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1 Introduction

Boundary value problems for differential equations with various types of non-
local conditions are currently being studied quite intensively in the theory of
differential equations and numerical analysis.

The study of numerical methods for elliptic equations with nonlocal condi-
tions is strongly influenced by two causes. Firstly, over the past few decades,
new mathematical models with nonlocal conditions have been developed for
applications in physics, thermoelasticity, ecology, biotechnology, etc. Secondly,
investigating the problems of pure mathematics, several scientific articles have
been published on the generalization of classical boundary conditions for elliptic
equations [6,10].

The first results on the solution of a two-dimensional elliptic equation with
a nonlocal condition were obtained in [14,15,23,25]. This condition was later
named the Bitsadze—Samarskii nonlocal condition. These papers began to in-
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vestigate iterative methods for system of difference equations with nonlocal
conditions. We note one characteristic feature of such systems. Due to the
nonlocal condition, the matrix of the system of difference equations is not
symmetric. But quite often it has some nice properties, for example, all the
eigenvalues of the matrix are positive.

Many articles are devoted to the estimation of the error of the finite dif-
ference method and the convergence of elliptic equations with various types
of nonlocal conditions [2,7,15,28,29,30]. The alternating direction method
for system of difference equations with nonlocal conditions is examined in the
papers [20,21,27]. In many cases, the matrix of system of difference equations
has properties which are typical to M-matrices. Therefore, the theory of M-
matrices can be applied to the study and solution of problems with nonlocal
conditions [11,19,22,27]. The works [1,12,13,24] are devoted to high-precision
finite difference methods for the simplest elliptic equations with nonlocal con-
ditions.

We consider the nonlocal boundary value problem for two-dimensional Pois-
son equation in rectangular domain

u  0%*u
gt g = Sy, @y eg={0<r<l 0<y<i} (LD

with the following integral and Dirichlet boundary conditions

&1 1
/ u(, y)dz = va(y), /u<x,y>dx=ub<y>, (1.2)
0

2

w(z,0) = ve(z), u(z,1)=wv4(x), (1.3)

where 0 < &; < 1, 0 < & < 1. Let us consider, all three cases that are possible:
§1 <&, & =& and § > &.

The purpose of this article is to study the Peaceman-Rachford Alternating
Direction Implicit (ADI) method for a system of difference equations approx-
imating a differential problem (1.1)—(1.3). To the best of the authors’ knowl-
edge, iterative methods for the system of difference equations in the case of
nonlocal conditions (1.2) have not been studied.

To examine the convergence conditions for the ADI method, we analyze
in sufficient detail the structure of the spectrum of the corresponding differ-
ence problem. The structure of the spectrum for a differential problem with
other types of nonlocal conditions is considered in many papers (see, for exam-
ple, [16,17,20,21,23,26]. As in previous our papers [20,21,27], we proved the
convergence of ADI method in the case of the system of eigenvectors is com-
plete. But in the present paper we take some comments and examples about
the convergence of ADI method without this condition.

The further structure of this paper is as follows. The difference problem
corresponding to the differential problem is formulated in Section 2, where the
ADI method is also introduced. The structure of the spectrum of difference
problems is discussed in Section 3. The convergence of the ADI method is
demonstrated in Section 4. In Section 5, a higher order finite difference method
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is considered. In Section 6, numerical results are provided to verify the accuracy
and efficiency of the proposed algorithms. The last Section 7 presents comments
and conclusions.

2 Difference problem

Consider a uniform mesh in z and y with step size h =1/N (1 < N € N):

wh = {x; =ih,i=0,N}; w}:={y;=jh,j=0,N}, @":=x) xwl.
We use the following notation

Uic1,j = 2Uij + Uit

Uij—1 = 2Us5 + Ui jn
h? ’ '

h2
Let us replace the differential problem (1.1)—(1.3) with the following difference
problem on the mesh @w"

53:U1] = 5§U’Lj =

— 0;Uij — 6,Ui; = Fyj, Lj=TN—=1, (21
r—1
Uoj + Uyj o
h(% + Z Uij) = ,U;'L, j=1,N -1, (2.2)
=1
N-1
Usj + Un;j [
(S Y U) = il j=TN—-1, (23)
i=s+1
Uio = 16, Uin = pd, i=1,N—1, (2.4)

The integral conditions (1.2) are approximated by the trapezoidal rule. For
simplicity, we assume that the values & and & are such that & = rh and
&a=sh, rseN 0<r<N,0<s<N. Assume that N, r and s are even
numbers. Note, that it is not a strong restriction, as we can always halve the
step size h.

