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The lecture course is devoted to the iterative solution methods for finite-
dimensional variational inequalities, which arise when approximating differential
variational inequalities of mechanics and physics by finite element or finite dif-
ference methods. Such finite-dimensional inequalities are united by the notation
”mesh variational inequalities”.

The iterative methods for two classes of finite-dimensional variational in-
equalities are studied: inequalities with positive definite matrices and inequali-
ties with ”saddle” matrices. By ”saddle” we call the symmetric matrices with
both positive and negative eigenvalues.

Existence theorems and convergence results for the iterative methods are
cited without proofs, which can be found in [11]. Main attention is paid to

applications of the general results to the mesh approximations of the differ-
ential variational inequalities,

discussing the implementation details of the iterative algorithms.

The lecture is organised as follows.

The first section contains simple examples of the mesh variational inequali-
ties, elements of the convex functions theory and the equivalent formulations of
the variational inequalities.

In the second section basic iterative methods for the variational inequalities
with positive definite matrices are considered. These methods are: one-step sta-
tionary methods, relaxation methods for the potential problems and splitting
iterative methods. General convergence results are applied to the mesh varia-
tional inequalities with simple constraints, when all of the considered iterative
methods can be easily implemented.

The iterative methods for the variational inequalities approximating the dif-
ferential problems with constraints on the gradient of a solution are the topic
of the third section. Lagrange multipliers approach is used to transform these
inequalities to ones containing simple constraints and saddle matrices instead of
positive definite matrices. Uzawa and Arrow-Hurwicz methods and their gener-
alisations, as well as splitting methods, are analysed for this class of variational
inequalities.
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§1 Extremal problems, variational inequalities
and inclusions with multivalued operators

1.1 Variational inequalities with sets of constraints
1.1.1 General remarks

Consider the minimisation problem

= in F(t 1.1
arg min, (t) (L.1)

with a differentiable in the points of [0, 1] function F. If t* is a solution of (1.1),
then t* satisfies the variational inequality

F'(t")(t—t*) >0 Vt € [0,1]. (1.2)
In fact, when t* is a solution of (1.1), then one of the following variants is true:
t* € (0,1) = F'(t*) = 0;
t*=0= F'(t") > 0;
t*=1= F'(t") 0.
All these variants can be combined in variational inequality (1.2).

Let now K be a closed and convex set in R™, function F' : R® — R be
differentiable in K and VF(x) be its gradient in the point z.
Consider minimisation problem

= in I 1.3
2" = arg min F(z) (1.3)

and variational inequality
e K: (VF(x"),z —2*) >0 Vz € K. (1.4)

Lemma 1.1. Ifa* is a solution of (1.3), then x* satisfies variational inequality
(1.4). In case of convex function F both these problems, (1.3) and (1.4), are
equivalent.

Proof. If z* is a solution of (1.3), then for a fixed x € K function ¢(t) =
F(z* 4+ t(z — x*)) attains its minimum over [0, 1] at the point ¢ = 0, and from
the previous result it follows

¢'(0) = (VF(z"),z —a") =2 0.
Let now F be a convex function, then for any z € K and any A € (0,1)
F(z" + Mz —a%)) = F(z7) S A(F(z) = F(27)),
whence F(z) — F(z*) > A1 (F(z* + Mz — 2¥) — F(z*)). Passing to the limit
for A — 0 one get
F(z)— F(z*) > (VF(z"),z —2%) Vo € K. (1.5)

From inequality (1.5) obviously follows that a solution of variational inequality
(1.4) is a minimum of F(z) over K. O



A partial case of (1.3) is the problem to minimise a quadratical function
1
F(Z‘) = 5(‘43773:) - (f,ﬂf),

where A € R™ " is a symmetric and positive definite matrix (A = AT > 0) and
f € R™ is a given vector. In this case VF(z) = Az — f, and the variational
inequality, which is equivalent to the minimisation problem, becomes

(Az*,x —2*) = (f,x — %) Va € K. (1.6)

It is called as variational inequality with a linear main operator A.

1.1.2 Examples of mesh variational inequalities.

Example 1.1. Obstacle problem. Finite difference approximation.

Let K = {u € H}(Q) : u(t) > 0in Q} be a convex set in Sobolev space
HY(Q) and f € Ly(Q) be a given function. Obstacle problem is the following
variational inequality: find u € K, such that

/Vu~V(v—u)dt> /f(t)(v—u)dt Yo € K. (1.7)
Q Q

Variational inequality (1.7) has a unique solution u, which is at the same time
the unique solution of the minimisation problem

u= arggéig{J(v) = %/\Vu|2dt - /fvdt}. (1.8)

Q Q

Moreover, if f(t) is continuous, then solution u(t) is quite regular (belongs to
Sobolev space H?(2)) and (1.7) can be written in the pointwise form

(=Au—f)(t) =0, u(t) 20, u(t) (Au+ f)(t) =0 for t € Q,
(1.9)
u(t) =0 for t € 9.

First, we approximate the one-dimensional obstacle problem with = (0, 1)
by a finite-difference scheme on a uniform grid.

Supposing f to be continuous, we can use any of three formulation of the
problem, namely, variational inequality (1.7), minimising problem (1.8) or point-
wise form (1.9), to construct a finite-difference scheme. Now we choose (1.8),
i.e. approximation of the functional

1
O/(U’)2dt !fudt

J(u) =

N | =



over the set K = {u(t) 20 for t € (0,1), u(t) =0 for t = 0 and for t = 1}.
Let
o={ti=ih,i=01,...,n+1}, (n+1)h=1,

be a uniform mesh on the segment [0, 1] with meshsize h > 0, u; = u(t;)(up =
tp+1 = 0) and f; = f(¢;). Functional J is approximated by a convex and
differentiable (quadratical) function

hfuw? SR i —w )\ w "
i=1 i=1

When constructing this approximation, we use the difference quotients for the
approximation of the first derivative

Uit1 — Uq Ui — Ui—1

14 oy
h 7u(t1) h

and the quadrature rules for the approximation of the integrals

u'(t;) =

1 n 1 n+1
/F(t)dt ~ h Z F(t;), /F(t)dt ~ h Z F(t;) for any continuous function F(t).
A i=0 A i=1

The gradient of Jp, is VJ,(u) = h (Au — f), where

2 -1 0 0 0 O

L
)
I
—
o
o
o

A=h2]10 -1 2 -1 0 0 : (1.10)
0 0 0 0o -1 2
Denote by K = {u € R" : u; > 0 Vi} a convex set and by (.,.) usual euclidian

scalar product in R"”. Owing to Lemma 1.1 the problem of the minimisation of
Jp over K is equivalent to variational inequality

(Au,v —u) = (f,v—u) Yve K. (1.11)
. . o . o kmh
The eigenvalues of the matrix A are known: Ay = 4h~“sin® ——, k =
1,2,...,n. In particular, minimal and maximal eigenvalues are

h h
A\ = 4h~2%sin? % =0(1), A\, = 4h™2 cos? % =O0(h™%) as h — 0,

so, condition number of the matrix A is

A
condy A =2 =0O(h™?).
A1
This simple example contains all basic features of the mesh problems,
in particular, mesh variational inequalities which approximate the differential



problems: high dimension n, big condition number, sparse matrix (small
number of nonzero entries in all rows and columns of the matrix). O

Now, consider the two-dimensional obstacle problem and approximate it by
using pointwise formulation (1.9).

Let Q = (0,1) x (0,1) be the unit square with the boundary 9Q and Q =
QN oQ, let further f(t) = f(t1,t2) be a continuous in O function. Denote by
w = {t = (ih,jh) : 0 <i,j < p+1, (p+ 1)h = 1} a uniform grid on Q with
meshsize h > 0, by v = @ N 9N the set of its boundary nodes and by w =@ \
the set of its internal nodes.

Below uy, is a mesh function — function in p?-dimensional space, — which is
uniquely defined by its nodal values u;; = uy,(ih, jh) for (ih, jh) € @ and which
is equal to zero in the nodes (ih, jh) € . Let also f; be the mesh function with
nodal values f,,(t) = f(t) for t € w.

To approximate the derivatives of a smooth function u(t) in the internal
nodes (ih, jh) € w the following difference quotients are used:

9 i —U_1i - ou il — U
a—z(ih,jh) ~ ujihulj = O1up, a—z(zh,]h) ~ % = O1up,

Pu, QUi — U1 — Wil = _
th(zh,]h) ~ h;j = 9101uy, = 01dyup,.
Further Ajpup, = 0101up, + 020ouy, is mesh Laplace operator defined in the nodes
of w.
Finite-difference approximation of (1.9) reads as

—Apup — fn 20, up >0, up(Apup + fr) =0 in w,

(1.12)

up, =0 on 7.
Problem (1.12) has dimension n = p?, and its unknowns are Uij, 4] =
1,2,...,p. To write this problem in a matrix-vector form we need to present

the set {u;;} in the form of a vector from R™. And this is equivalent to the
choice of a enumeration (ordering) for the set of the mesh nodes w. A tradi-
tional enumeration is so-called lexicographical one: ”from left to right and from
down to top”. When using this enumeration one obtains a vector y € R™ by
the following rule:

Yr =Up,1,Y2 = U215+, Yp = Up, 1, Yp+1 = U1,2, Yp+2 = U2.2, .- -, Yp2 = Upp.

With lexicographical ordering for the set of the mesh nodes, the following sym-
metric and block-tridiagonal matrix A € R™*"™ corresponds to the mesh Laplace
operator —Ay:

D —-E 0 ... 0 4 -1 0 ... 0
-FE D —-E ... 0 -1 4 -1 ... 0

A=n"2| ... ... ... ... .|, D=|... ... .. ... .|,
0 0 D -E 0 0 4 -1
0 0 -E D 0 0 -1 4

(1.13)



where D € RP*P| E is unit p X p matrix.
Let vector f € R™ corresponds to mesh function fp, then system (1.12)
becomes

(Ay—£)i 20, 420, (Ay—f)iyi=0 Vi.
This is so-called complementarity problem, which is equivalent to variational
inequality
yeK: (Ay,z—y) =2 (f,z—y)Vze K, K={z€R": z; > 0Vi}, (1.14)
with symmetric and positive definite matrix A and closed convex set K. Also,
because of the symmetry of A, variational inequality (1.14) is equivalent to the

problem of minimisation of the function §(Ay, y) — (f,y) over the set K.O

Example 1.2. Obstacle problem with diffusion-convection operator.

Consider variational inequality
/QVU -V(v—u)dt + /Q a-Vu(v—u)dt > /Qf(v —u)dt YweK (1.15)
with a given constant vector a and set of constraints
K ={uec H}Q) :u(t)>0in Q}.

Variational inequality (1.15) has a unique solution w(t) and if it is smooth
enough, then (1.15) can be written in the pointwise form

—Au+a-Vu—f20,u>0, u(-Au+a-Vu—f)=0in Q (1.16)

with Dirichlet boundary condition u = 0 on 9f).

Let © = (0,1) x (0,1) be the unit square. We approximate problem (1.16)
by a finite-difference scheme on a uniform grid keeping the notations for the
mesh sets difference quotients from Example 1.1. For definiteness we suppose
the coordinates a; and ag of the vector a to be positive. Then finite-difference
approximation of (1.16) reads as follows:

—Apup +a- Vup, — =0, up =0, up(—Apup +a- YVuy, — fh) =0 in w,
up, =0 on 7.
(1.17)
Here a-Vyup, = a101un, +az02uy, is the up-wind approximation of the convective
term.

Let a vector v € R™, n = p?, corresponds to a mesh function uy for lex-
icographical enumeration of the mesh nodes. Then w satisfies a variational
inequality

we K: (Au,v—u)> (f,v—u) Wwe kK, K={ucR": u; >0Vi}



with a matrix A, which corresponds to mesh operator —Aj, +a- V5. This matrix
equals to the sum of the matrix A from (1.13) and the block-twodiagonal matrix

Ly 0o ... 0 0
7(12E Ll 0 0
L=ht| ... ... ... ... .| eRrR¥n
0 0o ... Ly 0
0 0 —GQE Ll
where
a1 + as 0 0 0
—aq a; +as ... 0 0
L= € RP*P,
0 0 ...oa1 t+ag 0
0 0 —a1 a1 + as

Below, in Example 2.2, we will prove that matrix A is positive definite, so, once
again we deal with a variational inequality with a positive definite matrix. O

Example 1.3. Obstacle problem. Finite element approximation.

Let 2 € R? be a polygon and let T), = {§;}; be its conforming triangulation,
i.e. decomposition into non-overlapping triangles, which can have only common
sides or common vertices. Denote by h; the diameter of a triangle §;, and by
h = max h;. Define the space of the linear functions P, = {p(t) = ¢o + c1t1 +

cota, ¢; € R}, the spaces of the mesh functions
Vi ={un, €C(Q) :up € P, Y5 € T1,}, VP = {un €V :up(t) =0Vt € 0Q}

and the set
K ={un € VP :up(t) >0 vt € Q}.

