢ is an arbitrary perturbation.

The Jacobian free Newton GMRES method does not require the construction of J,
we instead form a vector that approximates these matrices multiplied by a vector v.
g(up 4 v) in Ju is approximated by first order Taylor series expansion about u [72]. We
see that GMRES requires the action of Jacobian on a vector v. Thus by using this method
we solve the nonlinear interface problem without constructing, storing and inverting the

Jacobian matrix. The method is described in the following algorithm;
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Algorithm 5.6.3.1 Jacobian free Newton GMRES algorithm

1: step 0: Find an initial guess by using coarse mesh solution
2: step 1: find uS" = (A2,)71fe,

3: step 2:

4: for k=0,1,2, ..., till convergence do

5. apply GMRES to compute duk., using matriz vector product
oul. = GMRES(J*, —F(u}))

6:  set (up)*! = (up)* + duk
7. find (uh)* € K' such that
J(u)) < J(v), VveK!

where

1 } o
J(v) = 5 (V)" Ay = (V) (£ — Ajpup)

If converged, set up = u’}“ and exit
8: end for
9: step 3: Solve
ui{Q} = — (A7) AT pup

10: The resulting solution is then

u=[u 4w upl
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5.6.4 Preconditioning of Newton-GMRES algorithm (JFNG)

One of the most effective methods for solving large sparse linear systems is the combination
of Krylov method with some suitable preconditioning. Preconditioning an iterative solver
is a procedure of transforming the linear system into one which has the same solution
whilst aiming to improve the both robustness and efficiency of the iterative algorithm.
The purpose of preconditioning the JFENG method is to reduced the number of GMRES
iterations, by efficiently clustering the eigen values of iteration matrix [98].

A preconditioner can be applied on the right, on the left, or on both sides. In context of
the Newton’s method, the preconditioned residual serves as a useful estimate of the size
of the Newton correction, itself, when the preconditioning is of high quality. Both left or
right preconditioning strategies, may be employed in a Jacobian-free context. Applying

right preconditioning in Newton’s method we obtain

(JP~Y)(Pou) = —F(u).

Where P represents the preconditioning matrix and P~ the inverse of the preconditioning

matrix. Thus, the right-preconditioning of (5.6.3) yields

JP7'v =~ S + [g(up + P 'v) — g(ur)] /e, (5.6.4)

where € is an arbitrary perturbation [72].

In Chapter 7, we will present some result using S¢ as preconditioner in algorithm (5.6.3.1)
to reduce the GMRES iterations.

In this chapter we described domain decomposition methods for elliptic variational in-
equalities. In our method, we decomposed the domain into two multiply connected do-

mains ¢, in which we solve a PDE and €, which requires a mild assumption about the
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coincidence set C, and in which we solve a PDI. We also presented some algorithms to
solve the obstacle problem by using domain decomposition methods. The proposed algo-
rithms include the reduced QP direct algorithm in which the problem is solved in three
steps, which is a direct procedure. In comparison the Picard reduced QP algorithms
are iterative procedure in which the subproblems in subdomain ¢ and on I" are solved
iteratively. Finally, we solve the nonlinear problem at the interface I', using algorithms
which employ Newton’s method, Newton-GMRES method and preconditioned Newton-
GMRES method. In Chapter 7, we will present numerical results to validate and study

the behavior of these algorithms.
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CHAPTER 6
DOMAIN DECOMPOSITION METHOD FOR

PARABOLIC VARIATIONAL INEQUALITIES

Domain decomposition method is mostly devoted to the area of elliptic problems. A
number of references could be found detailing the applications of domain decomposition
methods to elliptic problems. In comparison, there are few references that considered
the applications of domain decomposition methods to parabolic problems. In particular
[119], [51], [86], [77], [78], [36] discussed the extension of domain decomposition methods
to parabolic problems.

Some domain decomposition methods for bilateral obstacles, described in the form of
parabolic variational inequalities, are considered in [130]. A domain decomposition method
for a kind of parabolic variational inequality of fourth order is given in [25]. In this chapter,
we extend the domain decomposition methods (DDM) described in Chapter 5 to parabolic
variational inequalities. We present a non overlapping domain decomposition method for
the system of algebraic equations resulting from the finite element and finite difference
approximations corresponding to the space and time variables, respectively. For parabolic
variational inequalities, we apply domain decomposition method such that, at each time

level we convert our problem into two subproblems, one of which is a PDE in subdomain 2°
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and other is a variational inequality in the complementary subdomain Q¢. Each problem
is then solved in each subdomain and solutions are coupled together through a non-linear

interface problem. To implement our method we consider the parabolic obstacle problem.

6.1 Formulation of the problem

Let ©Q be a smooth bounded open convex domain with boundary 0f). Recalling the

parabolic variational inequality problem described in Chapter 4;

( Ou
- — >
T Lu > f,

u(z,t) = P(x,t) in Qx]0,T7,
- (G- e) =
w(,t) = 0 on I x [0,7],
w(z,0) > ¥(,0) on €, att=0,

\

Matrix formulation for fully discrete problem at each time level k£ can be written as

ut > Uk (6.1.1)
(uf — Uk);(Auk —F); =0 V4,

-~ M ~ M
where A = AL +(1+4+6)L and f = AL +f — 0L. For § = 0, the scheme is backward
k k

Euler and for § = 1/2, the scheme is Crank-Nicolson.

6.1.1 Domain decomposition method

To obtain the domain decomposition method for the problem (6.1.1), let us denote the
unknowns vectors by u®,u’,u’ and the right hand side vectors by f¢, f?, f of lengths
N¢, N, N'" in the corresponding subdomains Q¢, Q. and interface I', respectively, such

that N = N + N+ NI with A e RV and f e RN. Let t =tg < t; < ..t,, = T be
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the subdivision of the interval [0, 7], and let Aty = t;, — tx—1 be the time step. Then the

matrix representation of (5.2.1) at each each time level, k = 0, ...t,,, — 1, can be written as

A O Afp (u?)k (fze>k
A=t o A A || @ | 2] @ | = 612
As, A, Arp (ur)® (fr)*

where we have partitioned the degree of freedom into those internal to ¢ and to Q' and

those on the interface boundary I'. In particular, we have
Ay, = L5, + M,
;131 = ZZH + MIilv
Arr = Lrr + Mrr,
Agp = L5+ My,
Ay = L5+ M.

~ — M - M
Where L = (140)L, M = AL and f = f—{—E—QL, 0 = 0, 1/2. By using these notations,
k k

at each time step k, we have the following matrix form

A\ﬁl(ui{l}yﬂ = (£)F, (6.1.3a)
Se(up)® = (fr)F — A% (uf)r = Ap, (u)”, (6.1.3b)
Aj )k = (B)F - Ajp(ur)t, (6.1.3¢)
A (0P = — A (up)”, (6.1.3d)
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subject to conditions ((£1)% — A¢, (wi)k — Ai L (up)*);((ud)* — (1;)*); = 0, which represent
the complementarity conditions for (6.1.3¢). The Partial Schur complement, §e, is given
by

S = A\FF - A\?I(gil)_lgﬁf'

The set of equations (6.1.3a)-(6.1.3d) could be seen as a partial Schur complement ap-
proach for the system (6.1.1). At each time level solutions u} and ur will be approx-

imated in an iterative manner. The resulting solution at each time step k, is then

(™ + ufPhE, (), (ur)k).