The existence and uniqueness of the solution of the differential problem
(1.1)—(1.3) are investigated in [4,5]. The error estimate and convergence of the
solution of the finite difference method are presented in [8,9].

The corresponding difference scheme for this problem under the condition
that the desired solution belongs to the Sobolev space W5 (1 < s < 3) has been
investigated in [9].

The system (2.1)—(2.4) has N(N — 1) equations (2.1)—(2.3) and the same
number of unknowns Us;j,7=0,N — 1, j =1, N — 1. First of all, for theoretical
study we will write the system (2.1)—(2.4) in a more compact matrix form

AU+ AU = &, (2.5)
where A, Ay are (N — 1)? order matrices and

U 1:(U11, sy UN—1,1, Uia, ..., UN—l,N—l)T,
P :

T
=(P11,.- -, PN-1,1,P12,.- ., PN_1,N-1)

Math. Model. Anal., Article(Copyediting):11-30, 2024.
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are (N —1)2-vectors. For this purpose, we will express for each j = 1, N — 1 the
unknowns Up; and Uy; from nonlocal conditions (2.2)—(2.3) through remaining

unknowns Uy, ¢ =1, N — 1:
r—1

Uoj =—Upj — 23 Uy + 20718, j=1,N—1, (2.6)
o

Uvj==Usy—2 Y Uj+2h b, j=1,N-1 (2.7)
1=s+1

Putting expressions (2.6)—(2.7) into Equation (2.1) asi = 1ori = N—1, we get
new system of equations, the order of which and the number of the unknowns
Uij ,i,j =1,N —1 are equal to (N — 1)*

r—1
h_2(22 Ui]‘ + Urj + 2U1j — Ugj) — 5§U1j = @U = Flj + Qh_glu?, (28)
i=1
—(52Uij —5§Uij :@ij = Fij7 7;:2,]\7—27
N-1
h™*(—Un—2,j +2Un_1,j; + Us; + 2 Z Uij) = 63UN-1,5
1=s+1
=®y_1;:=Fy_1;+2h°p, (2.9)

where j = 1, N — 1. The system (2.8)-(2.9) together with (2.6)—(2.7) and
boundary conditions (2.4) is equivalent to the system (2.1)—(2.4).

Next, we will consider the system (2.8)—(2.9), (2.4). We will write the
system (2.1)—(2.4) in the matrix form (2.5). For this purpose let us define
matrices of order (N — 1):

2 -1
) -1 2 -1 0
A=:3 e 7 (2.10)
-1 2 -1
-1 2
1 2 r—1 r r+1 s—1 s s+1 N -1
2 2 1 0 0O 0 O 0
) 0 0 0 0 O 0 0 O 0
C= | SRR SRR .

Note that only the first and the last row of matrix C are non-zero. Here we
indicate the column numbers on top of the matrix. Let us denote

Ay:=A+C, A,:=A.
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The system (2.1)—(2.4) can be written in matrix form (2.5) using matrices

Ay
Ay
A =1, @A, = , , (2.11)
A,

oI, -1,

-I, 21, -I,
A2':Ay®1w: '.. '.' '.. y

-1, o1, -1,

-1, 2I,

where I, and I, are the identity matrices of order (N —1) (in our case of square
domain I, =1,).

Our main goal is to study the ADI method for solving a system of difference
equations. We write the ADI method for system (2.5):

Un+1/2 _yr
—_— +A1Un+1/2+A2Un :(}’
Tn
ynrt! — Un+1/2
———— + A UY2 L AU =, (2.12)
T’Vl
where 7}, 72, n = 1,... are iteration parameters. We give a explicit formula

for determining iteration parameters in Section 4.

