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PARAMETRIC EXTRAPOLATION METHOD FOR DEGENERATE
SYSTEM OF LINEAR ALGEBRAIC EQUATIONS!

DANG QUANG A

Abstract. In this paper we propose an extrapolation method by a spectrum shift parameter for solving
degenerate system of linear algebraic equations. An estimate of the computational work for achieving the
normal solution with a given accuracy as well as the advantages of the method are shown theoretically and
on examples.

Tém tdt. Trong bai niy ching t6i dé xuit phwong phip ngoai suy theo tham s dich chuy&n phd dé gidi
hé phwong trinh dai s8 tuyén tinh suy bién, wéc lwong khdi lwong tinh toin cin thiét d€ dat dwoc nghiém
chudn tic véi d6 chinh xdc cho truwéc ciing nhw tinh wu viét cia phwong phip dwoce chi ra bing ly thuyét
va bing cdc viduy.

1. INTRODUCTION

In mathematical physics besides boundary value problems with unique solutions we also meet
problems having infinite set of solutions, for example, the Neumann problem for elliptic equation. Af-
ter discretization of this problem by variational methods we get a system of linear algebraic equations
(SLAE) with a symmetric, nonnegative matrix. The system usually is nonconsistent because due to
the errors of computation of the right-hand side of differential equation the consistence condition may
be not satisfied. In order to overcome this defect one introduced the concept of generalized solution
and elaborated regularization methods for constructing a stable normal solution (see e.g. [11,12]).
But the problem of estimating computational work for obtaining an approximate solution with a
given accuracy has not been considered by researchers. It should be noticed that the authors often
consider SLAE without any special structure which arise when processing experimental data.

In this paper we shall treat the system with a symmetric, nonnegative matrix. Our attention
will be drawn to the problem of reduction of computational work for getting an approximate normal
solution with a given accuracy. The method to be used is the extrapolation technique of solutions of
systems with shifted spectrum. This method especially has a great advantage when being performed
on parallel computer. The parametric extrapolation technique was used in our earlier works [1-4].

In some sense, this work is a continuation of our previous one [4], where we considered the
alternating directions method for solving degenerate system of grid equations.

2. PRELIMINARIES
Let us consider the system
Au = f, (2.1)
where A is n X n matrix, f € R™ and
detA = 0. (2.2)

We will regard (2.1) as an operator equation in the space H = R™ . As usual, we denote by KerA
and ImageA the kernel and the image of A, respectively, and by A* the conjugate operator for A. It
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is well known that there holds the following decomposition
H =KerA* @ ImA. (2.3)
From(2.3) it follows that the solvability condition of the equation (2.1) in H is
f L KerA*. (2.4)

Suppose that f = f+f, where f € ImA, fE KerA* . Then, if f # 0 the system (2.1) is nonconsistent.
In this case one introduced the concept of generalized solution.
An element u € H is called a generalized solution of (2.1) if it satisfies one of the following
equivalent problems:

Au = f, (2.5)
A*Au = A*f, (2.6)
[ Av — fl| = min [ Av — f]. (2.7)

Generalized solutions of (2.1) always exist and are defined with the accuracy to an element of KerA.
The generalized solution of the system (2.1) with minimal norm is called the normal solution of it.
This normal solution is unique. Notice that the normal solution of (2.1) is orthogonal to KerA.
For this reason in [10] Tikhonov takes this condition to be the definition of the normal solution of
degenerate system.

Now we consider the case when the matrix A is symmetric and nonnegative, i.e. A= A* >0, in
this case (2.3) become

H = KerA® ImA (2.8)
and the consistency condition of (2.1) is f L KerA. The Tikhonov regularization method
: _r2 2
min([|Au — f[* + of|«[)

for finding the normal solution leads to the equation
(A% + al)u, = Af (2.9)

where I is the identity operator.

To solve this SLAE with a given accuracy when n is rather large presents itself a time-consuming
work because the spectral range of A? is very large even when the spectral range of A is not very
large. Therefore, instead of the usual regularization equation (2.9) for the consistent system (2.1)
Tikhonov [10], Fadeeva [5] and Molchanov [7] used the simplified regularization method. Namely,
they considered the equation

(A+ al)us = f. (2.10)
It is the method of shifting the spectrum of A. The necessary and sufficient conditions for regularizing

degenerate SLAE by the general shifting spectrum method are presented in [8].

Below we develop the shifting spectrum method in combination with the parametric extrapolation
technique in order to reduce the computational amount required for solving the system (2.1).

3. CASE OF CONSISTENT SYSTEM

In this section we consider (2.1) under the assumptions that the matrix A is symmetric, degen-
erate, nonnegative and the consistency condition is satisfied.