Approximation by finite element method of obstacle problem (1.7) is the follow-
ing finite-dimensional variational inequality:

up € Kp, : / Vuy, - V(Uh —up)dt > / @) (vp, — up)dt Yoy, € K. (1.18)
Q Q

Let wp, = {t;}1; be the set of the vertices in Q of the triangles § € T}, n =
card wy. Put in the correspondence to a function vy, € V}? the vector v € R™ with
the coordinates v; = vp(¢;), t; € wp, (using an enumeration of ¢;). Further we
will use the notation v < vy, for this correspondence. Let K = {u € R" : u; >
0 Vi}. Owing to the choice of the piecewise-linear functions in the construction
of the space V},, the constraints u, € K}, are equivalent to the constraints u € K
for the nodal values of uy, i. e. K dup < u e K.



A matrix A (called as stiffness matrix in finite element method) and a vector
f (called as a load vector) are defined by

(Au,v) :/Vuh(t)~Vvh(t)dt, (F0) = [ SOu 0t w0 o
Q

Now variational inequality (1.18) can be written in the form
ue K: (Au,v—u) 2 (f,v—u) Vv e K

with positive definite matrix A and closed convex set K. O

1.2 Variational inequalities with non-differentiable func-
tions.

1.2.1 General remarks

Let F : R® — R be a differentiable function and ¢ : R™ — R be a convex
function. Consider minimisation problem

x* = arg Inel]%n(F(x) + ¢(z)) (1.19)

and variational inequality
¥ eR": (VF(x"),z — ")+ o(x) — o) = 0 Vo € R™ (1.20)

Lemma 1.2. Ifz* is a solution of (1.19), then x* satisfies variational inequality
(1.20).
In case of convex function F problems (1.19) and (1.20) are equivalent.

Proof. If z* is a solution of (1.19), then for any fixed x € R™ and any A € (0, 1)
0< (F(a™ + Aw — %) + p(a™ + A(w — ) — (F(a*) + o))
S (P + Mo —2")) = (F(27) + Me(z) — o(z")).
Dividing both parts of this inequality by A and passing to the limit for A — +0,

one immediately obtains variational inequality (1.20).
In case of a convex function F inequality (1.5) gives

F(z)— F(x")+ ¢(z) — p(x*) = (VF(x"),z — z") + p(z) — p(z") Yz € R",
whence the second statement of the lemma. O

In partial case
1
F(z) = i(Ax,x) —(f,z) +p(x), A= AT >0,

with non-differentiable function ¢ minimisation problem is equivalent to varia-
tional inequality

(Az*,z —2") + o(x) —(z*) = (f,x —2*) Yz € R" (1.21)

with linear main operator A.



1.2.2 Examples of mesh variational inequalities.

Example 1.4. Consider a problem of the minimisation

J(u) = 1/2/ /1f dt+/1|u(t)|dt. (1.22)
0 0

over the space H}(0,1) and approximate it by a finite-difference scheme on a
uniform grid.

Letw={t;=ih,i=0,...,n+1; (n+1)h =1}, u; = u(t;)(uo = upt1 = 0)
and f; = f(t;). Functional (1.22) is approximated by a convex function

hfw? 2 (i — i
In(u) = 5 <h§+2(z+1h’> +>—h2fzuz+h2uz
i=1

Due to Lemma 1.2 the minimisation of this function over the vector space R™
is equivalent to solving variational inequality

uweR": (Au,v—u)+ o) —pu) = (f,v—u) Yo eR"
with positive definite and symmetric matrix A defined in (1.10), and with convex

and continuous function ¢(u) = h Z |u;|.0

Example 1.5. Model problem of the contact with friction.

Let Q be a polygon in R?. The problem under consideration is to find a
function u € Hg (), such that

/Vu vau)dt+/(|v| |u|)d /f (v —wu)dt Yove Hy(Q). (1.23)

We approximate variational inequality (1.23) by a finite element method. Let
the triangulation 7}, and the space V0 be as in Example 1.3. To approximate
non-differentiable functional the following quadrature formulae is used:

mes5
/|uh )dt ~ Sp(lunl) = > Ss(Junl), Ss(lunl) th a;)

0ETy,

where {a;}3_; are the vertices of a finite element (triangle) § € T,.
Finite element scheme, approximating problem (1.23), is the following mesh
variational inequality:

find up, € V}? such that for all v, € V}?

(1.24)
/ Vuh . V(”Uh — uh)dt + Sh(|vh|) — Sh(|uh|) Z / f(t)(vh — uh)dt.
Q Q

10



Let wy, = {t;};—; be the set of the vertices in 2 of the triangles § € Ty, n =
cardwy. Define stiffness matrix A, load vector f and the function ¢ by the
equalities

(Au,v) /Vuh -Vop(t)dt, (f,v) / F@)vn(t)dt, o(u) = Sp(Junl)
for u < up, v < vy. It is easy to see, that

n
u) = Zai|ui| a; > 0.
i=1

Now, mesh variational inequality (1.24) can be written in the form
weR":  (Au,y —u) +o(y) —p(u) = (f,y —u) vyeR"

with positive definite and symmetric matrix A, and with convex and continuous
function ¢. O

1.3 Variational inequalities and inclusions with multival-
ued operators.

1.3.1 Convex functions and subdifferentials
Function F : R™ — R is called:
— convex, if F(tx+(1—t)y) < tF(z)+ (1—t)F(y) Vz,y € R, Vi€ (0,1);

— strictly convex, if F(tx+(1—t)y) < tF(z)+(1—t)F(y) Vx #y € R, Vt €
(0,1);

— proper, if F(z) > —oco Vo € R™ and its effective set is nonempty: domF =
{z eR": F(z) < 400} # 0

— lower semicontinuous, if z¥ — x = liminf F(2*) > F(z).

Let function F : R® — R be convex, proper and lower semicontinue. Then
a vector u € R"™ is called subgradient of the function F' at a point z, if

F(y) = F(z) > (p,y —x) Yy € R™.

The set of all subdgradients of F' at a point x forms the subdifferential OF (z) of
F at a point z. Multivalued operator OF has a domain of definition D(9F) C
dom F' and a set of values in R™. To underline that the values of OF in general
case are the sets in R”, they write 9F : R"* — 28",

11



Properties of subdifferentials

1) Subdifferential OF(x) is a convex and closed set (possibly empty). If F' is
differentiable at a point z € R™, then its subdifferential OF () consists of only
element — gradient of F: OF(x) = {VF(x)}.

2) Operator OF is monotone:

(p' — p? 2t —2?) > 0 Va',2* € D(OF), Yu' € OF (2%). (1.25)

3) Let F: R™ — R be a convex, proper and lower semicontinuous function
and B be n x m matrix. Then

OF (Bu) = (BT 0 0F o B)(u),

Examples of subdifferentials

1) If F(z) = 27 = max{0, 2}, then its subdifferential is so-called Heaviside
function

0if x < 0;
H(z)=41[0,1] fx = 0;
lifx > 0.

Effective set dom F and domain of definition D(OF) = D(H) equal to the whole
space R in this example.

2) Indicator function of a convex and closed set K, defined by

0, ze K
IK(x):{—i—oo x ¢ K

is convex, proper and lower semicontinuous. Its subdifferential

OIg(z)={peR": (u,y—x) <0Vye K}, D(0Ix)=domlIg =K.

3) Function F': R"™ — R is called separable, if F(x) = ZFi(%)’ Fi: R—
i=1
R. Separable function F is convex, proper and lower semicontinuous if and
only if the same properties have all functions F;. Effective domain dom F' =
dom F} x dom F5 X --- x dom F,.

Subdifferential of a separable function F' is a diagonal operator OF = diag(0Fy,0Fs, ...
n

n
In particular, if K = H[ai,bi], —o0 < a; < b; < +oo, then I = Zj[ai7bi] is
i=1 i=1
a separable function and 0lx = diag(dI,, b, - -, 0q, b,]), Where
(=00,0] for z = a; (if a; > —00),
g, p,)(x) = € 0 for a; <z < by,
[0,4+00) for z =b; (if b; < +00).

12
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1.3.2 Equivalent formulations of the variational inequalities.
A variational inequality
(VF(x"),z—2") 20 Vx € K, z* € K,
with convex closed set of constraints K can be written as
(VF(z*),x —2*) + Ig(x) — Ix(z*) > 0 VYo € R", ¥ € R",

where [ is indicator function of K.
Thus,

(VE(z"),z —2") + p(x) —p(z*) 2 0 Vz € R", " € R",

with a convex, proper ad lower semicontinuous function ¢ is a general form of
writing both classes of the variational inequalities: with a set of constraints and
with a convex non-differentiable function.

Lemma 1.3. Let F': R" — R be a convexr and differentiable function, while
p: R™ — R be a convez, proper and lower semicontinuous function. Then three
following problems are equivalent:

z* = arg min {F(z) + ¢(z)},
¥ eR": (VF(x"),z — ") + p(x) —p(z") 20 VzeR",
VF(z*) 4+ 0p(z*) 0.

Proof. The proof of the equivalence for a minimisation problem and correspond-
ing variational inequality is given in Lemma 1.2. Equivalence of the varia-
tional inequality and the inclusion foolows from the definition of the subdiffer-
ential. O

Corollary 1.1. If A= AT >0, then three following problems are equivalent:

1
@* = arg min {Z(Az,z,) + ¢(2)}

(Az*,z — ")+ o(x) — (™) 20 Vz € R,
Axz* + 0p(x™) 2 0.

In case A # AT a variational inequality is also equivalent to corresponding
inclusion, while there is now an equivalent to it minimisation problem.

13



§2 TIterative methods for variational inequalities
with positive definite matrices

In this section, we consider a variational inequality
(Au,v —u) + p(v) — p(u) = (f,v —u) Yo € R™. (2.1)
with a positive definite matrix A € R™*™.

Theorem 2.1. Let ¢ : R* — R be a convex, proper and lower semicontinuous
function, and A € R™*"™ be a positive definite matriz:

(Az,z) = m|z||* Vo € R", m > 0.

Then
1) there exists a unique solution of variational inequality (2.1);
2) if uy,ug are solutions of the variational inequalities

(AUi,’U - ui) + @(U) - (p(’U,l) 2 (fia’U - u’L) Vv € Rna
then )
[ur — w2l < = |l fr = fol|-
m

2.1 One-step stationary method

2.1.1 General convergence result

Below we consider the equivalent to variational inequality (2.1) inclusion
Au+ 9p(u) 3 f, (2.2)

vector u* being its unique solution.
One-step stationary iterative method for solving (2.2) reads as

wk L _

k
S A D) 5 . (23)
where 7 > 0 is an iterative parameter.

The iteration method is correctly defined in the sense, that for any k there
exists a unique solution of (2.3). It follows from Theorem 2.1, applied in the
case A = F — identity matrix.

Note, that an iterative method

uk+l

k
- Y AuF + 8p(uF) > f
is not correctly defined, because the operator ¢ is multivalued and dp(u*) is
generally a set of values.

A calculated iteration u**! have to be an argument of the multivalued
operator Jy (at least, in combination with a known u*). For the case of an
indicator function ¢ = Ik this condition can be interpreted, also, as the request
for u*T?! to satisfy the constraints u*t! € K.
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Remark 2.1. If A= AT > 0 and ¢ = I is the indicator function of a convex
and closed set K, then variational inequality (2.1) is equivalent to the problem

of minimisation of quadratical function J(u) = i(Au, u) — (f,u) over the set

K, while iterative method (2.3) is the gradient method with projection applied
to this problem:

uF Tt = Prg (uk - TVJ(uk)) = Pry (uf — 7(Au" - f)). (2.4)

Theorem 2.2. Let mE < A = AT < ME, m > 0. Then iterative method

2
(2.3) converges if T € (O, —

M) and for any initial guess u® € R™. Optimal

iterative parameter is 79 =

n and for T = 1y the following estimate for
m

rate of convergence holds:

k+1 _ % <

m *
- |u* —u*| Vk. (2.5)

If A is non-symmetric and

(Au,u) = mlul?,  (Au,v) < MY2(Au,0)2|o]),
2
then iterative method (2.3) converges if T € <O, M) and for any initial guess

u® € R™. Optimal iterative parameter is 1o = i and for T = Tg

=t < (1= 22) et = k. (2.6)

The implementation of method (2.3) is very easy if ¢ is a diagonal operator:

Op = diag(dp1, dpa, ..., 0pn),

i. e. if it is the subdifferential of a separable function p(u) = Z i (u;).
i=1

In fact, the implementation of one step of iterative method (2.3) consists of
the multiplication of A by a known vector u*, and of solving the inclusion

(E+710¢)y 3 g" = uf + 7(f — Au").

In the case of a diagonal operator d¢ this inclusion is decomposed into n scalar
(one-dimensional) inclusions

u; + 700 (u;) > gF, (2.7)

or, into n problems to minimise strictly convex, proper and lower semicontinuous

functions 1
5“? + 7i(ui) — gius.
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Such problems can be easily solved by the methods of one-dimensional optimi-
sation. Moreover, if the graph of Jy; is a piecewise-linear curve, then problem
(2.7) can be solved directly. Such kind of the variational inequalities we consider
below (cf. Examples 2.1— 2.3).

