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Nonlocal conditions arise in mathematical models of various physical, chemical or bio-
logical processes. Therefore, interest in developing computational techniques for the
numerical solution of partial differential equations (PDEs) with various types of nonlocal
conditions has been growing fast. We construct and analyse a weighted splitting finite-
difference scheme for a two-dimensional parabolic equation with nonlocal integral
conditions. The main attention is paid to the stability of the method. We apply the stability
analysis technique which is based on the investigation of the spectral structure of the
transition matrix of a finite-difference scheme. We demonstrate that depending on the
parameters of the finite-difference scheme and nonlocal conditions the proposed method
can be stable or unstable. The results of numerical experiments with several test problems
are also presented and they validate theoretical results.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

We consider the two-dimensional parabolic equation

du  9*u  d%u

—=—+—+fxy,t), O<x<lIL, O0<y<L,,0<t<«T, 1
ot o oy f&xy,0 X y <l (1)
subject to nonlocal integral conditions
Ly
u.5.0 =1 [ atouy. 00+ 0.0 2)
0
Lx
u(ly, y,t) = y2 BXuk,y, t)dx + pua(y,t), 0<y<L,0<t<T, (3)
0
boundary conditions
u(x, 0,t) = us(x, t), ux, Ly, t) = pax,t), 0<x<L,0<t<T, (4)
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and initial condition
u(X’%O):W(X,Y)y nggLXvogygLyv (5)

where f(x,y, t), u1(y, t), u2(y, t), ns(x, t), ma(x, t), 2 (x), B(x), (x, y) are given functions, y4, y, are given parameters, and
function u(x, y, t) is unknown. We assume that for all t, 0 < t < T, nonlocal integral conditions (2), (3) and boundary
conditions (4) are compatible, i.e., the following compatibility conditions are satisfied:

Ly
V1 / a(x)M3(xv t)dx + M](()’ t) = ,LL3(0, t)!
0
Lx
12! / OI(X)M4(X, t)dx + M](L}U t) = M4(0» t)5
0

Lx
Vz/ BOus(x, )dx + 12(0, t) = ps(ly, 1),
0

Lx
Y2 B pax, )dx + pa(Ly, £) = pa(ly, t).
0

Nonlocal integral conditions of type (2), (3) often arise in mathematical models of various physical, chemical or biological
processes. For example, we can mention the mathematical model of the quasi-static flexure of a thermoelastic rod [1-4]. It
is proved that the entropy is the solution of a certain parabolic equation subject to initial condition and nonlocal integral
conditions with special types of weight functions «(x) and 8 (x).

Various differential problems with nonlocal integral conditions are investigated both in theoretical (see, e.g., [1-7])
and numerical (see, e.g., [8-12] and some of below mentioned references) aspects. The review of results related with the
numerical solution of one-dimensional parabolic equation subject to various type of nonlocal integral specifications as well
as the examples of the applications of such problems are presented in paper [13].

The present paper is devoted to the finite-difference scheme for the two-dimensional differential problem (1)-(5). We
construct the weighted finite-difference scheme and analyse its stability. The proposed method is based on the splitting of
the two-dimensional differential problem into two finite-difference subproblems. With particular values of the weights of
the scheme we have so-called locally one-dimensional (LOD), alternating direction implicit (ADI) or fully-explicit splitting
finite-difference schemes.

The stability of implicit and explicit finite-difference schemes for the corresponding one-dimensional parabolic problems
with nonlocal integral conditions similar to conditions (2), (3) has been investigated by many authors (see, e.g., [14-17]). In
paper [17], the differential problem (1)-(5) is formulated as an example of a problem for the possible extension of the pro-
posed stability analysis technique. Paper [ 18] is devoted to the stability of implicit, explicit and Crank-Nicolson (symmetric)
finite-difference schemes for one- and two-dimensional parabolic equations with a special case of Bitsadze-Samarskii type
nonlocal conditions. Various LOD and ADI methods for two-dimensional parabolic problems with nonlocal integral condition
(the specification of mass/energy) have been investigated by M. Dehghan (see, e.g., [19-21]).