3 The structure of the spectrum of the difference problem

Proof of the convergence of the method (2.12) is based on the structure of the
spectrum of the one-dimensional eigenvalue problems. We consider two differ-
ence eigenvalue problems. First of these is problem with nonlocal boundary
conditions:

_ Vim1 — 20 + Ui

2 =nv;, 1=1,N—-1, (3.1)
r—1
Vo + Uy
N-1
Vg + UN
——— ’Z v; =0. (3.3)
i=s+1

The second problem is classical problem:
Wj—1 — 2Wj + Wj41

_ =
wo = 0, wN = 0. (35)

=pwj, j=1,N-1, (3.4)

Math. Model. Anal., Article(Copyediting):11-30, 2024.
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In problem with nonlocal conditions we express vg and vy from (3.2)—(3.3)
and substitute into (3.1). So we get

Av=nv, v=_(v,...,on1)". (3.6)
We can write the problem (3.4)—(3.5) in matrix form
Ayw=pw, w=(wp,...,wn_1)". (3.7

The problem (3.7) has known solution

4 . ,wlh .
I :ﬁSIHZT’ I=1,N -1,
wh=(wl,...,wy_,)", w}=sin(rljh), j,l=1,N —1. (3.8)

We will find eigenvalues and eigenvectors of the problem (3.6). As far as we
know, this problem has not been investigated.

Lemma 1. The eigenvalues of the problem (3.6), which satisfy conditions

4
0< e < ﬁ,
can be expressed in the form
4 h -
nw:ﬁﬁﬁggyk:LN—& (3.9)

where oy, is root of any of equations

smgggﬁﬁzo,smggzo,smggiéiéﬁzo

FEigenvectors v*

can be expressed as
vF = ¢; cos(agih) + ¢y sin(ayih), (3.10)

where (c1,ca) is nontrivial solution of system

sin(a) 1 — cos(ay)
p T i
2 tan % 2 tan %
sin o — sin(aéa) hcos(agg) — cos
c
2tan %h ? 2tan O‘Th

c1h =0, (3.11)

Clh =0.

in the case o = qu.

Proof. The inequality
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is satisfied for 0 < 7 < 4/h? in Equation (3.1). So let us denote

_, o i
cos(ah) =1 5 0<a<h,

where « is a new parameter instead of 7. Then general solution of Equa-
tion (3.1) can be written in form of (3.8). This solution must obey conditions
(3.2) and (3.3). Putting the expression (3.10) into (3.2) and (3.3) after some
elementary rearragements we get (3.11).

Eigenvectors are defined by (3.10). So, v; Z 0, namely c2 +c3 # 0. It means
that determinant D of the system (3.11) must be equal to zero. After some
calculations we have

a(l-—&+&) . o . a(l—§&)

D = 4sin —————*sin —=sin ————= = 0.
So, the statement of Lemma follows from here.
For even numbers r, s and N (rh =&, sh =§;, Nh=1)
- equation sin O‘T& =0 has § — 1 different roots,

- equation sin W =0 has % — 5 — 1 different roots,

. s oa(l=&i+&) N .

- equation sin =———2* = (0 has 5 — § + 5 — 1 different roots.

There are N — 3 roots.
2rk

r

ap = —, k=1,2,..., - —1, 3.12

S 2 (12
21k N s

ay 1_527 k s 4y 72 2 ) (3 3)
2k N r s

= k=1,2,..., > =5+ -1 3.14

g 1-&+& 2 2 2 ( )

O

Remark 1. In each of the formulas (3.12)—(3.14), the roots are different. How-
ever, the eigenvalue (3.9)

4 2 Otkh —s
= —sin“—, k=1,N — 3,
Nk 2 )
can be multiple if some of the roots of different formulas coincide. For example,
in the case & = 1 — & the equations (3.12) and (3.13) have the same roots.
In this case, the eigenvalues are multiples, and the system of eigenvectors may
not be complete.

Lemma 2. In the case of even numbers r, s and N

4

is the eigenvalue of the problem (3.6) of multiplicity 2 with two linearly inde-
pendent corresponding eigenvectors v and v?:

vf = (=1)%h, v}=(-1), i=1,N—1. (3.16)

Math. Model. Anal., Article(Copyediting):11-30, 2024.
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Proof. The general solution of Equation (3.1) in the case n = 4/h? is

vi = (=1)'(c1 + coih), i=T1,N—T1. (3.17)

Putting this expression into conditions (3.2) and (3.3) we have that these con-
ditions are satisfied with all values of ¢; and ¢, if N, r and s are even. So,
it is possible to choose constants ¢; and ¢ such that two linearly independent
eigenvectors are defined by formula (3.17), corresponding to eigenvalue (3.15).
In particularly, those are vectors (3.16). O

Corollary 1. It follows from Lemmas 1 and 2 that all N — 1 eigenvalues of the
difference eigenvalue problem (3.6) are positive. Depending on &; and & the
system of eigenvectors may be complete or not.