6.2 The Parabolic Obstacle problem

To demonstrate the implementation of the domain decomposition method for parabolic
variational inequalities we will consider a well known example: the obstacle problem. The

parabolic obstacle problem is defined as; find u(x,t) such that

W — Au(x,t) > f in Q,
u(x,t) —(x,t) = 0 in Q, (6.2.1)

(u(x,t) —P(x,1t))(—Au(x,t) — f(x,t)) =0 in Q,

In matrix form it can be written as

uz Vv, (6.2.2)
(u—W);(Au—"f); =0 Vi,

~ M = M
where A = — + (1 —0)L, ¥; = ¢(x;) and f = f + — — OL. The solution method for
Aty Aty
(6.1.3a)-(6.1.3d) described here is based on the Schur complement approach and can be

applied to the above system for the obstacle problem. As in the elliptic case, the domain

109



decomposition method for the parabolic problem, also leads at each time to a PDE in
Q¢ corresponding to the first row block in (6.1.2), the second row block, is a reduced
variational inequality in ¢ and the third row block can be considered as either a PDE or

a PDI on I'" We can write the PDE corresponding to €2¢ as
Agy(u))* + Agp(ar)® = (£)".

k

Solving for (u®)* we get

~

()" = (A5) " ((£)" — A5 (ur)h). (6.2.3)

Replacing (u)* in the remaining system we get the reduced system for obstacle problems

i.e only for the sub-domains contain the support of the obstacle.

o~

A A | [ ) ED
Ab, S (up)* (fr)*

where

S¢ = Aprp — A%, (AS,) P AS, and fr o= fr — A% (A9,)7'FC

Hence, the reduced obstacle problem can be written as
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where

= A, A u’ = fi . ]
A= AH ip ou= ! S S ; ;o and U= !
A}I S ur fp \I/p

We will see in algorithms (6.3.1.1) and (6.4.0.2)-(6.4.0.4) below how this reduced system
can be solved more efficiently by splitting the system for u% and ur, containing the partial

Schur complement Se.

Minimization formulation of the reduced obstacle problem

This reduced problem can be written as a minimization problem of the following form.

for k=01, t, —1
Find i € K such that Vv e K = {v e RN*+N" . v > §} (6.2.4)

-~ -~

J(a) < J(v).

where

Tv) = %(V)Tiv — )%

QP formulation of reduced obstacle problem

To solve this reduced obstacle problem we derive the QP formulation of the minimization
problem (6.2.4), as described in Chapter 4 Thus the quadratic programming formulation

for the reduced minimization problem is equivalent to

for k=0,1,....,t, — 1
A = =T
QP(A£,1,¥) < minimize 1a’Aa-f 4, (6.2.5)
subject to u > ‘if,
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where

a’ = [(u)”, (up)’] and UT =[(¥)", (1)),

6.3 DD methods for the parabolic obstacle problem

We develop three algorithms to solve the obstacle problem. The first algorithm is a
direct method in which we first calculate (ui{l})k then solve the reduced system for the
obstacle problem for (u})* and (ur)* and in third step we calculate (ui{Q})k. The other
two algorithms we propose, are iterative methods to approximate the solutions (u%)* and

(ur)*. The algorithms are described as follows

Algorithm 6.3.0.1 Reduced QP (RQP) direct algorithm

1: step 1: set

~ M
A=—+(1+0)L

-~ M
£ = Eu(;, k) + £, k+1)— 0L and V" = U(: bk + 1)
k
2: for k=0,1,2,....t,,— 1 do
3: step 2: solve algorithm (5.4.0.1) to find u(:, k + 1)

4 step 3:setu(:, k) =u(:, k+1) and repeat.

5: end for

Where 6 = 0, for backward Euler and 6 = 1/2, for Crank-Nicolson. In the following we
propose algorithms in which we approximated the reduced problem (6.2.4) in an iterative
manner at each time level. In this algorithm we use two level refinement and the solution

is calculated by using a coarse mesh to provide an initial guess.

6.3.1 Picard reduced QP algorithm

In this algorithm we assume that solutions uf, up satisty PDEs on Q¢ and I respectively.

We solve the variational inequality only in the subdomain Q°. The proposed algorithm is
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included below.

Algorithm 6.3.1.1 Picard reduced QP algorithm

1: step 1: set

~ M
A=—+(1 L
Atk+<+9)

~ M
f= Eu(:,k) +f(,k+1)—0L and ¥V = V(:;,k+1)
k
2: for k=0,1,2,....t,,_1 do
3 step 2: solve algorithm (5.4.1.2) to find u(:, k + 1)
4:  step 3: setu(:, k) =u(:,k+ 1) and repeat.

5: end for

Where 6 = 0, for backward Euler and § = 1/2, for Crank-Nicolson. We described two
algorithms to solve variational inequality problems. The first algorithm is a direct method
which solves the system in one step. This method requires the construction of a Schur
complement, as an element of a matrix to be solved. The algorithm (6.3.1.1) is an iterative
procedure. In this algorithm the solution to interface boundary and inequality region is

calculated in an iterative manner.

6.4 Newton’s method for the nonlinear interface

problem

The domain decomposition method we described in this chapter give rise to a non linear
partial Steklov Poincare operator which requires the solution of a nonlinear interface prob-
lem given by (6.1.3b) at each time step. In the following algorithms we apply Newton’s
method and Newton-GMRES methods at interface boundary which make the number of

iterations independent of mesh size and give faster convergence.
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Algorithm 6.4.0.2 Newton reduced QP algorithm

5: end for

1: step 1: s

et
~ M
A=+ (1+0)L
Ar, TAH0)
ot = AU R) + £k 1) = 0L and T =Wk 4+ 1)
k

2: for k=0,1,2,...t,,_1 do
3:  step 2: solve algorithm (5.6.1.1) to find u(:, k + 1)

4:  step 3: setu(:, k) =u(:,k+ 1) and repeat.

Algorithm 6.4.0.3 Newton-GMRES with exact Jacobian algorithm

5: end for

1: step 1: s

et

- M
A=t toL

- M
£ = Eu(:, k) + £, k+1)— 0L and V" = W(: k +1)
k

2: for k=0,1,2,...t,, — 1 do
3:  step 2: solve algorithm (5.6.2.1) to find u(:, k + 1)

4:  step 3: setu(:, k) =u(:,k+ 1) and repeat.

114




Algorithm 6.4.0.4 Jacobian free Newton-GMRES algorithm

1: step 1: set

~ M

- M
frl — Eu(:, k) +f(,k+1)— 0L and ¥" = U(:, k+1)
k
2: for k=0,1,2,...t,, — 1 do
3:  step 2: solve algorithm (5.6.3.1) to find u(:,k + 1)
4:  step 3: setu(:, k) =u(:,k+ 1) and repeat.