Paper [22] deals with the ADI method for the two-dimensional parabolic Eq. (1) with Bitsadze-Samarskii type nonlocal
boundary condition. We use a similar technique and argument in order to construct the weighted splitting finite-difference
scheme for the two-dimensional differential problem (1)-(5) and to investigate the stability of that method.

The paper is organised as follows. In Section 2, the notation is introduced and the details of the finite-difference scheme
are described. In the same section, the stability analysis technique based on the spectral structure of the transition matrix
of a finite-difference scheme is applied in order to analyse the stability of the proposed method. The results of numerical
experiments with several test problems are presented in Section 3. Some remarks in Section 4 conclude the paper.

2. Finite-difference scheme and its stability
2.1. Notation

To solve the two-dimensional differential problem (1)-(5) numerically, we apply the finite-difference technique [23]. Let
us define discrete grids with uniform steps,

op ={xi=ih,i=1,2,... Ny — 1,Nihy = L},  @n = on, U{xo = 0,2y, = Ly},
whz = {y] :jh27j: ]727 "'aNZ - ],Nzhz :Ly}7 ahz = whz U{.VO :OvyNz = y},
W = Wy, X Wpy, W = Wy, X Wpy,

o' ={t"=kr,k=1,2,.... M\Mt =T}, @ =" U{t®=0}.

We use the notation Ui’]? = U, Y, t¥y for functions defined on the grid @ x @° or its parts, and the notation USH/Z =
U(xi, yj, tk 4+ 0.57) (some of the indices can be omitted). We define one-dimensional discrete operators
Ui—1,j — 2Uj + Uiy, Uij—1 — 2Ujj + Uija

AU =
hi h

, AUy =




S. Sajavicius / Computers and Mathematics with Applications 64 (2012) 3485-3499 3487

In order to approximate nonlocal integral conditions (2), (3), we will use the trapezoidal rule. For functions U and V defined
on the grid w;, we introduce the notation

UpVo + Uy, Vi, N~
(U,V):h]<w ZUM)

Let Ey be the identity matrix of order N and A ® B denotes the Kronecker (tensor) product of matrices A and B. We denote
the eigenvalues of matrix A by A (A). The spectral radius of matrix A is denoted by p(A), i.e.,

p(A) = max |A(A)].
(A

2.2. Development of the finite-difference scheme

We explain the main steps of the method for the numerical solution of problem (1)-(5).
First of all, we replace the initial condition (5) by equations

Uj =5 (*.) € o. (6)
Then, forany k, 0 < k < M — 1, the transition from the kth layer of time to the (k + 1)th layer can be carried out by splitting

it into two stages and solving one-dimensional finite-difference subproblems in each of them. By evaluating the derivative
with respect to x explicitly and the derivative with respect to y implicitly, we get the first one-dimensional subproblem,

i.e., the set of linear algebraic equations systems fori = 1,2, ..., N; — 1:
Ul’f"'l/2 _ Uk
% = (1 - o) AMUS + 020U 2 + oof T2y € amy, )
k 1/2
o = ()i, (8)
gtz
1N+2/ = (Ha)i, (9)

where o and o, are the weights of the finite-difference scheme,

fis = 03 (13) ! + (1= 02) (13)* — 10105 A1 (13) ! + 7(1 = 01) (1 = 03) A (1),

fla = 02 ()" + (1 = 02) () = 10105 A1 () + 7(1 = 01) (1 = 02) A ().
The second subproblem (the set of linear algebraic equations systems forj = 1, 2, ..., N, — 1) is implicit with respect to x
and explicit with respect to y:

UiH] - Ui’;H/z k+1 k+1/2 k+1
- =o MUy + 1- 0’2)A2U +(1 -0y f . Xi € wpy, (10)
Ugt = yi(e, U)o (11)

k+1 %
UNG' = 7(B.0) + (o)t (12)