4 The convergence of the ADI method
Let us write the iterative method (2.12) as a matrix equation
Ut =S, U" 4+ ¥, (4.1)

where
Sy =I+72A) "I—-7m2A)T+ 70 A1) "I —ThAy), (4.2)
where I =1, ® I, is the identity matrix of order (N — 1)2. We will prove that
spectral radius o(S,,) < 1.
Lemma 3. A; and Ay are commuting matrices
AjA, = AsA,L
Proof. 1Tt is easy to check that
2N, —A, 0)
—A, 2A, —A,
A1A2:A2A1:Ay®AI:72 . .
—A, 2A, —-A,
) —A, 2A,

Using eigenvectors v¥, w!, k,1,= 1, N — 1 of the eigenvalue problems (3.1)-
(3.3) and (3.4)—(3.5) we define vectors

UM = w! @ vF,  where Ui]}l = vfwé, ,j=1,N—1. (4.3)

O

Lemma 4. Matrices Ay, Aa, A1+As, A1As and A3 A1 have the same system
of eigenvectors (not necessarily full) UK = w! @ vF.
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Proof. Tt follows from definition of A; and U*! by formulas (2.11) and (4.3)
that
A, UR =, UM, (4.4)

Furthermore, n and v are eigenvalue and eigenvector of matrix A,; 1 and w are
eigenvalue and eigenvector of matrix A,. So, from properties of tensor product
we obtain that

(A1 +A)UM = (I, @ Ay + Ay @ L) (W' @ vF) = (up +m)UM. (4.5)
According to Lemma 1
(A1A)UM = (AA)UM = (A, @ A,)UM = pym UFL
It follows from (4.4) and (4.5) that
A, UM = UM 0

Remark 2. We note that the system of eigenvectors w!,1 = 1,..., N—1is always
complete. So, if the system of eigenvectors v¥,k = 1,..., N — 1 is complete,
then the system of eigenvectors U = w! @ v¥ is complete, too. It is follows
from properties of tensor product.

Now, we can prove the statement on convergence of the iterative method.

Theorem 1. If 7} = 72 =: 7, where 7, € [B1,B2], 1 > 0, B2 < 00, and
the system of eigenvectors of the problem (3.6) is complete, then ADI method
converges.

Proof. Let be U* the solution of the difference problem (2.1)—(2.4). We denote
the error of iterative method as

7" :=U* -U".
From (4.1) and Remark 2 follows that

n

n N-1
Z"t =8,Z" = H Sn_;Z° = Z Chi H Sn—;UM.
j=0 k=1 Jj=0

Hence, for any vector norm we have

n N-1
12744 < o( TTSu-5) D lewlllUM]. (4.6)
=0 k=1

Let us estimate the factor o(][;_,Sn—;) and prove that it tends to 0 when
n — o0o. It means that the ADI method converges.
Since A; and A, commute and have the same system of eigenvectors, then

)\( ﬁ Sn—j) = ﬁ/\(sn—j), Q( ﬁ Sn—j) = ﬁ Q(Sn—j)'

Math. Model. Anal., Article(Copyediting):11-30, 2024.
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From Lemma 4 and (4.2), it follows that an eigenvalue of matrix S,

(1 =7 A(A1)) (1 — T A(AS))
(1+ 7 A(A) (1 + oA (Ag))

A(S,) = (4.7)

If taking concrete values 7, and A(A1), the inequality 1 — 7, A\(A1) > 0 is true,
then

‘1 - TnA(Al) o 1-— Tn)\(Al) < 1-— ,81)\(A1) — 0 < 1

].+Tn)\(A1) - 1+Tn)\(A1) - 1+B1)\(A1)

here p; depends only on 7 and A(A;) but does not depend on n. Analogously,
if 1 — 7,A(A1) <0 then

- Tn)\(Al) — ]. < ﬁQ}\(Al) — ].

