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ITERATIVE METHODS FOR SOLVING
DEGENERATE SYSTEM OF GRID EQUATIONS*

DANG QUANG A

&

Abstract. In this paper we construct an iterative method for solving degenerate system
of gird equations and after that we use parametric extrapolation technique for accelerating
its convergence rate. The efficiency of the method is shown on examples.

I. INTRODUCTION

In mathematical physics besides boundary value problem with unique solu-
tions we meet also problems having infinite set of solutions, for example, the
Neumann problem for elliptic equation and the problem for Lame equation in
elasticity when stress is given on whole boundary. After discretization of these
problems by difference or variational methods we get a system of linear algebraic
equations with symmetric, nonnegative matrix

Au = f (1)

The system, usually, is nonconsistent because due to the errors of computation
the consistence cendition of differential problem is not preserved yet. For degener-
ate system of linear algebraic equations in particular and for degenerate operator
equation in general, in the nonconsistent case, one introduced the concept of gen-
eralized solution [5,7] (or pseudosolution ([6,11]). There always exists an infinite
number of generalized solutions of operator equation. Among them the solution
with minimal norm is called the normal solution. The normal solution exists and
is unique and is orthogonal to the kernel of the operator.

The construction of stable method for finding normal solution of the operator
equation of the first kind when the operator and the right-hand side are given not
exactly is the subject of the theory of ill-posed problems (see c.f.[11,12]). The
latter problems often arise in processing experimental data. For them the matrix
usually is complete and has not any special structure. Therefore, the problem of
estimating the computational work for obtaining the normal solution with a given
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accuracy is not set yet.

Nevertheless, for the degenarate system of grid equations obtained after dis-
cretization of boundary value problem in mathematical physics one always is in-
terested in the computational work for achieving the normal solution with a given
accuracy as the size of this system is very large (for example 10°). One wishes to
construct methods with minimal cost. In this direction in [7,9] there have been
proposed and investigated some iterative method for finding normal solution and
solving the two-dimensional Neumann problem as an application.

- In this paper we shall construct an iterative method for degenerate equation
with help of a regulizator and apply the method to the Neumann problem in
two and three dimensions. After that we shall accelerate the convergence rate of
the method by a parametric extrapolation technique. It is the technique that we
have developed to construct accelerated methods for solving equation with positive
definite operator or only positive operator in Hilbert space of infinite dimension
(see [1-4]).

Throughout the paper all the operators are assumed to be linear.

II. SOME AUXILIARY RESULTS

We shall consider the system of grid equations (1) as an operator equation in
Hilbert space of finite dimension H = Hpy, where N is the number of unknown
values of grid functions. Denote by KerA and ImA the kernel and the image of A,
respectively. There are the following expansions of H into orthogonal sums:

H = KerA® ImA™,
H = KerA* ® ImA,

where A* is the conjugate operator of A.
If A= A* we have
H=KerA@ImA. (2)

Lemma 1. Let R be a symmetric, nonnegative operator and B be symmetric,
positive definite operator in H and RB = BR. Then:

B 'u € ImR if v € ImR,
B 'u € KerRif u € KerR.

This lemma is easily followed from Lemmas 2, 3 in §3, Chapter XII of [9].
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Now assume that ) :
R=) R, ‘ (3)
a=1
with
R, =R, >0, R.Rg = RgR,, a,f=1,....,p>2 (4)

and
KerR, = --- = KerR,. (5)

We consider the operator B of the form
B=(E+4+wiRy) - (E+wyRy,), (6)

where wo, >0, a=1,..., p.
It is clear that B = B* > 0. From Lemma 1 it follows

Lemma 2. Assume that R and B are defined above. Then:

B v € ImR if u € ImR,
B lu e KerRif u € KerR.

' Lemma 3. Assume that A and P are symmetric, nonnegative in H, KerA =
KerP. Let A, = A+ €P, € >0. Then:

i) KerA, = KerA,
ii) ImA, = ImA.

Proof: Since the assertion ii) may be followed from i) and (2) it is sufficient to
prove the assertion i).

Obviously, if v € KerA then u € KerP. Hence, A;u =0, i.e. u € KerA,.

Conversely, let A,u =0, u # 0. It means Au + ePu = 0. Therefore, (Au, u) +
e(Pu, u) = 0. Since by the assumptions of the lemma A > 0, P > 0 it follows that

(Au,u)=0. : (7)

We shall show that Au = 0.
Assume the contradiction, that is Au # 0. Then we are able to decompose
u=7u+u, where ¥ € ImA, ¥ € KerA, @ # 0. In result, we have (Au,u) = (4%, 7).
Let ey, es,..., ey be the orthogonal basis of H, consisting of eigenvectors of A
and 0 = Ay = --- = Ay < A1 < -+ < Ay are the corresponding eigenvalues,
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N N
ie. Ae; = A\jes, 1 =1,---, N. Then we have w = Y «cse; with Y, ¢? > 0.
i=m+1 . i=m+1
Consequently,
N
(Au, u) Z)\c > Am+1 Zc?>0.
1=m+1 t=m+1

Hence, (Au, u) > 0. It contradicts (7). Thus, Au =0, i.e. u € KerA. The lemma
is proved.