In the next section the iterative methods for a class of variational inequalities
with non-diagonal operator d¢ will be studied.

2.1.2 Applications to the mesh variational inequalities

Example 2.1. In this example we apply stationary one-step iterative method
(2.3) to the solution of the finite difference scheme for the two-dimensional
obstacle problem (1.14)

yeK: (Ay,z—y) =2 (f,z—y)Vze K, K={z€R": z > 0Vi},

where matrix A corresponds to the mesh Laplace operator with homogeneous
Dirichlet boundary conditions and is given by formula (1.13). As the matrix A
is symmetric, then method (2.3) can be written in the form (2.4):

"t =Pry (uF — (A" - f)).

Owing to the structure of K, K = RT x Rt x --- x RT, the projection of a
given vector g reduces to projection of every coordinates of g on R, thus,

(Prig); =y = max{y;,0} for all coordinates y;.

Thus, the implementation of this method is very easy.

Now, let us estimate the rate of convergence of the method. Spectrum of
the mesh operator —Aj, with homogeneous Dirichlet boundary conditions is
well-known, namely,

Ori(t) = sinkwty sinlnte, t € w, k,l =1,2,...,p, are eigenfunctions, and

kmh lmh
At = 4h~2 (sin2 % + sin? 7;) are corresponding eigenvalues.

. o mh m . -
So, m = 8h2sin® — and M = 8h~2cos? — are, respectively, minimal

and maximal eigenvalues of the matrix A, and its condition number equals to

condy(A) = - = O(h™?).

From Theorem 2.2 the optimal iterative parameter is
2 K

= FM 4

and rate of convergence of method (2.3) is characterized by the factor

_M—m
T M+m

q =1-0(h?)

16



k+1

in the estimate ||u**! — u*|| < q||u® — u*||. It means that one needs

o 1
n(e) = O(h™*In-)

iterations to get the estimate ||u* — u|| < elju® — u|.O

Example 2.2. Consider the finite difference approximation of the obstacle
problem with diffusion-convection operator:

weK: (Au,v—u)> (f,v—u) Yoe K ={uecR": u; >0Vi} (2.8)

with matrix A, corresponding to the mesh operator —A, + a - V. Matrix
A equals to the sum of the matrix A, corresponding to —Ay, and the matrix
L € R™*" corresponding to @ - V}, (see details in Example 1.2).

Obviously, the implementation of (2.3) is similar to the implementation of
the mesh obstacle problem with Laplace operator from previous example. In
fact, the solution of the inclusion

(E+7100)y>g
with the diagonal operator
dp = diag(p, p, ..., p), where p(t) = {(—o00,0] for t <0, 0 for ¢t > 0}

is equivalent to the projection of the vector g on the set K = RT xRt x---xR*.

1
Let us estimate the rate of convergence. Symmetric part 3 (L + LT of

Lo _
the matrix L corresponds to the mesh operator —3 (a10101 + a20202). Eigen-

functions of this operator are the same as eigenfunctions of —Ap: ¢ (t) =
sin k7tq sinlwto, t € W, and eigenvalues equal to

kmh Imh
i = 4h ™ tay sin? % + 4h™tay sin® %, kl=1,2,...,p.

Because of this

(Au,u) > mul|?,

1
m = )\min<A) + Amin(i (L + LT)) = (29)
o . omh 1 . o mh
= 8h™“sin 5 +4h~ (a1 + ag) sin 5 = O(1).

Further, for u < up,v < vy

(Lu,v) = h? Z a - Viun(t)vp(t) < V2max{a,az} <h2 Z (Orun(t))*+

tEwp, tewn

17



1/2
T (Oun(1)?) <h > (vh<t>>2> = V2max{ar, az}(Au, )]

tEwy

As, in addition,

(Au,v) < Al (A) (Au, u) 2 |lo]| < 2v2R7 (Au,u) 2],

max

then
(Au,v) < (2v2h™" + vV2max{ar, az}) (Au,w) /2]

Finally,
| Au||®> < M(Au,u), M = (2v/2h~" + V2max{ay,as})% (2.10)

Estimates (2.9) and (2.10) allow to choose optimal iterative parameter, and with
this parameter

1

g=(1-m/M)""* =1-0(h?), n(e)=O(h*In-),

as in the previous example.O
Example 2.3. Consider mesh variational inequality from Example 1.5:

uweR™: (Au,y —u) + o(y) — p(u) > (f,y —u) Yy € R",

n
where p(u) = Y a;lui|, a; > 0, and stiffness matrix A and vector F' are defined

i=1
by

(Au,v) = Q/Vuh(t) -V (t)dt, (f,v) = /Qf(t)vh(t)dt, U S Uup, VE .

Define a symmetric and positive definite matrix D (called as mass matrix in
finite element theory):

(Du,v) = /uh(t)vh(t)dt, U S Uup, VE .
Q

It is easy to prove the estimate

min min

(Au,u) = / |Vup|?dt < erh 2 /uidt = c1h 2 (Du,u) Vu, (2.11)
Q Q

where hpi, is a minimal diameter of all finite elements § € T}, and constant ¢;
does not depend on meshsize.
From well-known inequality

/uzdt < c0/|Vu|2dt Yu € Hy(Q),co > 0,
Q Q

18



one get the estimate

(Au,u) > ¢yt /uidt = ¢y (Du,u) Yu (2.12)
Q

with constant c¢g, independent on meshsize.
Suppose, that the triangulation T} is quasiuniform: there exists a constant
a > 0, such that ah < h; < h for all . Then

doh?*E < D < d1h*E, (2.13)

where constants dy and dy don’t depend on meshsize.
Estimates (2.11) - (2.13) yield the estimates for the minimal and maximal
eigenvalues of the matrix A:

)\min = O(h2)7 /\max = 0(1)7

and condition number of A appears as O(h~2). Due to this, rate of convergence
of method (2.3) with an optimal iterative parameter is asymptotically in h the
same as in previous examples, namely,
1
g=1-0(?, n(e)=0Mh2n-).
€
To implement the method we have to solve inclusion (E + 70¢)y 3 g with
diagonal operator d¢ = diag(p1,p2, - - -, Pn), where

pi(ti) = {—O&i for t; < 0; [—ai,ai] for t; = 0; «; for t; > 0}

Tt is decomposed into n one-dimensional inclusions t; + p;(t;) 3 g¢;, the solution
of i-th inclusion is
g; + Ta; for g; < —Tay,
ti=140for —7a; < g; < Tay,
g; — Ta; for g; > Ta;.
O

2.1.3 Numerical example

Let Q = (0,1) x (0,1) be the unit square, and wy, be a unform mesh on  with
meshsize h = 1/N. So, wy, contains (N + 1) x (N + 1) grid points. By dw we
denote the set of the boundary grid points, i. e. (ih,jh) fori=1ori=N+1
orj=1orj=N+1. We will write (¢,7) € Ow.

Hereafter in numerical examples we use double numeration for the compo-
nents of the mesh functions, namely, u;; and f;; with 4,5 =1,2,..., N +1 for
the mesh functions u and fp.

Mesh Laplace operator —Ay, for the internal points of wy, is defined by

_9 ..
(—Apu)ij = h™ 2 (—ui—1,j — Wir1,j + 45 — wij—1 — Uiji1), 2< 8,5 < N,
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We consider the obstacle problem:
(=Apu)ij + p(uij) 3 fij for 2 <i,5 <N,
u;; = 0 for (i,7) € Ow,
where p(t) = {(—00,0] for t <0, 0 for ¢ > 0}.
One step iterative method (2.3) becomes

ukl ok
L R Ahufj +p(ufj+1) > fij forall 2 <i,j < N,
T (2.14)

ugt =0 for (i, j) € Ow.
Recall, that minimal and maximal eigenvalues of this mesh Laplace operator are

h h
m = 8h~%sin? % and M = 8h~2 cos? %, so, the optimal iterative parameter

2 h?

m+M 4

T0 —

For 7 = 79 formulas in (2.14) transform into

h2
k+1 k k k k
(uifl.,j T U T U T “i,j+1) + Zfij»

h?
k+1

Uy; 1

p(u;) >

1

4

whence
i

h? .
e max{o, (i by o k) + fij} L 2<ij <N

==

Algorithm
1. Take an initial guess u;;,1 < 4,5 < N+1, such that u;; = 0 for (4, j) € dw.
2. Fort=2to N
For j =2 to N do
1 h?

U= (im1j +Uiv1j+uij—1+uijr1) + Zfi,j

if v <0, then 4;; =0, else 4;; = v.

3. Fori=2to N
For j =2 to N do

Uij = Uqj-

4. If a stopping criterion is fulfilled, then Stop,
otherwise go to n. 2.
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Let exact solution uy, of the mesh problem is given by the values in the grid
nodes of the function

u(z,y) = {100 yly —1)(z = 0.5)(z — 1), (z,y) € (0.5,1] x [0,1],
’ 0, (z,y) € [0,0.5] x [0, 1],

or, u(z,y) = (100y(y — 1)(z — 0.5)(z — 1)) (coefficient 100 is taken to make
maxu ~ 1).
Using the form of writing the variational inequality

(=Aup)ij +7ij = fij, vij € pluij),
we can easily construct a right-hand side. Namely, let v;; = 0 in the grid nodes
(¢h, jh) € (0.5,1) x (0,1), where uy, is positive, while v;; be any non-positive
number in the nodes (ih, jh) € (0,0.5] x (0,1), where up, = 0. Then v,; € p(ui;)
and it remains to put
fij = (7Ahuh)ij —+ Yij for all 2 < Z,] < N.

Numerical experiments were made for

fij = (=Apup);; in all grid points,

and for
(—Apup)ij, x>05
fij =18 —uiy1;/h* x=0.5,

Initial guess was u = 0, stopping criterion ||u — u*||L2 < € = 0.001, where u* is
the exact solution and

N

lulle = (S m2ud)'.

i,j=1

For both cases the results were the same and they are included in Table 1.

N 21 51 101 301
n(e) 205 1290 | 5167 | 46522
n(e)h? | 0.5125 | 0.516 | 0.5167 | 0.5169

Table 1: Number of iterations n(e) to achieve ||u — u*||L2 < & = 0.001

We see that number of iterations is of order N2 = h=2, namely n(e) ~ 0.5N2.
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2.2 Preconditioned one-step stationary method
2.2.1 General convergence result

As we saw, one-step iterative method for all considered examples was very easy
to implement but it is very slow convergent.

How to increase the rate of convergence?

From the theory for systems of linear equations it is known that precondi-
tioning is a good approach to do this.

Below we study the following preconditioned one-step stationary method for
variational inequality (2.2):

WFl — ok
Bf + AuF + 0p(uFt) 5 £ (2.15)

Here preconditioner B is a symmetric and positive definite matrix.

Theorem 2.3. 1) Let A= AT >0, B= BT >0 and

aB<ALBB, a>0. (2.16)
2 0 .
Then method (2.15) converges for any T € |0, E and any v’ € R™. Optimal
2
iterative parameter is given by the equality 1o = e and for T = 719 the
@

following estimate holds:

0 -«
b+«

la5 = s < St — | V.

Hereafter ||u||p = (Bu,u)Y? means so-called energetic norm of the symmetric
and positive definite matriz B.

2) If matriz A is not symmetric and satisfied the following assumptions

(Au,u) = allul%,  (Au,v) < Y2 (Au, u)V2||o||g, o >0,

2
for all u,v € R™, then iterative method (2.15) converges for any T € (0, ﬁ>'

Optimal iterative parameter is 19 = 3 and for T = 1y the following estimate

holds:
[ub T —u*||p < (1= a/B) 2| u" —u*||p  VE.

When constructing the preconditioned iterative methods for variational in-
equalities one has to pay attention to the implementation problems. For exam-
ple, in method (2.15) matrix B must be chosen close to A to ensure a good rate
of convergence, but also in a such manner that the operator B + 70y is easy to
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invert. The implementation of every iteration of the method (2.15) consists of
the solution of the inclusion

BuF Tt 4+ 79p(u* ) 3 Bu® + 1(f — AuF) = ¢,
which is equivalent to the variational inequality
(BuFTt v — ) 4 1o(v) — ro(uF ) > (6%, v — uF ) Yo € R™.

Its solving in case of a matrix B, which is close to A, can be of the same
complexity as solving the initial variational inequality

(Au,v —u) + p(v) —o(u) = (f,v —u) Yo € R™.

In all previous examples for implementation of the one-step iterative method
it needs the solution of the inclusion (E + 70¢)(u) 3 g. This solution reduces
to solving n one-dimensional problems which can be solved directly because
both operators, dp and unit matrix E, have diagonal form. The same will be
if we change unit matrix by a diagonal matrix B. From the theory for systems
of linear equations with a matrix A it is well-known, that the best diagonal
preconditioner is the diagonal part of A. If A is a finite difference approximation
of Laplace operator on the uniform grid, then the diagonal part of matrix A is

a scalar matrix (B = ﬁE for two-dimensional case). Thus, iterative method

(2.15) with such preconditioner is the same as non-preconditioned method (2.3)
with a scaled iterative parameter and it has the same rate of convergence.