‘1Tn>\(A1) = 0 < 1

1 + Tn)\(Al)

where gy depends only on 82 and A(As3) but does not depend on n.
The second factor in the formula (4.7) is estimated similarly

1— Tn)\(Ag)

1 + Tn)\(AQ)

§Q0<17

where gg depends on 1, 52 and A(Az) but does not depend on n. Finally we
get from (4.7)
o(Sn) = max A(Sp)| < ¢ <1,

where ¢ depends on (1, B2, A(A1) and A(As) but does not depend on n.
Because ¢ < 1 then

0(S,—;) < "™ =0, n— . O

n
=0

J

Remark 3. If parameters of ADI method 7 and 7 does not depend on n, then
Theorem 1 is correct even without the assumption of completeness of the system
of eigenvectors. We have that when 7} = 72 = 7 > 0, then the iterative method
is stationary

Ut =SU" + @, (4.8)

where
S=(T+7A) "I -7A)IT+7A) I -TA,).

A necessary and sufficient condition for the convergence of a stationary process
(4.8) with any initial data U° is o(S) < 1.

It is known that when applying the ADI method, optimal parameters 7!
and 72 are usually used.

For obtaining optimal set of iteration parameters in the case of commuting
operators we suppose that eigenvalues of A; and A, satisfy inequalities

01 < AA7) <Ay, 62 < AAg) < A,
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Following [18, Ch.X, §4], the set of ADI parameters by Jordan gives

T”—iqwn_kk T"—iqwn_% n=1m
Vo 4 wep’ 7 1 —wep’ S
where m is number of iterations
1 4 4
m =m(e) & —In—1In—,
™ oe
and we use notation
= (A1 —61)(Ag — d2) o — (A1 —61)A, = A — A+ (AL + As)p
(A1 +82)(Ay +61)° (As +61)Ay7 2A1 A4 ’
1—1 Kk—t + 1—p
= — = — = x
n 1+¢ p Kt q A
e (1+20)(1 +6°)
14+20)(1+6°
Un = gera(1 g gioo 4 oriey M BT
where ) ) 5 )
n —
0:= 1—61)2(1 + 5772), gi=on=—po—, = 1,m.

Such algorithm for the optimal choice of parameters 7! and 72 is proposed
for the case of symmetric matrices A; and As, that is, when the system of
eigenvectors for the finite difference scheme is complete.

Let’s briefly discuss what such a choice of parameters means in the case
when the system of eigenvectors is incomplete (for problem (2.1)—(2.4).

From the definition of the ADI method (2.12), it follows that

n—1
Z" =8, 2" =[] Sn-1-,2", (4.9)
§=0

where Z™ = U* — U" and U* is the exact solution of the finite difference
problem.

Without details, we note that the choice of optimal parameters 7, and 72
is based on the solution of the minimax problem, namely the finding of the
minimum value of the spectral radius of the matrix H;:Ol Sn—1—;. Since for
a symmetric matrix the spectral radius can be considered as the norm of the
matrix, then in the case of symmetric matrices A; and As, it follows from (4.9)

n—1
12" < g( 11 Snfl,j) HZOH —0, n— . (4.10)
7=0

However, if the system of eigenvectors of the finite difference problem (2.1)—
(2.4) is incomplete, then (4.10) does not follow from (4.9). In this case, we can
use the following statement from linear algebra [3].

Math. Model. Anal., Article(Copyediting):11-30, 2024.
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Let A be an arbitrary square matrix. If € > 0 is given, then there is matrix
norm ||A||, such that

[A[l, < o(A) +e.

It means, particularly, that from inequality o(A) + & < 1 follows ||A||, < 1.

These arguments, in our opinion, are not proof of the convergence of the ADI
method with optimal parameters. But, at least, this is a strong motivation for
the corresponding numerical experiment with optimal parameters in the case
when the system of eigenvectors is incomplete.

5 The higher-order method

Now, we will consider the difference problem approximating the differential
problem (1.1)-(1.3) with truncation error O(h*). So, let us replace the differ-
ential problem with the following difference problem

h? .
— (62U + 6.Us5 + fcs?(s?Uij) = I,

h? _
Fij = Fyj +15 (52 +62)Fij, i,j=1,N—1, (5.1)
h r/2 r/2—1
<U0]+Urj+4ZUQZ 1J+2Zu2w)_uj, j=LN-1,  (5.2)
=1
h N/2 N/2—1
5(U8j+UNj+4‘ > hg+2 Y Usiy) = 1j =TN =1, (53)
i=s/2+1 i=s5/2+1
Uio = pi, U =pf, i=1,N-1, (5.4)