ITII. ALTERNATING DIRECTIONS ITERATIVE METHOD
FOR SOLVING DEGENERATE EQUATION

In order to construct iterative method for solving the operator equation (1)
we start from an operator R = R* > 0, which we term the regulizator. On R we
assume that:

i) KerR = KerA,
ii) there exist constants 0 < ¢; < ¢, such that

¢1 (Rz, z) < (Az, z) < ¢2 (Rz, z), Vz, Az #0, (9)

that is
ciR<A<c¢yR in ImA (97

We denote by ¥ the normal solution of (1).
First, let us consider the case when (1) is consistent, i.e.

f1lKerA. (10)

It is equivalent to f € ImA. Therefore, we have
Au=f, ucImA. (11)

We shall consider the iterative process
BEHL T Y ) de B k=0, 1, (12)
Tk+1
Yo € ImA ’

where B is a symmetric, positive definite operator constructed in dependence on
R. If R has the from (3)-(5) we choose B in the form (6). The coefficient w will
be determined afterwards.
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From (12) we derive
= =1 =
Yk+1 =Yk — k1 B7 (Ayk — f), k=0, 1... (13)

Since f € ImA, we have Ayx — f € ImA for arbitrary yx. Hence Ayx — f €
ImR. By Lemma 2 B~!(Ayx — f) € ImR. Consequently, if yx € ImA we have
Yk+1 € ImA. ‘

Thus, starting from yo € ImA by the iterative scheme (12) we obtain the
sequence {yx} C ImA, or in other words, the iterative process is implemented
entirely in subspace ImA of the space H. Therefore, it is possible to use the
results on convergence of the iterative scheme for the case of symmetric, positive
definite operator in the whole space to the case considered in ImA.

Below we state the results on convergence of (12).

Case 1. Under Case 1 or 2D-case we shall understand the case, when the following
conditions are satisfied:

R=R1+R2, RazR";ZO,azl,mZ, R1R2:R2R1, (14)

6uE < Ry < AGE, 6,>0, a=1,2 inImA. (15)

For 6, and A, we can choose the minimal nonzero and maximal eigenvalues of
R, respectively.

Lemma 4. In Case 1 taking

B = (E + w1 Ry)(E + w2R2), (16)
where
wlz__ciQ___’w'zz__EQ__’wO: ! = ! ’
1+ woco 1 —woceq NN RV
6 =61+co, Ay =A1+c¢co, 65=263—co, Ay =A2—co, (17)
g 620, — 61 A,
61+ 62 +A1+ Ay’
we have
©WB<R<Y.B, (18)
with

l—p o 1+ﬁ
_—‘“‘,’72:—,T=UJ1+W2,
T T

0
=
|
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The coefficients of energetic equivalence in (18) are optimal in the sence that
the ratio ~4; /42 is maximal.

The content of Lemma 4 was proved in [10, §2, Chapter VIII| although it was
not formulated as a lemma.

In the sequel under || - || we mean || - ||p where D = A, B in ImA.

Theorem 1. If w;, ws are chosen as in Lemma 4 then the iterative method (12)
ts convergent and there holds the estimate

lyn — %l < 05 llvo — 5|, (19)
where
Po=1—_§, =2 =, =,
1+¢ V2
if
Tntl = < ,. n=0,1,..
Y1 3

In the case, if {7,411} ts the Chebyshev collection of parameters constructed by
1, V2 (see, [9,10]) then instead of (19) we have

lyn — || < gnllyo — %],
where

_ 2p7 2
TTrep

_ 1V

_ 2 1-¢ By = g =
’71_*_’72, 0 1+€a 1 1+\/Z,

- b4
Y2

dn

Hence, the estimate of iteration numbers needed to achieve an approzimation to
the norma! solution with the relative accuracy 6 is follows:

- for the stationary process

1 1
= —In= 20
nq(0) 2 ln0 , (20)
- for the Chebyshev process
1 2
' 21
n.(9) NG ny (21)
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Example 1. On the grid w = {z = (ihy, jh3), 0< i< N;, 0< 5 < Ny, N1h;, =
lj, Nohy =13} consider the system of equations

Ay=—-f(z), z€ew,

2 2 (22)
A=A+ Az, f(z)=p(z)+ —pi(z) + —p2(z).
hi ho
Here _a+1yza y, Za=0,
Aay = (aayi,,)z,, ’ by £ 2y < loa — ha’

—i—aayga, Ta =la,
al®g) ¢ e =05
valz) =14 0, ha S5 < U —hs,
9+a(zp), Ta=la,
B=3—-a, a=1, 2;
ai ! (z) = ky(e1 + hy, 22), a3’ = ka(z1, T2 + ha).