Every transition is finished by computing
U = (ua)f™, U = (e xi € @, (13)
Thus, the procedure of numerical solution can be stated as follows:

procedure The Weighted Splitting Finite-Difference Scheme
begin
Compute Ug (i=0,1,...,N,j=0,1,...,N,) from Eqgs. (6) ;
fork=0,1,.... M —1
fori=1,2,...,N;—1
Solve system (7)-(9) and compute U"H/2 G=0,1,...,Ny);
end for
forj=1,2,...,N, — 1
Solve system (10)-(12) and compute U,-'Jf“ (i=0,1,...,Nq);

end for
Compute UX™ and U,’;j;] (i=0,1,...,N;)fromEgs.(13);
end for

end
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Ifo; = 05 = 1oro; = 0, = 1/2, we have LOD or ADI methods, respectively. The splitting finite-difference scheme
is fully-explicit for 0y = 03 = 0. The finite-difference subproblems which appear when executing the transition from the
kth layer of time to the (k 4+ 1)th layer in case of LOD method are fully-implicit. In case of ADI method these subproblems
are semi-implicit. The LOD method approximates the differential problem (1)-(5) with error O(t + h% + h%) while the
approximation errors of ADI and fully-explicit methods are O(t? + h% + h%) and O(t + h; + hy), respectively [23].

If one or the both of the finite-difference subproblems (7)-(9), (10)-(12) are fully-explicit (i.e.,, oy = 0 and/or o, = 0),
then the corresponding subproblem(-s) can be solved explicitly. However, if the finite-difference subproblem (7)-(9) is not
fully-explicit (o, # 0), thenitis noteworthy that we can use the well-known Thomas algorithm and efficiently solve systems
(7)-(9) because of the tridiagonality of their matrices. In order to solve the implicit finite-difference subproblem (10)-(12)
(o1 # 0), the modification of the general algorithm for solving linear equations systems with quasi-tridiagonal matrices [24]
can be used.

Now let us transform the finite-difference scheme (7)-(12) to the matrix form. From Eqs. (11) and (12) we obtain

Ni—1
U(1)<j+1 = nhy Z aU‘H +(7) k+1,

Ni—1
UNE' = 3ok Y BUET + (p)f
i=1

where
o = l(ai _ yahaipy, n VZthlM,Bi)’
D 2 2
1 yihaifo  yilhaoBi
= s e
) hit 2 2

_ 1 h hio
(M1)Jl§+1 _ B(( Yot _ %ﬁm( 1),“1 + yim N1( )I<+1)

_ 1 y2h1 B yihi«
@)t = = (2! + PR ! %(m)}‘“),

D— (1 B J/1h210l0)(1 B Vzh;ﬂwl) _ V1h;ozN1 . )/thl,BO'

We assume that the grid step h; is chosen so that D > 0.
Let us introduce (Ny — 1) x (N; — 1) and (N, — 1) x (N, — 1) matrices

2480 1452 s L sM- sM-2 s
1 -2 1 0 0 0
0 1 -2 . 0 0 0
Ay = h?
0 0 o . =2 1 0
0 0 o .- 1 -2 1
8;1) 8£2> 853) .. 5§N1_3) -l + aéNl_z) _2 + (SEN]_U
and
-2 1 0 0 0 0
1 -2 1 0 0 0
0 1 -2 0 0 0
Ay = hy? :
0 0 0 -2 1 0
0 0 0 1 -2 1
0 0 0 0 1 -2
where
55” = yiha, 55) = yhib;, x € Wh -

Now we define matrices of order (N; — 1) - (N, — 1),
A= —Ey, 1 ® Ay, A=A ® En,—1.
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We can directly verify that A; and A, are commutative matrices, i.e.,
AAy = AAr = Ay ® Ay
Introducing the matrices A; and A, allow us to rewrite the finite-difference scheme (7)-(12) in the following form:
(E + GZTAZ)U"“/Z = (E —(1- 0’1)1.'/-\1)Uk + oy TFKH1/2, (14)
(E+ o17A) UM = (E — (1 — 02)TA) UM 4 (1 — o) TF*T, (15)
where E is the identity matrix of order (Ny — 1) - (N, — 1),
U= U, Uy...,Up ..., Oy1)', U= Uy, Uyjy .., Uy oo Unyo1 )T,

and

k+1/2 _ (pk+1/2 -k+1/2 k+1/2 k+1/2\T
FIF2 = (R R R LRSI

~ T
k1/2 (a1 | ckvre (H3)2 | kg1 (L3N -1 | ks1)2
F, =( 2 +fir a +hHr ,7’151 + -1 )

k+l/2 (fk+1/2 fk+1/2 fk+l/2, fl\;;f]/zj) =23 Np—2.