In case of finite element approximation of Laplace equation or in case of
approximation of a differential operator with variable coefficients the choice B
equals to the diagonal part of A is reasonable. But such choice does not improve
the asymptotic in meshsize h rate of convergence.

Situation is much better for the problems in which the number of constraints
is essentially less than the dimension of the discrete problem. Corresponding
example is considered below (Example 2.5).

2.2.2 Applications to the mesh variational inequalities

Example 2.4. Obstacle problem. Finite element approximation.

Consider finite element approximation of the obstacle problem from Example
1.3:
ueK: (Au,v—u) > (f,o—u) YveK, (2.17)

where K = {u € R" : u; > 0Vi} and

(Au,v) = / Vun(t) - Vou(B)dt, (f,0) = / FOonO)dt, w < un, v vp.
F Q

Let us solve (2.17) by preconditioned iterative method (2.15) with a diagonal
preconditioner B. B may be the diagonal part of A or a matrix, constructed
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by application of a simplest quadrature formulae to the integral / upvpdr. We

Q
consider the second variant.

Let for any finite element § € T}, the following quadrature formulae is used:

mes 0

3
/(j)(t)dt ~ S5 = 3 Zl ¢(a;), where a; are vertices of 4,
s =

and let matrix D is given by

(f)u,v) = Z Ss(upvy), u S up,v S vp.
SET,

It is easy to check, that D is a diagonal matrix. Moreover, if D is mass matrix
defined by the equality

(Du,v) = /uh(t)vh(t)dt, U S up, VE v,
Q
then ~ ~
doD < D < dyD

with constants dy and d;, independent on meshsize. Last inequalities and esti-
mates (2.11),(2.12) yield

aD<ALBD, a=0(1), B=0(h2).

Thus, the rate of convergence of method (2.15) with the preconditioner B = D
is characterized by the factor ¢ =1 — h2 .0
Example 2.5. Signorini problem.

Let the boundary of a domain 2 € R? consists of two parts: 90 =T pUT¢.
Define the space V = {u € H'(Q) : u(t) =0 on I'p} and the convex set

K={ueV:u(t)>0onTlc}.

Signorini problem is the following variational inequality: for a given f € Lo(Q)
find u € K, such that

/Vu~V(v—u)dt> /f(t)(v—u)dt Yv € K. (2.18)
Q Q

Variational inequality (2.18) has a unique solution which can be characterized
as

—Au=finQ, u=0 onlp,
du ou

> > —_—
uz0, Bn/o’uan

=0 on Fc,
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where n is the unit vector of external normal.
Let Q@ = (0,1) x (0,1), f(¢) is continuous in  and I'c = {t € 9N : t; = 0}.
Approximate (2.18) by a finite-difference scheme. Let

@={t=(ih,jh):0<i,j<p+1, (p+1h=1}

~ is the set of the boundary nodes of &, w =@ \yand ¢ ={t€~v:t;, =0,0<
ta < 1}, vp = v\ v¢. Define by V}, the space of mesh functions, which vanish
in the nodes of vp. Let also fj, be a mesh function such that f3(t) = f(t) for
tew.

Finite-difference scheme for (2.18) is

—Apup = fr inw,
up =0 on vp,
1 _ 1 _
up 20, —Eaﬂlh — 0101up 2 fn, up (Eaﬂlh + 0101up — frn) = 0 on ¢,

) ) (2.19)
where Apup = 0101up + 9202uy, for nodes in w.
Define the bilinear form

a(un,vp) = > (Orun(t) 1o (t) + Oaun(t) D2va(t))

tewUyco

on Vj, x V, and the linear form f,(vy) = > frn(t)vn(t) and the set
tewpUyc

Kp = {un € Vi : up(t) 20Vt € yo}

in the space V. Then finite-difference scheme (2.19) can be written as the
following mesh variational inequality:

up € Kh : ah(uh,vh — uh) > fh(’l)h — uh) V’Uh S Kh.
Let now matrix A € R"*™ n = p(p + 1), and vector f € R" is defined by
(Au,v) = a(un,vp), (f,v) = fa(lvy) for u e up,v < vy,

with the lexicographical enumeration of the mesh nodes, while K = {u € R™ :
u; = 0fori=1,2,...,p}. Them he mesh variational inequality becomes

ue K: (Au,v—u) =2 (f,v —u) Vv € K.

Matrix A is symmetric and positive definite, its minimal and maximal eigenval-
ues are m = O(1) and M = O(h~2). Thus, all "traditional” for the stationary
one-step iterative method convergence results hold, namely,
2 o 1
gq=1-0(%), n(e)=0(h "In g)

The main feature of Signorini mesh problem :
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the number of the constraints p is much less than the number of
unknowns n.

This gives the possibility to use iterative methods with block-diagonal pre-
conditioners. One such method is constructed below.

Let u = (y,2)7 with y = (u1,u2,...,u,)", 2 = (ups1,...,un)T, i ey
contains the coordinates of the vector u, corresponding to mesh points in y¢.
Corresponding to this decomposition of a vector u € R™ are the following block

. . A A 1
representations of the matrix A = ( H 12) , vector f = (f > and operator

Ao Az f?
Ol (u) = (P(()y)) where

P(y) = diag(p(y1),--.,p(yp)), p(t) = {(—0,0] for t =0, 0 for ¢ > 0}.

Using these notations the mesh variational inequality can be written as the

following inclusion:
A A (y P(y) f!
G a2 () (") = (5): (2.20)

Let us take the preconditioner

B= (DOH AO ) , D11 = diagA;; € RP is the diagonal of Ay (2.21)
22

in iterative method (2.15):

k41 k
)

Duf—— 4 Any + A+ P 5 £, (222

o 2 k k 2
A227+A21y + Az = f*. (2.23)

Implementation of (2.22) consists of the projection procedure for each coordi-
nate: N
yitt = ai_il(yf +hr(fl = (Any* + AlQZk)i)) )

while (2.23) is a system of linear equations with symmetric and positive definite
matrix Ass. There are a lot of effective methods for solving this system.

Let us estimate the constants of the spectral equivalence of the matrices
. 3. . .
A and B. First, note that D1; = —F is a scalar matrix with the entries —

on the diagonal, and matrix Ay, corresponds to the mesh Laplace operator
—Ay, defined in the space V}0 of the mesh functions with homogeneous Dirichlet
conditions on the boundary ~:

(Agau,v) =Y (Orup(t) Drvn(t) + Daun(t) Davn(t))

tew
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for u & up,v & vy, up,vn € VY. To the decomposition of a vector u € R™:

= (4,007 +(0,2)T,y € R,z € Rp2, corresponds decomposition of a mesh
function Vj, 3 up & u: up = ugl) + ug), where uf) € V}?, and uh) differs of
zero only in the points of vy¢. Using this fact, for any u € R™ , u < uy, one has

(Au,u) = ap(up,up) < 2ah(u§:),ug)) + 2ayp, (uf), uEI )) =

-2y ( (Ol (1) + <,11u§3><t>>2) +2 3 (@ (1) + (2207 (1))) <

teye tew
10 M) @) (112 @) ()2
<ar 2 (a0 ®) +2 3 (@2 (1) + (@l (9)?) =
teEve tew

10

3h(D11y y) + 2(A22z,2) < 3—h(Bu u).
On the other hand, for any function u;, € V}, equality —uy(t1,0) = h Z Ooup (t

ta=0

holds. So, ’

doui)<h Y (@l (1)
teve tewUyc
whence (Bu,u) < 3(Au,u) Yu € R™. Finally, we get the following estimates of
the spectral equivalence for matrices A and B:
1 10

-B < .
gB<A< B (2.24)

It means, that the rate of convergence of the stationary one-step method with
preconditioner B (2.21) is characterized by factor ¢ = 1 — O(h) and number of

1
iterations O(h ™' In =) to achieve accuracy e.

This asymptotically in h one order better estimate than estimate for non-
preconditioned method.O

2.2.3 Numerical example

We solved Signorini problem, approximating by a finite difference scheme on a
uniform grin in the unit square. The one-sided (Signorini) condition was taken
for y = 0. Preconditioned one-step method was used (as described in Example
2.5).

The exact solution u* of the mesh variational inequality was the mesh func-
tion, corresponding to

w(z,y) = 100z(1 — y)(xz — 0.5)y, 0<z<0.5,0
710001 — 2) (@ — 0.5)(1—32), 0.5<z<1,0

//\ //\
//\ //\
—_
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N [ 21 ] 51 | 101 | 301
n(e) | 57 | 156 | 321 | 984

Table 2: Number of iterations in preconditioned one-step iterative method for
Signorini problem. Initial guess is u® = 0.

N [21[ 51 | 101 | 301
n(z) | 58 | 158 | 325 | 995

Table 3: Number of iterations in preconditioned one-step iterative method for
Signorini problem. Initial guess is u% = —1.

and the right-hand side

fii = _(u;'k+1,j + uz;l,j - 4“2} + 2u;j+1)/h27 j=0,(y=0),
Y *(Uffl,j i —Autul o+ U;jJrl)/hz, otherwise.

Stopping criterion was ||u"™ — u*||12 < € = 0.001.

2.3 Relaxation methods
2.3.1 General convergence result.

let A € R™*" be a symmetric and positive definite matrix, f € R" and ¢ : R" —
R be a convex, proper and lower semicontinuous function. We solve inclusion
Au + 0p(u) > f, which is equivalent to the minimization problem

find felg}l{g](u) = %(Au,u) + p(u) — (f,u)}. (2.25)

By u* a unique solution of this problem is denoted.
Consider a preconditioned stationary one-step method with a variable pre-
coditioner
B (u" — u*) 4+ AuF 4 0p(uF ) 5 f. (2.26)

Further we suppose that

{Bg} is a bounded sequence of the n x n matrices, (2.27)

1
B — §A >coFE, cog=const > 0. (228)

Owing to (2.28), matrix By, for any k is positive definite, because of this problem
(2.26) has a unique solution for any & (Theorem 2.1).

Theorem 2.4. Let A= AT > 0 and assumptions (2.27), (2.28) are true. Then

iterations (2.26) converge to u* for any initial guess u°.
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2.3.2 Jacobi, Gauss-Seidel and SOR-methods

Extrapolated Jacobi method

Let for A = AT > 0 the matrix D = diag(ai1,a22,...,an,) > 0 be its
diagonal part. Then iterative method

1
p D — k) + AuP + dp(uTh) 5 f, 0 >0,

is the extrapolated Jacobi method. It is a partial case of (2.26), as well as of

the preconditioned method (2.15), with the preconditioner B = —D. As
o

D 'Au= A u= D '2AD"Y?y = \v for v = D'?u,
then the eigenvalues of matrices D' A and D~'/2AD~1/2 coincide, so do their
spectral radiuses. The convergence condition (2.28) of Theorem 2.4 reads as
1 2
B> §A’ and it is equivalent to the inequality D~Y/24AD~ Y% < ZE. i. e.
o
2 2

2
e D71/2AD71/2 = — .
A )< 5 7S JDVEAD )~ p(D-1A)

The same follows from Theorem 2.3. Moreover, the last theorem gives the
theoretically optimal parameter

2

= ai g where o = Apin(D™1 A), B = Anax(D ™! A).

0o

Similar results are true for a block Jacobi method, where

D = diag(A11, A2, ..., Asg), Ay € R an =n,

i=1
is a block diagonal part of A = AT > 0.

Successive overrelaxation method (SOR-method)

Let the matrix A be decomposed as A = AT = D+ L+ LT > 0, where D =
diag(ai1,age, ..., any) > 01isits diagonal part or D = diag(A11, A2g, ..., Ass), Ay €
R™ > ig its block diagonal part, while L is strongly lower triangle part of A.

1
Taking B, = —D+L, o € [e,2—¢], € > 0in (2.26), one get SOR-method,
o

(point variant in case of diagonal D and block variant if at least for one 4
the dimension of i-th block n; > 1):

<1D+L) uk+1 _’_aw(uk+1) 5 (1

- 1) DuF — LT + f. (2.29)
Ok Ok
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Tt is easy to see, that for oy, € [¢,2 — €], € > 0,

((Bk ~La u) _ (1 - ;) (D) > 555 M (i)

Ok

where Apmin(A;;) is the minimal eigenvalue of A; > 0. Thus, if o € [¢,2 —
e], € > 0, then convergence condition (2.28) is fulfilled, and SOR-method (2.29)
converges.

If o, = o for all k, then (2.28) is true for o € (0,2), and SOR-method (2.29)

1 1
(D + L) uk+1 + a@(ulvl*l) 5 < o 1) Duk: o LTuk
g g

converges for o € (0,2).
Partial case of SOR-method (2.29) is Gauss-Seidel method, corresponding
to choice o = 1.