5: end for

In this chapter we give the domain decomposition method for parabolic variational
inequalities and proposed some algorithm to solve it. These algorithms are the extended
version of the algorithms described for the elliptic variational inequalities. In the next

chapter we will present numerical results to successfully validate these algorithms.
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CHAPTER 7

NUMERICAL RESULTS

In this chapter we present a numerical investigation of the methods introduced in Chapter

5. Recall the obstacle problem from Chapter 2

—Au—f>0 in Q,
u—1vY = 0 in €,
(u—9)(~Du—)=0 in O

where 1) is the obstacle function and f is a given vertical force. The matrix form is given

by
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where A € R™*" and f, ¥ € R". After applying the non overlapping domain decomposition

methods presented in Chapter 6, we obtain the following system of inequalities

A O Afp uj f7
O A, AL u, | = | £
A?I AZF[ AFF ur fp

This partitioning yields two subproblems. One subproblem is the reduced variational

inequality

An = | > = f, (7.0.1)

where

S¢:= Arr — A7 (A7) "' Afp and fr = fr — (A7) T

and the other subproblem in the complementary subdomains is a standard PDE with

solution given by

uj = (A7) (f° — Ajpur).

The system (7.0.1) is solved using two different approaches. One approach is a direct
method in which we solve the matrix in the above system in one step, whereas in the
second approach we approximate the solutions u} and up in an iterative manner. In the
domain decomposition method described in Chapter 5, we assume that the interface lies
outside of the obstacle support. Therefore, we pose the interface problem as a standard
PDE given by
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The only variational inequality in subdomain Q' is given by

Ajpay = £ — Ajpup.

This can be solved as a minimization problem for the reduced obstacle problem (5.3.4)

Find @ € K such that Vv € K

Where

and (¥)" = [(¥))"(¥r)"]

7.1 Solution methods

The algorithms described in Chapter 5 require quadratic programming solvers. In the fol-
lowing we described some quadratic programming solvers, which can be used to determine

the solutions for large scale sparse linear systems.
e Lemke method
e quadprog (a built-in matlab programme)
e interior ellipsoidal trust region and barrier function algorithm [121]
e Newton-KKT interior point method [1].

7.1.1 Lemke

Lemke method is an algorithm for solving the linear complementarity problems in opti-

mization. It is a pivot-based method, and can efficiently find an appropriate pivot. Lemke
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algorithm find the solution in the following steps [120].

e introduce an auxiliary variable z; and modify the LCP (3.5.1)

w=M +q (7.1.1)
Z

where
M = (M d) d=(111.1)"
find the solution of (7.1.1) as follows

e (i) ifq>0,w=gq, z=0is the solution. If q < 0, find s = arg min q;/d; and

pivot zy with w,. Compute M and ¢, let t, = z, be driving variable.

e (ii) If m! > 0, where m/ is the column vector of M corresponding to ts then
this algorithm does not give any solution to the LCP. Otherwise let t, be the p-th

element of the basic variables where p = arg min {q,/m/ : m, < 0}.

e (iii) Pivot t, with t, and Compute M and q'. If t, = z(, then ¢’ is the solution

of LCP, otherwise set t, = t,, and repeat (i)-(iii).

7.1.2 Quadprog

quadprog is a built in matlab programme included in the optimization toolbox to solve
quadratic programming problems. This programme includes the algorithms for the fol-

lowing three methods
e trust region reflective
e interior point for convex problems
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e active set.

Trust region reflective and interior point convex can be used for problems with large
and sparse systems, whereas the active set method is a medium scale algorithm. For our
problems, we used the trust region reflective algorithm. In this method, we need to supply
a Hessian multiplier. Instead of computing the Hessian directly, we use the Hessian times
vector product. In each iteration of this method, we approximate the solution of a dense
linear system using the method of preconditioned conjugate gradient method(PCG) [29],
[47].

7.1.3 Interior ellipsoidal trust region method (IET)

In this method we implemented, the interior ellipsoidal trust region and barrier function
algorithm. We apply the dual solution updating technique in the standard QP form.
In this method, the solution is calculated in two phases. In the first phase, an interior

feasible point is found and in the second phase, a local optimal solution is determined

[121].

7.1.4 Newton-KKT interior point method

Newton-KKT finds a local minimizer of an indefinite quadratic programming problem.

This algorithm contains two methods

e affine scaling;

e barrier function method.

Both methods construct feasible primal iterates and require an initial feasible point. These
algorithm do not involve the trust regions. In early iterations of this method, quasi Newton
direction was used instead of the the Newton KKT direction. A matrix W = A+ F
is substituted for the Hessian of the Lagrangian in order to obtain the Quasi-Newton

direction, where E is a positive semi definite matrix which is constructed inside the
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algorithm. The quadratic programming structure allows a more efficient computation of
W and such computation may often be skipped or W may be reused from the previous
iteration. Affine scaling algorithms are simple and usually give faster convergence when
barrier based interior point methods are used. The search direction generated by such
algorithms is consisting of an affine scaling component and a centering component. When
the barrier parameter is set to zero, the centering component vanishes, and the direction

reduces to an affine scaling direction [1].

7.2 Numerical Experiments

Test 1: one obstacle. For our first test problem, we consider an elastic membrane
which lies above an obstacle of height 1 centered at the origin with square cross-section
with side length ¢° = 0.3 under the forcing function f =1 with Q = (—1,1)% We choose
2 to be a square region with side-length ¢* which contains the support of the obstacle
such that the interface I' lies outside of the obstacle support.

Test 2: three obstacles

For the same domain €2 we consider the obstacle problem with three square obstacles of
height 1 with centers located at (0.5,0.5), (—0.5,0.5), (0, —0.5) and equal sides ¢° = 0.3.
We performed the same investigation, where we chose ' to be a multiply-connected
domain consisting of square regions of side-length ¢* (see Fig. 7.4).

We run both of these test problems for different sizes of QF ¢¢ with different levels of

refinement.

7.2.1 Global solution

To investigate our algorithms, we determine the global solution of the obstacle problem

on the global domain €2 without the use of domain decomposition.
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Test 1: one obstacle: global solution

methods= | quadprog IET Lemke
level =4 | 33(0.26) | 22(0.29) 218(1.38)

5| 48(0.42) | 27 (0.73) 946(7.30)

6 | 72 (0.85) | 30 (3.55) | 3938 (247.91)

Table 7.1: number of iterations(time)for solving one obstacle problem on.

Test 2: three obstacles: global solution

methods= | quadprog IET Lemke
level =4 | 16(0.23) | 25 (0.21) | 202(1.27)

5129 (0.35) | 28 (0.89) | 914(6.62)

6 | 98 (1.15) | 39 (6.65) | 3874(208.67)

Table 7.2: number of iterations (time) for solving three obstacle problem.

We see from the tables the numbers of iterations showing the dependence not only on
the level of refinements but also on ¢ the size of Q. It is also noted that the CPU time
for all three methods depends on level of refinements. As we refine the mesh CPU time
increased. We observed that Lemke required not only a high number of iterations but

also took long time to converge than other two methods.
Reduced QP direct algorithm

This algorithm is a direct approach to solving the problem in three steps. In step 2
we solve the reduced system (7.0.1), which involves the partial Schur complement as an

element of the matrix. To obtain a solution we used the Matlab function quadprog.