g o e

~ T
FRF1/2 (a1 k12 (M4)2 k172 (LN —1  kt1)2
A +fin 1 +Hon," . +fy—ing—1 )
2
k+1 k+1 k+l k+1 k+1 \T
Fl = (LR R SR

(M])k+1 (Mz)k+1 T
k+1 k+1 gk+1 k+1 k+1 .
Fj _(h%_'—f f s fN] —2,j h% le 1] j=12,...,N, — 1.

From Eqgs. (14) and (15) it follows that

UM = SU* + F (16)
where

S=(E+017A1)  (E— (1 — 03)TA) (E + 037Ar) " (E — (1 — o) TAy),

F = t(E+ o1ta) [oa(E — (1= 02)7A) (E + 0s) T P2 4 (1= o)1),

We assume that the existence of the matrices (E + o rA1)_1 and (E + O’ztAz)_l is ensured by the formulation of the
considered two-dimensional differential problem and the proposed finite-difference scheme.

2.3. Spectral structure of the matrix S

The spectral structure of finite-difference and differential operators with nonlocal conditions are investigated by many
authors (see, e.g., [25-29] and references therein). Papers [17,30,31] deal with the eigenvalue problem for the matrix (—A;)
in general or special cases of functions «(x) and B(x). Depending on the values of parameters y;, y; and the expressions of
functions «(x), 8(x), the eigenvalues of the matrix (— A1) can be both positive or non-positive real numbers and complex
numbers with positive or non-positive real parts (see [17,30,31]).

It is well-known (see, e.g., [23]) that all the eigenvalues of the matrix (— Az) are real, positive and algebraically simple:

4 2 j?T h2 .
Aj(— Az)_—zm —, j=1,2,...,N; — 1. 17)
hs 2
Hence, the matrix A; is a simple-structured matrix (i.e., all the eigenvalues of the matrix are distinct) as a Kronecker product
of two simple-structured matrices, and its eigenvalues A (A,) are real and positive numbers. Let us denote

4 2 (Ly = hy)m
A, = maxA(Ay) = max A]( Az) = Any,—1(— Az) = —sin® ————.
*(A2) 1<<N2 1 h 2

If Ay is a simple-structured matrix, then S is a simple-structured matrix, too. The eigenvalues of the matrix S can be expressed
by the formula

(1— (1 =0oDTA(AD)(1 = (1 = 02)TA(AY))
(14 017A(A)) (1 + 02TA(A2))

A(S) = (18)
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2.4. Analysis of the stability

Let us recall some facts related with the stability of the finite-difference schemes [17,23,32].
We know (see [23]) that a sufficient stability condition for the finite-difference scheme (16) can be written in the form

ISl <1+ cot,

where a non-negative constant ¢y is independent on t and hy, h,. Since in our case the matrix S is nonsymmetric (this
property is typical for problems with nonlocal conditions), the norm ||S|| can not be defined as spectral radius p(S).

Let us assume that S is a simple-structured matrix, i.e., all the eigenvectors of the matrix S are linearly independent. Then
it is possible to define the transformed matrix norm [17]

IBIl. = IIP~"BP oo,
which is compatible with the vector norm
VI = 11P™'Vloo,

where the columns of the matrix P are linearly independent eigenvectors of S,

m
IBloo = max » "Ibyl,  [[Vlle = max [vy,
1<i<m = 1<i<m
m is the order of the matrix B = (b,-j)f}:l and vector V = (vq, va, ..., vy)'. The matrix P~'SP is diagonal matrix and its

elements are eigenvalues of S. As a result, the norm ||S ||, is equal to the spectral radius of S:
ISl = IP7'SPloc = p(S).