Let ey, €2, ..., e, be the orthonormal basis of H consisting of the eigenvectors of A and 0 = A; =
Ay = - = A < A1 < --- < ), be the corresponding eigenvalues. For convenience we denote
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Amin = Am+1 and Apax = A,. Then we can expand
n

: f = ZC,‘C,‘ (31)
=1

with ¢; = (f,e;). Due to the consistency condition we have

¢;=0, 1=1,...,m. (3.2)
We seek the solution of (2.1) in the form
n
Ug = Zaga)e; . (3.3)
i=1
From (2.10) we derive
gt 5 , t=1,..,n. (3.4)
& A t+a
Taking into account (3.2) we have
n
Ci
- - 3.5
b ) Z Ai -+ ae ( )
i=m+1

In the same way we find the normal solution of (2.1)

* Ci
ut = 36 (3.6)
i=m+1
Hence, we have
Uy — = —C Z )‘ +a €; .
1= m+1
Therefore,
o —ull = 3.7
oo = sl =] 3 rprg < 3ol 1)

From this estimate it is seen that the deviation of u, from the normal solution u* depends on the
chosen regularization parameter a and the smallest positive eigenvalue Ay,;, of A. If A, or certain
its estimate is known, then theoretically, the more « is smaller the more accurately u, approximates
u*. But from the view of computation, when a is too small then condition number of the matrix
A+ al is too large and direct solution methods for the system (2.1) on computer may give bad result
even run-time error may occur. Also, in this case well-known iterative methods are convergent very
slowly even may be not convergent. Therefore, the following question arises: How to find the normal
solution with given accuracy spending possibly minimal computational amount? Below this problem
will be solved with the help of the parametric extrapolation technique.

Theorem 3.1. For any k > 1 the solution of the regularized equation (2.10) may be ezpanded in the
form

k
u, = u* + Zaiw; + wyak (3-8)
i=1
where u* is the normal solution of (2.1), w;, (¢ =1,...,k) are elements of H independent of o, and
flw]l
lwall < Yoz - (3.9)

min

Amin being the smallest positive ergenvalue of A.
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Proof. The proof of the theorem follows directly from (3.5), (3.6) using the Taylor expansion of the
function 1/(A + «) in the neighbourhood of the point a = 0.
Now we put

k+1
UE =" %itasi, (3.10)
=1

where u,/; is the solution of (2.10) with the regularization parameter /7 and

(—1)k+1-ijktl

— 3.11
T ikt 1— ) (8.12)
Using Theorem 3.1 it is easy to show
Theorem 3.2. There holds the estimate
E _ ,* k+1
1% 4 [ i (3.12)
[lwl X
Remark. In (3.10) taking k = 1 and
Q3 a1
’71 = ’72 — ———
ag — oy Q] — Q2
for two distinct values a; # agp we get
UE — gy Ug, — ag Ua, -

aj—az 1 ap—az

It is the combination which was selected by Fadeeva in [5] although there was not obtained any
estimate for error. In the case if the size of the system (2.1) is too large to solve it by direct
methods one should use iterative methods (see [9]). Then the gain of the parametric extrapolation
in computational amount is great. We show this, for example, for the simple iteration method.

Theorem 3.3. The number of iterations needed for achieving the normal solution of (2.1) with the

relative accuracy e when applying the simple iteration method to the alone regularized equation (2.10)
18

ma. 1
N,=0.5 Amax 1y 1 (3.14)
min € €
while this number s
N.=025(k+1)(k+2)2mex __L )1 (3.15)
e=0. Amin e /(k+1) 7 ¢ '

if using the parametric extrapolation technigue (3.10), (3.11). Therefore, the gain of the parametric
extrapolation in comparison with the simple spectrum shift method 1s

2 1
6 = Er DTy FET (3.16)

Proof. It is well-known [9] that the number of simple iterations for achieving an approximation 4sq
for the solution u, of (2.10) with the relative accuracy ¢, i.e., ||uaa — Ual|/||uall < € is

1
N.=05-ml. (3.17)
E €
where &
E N Amax + [0 '

From the estimate (3.7) it follows that for u,, approximate u* with the relative accuracy & we must
choose a = €A;,. Then we have
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Amax 1

Amin €

~

|

Hence, from (3.17) we get (3.14).

Now, if we construct the extrapolation solution by (3.10), (3.11) then for achieving UZ with the
relative accuracy € we must take & = Amine!/(¥*t1, With the chosen value of o we can calculate the
number of iterations needed for solving (3.10) with the accuracy e

1 1

Amax

Amin

Therefore, the total number of iterations for k+1 regularized equations with the parameters o, /2, ...,
af(k+1) is

No=(14+2+..+(k+1))N=0.5*(k+1)(k+2)N.

Taking into account the expression of N we obtain the formula (3.15). Therefore, the gain of the
extrapolation method measured by G = N, /N, will be calculated by (3.16).
Thus, the theorem is proved.