Test 1: one obstacle: RQP direct
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fi=| 04 0.5 0.6
level = 4 | 8(0.06) | 9 (0.09) | 9(0.16)
5| 8(0.10) | 9 (0.15) | 9(0.18)
6| 8 (0.24) | 9 (0.35) | 9(0.54)

Table 7.3: number of quadprog iterations £° = 0.3; ng = 81.

Test 2: three obstacles: RQP direct

fi=1] 04 0.5 0.6
n =48 (0.06) | 8 (0.07) | 8(0.10)
5
6

8(0.17) | 9(0.26) | 9(0.29)
9 (0.88) | 9(1.24) | 9(1.48)

Table 7.4: number of quadprog iterations(time) for three obstacles problem ¢° = 0.3;
ng = 81.

Comparing above tables, we see that solving the variational inequality problem on
the global domain is substantially more computationally demanding, when compared
to solving the reduced variational inequality on a smaller subdomain. Additionally it
is noted that when solving the variational inequality problem on the global domain, the
number of iterations increased with respect to the mesh size. In comparison, when solving
the variational inequality problem on subdomain €, it can be seen in the above tables
the number of iterations indicate the mesh independent performance. We could also see
that the CPU time for solving the global variational inequality almost same for all three
methods on coarse mesh but on finer mesh Lemke seems to be quiet expansive with respect
to CPU time. Also it is noted that CPU time for solving reduced variational inequality
is much low than the solving global variational inequality. However CPU time could be
seen to depends on the levels of refinement for the reduced variational inequality.

It was mentioned in Chapter 5 that our proposed domain decomposition method requires a
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mild assumption of interface I'. Therefore, if we have a reasonable intuition of the behavior
of the interface, then the above algorithm is a better alternative to solve variational
inequality in a smaller region than solving variational inequality on a global domain.

Solving the reduced variational inequality on subdomain Q! using the direct algorithm
requires the solution of a system containing 5S¢ the partial Schur complement as an
element. This can be avoided at the expense of Picard iterations. These are iterative

procedures, and solve the reduced system of matrix in two steps for ur and ub.
Picard reduced QP algorithm

In the given algorithm, we solved the PDI in the step 2(ii) by using the Matlab function
quadprog. The PDI is coupled together with the interface equality/inequality problem
in step 2(i) in an iterative manner. Note that the variational inequality problem is now
posed over a small subdomain, and hence has low complexity - we therefore decided not

to report on it. The initial guess was computed on a fixed coarse mesh with ny nodes.

Test 1: one obstacle: Picard algorithm

fi=| 04 0.5 0.6
n=4|1(031) | 6(0.36) | 6(0.36)
5| 7(0.50) | 10 (0.56) | 10 (0.60)
6| 11 (1.64) | 15 (2.60) | 16(3.13)

Table 7.5: Picard iterations(time) for square obstacle problem with (° = (0.3; ng = 81.

Table 7.5 displays the number of fixed point iterations required to solve the coupled
equations (5.2.19b), (5.2.19¢). The algorithm was stopped when the global complemen-
tarity conditions were brought below a tolerance of 1073; we found that this corresponds
to a max norm of the algebraic error of the order of the tolerance. We see that the number
of iterations grows logarithmically as we increase the level of refinement. On the other

hand, reducing ¢, the size of {2 leads to a smaller number of iterations, while preserving
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the dependence behavior on the refinement level.

Test 2: three obstacles: Picard algorithm

vi=| 04 0.5 0.6
n=4| 1(052) | 8(0.55) | 8(0.57)
5| 8(1.78) | 12 (1.70) | 12 (1.79)
6| 12 (2.44) | 17 (3.65) | 20(3.87)

Table 7.6: Picard iterations for three obstacles problem with £° = 0.3; ng = 81.

The numerical results displayed in Table 7.6 show that for this harder problem, the
number of iterations displays a logarithmic dependence for ¢¢ sufficiently small, but de-
teriorates for larger Q°. However, this is not the context we devised our algorithm for.
Finally, we note that for this test problem, the variational inequality in step (ii) decouples
into three independent variational inequalities. For this iterative method we see that the
CPU time is also increased as compare to the CPU time for reduced QP direct method
showing the dependence on level of refinement. We see from above results that in the Pi-
card iterative procedure, the number of iterations shows a dependence on the refinement
level. To overcome this dependence, we applied Newton’s method to solve the nonlinear

interface problem and obtained some improved results as shown in the following section.

7.2.2 Newton’s methods for the nonlinear interface problem

In these methods, the nonlinear interface problem in step 2(i) of algorithm (6.3.1.1) is
solved by using Newton’s method coupled with the PDI in step 2(ii) using different iter-

ative techniques.
Newton reduced QP algorithm
We rerun test 1 and test 2 with one Newton step at the interface I'. We calculate the

Jacobian and then find the solution by using Newton’s method at the interface. The
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results are given in the following tables.

Test 1: one obstacle: Newton’s method

V= 04 0.5 0.6
levels = 4 | 1(0.69) | 1 (1.65) | 1(1.67)
51 1(1.50) | 1(2.12) | 1(2.14)
6| 1(9.23) | 1(17.09) | 1(21.27)

Table 7.7: Fixed point iterations(time) for square obstacle problem with /% = 0.3; ny = 81.
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Test 2: three obstacles: Newton’s method

Vi= 0.4 0.5 0.6
levels = 4 | 1(3.09) | 1(3.12) | 1(3.18)
51 1(18.42) | 1(19.64) | 1(19.72)
6| 2(214.18) | 1 (213.40) | 1(219.04)

Table 7.8: Fixed point iterations(time) for three obstacles with ¢ = 0.3; ng = 81.

Tables (7.7) and (7.8) display the number of Newton iterations with one Newton step
for the solution of the non linear problem at interface. These results are quite encouraging
in the sense that only one fixed point iteration was required to determine the solution.
When compared to the results in tables (7.5) and (7.6) it can be seen that by using this
method, convergence is obtained in just one iteration. However CPU time for Newton
method is more than the Picard method. CPU time increased almost 6 times to the level
of refinement. Specially for coarse mesh at level 6 CPU time is very high for three obstacle

problem.
Newton-GMRES exact Jacobian algorithm

In this method, we construct the Jacobian as given in (5.6.2). To determine the solution
at the interface boundary I', we used the exact Jacobian for the Jacobian-vector product
in GMRES. The following tables show the number of fixed point (GMRES) iterations for

two test problems, using the exact Jacobian in GMRES.

Test 1: one obstacle: Exact Newton-GMRES

127



fi=| 04 0.5 0.6
level = 4 | 1(14) | 1(27) | 1(27)
51 1(34) | 1(50) | 1(50)

6| 1(53) | 1(96) | 1(107)

Table 7.9: fixed point (GMRES) iterations for one obstacle problem.