Such definition of transformed matrix norm || - ||, was formerly used to analyse the stability of the finite-difference schemes
(see, e.g.,[17,18,31]) and to investigate the convergence of iterative methods for solution of finite-difference schemes with
nonlocal conditions (see, e.g., [25]).

Therefore, we will use the stability condition p(S) < 1in the analysis of the stability of the finite-difference scheme (16).
This condition ensures the stepwise stability of the scheme [32]. We recall that the finite-difference scheme (16) is called
stepwise stable if for all fixed T and hy, h, there exists a constant C = C(t, hy, hy) such that |Ui’j?| <(Ci=0,1,...,Ny,
j=0,1,...,N,k=0,1,....

Let us assume that A, is a simple-structured matrix. Under this assumption we prove several statements related with the
stability of the finite-difference scheme (16).

Theorem 1. If all the eigenvalues of the matrix A, are real and non-negative numbers, then the finite-difference scheme (16) is
stable under the constrains

.1 1 L1 1 19)
01> 0] == — , oy >0, = - — —.
TN T T ey 27T T A,

Proof. From Eq. (18) it follows that

1— (1 —o01)TA(A1)
]+01I)\,(A])

IAS)] =

‘ 1—(1—-02)TA(A2)
|1+ outh(Ay)

Thus, we conclude that p(S) < 1, if conditions (19) are fulfilled. O
Now let us assume that some of the eigenvalues of the matrix A; are conjugate complex numbers and denote them by

A(A1) = ReA(Aq) £ ilmA(Aq).

Theorem 2. If ReA(A1) > O for all the eigenvalues of the matrix A1, then the finite-difference scheme (16) is stable when

. 1 1  Rei(Ay) . 1 1
01 >0 == — —min , 02>0) == — —. (20)
2 T MAp) |)\.(A1)|2 2 TAy
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Proof. From Eq. (18) we have

|}\,(S)|2 _ ’1 — (1 — 0'1)T}\(A])

2 11— (1=0m)TtA(A) |?
1+O’1T)\.(A1)

1+ O’2'L')\.(A2)

1—(1—o01)t(Rer(A) £ ilmA(Ay))
1+ o017 (ReA(Ay) £ ilmA(Ay))

2 2
1—(1—02)TA(A2)
1+ O’zf)\,(Az)

(1= (1= onTRer@n)” + ((1 = o Timi(An)” ‘ 1= (1= op)TA(Ay) P
(1+ o1tRer(A)” + (01 TImA(AY)) 1+ 027 (A2)

Now we can conclude that p(S) < 1 under conditions (20). O

Corollary 1. If o1 = 0, = o and all the eigenvalues of the matrix A, are real and non-negative numbers, then the finite-difference
scheme (16) is stable when o > o* = max{o;, 05}, i.e. when

L1 1 (11
o>0"=—-——miny——, — . (21)
2 p(A1) " A,

Corollary 2. If 01 = 0, = o and Re,(A;) > O for all the eigenvalues of the matrix A1, then the finite-difference scheme (16) is
stable when o > o* = max{o;, 0}, i.e. when

1 1 ReA(A 1
* min:min g, —} (22)
aa) [AADIET Ay

The following corollaries state the sufficient conditions for the stability of LOD (07 = 02 = 1), ADI (647 = 0, = 1/2) and
fully-explicit splitting (o7 = o, = 0) finite-difference schemes.

Corollary 3. If all the eigenvalues of the matrix A, are real and non-negative numbers, then for 01 = 0y = loro; =03 = 1/2
the finite-difference scheme (16) is unconditionally stable and for o1 = o, = 0 it is stable under condition

1 1
T <t =2min{ ——, — . (23)
p(A1) Az

Corollary 4. If ReA(A1) > 0for all the eigenvalues of the matrix A4, then for o1 = 0o = 10r 01 = 0, = 1/2 the finite-difference
scheme (16) is unconditionally stable and for o1 = 05 = 0 it is stable under condition

. ) { . ReAr(Ap) 1 }
T < 77 = 2min{ min ,— (-
A [AADIET Ay

(24)

We note that if all the eigenvalues of the matrix A; are real and non-negative numbers, then conditions (19), (21), (23)
coincide with conditions (20), (22), (24), respectively.