How to implement SOR-method (2.29)?
In case of a diagonal operator ¢ the implementation of a point variant of
this method is as simple as for non-preconditioned one-step iterative method.

1
In fact, on every iterative step of (2.29) one has to solve the inclusion (— D +
ok

1
L)u 4+ 0p(u) > g with a triangle matrix —D + L. This inclusion is solved
o

k
recurrently. Namely, as l;; = 0 for j > 4 and l;; = ay; fr j < 4, then the
following one-dimensional problems

1
;kaiiui +0pi(ui) > gi — Z QijU;
i<t
are solved sequently for i =1,2,...,n.

Block variant of method is reasonable to use in case, when the constraints
are imposed not at all coordinates of the vector u, and blocks correspond to the
coordinates without constraints.

For example, let u = (y,2)T, where y = (uq,uz, ..., up)T, 2 = (ups1,. .., un)
and there are no constrains to u; for i = p+1,p+2,...,n. Let also the operator
O is a diagonal one:

8@(“) = (5901(”1)7 8502('“’2)) AR 39%(%)» 07 cee »0)
For the decomposition u = (y, 2)T of u € R™ the following bock representation

of the matrix A = <A11 A12> corresponds. Choose
Az Aa

T

Dy 0 .
D= ( 0 A22) y D11 = dlag(an, ceey app).
Then implementation of this block SOR-method consists of sequential solution of

he one-dimensional inclusions for ¢ = 1,2,...,p and a system of linear equations
with matrix Ags.
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The described block variant of SOR-method can be used, for example, for
solving mesh Signorini problem (cf. Example 2.5).

Symmetric successive overrelaxation method (SSOR-method).
Let A=D+ L+ LT = AT > 0, where D = diag(All,Agg, - ,ASS), A €
Rmi X7 Z n; = n, is a block diagonal part (in particular, diagonal part) of A,

i=1
and L is strongly lower triangle part of A. Choosing

1 1
By =—D+ L for odd k, B, = —D + L” for even k,
Ok Ok

one get (block) SSOR-method

1 1
—D+ L) uF Y2 4 gp(uktt/?) 5 ( - 1) DuF — LT + f,
Ok Ok

1 1
- D + LT> uk+1 +8<p(uk+l) 5 ( _ 1) Duk+1/2 _ Luk-‘rl/Q + f
Ok

Ok

This method converges if oy, € [¢,2—¢], € > 0 and in case of constant relaxation
parameter — if o € (0,2).

The implementation of SSOR-method is similar to the implementation of
SOR-method.

2.3.3 Applications to the mesh variational inequalities. Numerical
examples

Once again consider the obstacle problem as in 2.1.3. Let Q@ = (0,1) x (0,1), wp,
be a unform mesh on 2 with h = 1/N. The mesh obstacle problem is

(—Aup)ij + i = fijs vij € p(uij), for 2 <i,5 <N,
u;; = 0 for (i,7) € dw,

where p(t) = {(—00,0] for t <0, 0 for ¢ > 0}.
Let us fix the lexicographical ordering of the grid points. Then the for-
mulas for Gauss-Seidel method read as

1 h?
plui™) 3 = (Wi j +uf ) + Zfij-

1 Loopp k1 h?
Wit = Ly !

ij 4 J 4,j—1 4

It means, that sequently for ¢ = 2,3,..., N and for j = 2,3,..., N one can
find

1 h?
k+1 k+1 k+1 k k
ug;" = max {0’ 1 (widi; + ity + Fufy j +ubj) + 4fij} :

Algorithm for Gauss-Seidel method
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1. Take an initial guess u;;,1 < 4,5 < N+1, such that u;; = 0 for (4, j) € Jw.

2. Fori=2to N
For j =2 to N do

1 2

1 (Wim1,j + Wij—1 + Uit1j + Ui j+1) + Ifij;

if Uiy < O7 then Uij = 0.

uij =

3. If a stopping criterion is fulfilled, then Stop,
otherwise go to n. 2.

For the same lexicographical ordering of the grid points the formulas for
SOR-method are

[ SI e} p1 y R 1 ko Lok k h?
S Ty (Uiq,j‘*‘ui,jq)‘f‘Zp(Uij )3 — 1wty (ui+1,j+ui,j+1>+Zfij-

It means, that sequently for ¢ = 2,3,..., N and for j = 2,3,..., N one can
find

g

4

2
k+1 _ k k+1 k+1 k k ah
u;; = max {O, (1—o)u;; + (ui—l,j +ug o Uit ui i) + —fi

sequently for all i =2,3,... N and fori=2,3,..., N.
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Algorithm for SOR-method
1. Take an initial guess u;j,1 < 4,7 < N+1, such that u;; = 0 for (¢, j) € dw.

2. Fort=2to N
For j =2to N do
2
0 / k+1 k+1 oh
ui; = (1 - U)Ufj + 1 (uij_l,j + UJ—1 + Ui‘€+1,j + Uf,jﬂ) + Tfij»
if U5 < 0, then U5 = 0.

3. If a stopping criterion is fulfilled, then Stop,
otherwise go to n. 2.

SSOR-metod differs from SOR-method by the presence of iterations with
relaxation on the inverse order. Thus:
Algorithm for SSOR-method

1. Take an initial guess u;;,1 < ¢,j < N+1, such that u;; = 0 for (4, j) € Jw.

2. Fori=2to N
For j =2 to N do

2
o oh
_ k k+1 k+1 k k
uij = (1 —o)ug; + 1 (uifl,j Ty Ut ui,j+1) + 1 fijs

if Uij < 0, then Uij = 0.

3. For i = N down to 2
For j = N down to 2 do

2
o oh
_ k k+1 k+1 k k
uij = (1 —o)ug; + 1 (uifl,j Ty Ut ui,j+1) + 1 fijs

if Uij < 0, then Ujj = 0.

4. If a stopping criterion is fulfilled, then Stop,
otherwise go to n. 2.

Let the exact solution uy, of the mesh problem be given as before by the val-
ues in the grid nodes of the function u(z,y) = (100y(y — 1)(z — 0.5)(x — 1)) .
Numerical experiments were made for

(—Apup)ij, = >0.5
fij =18 —uiy1;/h* x=0.5,

Initial guess was u = 0, stopping criterion ||u — u*||L2 < € = 0.001.

Table 4 contains the comparison results for Jacobi method, Gauss-Seidel
method and SOR-method with (numerically found) optimal relaxation param-
eter og.
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N 21 51 101 301 501
n(e) for Jacobi method 205 | 1290 | 5167 | 46522 | too many
n(e) for Gauss-Seidel method | 103 | 645 | 2584 | 23261 64616
n(e) for SOR~-method 20 60 111 270 521
optimal og 1.7 1.8 1.9 1.97 1.98

Table 4: Number of iterations n(e) to achieve ||u — u*||L2 < e = 0.001

Remark 2.2. For SOR-method applied to solving a system of linear equations
Au = f with a symmetric and positive definite matrix A there is a theory of
choosing the optimal relaxation parameter ¢. This theory uses the properties
of the matrix A, and optimal parameter is defined by these properties. SOR-
method with the optimal parameter (for mesh problems it is o, close to 2,)
has a rate of convergence, which is essntially better than, for example, a rate of
convergence for Gauss-Seidel method (o = 1). For example, for solving a system
of equations with the matrix A, corresponding to mesh Laplace operator, the
rate of convergence for SOR-method with the optimal parameter (¢ ~ 2 —O(h)
for h — 0), is characterised by a factor ¢ = 1 — O(h) instead of ¢ = 1 — O(h?)
as for Gauss-Seidel method.
For the mesh variational inequalities there is no similar theory. O

Below we give the results of numerical experiments, which purpose was to
find the optimal relaxation parameters for different meshes, and compare them
with the known optimal relaxation parameters for linear case.

For a matrix, corresponding to the mesh Laplace operator on the uniform
grid with meshsize h the theoretically optimal relaxation parameter in SOR-
method applied to the system of linear equations is

o =2/(1 + sin(mh)).

In the following tables we give the number of SOR-iterations n(e) for different
grids and different relaxation parameters. Initial guess is u?j = 0, and stopping
criterion is ||u — u*||L2 < € = 0.001.

34



15| 09=16 | 1.7 | ox=1.74 | 1.8 | 1.9
) 31 20 30 29 29 | 48
n(e)h 1.0 1.45

o 1.5 |16 | 1.7 | 00 =1.8 | 0x=1.88 | 1.9
(¢) | 212 | 157 | 108 | 60 75 73
n(e)h 1.2 1.5

o [ 1718 [0o=19] ox=1.94 | 1.95
N=101| n(e) | 450 | 278 | 111 151 147
n(e)h 111 1.51

o 1.9 [ 1.95] 1.96 | 0o = 1.97 | 0+=1.97934 | 1.98
N =301| n(e) | 1205 | 555 | 418 270 454 451
n(e)h 0.9 1.513

1.97 | 09 =198 | 0x=1.98754 | 1.99
) | 914 521 757 737
n(e)h 1.042 1.514

Table 5: Number of iterations to achieve ||u — u*||L2 < € = 0.001. Comparison
results for different relaxation parameters.

In the next table we collect for all meshes the following results: optimal for
linear case relaxation parameter o*, experimentally founded optimal parameter
oo for the obstacle problem, dependence of the number of iterations upon the
meshsize h.

N 21 o1 101 301 501
o* 1.74 | 1.88 | 1.94 | 1.97934 | 1.98754
n(e)h | 1.45 | 1.5 | 1.51 1.513 1.514

oo | 1.6 | 1.8 [ 1.98 | 1.97 1.98
n(eh | 1.0 | 1.2 [ 111 | 09 1.042

Table 6: Dependence of iterations number upon meshsize h.

One more numerical test was made for the obstacle problem, which free
boundary consists of many lines and is not smooth.
Namely, let the exact solution of the obstacle problem be

wij = (sin(67ih) sin(6mjh))*

and the right-hand side be chosen as

-1, if Uiy < 0;
fij = .
—(Apu)ij,, otherwise .
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Table 7 contain the results for the initial guess ugj = 1 and optimal relaxation
parameter og, which was found experimentally for every mesh.

N 21 o1 101 | 301 501
09 1.7 1.9 | 1.94 | 1.98 | 1.99
n(e) 37 84 147 | 361 588
n(e)h | 1.85 | 1.68 | 1.47 | 1.2 | 1.176

Table 7: Number of iterations to achieve ||u — u*||L2 < € = 0.001. Dependence
of iterations number upon meshsize h.

Conclusions:

1) The optimal parameter oy in SOR-method, applied to the mesh obstacle
problem Au+ dp(u) 3 f, was close to the optimal parameter o* for the system
of linear equations Au = f with the same matrix A. Moreover,

smaller meshsize h = closer oy to o*.

2) The number of SOR-iterations with both relaxation parameters o and
o* was proportional to N = 1/h.

These conclusions, made on the basis of several numerical tests, are really
true for a wide class of variational inequalities.

Remark 2.3. In general, it is not possible to compute a priori the optimal
value of the relaxation parameter o. Frequently, for the systems Au = f of
linear mesh equations the following heuristic estimate is used:

0" ~2—ch, ¢ = const.

In our numerical examples the optimal relaxation parameter for linear case is
known and it just satisfies this estimate:

o* =2/(1+sin(nh)) ~ 2 — 27h.

Let us look what happens when solving a variational inequality. In the
tables below the result for the theoretically optimal (for corresponding matrix A)
parameter o* and for experimentally found optimal (for variational inequality)
parameter o are collected. First table contains the results for the obstacle
problem with exact solution u(x,y) = (100y(y — 1)(x — 0.5)(z — 1)) and the
second one — with exact solution u(z,y) = (sin(6mx) sin(67y))*.
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y N | 21 | 51 | 101 | 301 501
o 1.74 | 1.88 | 1.94 | 1.97934 [ 1.98754
(2-0")/h | 52 | 6.0 | 6.0 [ 6.198 6.23

o0 16 | 18 | 1.9 | 1.97 1.08
(2—00)/h | 8 | 10 | 10 9 10

Table 8: Optimal parameters and constant ¢ in the formula ¢ = 2 — ch. Exact
solution u(z,y) = (100y(y — 1)(z — 0.5)(z — 1))*

y N [ 21]51]101 301 501 |
o0 1719194198199
2—00)/h| 6 [ 5] 6 6 5

Table 9: Optimal parameter and constant ¢ in the formula ¢ = 2 — ch. Exact
solution u(z,y) = (sin(67z) sin(67y)) "

From calculating results one can see that for optimal parameter o the de-
pendence g9 = 2 — coh is also true.

This fact motivates the using of the following method to find a relaxation
parameter, which is close to the optimal oy:

1) Find an optimal parameter oy by numerical tests on a coarse grid with
meshsize hg.

2
2) Take ¢ =
with meshsize h: o = 2 — ch.

Note, that this method can be applied in the case of the uniform grids (or,
at least, quasiuniform grids).