In this case one dimensional eigenvalue problem with nonlocal boundary con-
ditions is

| Vo1 = 205 + Uig

2 =nv;, i=1,N—1, (5.5)
. : 51
g (’Uo + vy + 4; Vi1 + 2 ; ”U2i> =0, (56)
L N
g (Us +oN + 4 Z V2i—1 + 2 Z U2z> = U (57)
i=s+1 i=s+1

We rewrite the eigenvalue problem (5.5)—(5.7) in equivalent matrix form. For
this we express the values vg ir vy from the condition (5.6)—(5.7). Putting these
expressions into Equation (5.5) we can rewrite problem (5.5)—(5.7) as follows

Av=nv. (5.8)
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Similarly, as in Section 2, we have A, = A+ C/h?, where A is defined in (2.10)
and C is equal to

1 2 3 e r—1 »r r+4+1 --- s—1 s s+1 =--- N —2 N -1
4 2 4 4 1 0 0 0 0 0 0
o o0 o0 -- 0 0 0 0 1 4 2 4

We note, that two eigenvalue problems (5.5)—(5.7) and (5.8) are equivalent.

Lemma 5. The eigenvalues of the problem (5.5)—(5.7), which satisfy inequality
0 < < 4/h? can be expressed as

4 . 5 arh [
nk:ﬁsm2%, k=1,N -3,

where oy, is root of any of equations

sin 704(1 — &) =0, sin 04761 =0, sin —a(l —a+&) =0.

2 2

Proof. The proof is analogous to the proof of Lemma 1. Putting general
solution of Equation (5.5)

v; = ¢ cos(aih) + cosin(wih), i=1,N—-1, 0<a< z,

h
into the Equations (5.6)—(5.7) we get a system of equations
) 2+ cos(ah) h 2+ cos(ah)
3¢ sin(agy) sn(ah) + 302(1 cos ady) sn(ah) 0, (5.9)
) ) 2+ cos(ah) h 2 + cos(ah)
_ — -~ 7 — 1— — = = 0.
301 (sina — sin(ags)) Sin(ah) + 3 C2 (1 — cos(aty)) sin(ah) 0

The system (5.9) is analogous to (3.11), only instead of a multiplier 3 tan % # 0
there is another multiplier (2 + cos (ah))/sin(ah) # 0. The condition D = 0
in both cases means that

in —a(l —&+&) sin 04751 sin 70[(1 —&) =0.

2 2 2

So, the statement of lemma follows from here. O

Corollary 2. The eigenvalues of the problem (5.5)—(5.7) satisfying the inequal-
ities 0 < mr < 4/h? are the same as for the problem (3.1)—(3.2) when the
trapezoidal formula is used to approximate the integral condition.

Lemma 6. In the case of even numbers n, s and N

— COS

4 5 ath
77—h2 h?a
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where « is root of equation
cosh(ah) = 2,

is the eigenvalue of the problem (5.5)—(5.7) of multiplicity 2 with two linearly
independent corresponding eigenvectors v' and v?:

v} = (=1)"cosh(aih), v? = (—1)'sinh(aih), i=1,N —1,
where « is connected with n by formula

h2
cosh(ah) = 777 -1

Proof. In the case n > 0, the general solution of the Equation (5.5) is
v; = (—1)"(e1 cosh(aih) + ea sinh(aih)), i=1,N — 1.

After substitution this expression into conditions (5.6) and (5.7), we get the
system of equations

h . —2 +cosh(ah) h —2 + cosh(ah)
2 sinh(agy) 2SO L R 1 4 cosh “ET oMot _
3 cisinh(ag,) sinh(ah) + 3 62( +cos (a&)) sinh(ah) 0,
h ) . —2 + cosh(ah)
i hoa — sinh e oo en)
3C1 (sinh o — sinh(as)) Sinb(ah)
h —2 + cosh(ah)
2 ha — cosh —ereosmal) ),
+ 302((303 o — cosh(ag)) sin(ah) 0
It follows that
D= Iﬁ —2 + cosh(ah) 2 sinh(agy) —1 + cosh(agy)
9 sinh(ah) sinh o — sinh(a2) cosha — cosh(aés)
h? [ =2+ cosh(ah)\> a(l =& + &) a(& —1) ofy
= — I ra— 4 51 h i h 3i h — — U
9 ( sinh(ah) ) sin 5 sin 5 sinh — 0
So, D = 0 if cosh(ah) = 2 or a = 2<sh-2 Then it follows that
4 . 5 ah
n= 13 sinh - (5.10)