The notations of difference deviratives are adopted as in [9, 10].
Assume that the coefficients a;(z), az(z) satisfy the conditions

0<ec1<ag(z)<ecz, a=1,2, z€w. (23)

The system of grid equations (22) is the difference scheme of the Neumann problem
for elliptic equation

ad du d du
o 2! e — ] == G={z:0<z4<ly, a=1,2},
a:c1< & )ax1)+a$2 (kz(x)axg) p(z), z€ {z < To < a=1,2} .

du
Baza ~ 4=

Jdu
‘k"‘axa - g+a(x,3) y Ta =lo, a=1,2.

alZp)s Ba=0y =3~ oy

In the space H of grid functions defined on w we introduce scalar product
(u, v) = Z u(z) v(z) h1(z1) Ra2(z2),
TEW

haa hasxagla“ha
080, ;- ZTu=0,l,; 0=1,2

ha(za) = {
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and consider the operator A = —A.

Then A = A* > 0. KerA consists of grid functions which are constants on the
grid w. We can assume that f € ImA because in the contrast case we replace f

by f1 = f — (f, roo)too, where poo = pool(t, ) = 1/vlila.
The operators R and R;, R, are defined as follows:

) o o o o o
R=—A: A:Al_*_A27 Ra:_Aa’
%yzaa o =0,
yfaz,,a hasxasla_ha’
—%yfaa a:a:la,ar:l,Z,

B> o
R
Il

The coeffcients of energetic equivalence of A and R in (9) are the same ¢;, ¢z in
(23). It is easy to verify that KerR = KerR; = KerR; = KerA. The coefficients
6o and A, in (15) are given by

By Theorem 1 the number of iterations needed to achieve the normal solution with
_ the relative accuracy 0 = h% = h? + hZ are

na(8) = (hln,l) ne(0) = (Tmh) (24)

Case 2. Under Case 2 or 3D-case we shall understand the case, when the following
conditions are satisfied:

R =R, + Ry + R3, Ra=R;ZO, RaRﬁszRa, a, 8=1,2,3,

(25)
00FE <Ry <ALE, =1,2,3 inImA.
In this case we take
= (E +wR,)(E + wR,)(E + wR3) . (26)
Denote 5
6 = min{&l, 52, 63} N A = ma,x{Al, Ag, A3}, n= Z . (27)
Then by [8,9] with the choice
VoA (28)

=5+ VA
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we have
S1B<R<H,B inImA,

where

° 1-7%3\3 o §(1+2n) [1—n%3\3
1-n n2/ 1—1
Hence, the coefficients of energetic equivalence of A and B in ImA are

o o
Y1 =¢C17%1, Y2=C272-

The results on convergence of the iterative scheme (12) in the case under consid-
eration are the same as stated in Theorem 1.

Applying these results to.the Neumann problem in unitary cub we obtain the

estimate ‘ 4 1 i

IV. ACCELERATING CONVERGENCE RATE BY PARAMETRIC
EXTRAPOLATION

In this section we shall accelerate the convergence rate of the iterative process
(12) with the help of the extrapolation technique by a parameter, which will be
introduced into the equation (1). The theoretical background of this accelerating
method was elaborated in [3]. The applications of this method to the equation
with positive definite operator is presented in [3,4] and with only positive operator
in [1,2].

Below we only state the result on acceleration of convergence rate of the pro-
cess (12) and point out the difference, which it should be drawn attention to when
using known techniques to the case of degenerate operator.

Instead of (1) we consider the perturbed equation
Acu, = fa (30)

where Ac.=A+¢eP, €>0,
P=P" >0, KeeP =Ker4.

By Lemma 3 we have KerA, = KerA, ImA., = ImA. Under the assumption
f € ImA the equation (30) has solutions and its normal solution 7, € ImA.
Hence, like to (1), being considered in the subspace ImA (30) has unique solution
.
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Theorem 2. Assume that A and P satisfy the condition of Lemma 3 and let M
be a natural number. Then the normal solution of (80) may be erpanded in the

form
M

Ue =uo + Zskvk—}—eM“we,
k=1
where g s the normal solution of (1), vi (k = 1,..., M) are elements (belonging to
ImA) independent of € and w, € ImA 1s uniformly bounded ine, i.e. |we| < const.

This theorem is proved in the same way as Theorem 2.1 in [3]. The only
difference is that here all things occur in ImA. This is ensured by Lemma 3.