Since the eigenvalues of the matrix A; coincide with the eigenvalues of the matrix (— A1) and they are multiple, the
main point of the analysis of the stability of the finite-difference scheme (16) is to investigate the spectrum of the matrix
(— A1) and to verify whether (—A) is a simple-structured matrix and A;(—A) > OorReA;(—A) > 0,i=1,2,...,N;— 1.
Together with satisfaction of some of constraints (19)-(24), the non-negativity of the eigenvalues A;(— Al) or thelr real parts
Re;(— A1) ensures the stability of the finite-difference scheme (16), but, as noted in [22], the scheme can be stable even if
the matrix (— A1) has a negative eigenvalue or a complex eigenvalue with a negative real part.

3. Numerical experiments

3.1. Technical details

In order to demonstrate the efficiency of the considered numerical method and practically justify the stability analysis
technique, several test problems with different types of weight functions «(x) and B(x) were solved. Functions f (x, y, t),
w1y, £), ma(y, £), w3, t), wa(x, t) and p(x, y) were chosen so that particular functions u(x, y, t) would be solutions to the
differential problem (1)-(5). We also used results related with the structure of the spectrum of the matrix (— A7) which
were obtained in papers [17,30], where the corresponding one-dimensional problems have been investigated.
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72 V2

Fig. 1. The dependence of log;, [ ¢l|¢, on the values of parameter y; in cases of (a) LOD method and (b) ADI method (Example 1). The dash-dot and solid
vertical straight lines denote the lines y, = %, and y» = v, respectively.

a 350 b 350
300 300
250 250
200 200
& 10 & 150
100 100
50 50
0 0
~50 ~50
—40 20 0 20 40
M "N

Fig. 2. The dependence of logy, €|, on the values of parameters y; and y; in cases of (a) LOD method and (b) ADI method (Example 2). The dash-dot
and solid straight lines denote the lines y; + y» = 2 and y; + y» = y*, respectively.

In this paper, we present the results of the numerical analysis of three test examples with different expressions of
functions «(x) and B(x). In all the examples, functions f (x, y, t), 1 (¥, t), u2 (¥, t), u3(x, t), wa(x, t) and ¢ (x, y) were chosen
so that the function

ux,y, ) =x> +y>  +
would be the solution of the differential problem (1)-(5) formulated in a unit square (L, = L, = 1),i.e,

f&x,y,t) = =3Q2x+2y — ),

1
mmo=f+ﬂ—mfaww+f+ﬁm
0

1
mmnzrwﬂﬁ—n/ﬂww+f+ﬂm
0

psx, ) =X+, pax ) =x+1+1¢,
P, y) =X+,
All numerical experiments were performed with t = 1074, h; = h, = 1072, T = 2.0 and with different values of

parameters Y4, s, if it is not mentioned otherwise. To estimate the accuracy of the numerical solution, we calculated the
maximum norm of computational error,

||€||Ch = MaX max |Uk — u(xivyj7 tk)|,
0<k<M o<isNy U
0<j<Ny
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Fig. 3. The dependence of log,, ||¢||c, on the values of parameters y; and y; in cases of LOD method (left) and ADI method (right) (Example 2): (a) y; = 0,
(b) 2 = 0,(c) y1 = y» = y. The dash-dot and solid vertical straight lines denote the lines (a) y» = 2and y, = y*,(b)y1 =2and y; = y*or(c)y =1
and y = y*/2, respectively.