Test 2: three obstacles: Exact Newton-GMRES

(= 0.4 0.5 0.6

level =4 | 1(32) | 1(44) | 1(44)
5| 1(41) | 1(69) | 1(69)
6| 1(63) | 1(123) | 1(147)

Table 7.10: fixed point (GMRES) iterations for three obstacles problem.

In tables (7.9) and (7.10), we observed that the number of Picard iterations is still
one for both test problems considered, but the complexity of Newton method is growing
with the number of GMRES iterations. The number of GMRES iterations is essentially

doubled as we increase the level of refinement.
Jacobian-free Newton-GMRES algorithm (JFNG)

In this method, solutions are obtained without constructing and storing the Jacobian.

We approximate the Jacobian by Jacobian-vector product using GMRES.

Test 1: one obstacle: JFNG
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= 0.4 0.5 0.6
level = 4 | 3(6.33) (0.10) | 3(13.33) (1.07) | 3(14.16) (1.12)
5| 3(13.66)(1.43) | 3(21.33)(2.12) | 3(21.33)(2.17)
6 | 3(21.33)(3.26) | 2(33.5) (5.83) | 2(39)(7.50)

Table 7.11: fixed point(average numbers of (GMRES))(time) iterations for one obstacle
problem.

Test 2: three obstacles: JENG

(i= 0.4 0.5 0.6
level = 4 | 3(6.33)(2.40) | 2(18.50)(13.33) | 2(9.5)(13.48)
51 2(13)(4.93) | 2(18.5) (21.33) | 2(18.5)(21.47)
6 | 2(20.5)(17.78) | 2(32) (21.39) | 2(37)(21.57)

Table 7.12: fixed point(average numbers of GMRES ) iterations for three obstacles prob-
lem.

The tables (7.11) and (7.12) show the number of fixed point (average numbers of
GMRES) iterations for the two test problems: one obstacle and three obstacles, with
coarse level set equal to 2. We observe that in Jacobian-free Newton-GMRES, the fixed
point iterations are independent of the levels of refinement. Also, the number of GMRES
iterations is reduced when directly compared to results obtained from the exact Jacobian
Newton-GMRES algorithm. Also it is noted that the CPU time decreased as compare
to the Newton method. However same for the Newton method the CPU time for level
of refinement 6 is higher for test problem 2. In all above algorithms we observed that
the CPU time increased with level of refinement. We see that the JENG algorithm is
less expensive in terms of both the number of iterations and the CPU time. Therefore,
we conclude that for the obstacle problem, the Jacobian-free Newton-GMRES method is

better choice in all of the cases considered above.
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7.2.3 Preconditioning of Newton-GMRES algorithm (JFNG)

Our aim of preconditioning the JFNG method is not only to avoid the construction of
Jacobian matrix J, but also to reduce the number of GMRES iterations. It will be shown
in the following tables, that an effective preconditioner for JENG can reduced the number
of GMRES iterations. We rerun the test problems for the JFNG algorithm with S¢ as

preconditioner.
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Test 1: one obstacle: preconditioned JFNG

(=

0.4

0.5

0.6

level = 4
5
6

1(1.00)(0.36)
2(2.00)(0.56)
2(3.00)(1.34)

2(2.00) (0.51)
3(2.66)(0.79)
3(3.00) (1.90)

2(2.00)(1.98)
3(2.66)(0.84)
3(4.33)(2.16)

Table 7.13: fixed point(average numbers of (GMRES))(time) iterations for one obstacle

problem.

Test 2: three obstacles: preconditioned JFNG

fi= 0.4 0.5 0.6
level = 4 | 1(1.00)(0.64) | 3(2.00)(0.64) | 3(2.00)(0.65)
5 | 3(2.00)(1.29) | 3(3.33)(1.32) | 3(3.33)(1.31)
6 | 3(3.00)(6.50) | 3(4.66)(6.75) | 3(5.33)(6.85)

Table 7.14: fixed point(average numbers of GMRES ) iterations for three obstacles prob-
lem.

Tables (7.13) and (7.14) illustrate the number of fixed point iterations and average
number of GMRES iterations for the preconditioned JFNG algorithm, where 5S¢ is used
as a preconditioner. The number of fixed points iterations are independent of levels of
refinement same as the case of JENG algorithm. It can be seen that the CPU time and
number of GMRES iterations are reduced, with the logarithmic dependence on the levels
of refinement. Results given in both tables show that S¢, is a good preconditioner for

JFNG algorithm.

131



7.3 Convection diffusion problem

Recall the obstacle problem with convection diffusion parameter from chapter 2

—div(a-Vu)+b-Vu > f in
u > Pin Q (7.3.1)
(u—1p)(=div(a- Vu)+b-Vu—f)=0 in Q,

where a = aly, is a diffusion vector and b is a convection vector.

As for the case of elliptic obstacle problem, we run two test problems for convection diffu-
sion problem i.e., for one obstacle and three obstacles. We run the following test problems
3 and 4, with various diffusion parameters and convection is fixed as 1.

Test 3: one obstacle

For this test problem, we consider an elastic membrane which lies above an obstacle of
height 1 centered at the origin with square cross-section with side length ¢° = 0.3 un-
der the forcing function f = 1, with various diffusion parameters and b = (11) with
Q= (—1,1)% We choose Q¢ to be a square region with side-length ¢’ which contains the
support of the obstacle such that the interface I lies outside of the obstacle support.
Test 4: three obstacles

For the same domain €2 we consider the obstacle problem with three square obstacles of
height 1 with centers located at (—0.5,0.2), (—0.5,0.5), (0, —0.5) and equal sides ¢° = 0.3.
We performed the same investigation, where we chose Q' to be a multiply-connected do-

main consisting of square regions of side-length ¢* (see Fig. 7.5).
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7.3.1 Global solution

We applied Lemke, to determine the solution of the convection diffusion problem on the
global domain 2. We determine the solution for different diffusion parameters whereas

the convection is kept fixed as 1.

Test 3: one obstacle: global solution

o= 10-2 10! 1 10
level = 4 | 223 (0.42) | 221(0.37) 218(0.35) 218(0.35)
5| 975(7.72) 953(7.79) 946(7.59) 940(7.42)
6 | 4101(251.08) | 3952(225.88) | 3945(223.85) | 3939(223.80)

Table 7.15: Lemke iterations for one obstacle convection diffusion problem.

Test 4: three obstacles: global solution

a= 102 10 1 10
level = 4 | 213(0.34) 213(0.37) 204 (0.35) 204(0.34)
5| 935(7.70) 937 (7.31) 916(7.23) 914(7.19)
6 | 3952(228.87) | 3918 (222.20) | 3876 (220.85) | 3872(222.57)

Table 7.16: (Lemke) iterations (time)for three obstacles convection diffusion problem .