Remark. If using the Chebyshev iterative method instead of the simple one then we get a similar
result as stated in Theorem 3.3, where in (3.16) instead of ek/(k+1) it should be gk/2(k+1),

By the formula (3.16) we calculated the following table.

k € G

2 | 1073 16
2 | 1074 77
3 |107%| 100
3 | 107% | 3162

which shows the gain of the extrapolation method.

In the case if the size of the system (2.1) is small direct methods can be used and the com-
putational time is not significant. In this case, using the extrapolation method we can achieve an
approximate solution with high accuracy for not too small values of a. We show this fact on exam-
ples, where we take k = 2, and therefore, the coefficients ; in (3.10) are y; = 0.5, 72 = —4 and
43 = 4.5. The computation was performed by the software MATLAB 5.3 using the function u = A\b
for the solution of Au = b and the long format. The experiment was performed for the regularization
parameter o = 10~%, (¢t =1, 2, 3, 4, 5). The results are tabulated for the order m of the relative

error € = U%“TI_U < 10™™ | where u = u,, m = m, for the simple shifted equation (2.10) and

u=U¢ m = m, for the extrapolated solution (3.3).
Ezample 1
1 -1 0 —1
A=|-1 2 1|, f=]| 2
o -1 1 —1

In this case the system (2.1) has the normal solution
u* = (-1/3, 2/3, —1/3)’

and the results of computation are the following

t 1 2 3 4 5
ms 1. 2 3 4 5
me 5 8 11 10 10
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Ezample 2. Matrix A = (a;;) is of the sizes 11 X 11 and as the same tridiagonal structure as in
Example 1, namely,
{ 1, =111

(2% "

2, otherwise
Aii4+1 = —1, 1= 1,,10
ai_1:=-1 1=2,..,11

a;; =0, otherwise

~1, f=111
f=U) fi= { 2 otherwise
In this case the system (2.1) has the normal solution
u* = (15, 15, 14, 12, 9, 5, 0, —6, —13, —21, —30)’

and the result of computation is the following

t 1123

t 1123
my 0 1 2 4
me 114|710 |11

4. CASE OF NONCONSISTENT SYSTEM

In this section we also assume that the matrix A is symmetric, degenerate, nonnegative but the

system is not consistent. In this case it is easy to verify that the normal solution of (2.1) also is
n

=y %e,. (4.1)
i=m+1 *
but the solution of the equation (2.10) is
m n
c; Cq
ua=ZZ€i+'z )\;+aei. (4.2)
=1 i=m+1

Notice that u, can not be regarded as an approximate of the normal solution u*. As in Section 3 it
is easy to prove the following

Theorem 4.1. For any k > 2 the solution of the regularized equation (2.10) may be ezpanded in the
form :

k—1
1~ .
Uy =u"+ —f+ Z o'w; + wyak, (4.3)
(o4 :
=1
where u* 1s the normal solution of (2.1), f is the projection of f onto KerA, w;, (¢ =1,...,k—1) are
elements of H independent of o, and
|u”]l

LS

min

[lwall < (4.4)

Amin being the smallest positive eigenvalue of A.

Now, suppose aj, &g, ...,ak+; are distinct positive numbers. Consider the following system for
V15Y2y ooy V41
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k+1 )
> Lo,
=1 %
k+1
Y oi=1, (4.5)
7=1
k+1

Yooy =0, l=12k=1
Jj=1

It is possible to verify the following

Lemma. The system (4.5) has a unique solution

i k+1
Ej;eta_j i=1 %

[z — )
In the particular case, when aj = af;j (7 =1,2,...,k+ 1) we have
k+1)(k+2) i*
— (—1)k+ ( _ _ j
w= DT ik 1= 40

From the above lemma and Theorem 4.1 we get the following

Theorem 4.2. Lety, (1=1,2,...,k+ 1) be given by the formula (4.7). Then for the eztrapolation
solution

k+1
UE — Z’y,‘uaﬁ, (4.11)
=1

where u, /; 15 the solution of (2.10) with the regularization parameter a/i we have the estimate

JUE —w _ ot
el =

min

(4.12)

Note that in the case if the system (2.1) is not consistent then the combination of k+ 1 solutions
of (2.10) with parameters /7 approximates the normal solution u* only with the accuracy of order
of . It completely fits to the fact mentioned above that an alone solution of (2.1) does not give an
approximation to u*. Analogously as in Section 3 we have the following estimate of computational
amount for getting the normal solution with a given accuracy.

Theorem 4.3. The number of 1terations needed for achieving the normal solution of the nonconsistent
system (2.1) with the relative accuracy € by the eztrapolation method when applying the simple iteration
method to each of the k + 1 system with shifted spectrum (2.10) s
A 1 1
N.=0.25(k+1)(k+2) 7= ——1

n—
)‘min El/k €
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