Note that
min min u(x,y,t) =u(0,0,0) =0,

0<t<T O<x<lx
O<y<ly

max max u(x,y,t) =u(l, L, T) = 10.
0<t<T O<x<lx
O<y<ly
The finite-difference scheme was implemented in a stand-alone C application [33]. Numerical experiments were performed
using the technologies of grid computing [34].
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Fig. 4. The dependence of logy, ]|, on the values of parameters y; and y; in cases of (a) LOD method and (b) ADI method (Example 3). The dash-dot
curves denote the branches of the hyperbola (25).

Similar as in paper [26], for the numerical analysis of the spectrum of the matrix S, MATLAB (The MathWorks, Inc.)
software package [35] was used. The eigenvalues of the matrix (—A) were calculated numerically. Then all different
eigenvalues of the matrix S were calculated using expressions (17) and formula (18).

In next subsections we will consider three test examples with different functions « (x), 8(x) and investigate the stability
of LOD and ADI methods for the corresponding two-dimensional differential problems. The influence of conditions (19)-(24)
will be considered in a separate subsection.

3.2, Example 1: ¢ (x) =0, B(x) = x

This example corresponds to the differential problem with classical boundary conditions (2), (4) and one nonlocal integral
condition (3). In this case, all the eigenvalues of the matrix (—A) are real, non-negative and algebraically simple when
Y2 < 2 = 3 —3h3/(2 + h?) (3 ~ 2.99985, when h; = 1072), and there exists only one negative eigenvalue when
y5 > P, [17]. The numerical analysis of the spectrum of the matrix S shown that all the eigenvalues of the matrix S hold
property |[A(S)| < 1when y, < y;; where y;° &~ 4.58114 in the case of the LOD method and y; ~ 4.58243 in the case of
the ADI method.

Fig. 1 presents the dependence of logy, |||, on the values of parameter y;. In cases of both the LOD and ADI methods,
the values of ||¢||c, grow slowly when 5 < y, < y;° and the growing becomes extremely fast when y, > y,". The case
of y, = 0 corresponds to the differential problem with classical boundary conditions and it is known [23] that the both
methods are stable in this case.

3.3. Example 2: a(x) = const, (x) = const

Let us assume that ¢(x) = 1 and B(x) = 1. Preliminary results on the stability of ADI, LOD and fully-explicit splitting
finite-difference schemes for the differential problem (1)-(5) with @(x) = 1 and B(x) = 1 have been presented in
papers [36-38]. The eigenvalue problem for the corresponding matrix (— A1) is investigated in paper [30]. When y;+y; < 2,
then all the eigenvalues of the matrix (—A;) are real and non-negative numbers. If y; + y, > 2, then there exists one and
only one negative eigenvalue of the matrix (— A1). From the results of the numerical analysis of the spectrum of the matrix S
it follows that absolute values of all the eigenvalues of the matrix S are less than 1 when y; +y, < y*, where y* &~ 3.42366
in the case of the LOD method and y* ~ 3.42489 in the case of the ADI method.

The dependence of logy, |||, on the values of parameters y; and y;, are depicted in Fig. 2. We see how the norm ||¢||c,
grows when y; + ), becomes greater than y*.

Ify; =0,y # 0ory; # 0, y», = 0, then conditions (2) or (3) become classical boundary conditions. From Fig. 3((a)
and (b)) we see that in these cases the norm | ¢]|¢, starts to grow when 2 < y, < y*or2 < y; < y*, and the growing
becomes extremely fast when y, > y* or y; > y*. The similar situations appear with y; = 5, = y,when1 < y < y*/2
and y > y*/2 (see Fig. 3(c)).

34. Example 3:a(x) = 1+x, B(x) =1 —x

In this case, the spectrum of the matrix (—21) has a more complicated structure than in previous examples. Indeed,
depending on the values of y; and y;, both real and complex numbers can be the eigenvalues of the matrix (— A1) [17]. In
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paper [17] also it is noted that all real eigenvalues of the matrix (—711) are non-negative when points (y4, y») are located

anywhere between two branches of the hyperbola

yiv2(1+203) + yi(A—h) + (1 —h) —6 =0

(25)

or belong to it. However, the existence of complex eigenvalues of the matrix (—21) in this particular (¢(x) = 1+ x,