Now, we can conclude that there are two linearly independent vectors v!, v2:

v} = (=1) cosh(aih), v? = (—1)'sinh(aih), i=1,N — 1,
corresponding to eigenvalue ), defined by (5.10). O

Corollary 3. Al N — 1 eigenvalues of the difference eigenvalue problem (5.5)—
(5.7)
4 ) akh

nk:ﬁsm 5 k=1,N -3
from Lemma 5 and
= = icosh2 a—h
IN-2 =TIN-1= 75 5

from Lemma 6 are positive.
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Now, we can formulate the alternating direction method for the system
(5.1)—(5.4). We rewrite this system in the matrix form

h2
(A1 + A~ AIA)U =, (5.11)

where A1 =I1® Ay, Ay = A, ®1 and ® = ®(F, pu®, ub, pu¢, u?, h). The newly
defined matrices A, and A, have all the same properties as the matrices defined
by system (2.1)—(2.3). In other words, Lemmas 3 and 4 are true for the matrices
of the system of Equations (5.1)—(5.4).

Since the matrices A; and Ay commute, the system (5.11) can be written
in another form

(I-rA2)A1U+ (I-£kA1)AU =9, (5.12)
where k = h%/12. Further, we rewrite system (5.12) in equivalent form
AU+AU=¢9, (5.13)
where

A=A (I-kAL)™Y kE=1,2,
& =(1-rA;) (I krAy) '®,

(see [21] for details).
Now, we write Peaceman-Rachford alternating direction method for the
system (5.13):

Un+1/2 _yr
™
Un+1 _ Un+1/2

2
Tn

+ A UMY L AU = &,
+ A U2 L AU = &, (5.14)

We will notice that if all eigenvalues of the matrices A; and A, are positive,
then all eigenvalues of the matrices A; and A, are also positive for sufficiently
small values of h. Thus, it follows from Lemmas 5 and 6 that for method (5.8)
the statements proven in Theorem 1 and Remark 3 are valid.

6 Numerical experiments

In the section, some numerical examples will be computed to verify the nu-
merical accuracy and efficiency of difference schemes that we presented in the
work. Truncation error analysis provides a widely applicable framework for an-
alyzing the accuracy of finite difference schemes. We consider three illustrative
examples. The first example deals with the second order difference scheme.
The second and third examples demonstrate empirical verification of the trun-
cation error for higher order difference scheme with or without a known exact
solution, respectively.
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We consider a model problem

2 2 2,2
%nLg—;;:e”sin(wy)erQy , (yye={0<z<l, 0<y<l}

& 1
/ u(z,y)dx = G—(ngﬂ + 6sin(my)e™ — 6sin(my)),
0 s

1
1
/ u(z,y)de = 76—( SyPm — yPm + 6sin(my)e™2 — 6sin(ry)e™),
T
2

u(z,0) =0, u(z,1)=212%/2,
where 0 < &1 <1, 0 < & < 1. The exact solution is
u = e™ sin(ry) + 22y?/2.

We consider the uniform grids with the different mesh sizes h = 1/2F, &k =
3,..., 7 and analyze the convergence and the accuracy of the computed solution
of the second and the fourth order difference schemes. Test problems were
solved with the different values of the parameters &7, &;.

We compute the maximum norm of the error of the numerical solution with
respect to the exact solution, which is defined as

€, = max max |u(mi,yj) — uij’ .
j=1,-- ,ni=1,---,n

We define a number p as p = eg, /€, which theoretically must be approximately
p = 4 for the second order difference scheme and p = 16 for the fourth order
difference scheme.

Ezample 1. The computational results for ADI method (2.12) are reported in
Table 1. We can clearly observe a second-order convergence in the maximum
norm for all presented choices of ¢; and &;. From the last two columns of Table
1 it is clear that the number of iterations of the ADI method is quite accurately
proportional to the value of log(1/h)). When we were planning a numerical
experiment, this is what we wanted to check (see the last paragraph of Section
4). Please note that & and & are chosen so that & = 1 — &, that is, the
difference problem has multiple eigenvalues (see Corollary 1).