We now construct the approximation of the normal solution % of (1) in the

form :
M+1

—E _
U™ =) o,
k=1
where
(___1)M+l—k kM+1
k' (M +1—k)! ’

U,/ is the normal solution of (30) with the parameter ¢/k.

o =

Since u,/x € ImA (k = 1,..., M + 1) we have also T” € ImA. Using Theorem
2 we obtain the following.

Theorem 3. Suppose that A and P satisfy the conditions of Lemma 3. Then we
have

—F .
I\ —wu| < CceMtl,
where C = const, independent of €.

From the above results we see that in order to obtain an approximate normal
solution of (1) with the prescribed accuracy § we must choose e = §/(M+1) and
solve (30) M + 1 times with the parameters e/k (k = 1,..., M + 1) at the same
level of accuracy 6.

To solve (30) we use the iterative process

y£k+1) (k)

— Ye (k) _ _ 1
= + Ay ¥ fi k=01, . (31)

y§°) € ImA.

B

Using the results of [3,4] we obatin the following ones on convergene of (31) in the
cases arising from two and three-dimensional problem as defined in Section 3.
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In 2D-case (Case 1) we take P = R; R;. Then we have.

Theorem 4. If B = (E i \/§R1> (E ¥4 \/%Rz), where 6 = 6, + 6, and {rk}7_,
are the collection of chebyshev parameters constructed by the bounds v, = %, g =
¢2 \/g, ¢ being coefficient in (9), then the iterative process (31) converges to the

normal solution u. of (30) and there holds the estimate

(n)

”y - "-‘-e” < gn ”yg - 55” ’
where o
¢ 2pT ) 1= \/2 Z Vée
n= T an P1= 1.8 = o
1+ p? ° 2c
P1 1+1/¢ 2

For the stationary iterative process with 1, =7 = : there holds estimate

°+

||y£k) —'—'Ze“ < pk ”y(e) --dell , k=1,2,..

where p = (1 — £)/(1 + §).
The estimates for number of iterations needed to get an approzimate normal solu-
tion of (30) with relative accuracy 0 are

In(2/6) _ In(2/6)

(0) = ———, ny4(0) = .
ne(f) /2 §1/4 £1/4 a(6) \/E/cz

Example 2. Consider Example 1 in Section 3 again. The achieve accuracy 6 = h?
when choosing M = 1 we take € = h. Then it should solve (30) with parameters
h and h/2.

According to Theorem 4 we have

(32)

n.(0) = O(h11/4 ln]]-;) na(0) = O(hll/2 lnilz)

From the above estimates and (24) we see that the iterative process for solving
(30) requires iteration number less than for (1).

In 3D-case (Case) we take

P =R;R, + RyRs + RiR3 + VhR1R2R3,
Bi= (E +OJR1)(E + ng)(E + LUR:;) y W= a\/g.
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. . c2\/z c2
Theorem 5. Suppose A > 6§E tn ImA and € < min {—?, = éh}, where ¢y, co
are the coefficients in (19). Then:

i) If h < ¢2/62 and a = a = 1/+/6 then the iterative process (81) with the
Chebyshev parameters constructed by the bounds vy, = %1 = 6/2 and vy, = %2 =
c2V/6/+/e converges to the normal solution T, of (30) and we have the estimate
(82).

i1) If h > c%/6% and a = @ = h'/*/,/c; then

nc(ﬂzm, ng(d = —=—,

2v/€ 2¢

where

5h1/4\/£-_7
Vez(ez + §vh)

Applying the accelerated method to the Neumann problem in unitary cub we
get the estimates for iterative number, which are better than (29).

E:

V. SOME CONCLUDING REMARKS

1. Above we restrict ourselves to the case f €ImA. If this condition is not
satisfied we replace f by f — f, where :fv is the projection of f onto KerA. In
- applications it is realizable because we usually know KerA, for example, when
solving Neumann problem for elliptic equation or the Lame equation with stress
given on whole boundary (see [7]).

2. In [5] Marchuk also studies iterative methods for solving degenerate system
of linear algebraic equations, but there absent results on convergence rate of the
methods. It should be emphasized that there the iterative process is convergent to
some generalized solution of the system and not necessarily to the normal solution.

3. For solving degenerate system of linear algebraic equations with symmetric,
nonnegative matrix some authors (c.f. [7]) used the method of shift for spectrum
of operator, i.e. instead of (1) they considered the equation '

(A+eE)u.=f.

Then a problem has been set up. That is to choose the regularization parameter
e for obtaining the normal solution with a given accuracy on computers with a
specified arithmetic. It means that we must draw attention to number of correct
digits in floating-point arithmetic. This problem was involved in [7]. An further
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discussion of it and an study of application of parameter extrapolation technique
will be presented elsewhere.

10.
11.
12.
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