B(x) = 1 — x) or in the general case still remains an open problem.
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The dashed straight lines denote the lines oy = o and 0, = o7

Without a comprehensive description of properties of the spectrum of the matrix (—711) (see [17] for more details), in
Fig. 4 we present the values of log, ||¢||¢, for different values of the parameters y; and y,. We see that the finite-difference
scheme is stable when the parameters y; and y;, belong to almost all the region between two branches of the hyperbola (25)
except the part near one of the half-branches (see quadrant in the southeast direction from the origin of coordinates in Fig. 4)
where the instability of the finite-difference scheme is observable. The finite-difference scheme also becomes unstable when
the parameters cross the hyperbola and get into one of two other regions outside the branches of the hyperbola.

The results of numerical analysis of the spectrum of the matrix (— A;) show that when the parameters y; and y, belong to
the above mentioned region near one of the half-branches of the hyperbola (25), there exist conjugate complex eigenvalues
with negative real parts which transform into two negative or into one negative and one positive real eigenvalues as
parameters vary. The similar properties of the spectrum of a particular quasi-tridiagonal matrix were observed in paper [26].

Similarly as in the previous example, from Fig. 5((a) and (b)) we see that in case when only one of conditions (2) and (3)
are nonlocal (y; = 0 or y, = 0), the norm ||¢||¢, grows fastif y, > % = 6/(1—h3) ory; > y1 = 6/(4—h?) (1 ~ 1.50038
and 7, A 6.00060, when h; = 1072).If y; = 3, = y, then the norm | & I, starts to grow when y decreases in the region
y <y =—6/(1+2h?) (y ~ —5.99880, if h; = 1072) or y increases in the region y > 1 (see Fig. 5(c)).

3.5. Additional remarks

The influence of conditions (19)-(24) for the stability of the finite-difference scheme (16) was also investigated. We
present the numerical results obtained with y; = —y, = 1 and with various values of o4, o, or 7 (the values of other
parameters are the same as mentioned previously). When y; = —y;, = 1, then all the eigenvalues of the matrix (— A1) are
real, non-negative and algebraically simple numbers in all three considered cases.

The values of p(A1), o, 05, o*, T* in all three examples are presented in Table 1. The values of o* and t* coincide in
cases of Example 2 and 3, since in these cases

{ 11 ] , { _ Rer(d;) 1 } 1
n ,— ¢ =min{min ————=, — ! = —.
p(A1) Ay ran |A(AD12T Ay Ay
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Table 1
The values of p(A;), o, 0, 0, 7* in cases of Examples 1-3 (y; = —y» = 1); A; = 3.999013120731463 - 10,
Example 1 Example 2 Example 3
p(Ar) 3.999013170072345 - 10* 3.999013120731456 - 10* 3.999013022046018 - 10*
of 2.499383079096213 - 107" 2.499383048242935 - 107! 2.499382986534089 - 107!
oy 2.499383048242940 - 107! 2.499383048242940 - 107! 2.499383048242940 - 107!
o* 2.499383079096213 - 107! 2.499383048242940 - 10! 2.499383048242940 - 10~}
* 5.001233841807574 - 107> 5.001233903514120 - 10~° 5.001233903514120 - 107>

From Figs. 6-8 we can see that in all three cases the norm ||¢]|¢, is quite small when o1 > 0,02, > 05,0 > o* or
T < t*. We note that the constraints (19)-(24) are quite precise.

4. Conclusions

We developed a weighted splitting finite-difference scheme for the two-dimensional parabolic equation with nonlocal
integral conditions. Applying quite a simple technique allows us to investigate the stability of the method. The technique is
based on the analysis of the spectrum of the transition matrix of a finite-difference scheme. We demonstrate that depending
on the parameters of the finite-difference scheme and nonlocal conditions the proposed method can be stable or unstable.
The results of numerical experiments with several test problems justify theoretical results.

The proposed weighted splitting finite-difference scheme can be generalised and the same stability analysis technique
can be applied in case of two-dimensional parabolic equation with more general integral or other type of nonlocal
conditions.
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