Ezample 2. The outputs for the different values of the pairs of parameters
(&1,&2), respectively, together with the experimental convergence order for
higher-order difference scheme (5.1)—(5.4) are shown in Table 2. We demon-
strate a fourth-order convergence in the maximum norm for all choices of &
and &;.

In the next example, we check that the empirically observed convergence
rates in experiments coincide with the theoretical value of it found from trun-
cation error analysis.
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Table 1. Accuracy of the solution and the number of the iterations for the ADI method
(2.12).

& & h €h P number of iter. log(1/h)
0.25 0.75 1/2% 0.3809 17 2.079
1/2*  0.09801  3.8863 22 2.773
Case 1/2% 0.02468  3.9712 27 3.466
0<é<&<l1 1/25 0.006182 3.9922 33 4.159
1/27  0.001546 3.9987 38 4.852
0.5 0.5 1/2% 0.4385 15 2.079
1/24  0.1128 3.8874 20 2.773
Case 1/25 0.02841  3.9704 25 3.466
0<&=6&<1 1/26  0.007116 3.9924 31 4.159
1/27 0.001780 3.9978 36 4.852
0.75 0.25 1/23 0.4484 13 2.079
1/2%  0.1154 3.8856 18 2.773
Case 1/2% 0.02906  3.9711 23 3.466
0<éb <& <l 1726 0.007278  3.9929 29 4.159
1/27  0.001820 3.9989 34 4.852

Table 2. Accuracy of the solution and the number of the iterations for the ADI method
(5.14).

& &2 h €n P number of iter. log(1/h)
0.25 0.75 0.125 3.006-1073 24 2.079
1/24  1.903-10~% 15.7961 31 2.773
Case 1/2%  1.193-107% 15.9514 37 3.466
0<&<&<l 1/26  7.463-1077 15.9855 44 4.159
1/27  4.638-10~% 16.0910 51 4.852
0.5 0.5 1/2% 3.009-1073 21 2.079
1/24  1.903-107° 15.8119 28 2.773
Case 1/2%  1.193-1075 15.9514 35 3.466
0<&=6<1 1/28  7.461-107 15.9898 41 4.159
1/27  4.738-10~% 15.7472 48 4.852
0.75 0.25 1/2%® 3.010-1073 19 2.079
1/24  1.903-107° 15.8171 26 2.773
Case 1/25  1.193-107% 15.9514 32 3.466
0<&<éi<l 1726 7.462-1077 159877 39 4.159
1/27  4.674-107% 15.9649 46 4.852

Ezxzample 8. We solve this problem as test problem without a known solution.
We use Runge’s rule for a practical error estimate for higher-order method.
We performed numerical experiments with the scheme and compared results
with the ones demonstrated in Table 2. As expected, there is a fourth-order
convergence in the maximum norm for all choices of £ and &. The results are
recorded in Table 3.
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Table 3. Accuracy of the solution and the number of the iterations for the ADI method
(5.14) using Runge rule for error estimate.

& & h €h P number of iter. log(1/h)
0.25 0.75 1/2* 1.87737299 104 31 2.773
1/25  1.18900520-10~5 15.7894 37 3.466
Case 1726 7.45593983-10~7 15.9471 44 4.159
0<é <é<1 1/27  4.66591776 - 108  15.9796 51 4.852
0.5 0.5 1/2*% 1.87922737.10~4 28 2.773
1/25  1.18929493 - 1075  15.8012 35 3.466
Case 1726 7.45647480-10~7 15.9498 41 4.159
0<é&=6<1 1/27  4.66055705 - 10~%  15.9991 48 4.852
0.75 0.25 1/2% 1.87955101 104 26 2.773
1/25  1.18934557-10~5 15.8032 32 3.466
Case 1726 7.45651475-1077 15.9504 39 4.159
0<é&<é <1 1/27  4.66640055-10~8  15.9792 46 4.852

7 Conclusions

We have proven that for the second order and the fourth-order difference
schemes, the spectrum of difference problem consists only from positive eigen-
values. The convergence of the ADI method is proven with an additional as-
sumption that the system of eigenvectors of difference problem is complete. A
numerical experiment showed that the ADI method with optimal parameters
practically converges in all studied cases. In addition, it converges as quickly
as in the case with Dirichlet conditions.
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