We observe that solving the convection diffusion problem on the global domain using
Lemke requires a large number of iterations. In particular, the deterioration is of order
O(h™?%). We observed that the CPU time is showing dependence on the level of refinements.
CPU time for the coarse mesh is low but as we increased the level of refinement the CPU
time grows rapidly. As we can see there is a large difference of time between level 5 and
level 6. We will show in the next section that solving the convection diffusion problem, by

using an appropriate substitution, we described in Chapter 2, provides a better alternative.
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7.3.2 Convection diffusion problem converted into reaction dif-
fusion problem

As mentioned previously, by using an appropriate substitution convection diffusion prob-
lems can be converted into symmetric reaction diffusion problems, and can be solved as

minimization problems. Recalling the converted reaction diffusion problem from Chapter

2
—aAU+CU > f in Q,
Uzd in Q (7.3.2)
(U =) (—aAU — f) =0 in Q,
where
C’:i, U = e %, f=fe e U=ue 2

In the following, we present number of iterations, obtained by using the minimization
formulation of the converted problem. Solutions were obtained by using Matlab program

quadprog.

7.3.3 Picard reduced QP algorithm

The following tables display the number of Picard iterations required to obtain the so-
lutions for various diffusion parameters o and convection parameter is set as 1, for test
problems 3 and 4. In a similar manner to the elliptic obstacle problem, we also assumed
here that the variational inequality problem is now posed over a small subdomain, and

hence has low complexity - we therefore decided not to report on it.
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Test 3: one obstacle: Picard algorithm

a=| 107 1 10
level = 4 | 8 (0.19) | 11 (0.23) | 16(0.35)
5| 14 (0.50) | 18 (1.62) | 24(1.78)

6 | 25(2.39) | 30(3.59) | 45(4.68)

Table 7.17: Picard iterations(time) for one obstacle converted problem.

Test 4: three obstacles: Picard algorithm

a=| 107" 1 10
level = 4 | 7 (0.15) | 10(0.23) | 14(0.32)
5 | 13(0.46) | 14(0.57) | 20(0.72)

6 | 23(2.43) | 23(2.46) | 31(3.39)

Table 7.18: Picard iterations for three obstacles converted problem.

We see that number of iterations is very small for Picard reduced QP algorithm when
directly compared to the number of iterations required for the global solution of the
associated convection diffusion problem. However, the number of iterations can be seen
to depend on the levels of refinement in both cases. To avoid this dependence, we introduce
the Newton reduced QP algorithm for the nonlinear interface problem. We can also see
that the CPU time is sufficiently low than the time required by the global solution, still

showing the dependence on the refinement levels.

7.3.4 Newton reduced QP algorithm

We rerun test 3 and 4 with one Newton step at the interface I'. We calculate the Jacobian
and then find the solution by using Newton’s method at the interface. The results are

given in the following tables.
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Test 3: one obstacle: Newton’s method

o= 1071 1 10
level =4 | 6 (8.22) | 5(8.15) | 5(8.10)
5| 8 (50.57) | 6(47.39) | 7(47.51)

6| 8 (90.57) | 6 (89.13) | 8(95.14)

Table 7.19: fixed point iterations(time) for one obstacle converted problem.

Test 4: three obstacles: Newton’s method

o= 10! 1 10
level =4 | 2 (7.16) | 2(7.15) | 1(5.19)
5| 2(7.26) | 1(6.18) | 1(6.01)
6 | 3(100.06) | 1 (96.34) | 2(97.57)

Table 7.20: fixed point iterations(time) for three obstacles converted problem.

The above tables show that the number of fixed points iterations is reduced when di-
rectly compared to both solutions obtaining globally and also through Picard algorithm.
It is noted that the CPU time for Newton method increased as compare to the Picard
algorithm. CPU time is almost doubled from level of refinement 5 to the level of refine-
ment 6. We also observed that the number of fixed point iterations has been reduced
with the use of Newton’s method. Additionally results indicate mesh independent perfor-

mance. Therefore, we can see that Newton’s reduce QP algorithm is a suitable alternative
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when solving the convection diffusion problems that have been converted into appropriate

reaction diffusion problems.

7.4 Parabolic variational inequality

We consider the parabolic variational inequality described in Chapter 4

ou

(E,v—u)—i-a(u,v—u) >/lv—u), Yve K, te (0,T]

with initial condition

(u(x,0),v —u) = (P(x,0),v —u).

Applying discretization in both space and time variables and a non-overlapping domain
decomposition method, the matrix representation of above problem at each time step,

k=0,..t, — 1, can be written as

A?I O A?F (u@k (fle)k
A=| o A, A, @y | =| @&)r | =F
Ay Ab, App (up)* ()

where

N M 4 M
A=(140)L+——, f=f—0L+-— 0 = 1/2.
(1+0) +Atk’ 0 +Atk 0 = 0or1/

In the following algorithms at each time step, we solved a PDI, in step 2(ii) by using
the Matlab function quadprog. The PDI is coupled with the interface equality problem
in step 2(i) in an iterative manner.

Test 5: Moving obstacle For the test problem for parabolic variational inequality
we consider an elastic membrane which lies above an obstacle of height 1 with square

cross-section with side length ¢° = 0.3, moving along x-axis, with time, under the forcing
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function f = 1 with Q = (=1, 1)% We choose Q¢ to be a square region with side-length
¢" which contains the support of the obstacle such that the interface I lies outside of the

obstacle support.

7.4.1 Global solution

In a similar manner to both the elliptic obstacle problem and the obstacle problem with
convection diffusion parameters, we will now solve the parabolic variational inequalities
on global domain. The results will then be used to compare to those obtained using

domain decomposition algorithms.

Test 5: moving obstacle: global solution

love] At 0.1 0.01 0.001
4 26.25 (0.47) | 15.62(0.36) | 15.07(0.23)
5 55.72 (1.25) | 20.65(1.18) | 15.28(1.06)
6 106.12 (4.14) | 36.26(3.60) | 19.13(3.18)

Table 7.21: average number of quadprog iterations (time)for global solution tol = 107,

In above tables We calculated the average number of iterations and CPU time per each
time step. Number of iterations are showing dependence on the levels of refinement. From
the table, we can see that the CPU time is inversely proportional to the time stepping
parameter. In order to obtain a more accurate solution, smaller time step should be

considered, which will lead to an increasing CPU time.

7.4.2 Picard reduced QP algorithm

We apply the Picard algorithm with global complementarity condition as a stopping
criterion max | (Lu—f);(u—"); |< tol. The results are compiled for tol = 1073,104, 1075,

for different h and At.
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Test 5: moving obstacle: Picard algorithm

At
0.1 0.01 0.001
level
5.44 (0.09) | 2.80 (0.06) | 1.60 (0.03)
9.22 (0.23) | 6.48 (0.17) | 3.00(0.12)
15.77(1.12) | 10.65 (0.81) | 5.88(0.64)

Table 7.22: average number of Picard iterations(time) for moving obstacle with tol = 1073.