— 09

for calculating the relaxation parameter for a fine grid

2.4 Error control and stopping criteria

2.4.1 Generalities

Error control and stopping criteria are very important aspects of the implemen-
tation of numerical methods. To control exactness of an iterative method when
solving a mesh variational inequality there a several approaches.

First, if a rate of convergence is known:

||uk+1 —u*|s <¢ Huk —u*||s Vk, g <1,

for a vector norm ||.||s, then one can estimate the norm of error ||u* — u*||; by
the norm of the difference of two current iterations [|u*+! — u*||,. Namely,

e e N L P [ T N O Bl g

whence

1
lu? = w[ls < 5 [l — . (2.30)
q

1—
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The most universal method for error controlling is the estimating of a norm
of a residual vector.

What is the residual vector for an iterative method, applied to solution of a
variational inequality?

Let us consider iterative method (2.15). When implementing this method,
the following inclusion is solved:

Burt 4 70p(uF ) 5 BuF +7(f — Aub) = g,

From this inclusion one can find not only uv**!, but also
1
'7k+1 — 7B(’U,k _ uk+1) + f _ Auk: e a@(uk+1).
T

By residual vector we call the vector r¥+1 = Ayk+1 4 AF+1 _ f,
The inclusion Au + dp(u) > f, which we solve by iterative method (2.15),
can be written as
Au+vy=f, v € 0p(u).

If (u*,~*) is its solution, then r*+1 = A(uF*1 — u*) + (4#+1 — 4*). As matrix
A is positive definite: (Au,u) > ml|ul|?, and operator J¢ is monotone, then

(rk+1,uk+1—u*) > (A(uk+1—u*),uk+1—u*) _ ||uk+1_U*H?4 2 m||uk+1_u*||2,

and from the estimate for norm of residual ||7*+1| we have the following error

estimates:

Jlu a

—u' <m7Hr

[t =g < e <m TR

Let us underline, that no information about the rate of convergence for an
iterative method is needed to get these error estimates.

2.4.2 Numerical example

First, two different stopping criteria were used, namely, ||7||r2 < & = 0.001 and

Ir]lc < e =0.001 for solving the obstacle problem by SOR-method. Here ||7||¢

is the maximum norm for residual vector. Number of iterations are denoted,

respectively, by n,.(¢)(Lz) for the first criterion and by n,(¢)(C) for the second

one. We includes in the table the number of iterations to achieve the accuracy

llu —u*||z, < e =0.001, where u* is the exact solution. Initial guess was u = 0.
The results are included in Table 10.
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o 15[ 16 ] 1.7 [op=1.8 | o+=1.88 | 1.9
N —5p | r(E)(L2) | 343 | 255 | 175 97 110 | 117
ne(e)(C) | 377 | 280 | 192 | 107 120 | 141
n(e) | 212 | 157 | 108 60 75 73
o 1718 [00=109 | 0+=1.94 | 1.95
N qop| Mr(E)(L2) | 727 | 449 | 176 222 | 255
ne(e)(C) | 800 | 494 | 195 243 | 204
n(e) | 450 | 278 | 111 151 147
o 1.9 [ 1.95 ] 1.96 | 0o = 1.97 | 0%=1.97934 | 1.98
N = 301 | mr(E)(L2) | 1945 | 896 | 672 599 671 668
ne(e)(C) | 2142 | 988 | 742 670 762 838
n(e) 1205 | 555 | 418 270 454 451

Table 10: Number of iterations, when stopping criteria are norms of the residual.

N 21 51 101 301
n(e) 373 2220 8735 TTT4T
[uF T — ¥, /(1 —¢q) | 0.00098 | 0.00099 | 0.00099 | 0.00099
[uF — w1, 0.00051 | 0.00046 | 0.00042 | 0.00041
7l 22 0.01005 | 0.01004 | 0.00995 | 0.00990
q 0.98769 | 0.99803 | 0.99951 | 0.99995

Table 11: Comparison results for different stopping criteria.

The same mesh obstacle problem was solved by Jacobi method, which co-
incides for this problem with preconditioned one-step stationary method, the
preconditioner being the diagonal part of the matrix A, corresponding to mesh
Laplace operator for uniform grid. For this method the following estimate is
valid:

b =iz, < qllu® —

with

M—-—m 8 . o mh 8 o Th
q= T m:ﬁsm 5 M:ﬁcos o5
Thus,
1 k k
Il = |, < T [l = uflL,.
[t —uPL,

We used the criterion < ¢ = 0.001. Initial guess was ug = 1.

l—gq
Table 11 contains the calculated results.

These results ensure that one can use to control the error of the iterations
either the norm of the difference of two current iterations (if the rate of conver-
gence is known) or a norm of the residual vector. The last estimate is the most
universal one.
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2.5 Splitting iterative methods
2.5.1 General convergence theory

We will solve inclusion (2.2)
Au+ 0p(u) > f
with a positive definite matrix A by the following iterative method:
uFt1

ok
DBL T | Ak + dp(BuF T —u) +u*) 3 f, (2.31)
T

where B is a regular matrix (i. e. exists B~!), D is a symmetric and positive
definite matrix, and 7 > 0 is an iterative parameter.
Inclusion (2.31) is equivalent to the system

Wk /2 ok
—— + A 4 (U2 5 (2.32)
-
B(uFt! — uF) = uF 12—k (2.33)

whence the name ”splitting” for the method.
The partial cases of (2.31) are generalised Peacemen-Rachford and Douglas-
Rachford methods:

Peacemen-Rachford method (B = %(E +7A) in (2.31))

k+1/2 _ k
u—}—fluk#r&p(uk“/z) 5 f,
-
(2.34)
kL 9k H1/2 4k A ) = 0
T
Douglas-Rachford method (B = E + 7A in (2.31))
k+1/2 _ ok
LT LAk dp(urt1/2) 5 f,
-

(2.35)

ukHL k12

+ A(uFt — k) = 0.
.

As we see, the first step (2.32) of method (2.31) coincides with the pre-
conditioned one-step method, while the second step (2.33) can be viewed as a
refinement of the iteration u®+1/2,

The implementation of method (2.31) consists of the implementation of step
(2.32), i. e. the preconditioned one-step method, which have been discussed
before, and of solving system of linear equations (2.33).

Below the convergence results for the generalised Peacemen-Rachford and
Douglas-Rachford methods in cases of symmetric and nonsymmetric matrix A
are cited.
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Theorem 2.5. Let

mD < A=AT <MD, m > 0. (2.36)
Then iterative methods (2.34) and (2.35) converge for any initial guess u® and
any iterative parameter T > 0.
1
Optimal iterative parameter is 79 = and for T = 19 the following

vmM

estimates for rate of convergence are valid:

VI — i

(E+7oD A5 p <

|(E+ 70D tA)2"|p

for method (2.34) and

VM

E + 19D AR < —
B +7D™ )4 o < =

I(E+7D  A)"|p

for method (2.35).
Theorem 2.6. Let

(Au,u) = 6||ul|%, 6 >0, (D 'Au, Au) < A(Au,u) Yu € R".

Then iterative methods (2.34) and (2.35) converge for any initial guess u° and
any iterative parameter T > 0.

1
Optimal iterative parameter is 79 = NI and for T = 7y the following

estimates for rate of convergence are valid:

I(E + 70D~ A)z" | < ¢'2((E + oD~ A)2"||p, (2.37)

= m for method (2.34) and q = %Jr %0 for method (2.35).

2.5.2 Applications to mesh variational inequalities

where ¢ = qg

Splitting iterative methods can be applied to all mesh variational inequalities,
considered in Examples 2.1 — 2.5, because matrices of these variational inequal-
ities are positive definite.

The implementation of the non-preconditioned Peacemen-Rachford and Douglas-
Rachford methods are similar to the implementation of non-preconditioned one-
step iterative methods.

Now, let us estimate the rate of convergence. As was proved, the condition
number cond(A) of a matrix A in any of the cited examples is O(h~2). So, for
the optimal iterative parameter 7y the factor

‘= \/M—\/R: \/cond(A)flzl_O(h)
VM +/m  \/cond(A) +1 '
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It means, that non-preconditioned Peacemen-Rachford and Douglas-Rachford
methods, applied to the mesh variational inequalities of Examples 2.1 — 2.5
request

n(e) = O(h~" h%)

iterations to get the estimate ||u* — u|| < el|u® — u|. O

For the Signorini problem is possible to use the preconditioned methods.
Namely, let u = (y,2)” with y = (u1,uz,...,up)", 2 = (upy1,...,un)’, i e y
contains the coordinates of the vector u, corresponding to mesh points in y¢.

Corresponding to this decomposition of a vector u € R™ are the following block

1
representations of the matrix A = A 4w , vector f = f2 and operator
Ag1 Az f

0L (u) = (P éy)> where

P(y) = diag(p(v1), - -, (¥p)), p(t) = {(—0o0,0] for t =0, 0 for ¢ > 0}.

Let us take the preconditioner

B = (DO“ AO ) , D1, = diagA;; € R? is the diagonal of Ay,
22

in iterative method (2.35):

yk+1/2 -y k k k+1 1
D“f + Any® + A" + P(yETY o
ShH1/2 ok
Amf + Ag1yF + At = f2. (2.38)
k1 _ . kt1/2
W T AW — by =0,

T

Implementation of (2.38) consists of the projection procedure:
_ +
Yt = aiil(yf +hr(ff = (Auy® + A12Zk)i)) )

and the solution of the systems of linear equations.

Further, in Example 2.5 we have estimated the constants of the spectral
equivalence of the matrices A and D (here we use notation D for the precondi-
tioner):

10 10 1

1
SD<KA<K—=D=M=—, m=-=.
3 3h 3 T3

Thus, for the optimal iterative parameter 7y the factor

VM — m

—go=~— Y " 1 -0
q=qo NN (h/7)
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and number of iterations to get the estimate ||u* — u|| < e[|u® — u|| equals to

n(e) = O(h~2In L)
3
O

2.5.3 Numerical example

We consider once again the obstacle problem with exact solution u(x,y) =
(100 y(y — 1)(z — 0.5)(x — 1)) and right-hand side
—(Au)ij, x> 0.5
fij = —ui+1’j/h2 z = 0.5,
f=-1 x < 0.5.
The mesh variational inequality is solved by Douglas-Rachford method with the

optimal iterative parameter.
Initial guess u = 0, stopping criterion ||u — u*||, < ¢ = 0.001.

N 21 51 | 101 | 301 | 501
n(e) 20 | 46 | 94 | 283 | 472
I7[lz, 0.0003 | 0.02 | 0.02 | 0.03 | 0.03

n(e) for SOR-method
with optimal parameter 20 60 111 | 270 | 521

Table 12: Number of iterations to achieve |ju — u*||z, < 0.001 and norm of
residual for Douglas-Rachford method. Comparison with SOR-method

We see, that for Douglas-Rachford method with optimal iterative parameter
n(e) ~ N, i. e. is proportional to h~! as it was proved theoretically. The
number of iterations is almost the same as in SOR-method with experimentally
defined optimal relaxation parameter.

Deficiency of splitting iterative methods is the necessity to solve a sys-
tem of linear equations at every iteration. It leads to more time consuming in
comparison with SOR-method.

Merits:

1) Splitting iterative methods converge for any iterative parameter
7 > 0 and for optimal iterative parameter have asymptotically the same rate
of convergence as SOR-method with the optimal relaxation parameter. An
optimal parameter 7 > 0 can be defined a priori by the matrix properties.
Experimentally defined optimal parameter (so, really optimal) almost coincides
with the theoretical one. The rate of convergence is not very sensible to the
choice of an iterative parameter.

2) Splitting iterative methods can be applied to problems with nonsym-
metric positive definite matrices A and they have in this case asymptotically
the same rate of convergence as for the symmetric case.

3) Splitting iterative methods converges also in the case of a positive semidef-
inite matrix A, as well as in the case of a non-linear monotone operator A.
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83 Variational inequalities with saddle matrices
3.1 Problem formulation, generalities

Example 3.1. Let us consider the minimization problem for the functional

J(u) =

N —

/ W)t — / bt u(t)dt, b(t) € C[o, 1],
0 0

on the set {u(t) € H}(0,1) : |u'(t)] < 1 fort € (0,1)}. Let {t; = ih,i =
0,...,m+1; (n+1)h = 1} be a uniform grid with meshsize h > 0 on the
segment [0,1], u; = u(t;)(up = un41 = 0) and b; = b(t;). Finite difference
scheme for the problem under consideration is

. . 1 (w2 2 Winy — i) 2 u? "
ut = argg&lﬁ F(u) = 3 (h; + Z <+h) + 75 ) - Zbiui, (3.1)
i=1

i=1
S u —ui| . . L
where K = ¢ —— < 1Vi=1,...,n+ 1, is a convex and closed set.
This problem is equivalent to the variational inequality
(Au,v—u) = (byv —u) Vv e K (3.2)
with matrix
1 0 O 0 0
-1 1 0 0 0
a=rrrp=pt| 0 0 € Rim+1xn,
o o o ... -1 1
o o o ... 0 -1

As we know from the previous examples, matrix A is symmetric and positive
definite, its spectrum is also known. Thus, all results on the convergence and
rate of convergence of the considered above iterative methods are still valid.