At
0.1 0.01 0.001
level
4 7.88(0.15) 3.42 (0.078) | 2.17(0.093)
5 13.66 (0.28)(0.29) | 8.50 (0.26) | 4.00(0.15)
6 23.89 (1.53) 14.46(1.14) | 7.32(1.04)

Table 7.23: average number of Picard iterations for moving obstacle with tol = 1074,
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At
0.1 0.01 0.001
level
4 10.33 (0.12) | 4.31(0.09) | 2.60(0.08)
5 18.55 (0.42) | 10.60 (0.25) | 5.02(0.17)
6 32.44 (2.04) | 18.17 (1.38) | 9.00(1.23)

Table 7.24: average number of Picard iterations (time) for moving obstacle with tol =

1075,

These tables Tables (7.23)-(7.24) show the average number of iterations and the CPU time
for Picard algorithm. We can see that the number of iterations is significantly higher when
the solution is obtained without the use of domain decomposition method, in comparison
to the number of iterations obtained using Picard iterative algorithm. The CPU time
is also decreased when we use the Picard algorithm for domain decomposition method.
However, it should be noted that, in both cases the number of iterations and CPU time
could be seen to depend on the levels of refinement. To remove this dependence, we apply
Newton’s method to obtain the solution to the interface problem. The results are given

in the following section.

7.4.3 Newton’s method for the nonlinear interface problem

In these methods, the nonlinear interface problem in step 2(i) of algorithm (6.3.1.1) is
solved by using Newton’s method coupled with the PDI in step 2(ii) using different iter-

ative techniques.
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Test 5: moving obstacle: Newton’s method

At
0.1 0.01 0.001
level
1.77 (1.40) | 1.59(0.23) | 3.36(0.98)
2.44 (5.41) | 2.90(1.29) | 3.09(1.24)
3.18 (9.34) | 3.01 (3.63) | 2.00 (2.45)

Table 7.25: fixed point iterations (time)for moving obstacle with tol = 1073.

level

At

0.1

0.01

0.001

2.66 (0.43)
3.33 (1.81)

4.88 (7.75)

2.00 (0.29)
2.17 (1.79)

4.06(7.19)

4.24 (1.14)
4(1.74)

3.02 (6.87)

Table 7.26: fixed point iterations(time) for moving obstacle with tol = 10~%.

level

At

0.1

0.01

0.001

3.33 (0.54)
422 (2.73)

5.28(9.11)

3.34 (0.48)
4.36(2.17)

5.19 (7.99)

5.62 (1.42)
4.28 (2.67)

3.15 (5.76)

Table 7.27: fixed point iterations (time)for moving obstacle problem with tol = 107°.
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As was found for both the elliptic obstacle problem and the convection diffusion problem,
the above tables show that, when Newton’s method is used to determine the solution to the
nonlinear interface problem, the number of iterations for parabolic problem also delivers
results independent of mesh size. However CPU time not only showing the dependence
on the levels of refinement but also increased in comparison to the Picard method. An
issue with Newton method is that it requires the construction of the Jacobian, which can
be computationally demanding. To avoid this, we apply the Newton-GMRES method to

obtain a Jacobian-free algorithm, at the expense of GMRES iterations.

7.4.4 Newton-GMRES method for non linear interface problem

In this method, solutions are obtained without constructing and storing the Jacobian.

We approximate the Jacobian by Jacobian-vector product using GMRES.

Test 5: moving obstacle: Newton-GMRES

At
0.1 0.01 0.001
level
3 2.55 (7.66) (0.25) | 2.41(4.65)(0.36) | 4.17(4.82)(0.43)
4 5.33(14.27) (1.43) | 3.63(6.21)(0.81) | 3.76(2.74)(0.48)
5 9.22(27.11)(2.85) | 5.02(11.34)(1.77) | 3.04(3.87)(0.50)
6 14.22(42.33)(3.89) | 6.72(23.17)(1.89) | 4.16(6.58)(0.71)

Table 7.28: fixed point iterations (average numbers of GMRES) (time) tol = 1073.
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At
0.1 0.01 0.001
level
3 4.22(8.88)(0.89) 3.32(4.95)(0.32) | 5.81(5.57)(0.24)
4 7.88(17.11)(2.94) 5.15(6.88)(1.15) | 5.14(3.67)(1.32)
5 13.11(38.22) (3.22) | 7.16(12.46)(2.91) | 4.20(4.47)(1.51)
6 17.11(50.44)(5.27) | 9.42(23.65)(3.12) | 5.58(8.08)(2.08)

Table 7.29: fixed point iterations (average numbers of GMRES) (time) tol = 107,

At
0.1 0.01 0.001
level
3 5.77(10.33)(1.43) 4.31(5.04)(0.64) | 7.17(5.94)(0.32)
4 10.01(17.55)(2.99) 6.40(7.59)(1.75) | 6.02(3.86)(1.56)
5 16.66(31.88)(4.59) | 9.13(14.30)(3.68) | 4.60(5.04)(2.26)
6 20.32(54.77) (5.02) | 12.33(26.50)(4.17) | 7.12(9.33)(3.18)

Table 7.30: fixed point iterations (average numbers of GMRES):tol = 107°.

From tables (7.28)-(7.30), both the picards and GMRES iterations can be seen to exhibit
a dependence on the levels of refinement. However, this dependence is reduced when the
time step becomes smaller. CPU time is inversely proportional to the time step and is
increased with level of refinement. It is additionally noted that the CPU time for the

Newton-GMRES method is reduced as compare to the Newton method.
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7.4.5 Preconditioned Newton-GMRES algorithm (JFNG)

In similar manner to elliptic obstacle problem, we apply preconditioning to JENG method
for parabolic problem to reduce the GMRES iterations. We rerun the test problem 5 for

the JENG algorithm with S¢ as preconditioner.

Test 5: moving obstacle: Preconditioned Newton-GMRES

At
0.1 0.01 0.001
level
3 2.55(2.11)(0.07) | 2.44(1.00)(0.11) | 4.54(1.00)(0.15)
4 5.22(3.22)(0.68) | 3.49(1.86)(0.20) | 3.48(1.00) (0.14)
5 8.11(5.44)(3.06) | 4.97(2.90)(0.57) | 3.05(1.00)(0.18)
Table 7.31: fixed point iterations(average numbers of preconditioned
GMRES)(time):tol = 1073.
At
0.1 0.01 0.001
level
3 4.11(2.00)(0.19) | 3.31(1.13)(0.0.16) | 5.64(1.00)(0.25)
4 8.11(3.66)(0.17) 5.09(2.00)(0.23) | 5.16(1.08)(0.28)
5 13.44(6.33) (3.65) | 4.14(3.00)(0.76) | 4.22(1.43)(0.43)

Table 7.32: fixed point iterations(average number of preconditioned GMRES)9time0:tol =

1074
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At
0.1 0.01 0.001
level
3 5.55(2.33)(0.34) | 9.10(3.11) (0.21) | 7.08(1.04)(0.26)
4 10.11(3.66)(1.29) | 6.37(2.15)(0.42) | 6.04(1.13)(0.35)
5 17.22(6.55) (4.90) | 4.31(1.22)(0.92) | 4.64(1.54)(1.20)
Table  7.33: fixed point iterations(average numbers of preconditioned

GMRES)(time):tol = 1075.

Tables (7.31)-(7.33) show that both the number of fixed point and GMRES iterations are
significantly reduced in preconditioned JFNG algorithm. Also number of iterations are
independent of mesh size for larger time step. However, for smaller time step, a logarithmic
dependence could be seen. We can also see that the CPU time is also reduced for this
method. However CPU time showing the dependence on both the levels of refinement
as well as the tolerance. Overall the results in the tables illustrate that S¢ is a good
preconditioner for JENG algorithm for the test problem 5.

For all three problems, the results in the tables indicate that solutions obtained using
domain decomposition methods involve fewer iterations and less CPU time from those
obtained globally without using DDM, highlighting the benefits of the use of the domain
decomposition approach for our test problem. Additionally it was noted that our domain
decomposition methods are all independent of the level of refinement when Newton’s
method is applied for the interface problem. These algorithms are further improved by
introducing the Newton-GMRES method to convert them into Jacobian-free algorithms
at the expense of GMRES iterations. For the elliptic obstacle problem, we see that the
results are mesh independent. However, in the parabolic problem, iterations reduced and

are independent of the levels of refinement for small time steps.
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7.4.6 Numerical Analysis

In the following graph we try to validate the convergence of our global solution, obtained
| J () — J(u)]
[J(uF) = J(u)]

from the Picard reduced algorithm. We plot p =

2 4 5] 8 10 12 14
number of iterations

Figure 7.1: Linear rate of convergence

The graph in Figure (7.1) illustrate that the global solution of the minimization prob-
lem obtained from algorithm (5.4.1.2) converges both monotonically and linearly. We can
see the values of p range between 0.4 and 0.51, and are always trivially less than 1. This
indicates the good convergence rate for the Picard algorithm.

The graph in Figure (7.2) is plotted for the maximum value of p, corresponding to the

different sizes of the subdomain €, obtained from the Picard algorithm.
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Figure 7.2: Linear rate of convergence

The values of p range between 0.25 and 0.66, and again less than 1, which indicates
a good convergence rate for Picard algorithm for different values of the subdomain €.

Additionally it is noted in the graph that the value of p is unchanged for ¢! = 0.5 and 0.6.
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Figure 7.3: Obstacle functions

Figure 7.4: Corresponding choice of
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Figure 7.5: Test problem 1: solution for the choice of Q° : ¢! = 0.4.
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Figure 7.6: Test problem 2: solution for the choice of 2 : ¢! = 0.4.
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Figure 7.9: choice of

Figure 7.10: solution for the set measure 0.
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CHAPTER 8

CONCLUSION AND FUTURE WORK

8.1 Conclusion

In this thesis, we presented the variational inequalities (2.3.1) and provided relevant re-
sults in order to justify the existence and uniqueness of its solution. We have shown
that these variational inequality problems can be expressed as LCP problems by using
the results from [88]. A detailed discussion was given in Chapter 3. In this chapter,
we have shown that these variational inequalities problems could be solved by using the
optimization techniques such as LP or QP problems. We showed that solution of these
types of problems can be achieved by solving a constrained minimization problem over
a non empty closed convex set. In particular we have seen that LCP serves as a bridge
between variational inequality problems and optimization problems.

To solve the variational inequality problem, we developed a non overlapping domain de-
composition method in Chapter 5. The main advantage in using domain decomposition
methods was that we were able to convert our problem into two subproblems one of which
is variational inequality in subdomain ¢ and another which is a PDE in complementary
subdomain €2¢. This approach was shown to yield a sequence of two decoupled problems

(5.2.13a) and (5.2.13d), with Dirichlet boundary conditions on subdomain Q°¢ together
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with the problem set on the interface I', and a variational inequality in a subdomain €.
Therefore, we converted the variational inequality problem from the whole domain to a
reduced variational inequality problem (5.3.3) in the subdomains containing the support
of the obstacles. However, it has been found that many domain decomposition methods
cannot solve convection diffusions problems very efficiently. This is because these algo-
rithms often do not care about the hyperbolic nature of convection diffusion problems.
Therefore, we chose to investigate domain decomposition algorithm to be applied to con-
vection diffusion problems. We presented the standard convection diffusion problem in
Chapter 2, where it was discussed that these problems do not possess a minimization for-
mulation due to the fact that they are non-symmetric in nature. We also showed that by
using an appropriate substitution, we were able to convert these problems into symmetric
reaction diffusion problems. We can then apply any QP solver to determine a solution,
which could then be used to obtain the solution of convection diffusion problem. A vali-
dation of domain decomposition methods for these problems was described in Chapter 7.
In this thesis, we also described parabolic variational inequalities. We used finite element
method to discretize in space and to convert into fully discrete problem we used backward
Euler and the Crank Nicolson methods. We extended the domain decomposition methods
given in Chapter 5 to parabolic variational inequalities.

We developed algorithms for the domain decomposition methods to solve the variational
inequality problems of both elliptic and parabolic type as well as the variational inequal-
ity problems with convection diffusion parameters. The algorithm (5.4.0.1) is a direct
three step procedure, requiring the solution of the reduced system (5.3.3). This reduced
system contains the partial Schur complement as an element, therefore it can be expen-
sive. To overcome this, we presented two algorithms (5.4.1.1) and (5.4.1.2) at the expense
of iterative procedures. In these algorithms, the solutions on Q¢ and I" are obtained in

an iterative manner. We also described Newton’s method, Newton-GMRES method and
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preconditioned Newton-GMRES method to solve the nonlinear interface problem at I'.

In Chapter 7 we presented some numerical results for the solution of two dimensional
obstacle problems of both elliptic and parabolic type and also the obstacle problem with
convection diffusion parameters in order to validate our domain decomposition algorithms.
We observed that the global solution to these problems without the use of domain decom-
position can be computationally demanding. Furthermore, the results given in Chapter 7
showed the dependence on the levels of refinement. When we solved the problem by using
the direct reduced QP direct algorithm, the number of iterations was not only reduced,
but also independent of levels of refinement. The Picard iterative algorithm (5.4.1.2)
showed dependence with respect to the levels of refinement. In order to deal with this
dependence, we applied Newton’s method to determine the solution for the non-linear
problem at the interface I, and found that the algorithm required only one iteration
to achieve convergence, for the elliptic obstacle problem, which is a good achievement.
We improved this algorithm further by introducing the Newton-GMRES and precondi-
tioned Newton-GMRES methods at the interface in order to make the algorithm Jacobian
free. Now, as opposed to constructing the Jacobian matrix, we instead made use of the
Jacobian-vector products produced through the use of GMRES. This came at the expense

of GMRES iterations, however was found to deliver promising results.

8.2 Future work

We are interested in the implementation of the inverse of the partial Schur complement
using standard domain decomposition methods for PDE in (5.2.4). In particularly, we
exploit the fact that the Steklov-Poincaré operators arising in a non-overlapping domain
decomposition methods are coercive and continuous with respect to Sobolev norm of index
1/2 as given in [3], [4], [5]. Therefore, we would be interested to determine some suitable

preconditioner for our partial Schur Steklov-Poincaré operator.
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In this thesis, we presented a generic algorithm for domain decomposition method and
validated our results for the obstacle problems of both elliptic and parabolic type as well
as the obstacle problem with convection diffusion parameters. We are now interested to
validate our domain decomposition algorithm for contact problems.

The main motivation behind any domain decomposition method is to test the algorithm
on a parallel computer. So we would also be interested in testing our algorithms on a

parallel computer.
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