However, when implementing all these (non-preconditioned) iterative meth-
ods we have to solve an inclusion, which reduces to the projection on the set

K. And the projection on the set K = Mglwzl,...,n—i—l ,

in contrast to all previous examples, is the problem, which can not be solved
directly.

Let us discuss this problem in more details. The projection of a given vector
g on a closed convex set K is a minimum of |[u — g||? over K, that is equivalent
to solution of the variational inequality

(u,v —u) = (g,v —u) Yv € K,
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or, to solution of the inclusion
u+ 0Ik(u) > g. (3.3)
Let 6(p) be the indicator function of the set {p € R™+V : |p;| < 1Vi}, then
Ik (u) = LT 0 96 o L(u),
with diagonal operator 96, and inclusion (3.3) becomes
u+ LT 0090 L(u) > g.

The solution of this inclusion is a problem of almost the same complexity, as
the solution of the initial variational inequality (3.2), which can be equivalently
written in the form of the inclusion

Au+ LT 0900 L(u) 2 b.

How to solve problem (3.1)7

The most reasonable approach is to use Lagrange multipliers method.
Using the introduced notations we write problem (3.1) in the form: find
minimum of the function

1
§|\Lu||2 — (b,u) + 0(Lu), u € R"™. (3.4)

Let us define a new vector p = Lu, then (3.4) is equivalent to

min (G0l = 0.0) +60)).

Lu=p

We will solve this problem by Lagrange multipliers method. Namely, let La-
grange function be defined as

L0, 0) = 50l = (6,0) +6() + (Lu = p,X).

Then saddle point of £ is a triple (u,p, A), satisfying the system
oL

= \) = LT X=b

9 (u,p,\) =0 ,

OpL(u,p,A) 30 p+00(p) — A >0, (3.5)
oL

5(%1)’)\) =0& Lu=p.

It is well-known, that if there exists saddle point (u,p, ) of Lagrange function
L, when u is a solution of (3.4) and p = Lu.
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System (3.5) can be written as

0o o LT U 0 b
0 E —-E||p|+1|0p]|>]0], (3.6)
L —-E 0 A 0 0

where F is the unit (n + 1) x (n + 1) matrix. Using the notations

} 0o o LT ) 0 0 O (AN 0
A=lo E —E|,P=10 00 0|, a=(p|,0=[0],
L -E 0 0 0 O A 0
we can write (3.6) in ”traditional” form
At + P(@) 3 b.

Now operator P is diagonal, matrix A is symmetric. But it is not definite
positive, it has both positive and negative eigenvalues. Such kind of matrices
we will call ”saddle matrices”.

If we change the sign in the last equation of system (3.6), then it becomes

0o o0 LT u 0 b
0 F -—-F pl+[00(p)| 2(0]. (3.7)
-L E 0 A 0 0
The matrix
0 O T
A=|0 FE -F
L —-FE 0

of the system (3.7) is not symmetric, but it is positive semidefinite:
(Aa,a) = [p||* > 0.

Below we will use both equivalent writing of the problem, (3.6) and (3.7),
when constructing the iterative solution methods.

Now, let

4= 2) om e 2= (0 ) o= (0)

Then system (3.6) reads as

(s )6+ (37) ()

Theorem 3.1. Let ¢ be a convex, proper and lower semicontinuous function,

B e R**™ s < n, is a matriz of full rank: rank B = s, (3.8)
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{ueR": Bu=g}Nintdomy # 0 (3.9)

and of the following assumptions holds:
(Au,u) = m|jul®* YueR™ m >0, or

A= AT >0 and (Au,u) = m|ju|®* VYu € KerB, m > 0.

(420080

has a solution (u*, \*), and its first component u* is unique.

Then problem

Further we denote by X = {(u, A)} the set of the solutions of (3.10).

3.2 Stationary one-step iterative methods.

3.2.1 Uzawa-type method

Let A be positive definite, then inclusion Au+ dp(u) 3 f has a unique solution
and from the first equation in (3.10) we find w:

u= (A4 0p) 1 (BT + f),
therefore A satisfies equation
Bo(A+0¢) " (BTA+ f)=g. (3.11)

Consider iterative method for solving (3.11):
1
;D(A’““ N+ Bo(A+09) L (BTN + ) =g, (3.12)

where D is a symmetric and positive definite matrix.
Its implementation consists of the sequential solution of the following prob-
lems:

Au® + dp(u®) 5 BTN 1 f, (3.13)
DM = DA* + 7(g — BuF). (3.14)

Theorem 3.2. Let assumptions (3.8), (3.9) be fulfilled and matriz A is positive
definite: (Au,u) > ml||u||®. Then for

D=D">__ BBT (3.15)
2m

iterative method (3.12) converges in the sense that (u¥, \F) — (u*,\*) € X.
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Remark 3.1. In case A = AT and for D = E method (3.13), (3.14) coincides
with Uzawa method for finding a saddle point of Lagrange function, correspond-
ing to problem (3.10):

£(u,3) = 5(Au,w) + g(u) — (Bu, A) — ().

Uzawa method is the gradient method for finding m}‘fxxminﬁ(u, A), and it
is as follows. For a known NF find u* as a minimum of L(u,\F) (coincides

with (3.13)), then execute one step of gradient method for finding max L(uk,\)

(coincides with (3.14) ).
The main deficiency of method (3.12) is that at every iteration one needs
to solve inclusion (3.13) when implementing. This inclusion (or variational

inequality) with matrix A can be of great complexity in solution.
To avoid this deficiency we consider so-called Arrow-Hurwicz-type methods.

3.2.2 Arrow-Hurwicz-type methods

Consider the following iterative method for solving problem (3.10):

1
=Dy (uF Tt — uF) + Auk — BTAF + 9p(uFtl) 3 f, (3.16)
T 3.16
1
,DA(/\k—H _ )\k) _|_Buk+1 =g
-

with positive definite and symmetric matrices D, and D).

Theorem 3.3. Let assumptions (3.8), (3.9) be fulfilled and matriz A be positive
definite: (Au,u) > ml|u||®>. Let further D, and Dy be symmetric and positive
definite matrices, and

(Au,v) < MY2(Av,v)Y?||u||p, Yu,v € R™ (3.17)
then for
2m (Bu, A)
T< —— = Bl = sup e — (3.18)
mM + || Bf w0220 [|ull D, Al Dy

iterations (u¥, \¥) of method (3.16) converge to a solution (u*,\*) of problem
(3.10).

3.2.3 Applications to the mesh variational inequalities

Example 3.2. Go back to problem (3.4) from Example 3.1. Recall, it is the
problem to minimize the function

%HLuH2 — (b,u) +6(Lu), u e R".
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After introducing an artificial constraint Lu = p it transforms to minimization
problem

min (G101 = 0:0) +60)).

Lu

which by using Lagrange multipliers method becomes the problem for finding
saddle-point of the Lagrange function

£, N) = 5P = (0,0) +0() + (Lu—p, ).

Tts saddle-point is a triple (u, p, A, satisfying the system

0o o LT U 0 b
0 E —-E||[p]+]|00p)|>]0]. (3.19)
L —-E 0 A 0 0

So, it is a partial case of problem (3.10) with

@ Yoo m 0 3)-()

In our case matrix A is degenerate. Because of this we can not use Uzawa-type
method (3.12) for its solution.

To avoid this deficiency of matrix A, we will do several identical trans-
formations of (3.19). Namely, let us add to the first equation the third one,
multiplying by LT with a positive constant 7, and add to the second inclusion
the third one, multiplying by r. As a result we get the system

rLTL —rLT LT u 0 b
—rL (1+rE —-E||[p]+|000p|>]|0]. (3.20)
L —F 0 A 0 0
Now matrix
A (TLTL —rLT >
“\—rL (1+nrE

is positive definite, because
(Az,x) = m(r)([|Lull® + [Ipl*) = m(r)([[u]® + p|*),

where
2r r

2r+14+vV4dr2 +1 ~ 2r+1
—r
147r)"
Above we used the fact, that ||Lu||?> = (LT Lu,u), matrix LT L corresponds
to the mesh operator —9 0 with zero boundary conditions and its minimal eigen-
value equals to

m(r)

is the minimal eigenvalue of the matrix

4 h
Amiin, = 72 sin? % > 1.
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Remark 3.2. System (3.20) characterises saddle point of so-called augmented
Lagrange function

1 r

Now, we can use Uzawa-type method (3.12) for solving (3.20). However,
the implementation of this method requires the solution at each iteration the

problem : i
(rLrLL (ff;v)E) (Z) + (aa%m) > (8)

which is an inclusion (or a variational inequality) with the positive definite
matrix and a diagonal multivalued operator. This problem can not be solved
directly, for its solution we have to use one of the iterative method (so-called
internal iterations) from the previous section. Obviously, this makes the method
(3.12) "weakly effective”.

Let us apply to problem (3.20) Arrow-Hurwicz-type methods.

First, we consider non-preconditioned method (3.16), i. e. with D,, = E and

D, =FE.
It reads as
l(uk‘F1 —uF) 4+ r LT Lu® — rLTpF + LTAF = b,
i(p’“rl —pF) —rLuf + (14 7)p* + 00(p*+1) — AF 30, (3.21)
;(Ak+1 _ )\k) — LuyFtt +pk =0.

The implementation of this method reduces to the multiplication of the matrices
by the given vectors and solving the inclusion

PP 700" 3 pF F T (r Lt — (14 7)pt + NF) = ¢F,

which solution is

—1if gF < -1,
PPl ={grif —1< g <1,
Lif g¥ > 1.
The convergence condition (3.18) for the iterative parameter becomes 7 <
2m
————— . The norm
mM + || B||?

4
IBI? = IB™I* = Anax(BB") = Auax( LLT + E) = 1 + 1.

Here we use the fact, that the matrix LLT corresponds to the mesh operator
—0 0 with Neuman boundary conditions and its maximal eigenvalue equals to
4

h2’
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Further, for all x = (u,p) and y = (v, q)

const

m(r)

,
(Az,y) < r([[Lull + [P U Lol + lglh) + l[2lllgll < (1 + ﬁ) (Az,z)'2|lyl].

It means that M ~

2
(1 + E) and the convergence condition is

m(r)
h2

r2 41"

T < ¢(r,h) = const

Now, let us apply preconditioned method (3.16) with

rLTL 0
Du< 0 (1+7“)E> and Dy =F.

It reads as
lrLTL(u}€+1 —uF) +rLTLuP — rLTp% + LTNF = b,
(1 +7r)(PFTt — p*) —rLu® + (1 +r)pF + 00(p*F*1) — AF 30, (3.22)

i()\k-&-l ~NF) = Lkt 4pk = 0.
-

Then implementing method (3.22) we have to solve at any iteration an equation
with the matrix LT L. This is a tridiagonal matrix, so, corresponding system of
the linear equations can be solved by the direct methods very effectively.

Let us obtain an estimate for the iterative parameter providing the conver-
gence.

From the inequality

(Az, @) = rl|Lu = pl* + plI* < r(|Zul® + [Ip|*) + [pl* = (Dow, 2)
it follows (Az,y) < M'/2(Ay,y)'/?||z||p,, so M = 1.
Further,

2
(B, A) = (p — Lu, A) < ([lp]| + [ Ll < \/leﬂfDuH)\IL
therefore || B||?2 < 2/r and the convergence condition reads as
2
(.
T .
<r + 1)

Method (3.22) is much faster convergent than its non-preconditioned counter-
part (3.21).0
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Example 3.3. Here we describe one more possibility of the reformulation of
problem (3.4), which allows to use for its solving preconditioned Uzawa-type
methods.

Let us introduce once again the artificial constraint Lu = p and rewrite (3.4)
in the following equivalent form:

: 1 2 1 2
pmin (F20IP + J01P = (0) + ). (323)

P

The corresponding Lagrange function is
1 1
L(u,p,A) = ZILull* + ZlIpll* = (b, w) + 0(p) + (Lu = p, )

and its saddle-point satisfies the system

1
SLTL 0 1T g, 0 ;
2 0 0
L -FE 0

Once again we get a partial case of problem (3.10), now with positive definite
matrix )
-L"L 0
0 )
2

3

and the same, as before, function 6 and matrix B = (—L E) .
This fact allows to use successfully both Uzawa and Arrow-Hurwicz methods.
Let us consider a preconditioned Uzawa method:

Lprpt —p LN\,

7pk+1 +89(pk+1) 3 )\k’ (325)

1

*D()\k-i_l _ )\k) _ Luk-‘rl +pk+l -0
T

with matrix D = BBT = LLT + E.

As we remark above, the matrix LLT corresponds to the mesh operator
—00 with Neuman boundary conditions, so, implementation of method (3.25)
includes solving at any iteration one mesh problem with Dirichlet boundary

1
conditions (corresponds to solution a system with the matrix =LT L) and one

mesh problem with Neuman boundary conditions. Both are easy to solve by
the direct methods.
Now,
m = Anin(A) = %sin2 %h + % > 1,
and from (3.15) the sufficient convergence condition for iterative parameter be-
comes
T < 1.
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3.2.4 Numerical example

Let us consider the problem form Example 3.1, which is to minimise the func-
tional

J(u) =

DO =

1 1
/u’Q(t)dt— /b(t)u(t)du b(t) € C[0,1],
0 0

over the set {u(t) € H}(0,1) : [u/(t)] <1 for t € (0,1)}.
The finite difference approximation of this problem leads to the minimisation
of the function

1
§||Lu||2 — (b,u) + 0(Lu), u e R"

with matrix

1 0 0 ... 0 0
-1 1 0 ... 0 0
A — LT L’ L — h_l 0 —1 1 O 0 c R(n+1)><n.
0 o o0 ... -1 1
0 o o ... 0 -1

and A(p) being the indicator function of the set {p € R+ : |p;| < 1 Vi}.
We solved this problem by applying Arrow-Hurwicz method for finding a
saddle point of augmented Lagrangian

1 T
Lr(uapa A) = 5”]7”2 - (ba ’U,) + e(p) + (Lu - b A) + §||Lu _p||27 r> Oa
and Usawa method for finding a saddle point of Lagrange function
1 1
L(up, ) = 7Ll + 7Pl = (b,u) +6(p) + (Lu — p, ),

Exact solution is taken as

x, r < 0.25,
u* =< —16(z — 0.25)* + 16(z — 0.25)3 — 6(z — 0.25)2 + =, 0.25 < x < 0.75,
1z, x> 0.75

and corresponding right-hand side

100, x < 0.25,
b= (—ui—1 +2u; —uir1)/h?, 0.25 <z <0.75,
100, x > 0.75.

Stopping criterion was: ||u — u*|| <& = 107%.
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Arrow-Hurwicz method for augmented Lagrangian

r=1
N ol o1 o1 ol 101 | 101 | 101 | 101 | 501 | 1001
T 0.8 0.7 0.6 0.5 0.8 | 0.7 | 0.6 | 0.5 0.5 0.5
n(e) 76 66 58 59 76 66 58 59 59 59
llr1llz, | 0.08 | 0.03 | 0.02 | 0.01 | 0.08 | 0.3 | 0.3 | 0.01 | 0.01 | 0.01
r=10
N o1 101 | 501 | 1001 | 1001 | 1001 | 1001 | 1001 | 1001 | 1001
T 1 1 1 0.5 0.4 0.6 0.7 0.8 1 1.1
n(e) 121 | 121 | 118 | 239 300 199 170 148 118 -
1]z, | 0.01 | 0.02 | 0.04 | 0.05 | 0.06 | 0.06 | 0.06 | 0.06
r=0.1
N 51 | 51 | 51 51 51 51 101 | 501 | 1001
T 1 ]05]0.1]0.05|0.03|0.02|0.05| 0.05 | 0.05
n(e) - - - | 652 | 692 | 847 | 652 | 652 | 652
Il | - | - | - | 001004 0.02 | 0.02 | 0.02
Uzawa method (3.25) with preconditioner D = LLT + E.
N 51 101 101 101 501
T 10 10 11 9 10
n(e) 2443 | 8452 - 9392 | greater than 100000
llr1llz, | 0.001 | 0.006 | - | 0.006
Non-preconditioned Uzawa method (3.25): D = E.
N o1 o1 o1 101 | 501 | 1001
T 0.1 0.5 | 0.4 0.4 0.4 0.4
n(e) 49 R S A TR S
llr1llz, | 0.0005 | - | 0.05 | 0.04 | 0.05 | 0.05
3.3 Douglas-Rachford splitting method
3.3.1 General convergence result
Let us write problem (3.10) in the following form:
A —BT\ (u Op(u
5 )0 (")) 629

We will solve problem (3.26) by Douglas-Rachford method:

1 [uk+1/2 _ b A
- (/\k+1/2 _ /\k) + (B

)+
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(p(uk+1/2)
0

)5 (1),




1 [yk+l — g k+1/2 A —BT\ [uFt! — ok 0
= <)\k+1 _ )\k+1/2) + (B 0 ) ()\kJrl _ )\k) = (0> : (3.28)
Theorem 3.4. Let the assumptions (3.8) and (3.9) be valid, and matriz A be

positive semidefinite. Then iterative method (3.27), (3.28) converges for any
iterative parameter T > 0.

The implementation of the first step (3.27) of the method consists of the
solving an inclusion with of the operator F + 70¢. It is easy to do in case of a
diagonal d¢y.

On the second step (3.28) one needs to solve a system of the linear algebraic

_-nT
equations with a positive definite matrix <E jBT 4 TEB > .

3.3.2 Application to a mesh variational inequality
Example 3.4. A non-linear filtration problem

A mathematical model for a process of filtration of non-compressible liquid

in a porous medium can pe formulated as the following variational inequality:
find u € H}(Q), suah that for all v € HZ ()

Vu-V(w—u)dt+ [ (|Vu|—|Vu|)dt = [ f(v—u)dt. (3.29)
/ / /

Variational inequality (3.29) is equivalent to the minimization over the space
HL(Q) of the functional

1
J(u):§/|Vu\2dt+/|Vu|dt—/fudt.
Q Q Q

If w is a solution of the problem, then the domain €2 is divided into two subdo-
mains:

Qp ={teQ:|Vu(t)] >0} and Qo= {t € Q:|Vu(t)| =0}.

In the points of 24 a solution of (3.29) (in supposition that it is smooth enough)
satisfies the equation

div (—Vu(t) + ;Z&) = f(t).

Function u(t) has a sense of a liquid pressure, while v(t) = —Vu(t)+Vu(t)/|Vu(t)|
— a filtration velocity, which is a discontinuous function of the gradient of pres-
sure: |v| = |Vu|+ 1, if |Vu| > 0, and v = 0 for |[Vu| = 0.

We approximate (3.29) by using finite element method. Let 2 be a polygon,

Ty, = {6;}; be its conforming decomposition into triangles §; with the diameter

h; of a §; and h = maxh;. We suppose that the angles of all triangles J; are
(]
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bounded from below by a constant, independent on i. Define the space of
continuous and piecewise linear functions

V0 ={up € C(Q) :up, € Py V6 € T, up(t) =0Vt € 0Q}

and the space of piecewise constant functions Wy, = {uy € Py V6 € T,}. The
approximate problem is to find a minimum uy, € V¥ of the function

1
J(un) = §/|Vuh\2dt+/|VwL|dt—/fuhdt.
Q Q Q

Let p, = Vuy, for t € 0 and for all triangles 6 € Ty, i. e. py, = Jup/0t; €
Wh, @ = 1,2. Then the equivalent formulation of the approximate problem is

) _ 1 _ _
min  {J(un,py,) = 5/|ph|2dt+/|ph‘dt_/fuhdt}a
Q

(un,pp) €K
Q Q (3.30)

Ky = {(uh,ﬁh) € V}? X (Wh)2 : pp, = Vuy, for t € o, Yoy € Th}.

Let wp, = {t;}i%, be the set of all vertices of the triangles 6 € T}, lying in
Q, m = cardwy, and &, = {t;};_; is the set of barycenters of § € Tj,. To
a function vy, € V¥ the vector v € R™ corresponds, which coordinates are
v; = vp(t;), t; € wp. Similarly, to a function g, € Wy vector ¢ € R® with
coordinates q; = qp(t;), t; € &, corresponds. As above, we use notations v < vy,
q < qp for this corresponding.

Let matrices D, L1, Lo and vector f be defined by:

~ ou

(Dp0) = [ maar Lo = [ GEOad, (7o) = [ fouod
Q Q ' @

for R™ 3 u,v < up,vp € V2, R* 2 p,q < pn,qn € Wh,.

0 0

The equality p;p = % for all triangles 65, € T, mean that / (;th - pz’h) qrdt =
1 Q 1

0 for all g5, € Wy, or,

(Liw — Dp;,q) =0Vq & Lyu = Dp;.

Let

Li=D""Li, L =(Ly,Ly)", D = diag(D, D).
The statement (up,p;,) € Kj, is equivalent to L;u = p;,i = 1,2, or, Lu = P.
Further,

S €T,

[ 1uddt = >~ dunipis = (Dlpl. v
Q
where D = diag(di1,das, . .., dss). Below we denote ¢(p) = (D|p|, 1).
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After introducing all these notations, we can write problem (3.30) as

. 1= _
min {f(u,p) = 5(DP.D) +¢(P) — (f,w)}. (3.31)
Corresponding Lagrange function is

£0(u,5, %) = 3 (Dp.5) + ¢(p) — (fw) + (L= P, ),

and its saddle point satisfies the following system:

0 0 LT\ [u 0 f
0 D -Ellp|+|oe®]|>|0]. (3.32)
L -E 0/) X 0 0

where E is the unit s2 x s? matrix.

Thus, we have a problem, which is similar to the problem of the previous
example. For its solving we can use all iterative methods, described above:
Uzawa and Arrow-Hurwicz methods, splitting methods.

The only difference in the implementation of these methods is that now
instead of solving a system of scalar inclusions we have solve a system of two-
dimensional inclusions

p; + TdnagQ(T)l) 3 G;, (3.33)
where p; = (p14, p2i), ©i(5;) = \/p3; + p3; and g; is a given vector. By definition
of the subdifferential

0i(p;) = pi|pil 7t if Py #0,
I closed unit ball |p,| < 1if p, =0.

Thus, the unique solution of (3.33) is given by
p; =0, if [g;| < 7dis;,

Td“‘

|7

-1
m|miT@M%Q+ ) if (G| > i
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84 Appendix

4.1 Some notations and results from the theory of matri-
ces and functional spaces

R is the space of real numbers, R = RU+oc0, x € R" is an n-dimensional vector
n

with real coordinates; (z,y) = Z x;y; is euclidian scalar product in vector
i=1
space R" and ||z|| = (2,z)'/? is the corresponding norm.

A € R™™ is a rectangular n x m matrix (with n rows and m columns),
AT € R™X" is its transpose matrix.

A
|A]| = sup | Az] is the norm of the matrix A, subordinate to euclidian norm
z#0

[l
of the vectors;
in case of a symmetric matrix A € R"*"

Az, x
4] = sup A2) e A(A)),

|2 i<i<n

where \;(A) are eigenvalues of A.

In general case of a rectangular n x m matrix A, for its norm subordinated
to euclidian norm of the vectors, the following equalities are true:

- , TY — (AT A) = || AT
1A = max \/Ai(AAT) = max /A;(ATA) = [l AT

|z|la = (Az,2)Y? is energetic norm of a vector z in case when A is a
symmetric and positive definite matrix.

p(A) = max [Ai(A)] is the spectral radius of a matrix A € R"*",
xRN

For any norm of a matrix || A, which is subordinate to a norm of the vectors,

p(A) = lim [AM[[VF < ||A].

For any € > 0 there exists a norm ||.||« in R™, such that for a corresponding
subordinate norm of a matrix A € R"*" the inequality || A||. < p(A)+¢ is true.

For any matrix A € R™ " its spectral radius p(4) < 1 if and only if
lim A% =0.
k—oo

Rank of a matrix A € R"*™, denoted by rankA, is the maximal degree of a
nonzero minor of A; rankA < min(n, m).

If rankA = min(n,m), then matrix A is called as matrix of full rank.
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Q is a bounded domain in R? with a piecewise smooth boundary 0.

ou 0 0? 0?
Vu = (a—xul, a—;)T is the gradient of a function u; Au = a—;% + a—xg is a

value of Laplace operator A on a function u.

Ly(€2) is Lesbegue space of the functions u(z), € €, such that u?(z)

are integrable in Q; Lo(Q) is a Hilbert space with the scalar product (u,v) =
1/2

/u(m)v(m)dm and the corresponding norm ||u|| = /uQ(x) dx
Q Q

H(Q) is Sobolev space of the functions u € L(2), which have first order

0
generalized (weak) derivatives 6u € Ly(92) Vi. H'(Q) is a Hilbert space with

X
the scalar product (u,v) = /(Vu(x) -Vo(z)+u(z)v(zr)) dez and the correspond-

Q
1/2
ing momm Jul| = v/ = | [ (Fule)? +2(e) do
Q

H}(Q) C HY(Q) is the subspace of H!({2), such that functions from H}(€2)
vanish on the boundary 02 (their traces on the boundary equal to zero). The
H'-norm of the space H{ () is equivalent to the norm

1/2

lullo = / Vu@)de |

Q

i. e. there exists a constant ¢ (depending only on the domain €2), such that for
all u € Hj ()

1/2

1/2
/|Vu(x)|2 dx < /(|Vu(:t)|2 +u?(z)) dv <c /|Vu(z)|2 dx
Q Q

Q

1/2
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