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Abstract ( )
This paper is concentrated on an investigation around a numerical scheme that gives us more precise approxima-
tions of the analytic solutions of nonlinear systems of two-dimensional integral equations in comparison with some
other numerical strategies cited in the literature during recent past years. In this way, the Lagrange interpolation
function together with the Legendre-Gauss quadrature formula are chosen to reach our aim. As will be observed,
this method enables us to transform under study nonlinear systems of integral equations into the corresponding
nonlinear algebraic systems and consequently, with the help of some standard numerical procedures such as the
Newton’s method for solving matrix forms of the nonlinear algebraic equations, the solutions of the obtained non-
linear algebraic systems will be obtained. The advantage of the method is that it requires relatively few collocation
points to obtain a relatively small error and does not require the calculation of integrals. Thanks to these advan-
tages, we expect to reach small and smaller error bounds for the approximated solution of the two-dimensional
integral equations that is presented in frame of the convergence analysis. At the end, some illustrative numerical
applications are given to justify the practical efficiency of the proposed collocation technique to numerically solve
the system of two-dimensional nonlinear integral equations.
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1. INTRODUCTION

In view point of the mathematical sciences connected with the dynamical systems, one can translate the nonlocal
differential equation systems into their equivalent systems of the local integral equations. On the other hand, system of
integral equations appears in various fields of science and engineering disciplines [1, 17, 20, 43]. In this position, we can
concentrate ourselves into a very serious issue that is most of time, obtaining the analytic solutions of these dynamical
(differential /integral) systems is.a very complicated process and even it maybe impossible. In these situations we
attempt to get help from numerical techniques that enable us to extract an approximation instead of the analytic
solutions. So, this is logically reasonable that every where we are dealt with the approximation, we have to expect
to present more and more accurate numerical schemes that give us possibly the best approximated solutions that
are preferred substitution items in our analysis. Here, we are in the approximation theory authority where each
appropriate function can be represented by linear combinations of the special families of the simple and fundamental
functions. In view point of the function spaces, generally these families are known as the basis of the related function
spaces.

We consider the nonlinear systems of two-dimensional Volterra-Fredholm integral equations in general form as

Vi(s,t) =F(s,t) + /Ot /01 K(s,t,0,7)h(V(o,7))dodr, (s,t) € Q:=[0,1] x [0,1], (1.1)
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and also nonlinear system of two-dimensional Volterra and Fredholm integral equations of the forms

V(s,t) = F(s,t) —l—/o /OSK(S,t,O', 7)h(V(o,7))dodr, (s,t) € €, (1.2)

V(s,t) = F(s,t) —l—/o /0 K(s,t,0,7)h(V(o,7))dodr, (s,t) €, (1.3)

kij(s,t,0,7)
ii=1,...,

sufficiently smooth and h(V (o, 7)) = (h1(V(0,7)),. .., ha(V (o, T)))T is nonlinear in V (o, 7) where V(s,t) = (vi(s,t),

oy vd(s, t))T is the unknown vector solution to be determined.

In the past decades, several numerical techniques and basic functions have been devoted to estimate the solution of
system of one-dimensional integral equations such as modified homotopy perturbation method [18], semiorthogonal B-
spline wavelet collocation method [38], collocation approach [11, 37], analytic method [42], rationalized Haar functions
method [27], discrete collocation method [35], Bernstein polynomials and hybrid Bernstein Block-Pulse functions
[16], Hybrid Legendre Block-Pulse functions [39] and hat basis functions [7]. Also, in recent years, a variety of
numerical methods have been developed for solving multi-dimensional integral equations [4, 5, 10, 19, 29-31, 33, 34].
Several representative approaches are summarized as follows. In [8], a set of two-dimensional orthogonal triangular
basis functions was employed to approximate the solutions of nonlinear two-dimensional integral equations. A block-
by-block approach for obtaining numerical solutions of nonlinear two-dimensional Volterra integral equations was
presented in [32]. Based on the Haar wavelet, a numerical technique for solving two-dimensional nonlinear Fredholm,
Volterra, and Volterra—Fredholm integral equations of the first and second kinds was introduced in [3]. A discrete
collocation method utilizing radial basis functions for nonlinear two-dimensional Volterra—Fredholm integral equations
of the second kind was discussed in [21]. The Bernoulli operational matrix method for solving Hammerstein-type
nonlinear two-dimensional Volterra—Fredholm integral equations was investigated in [9]. In [28], a hybrid functions
approach was applied to handle two-dimensional nonlinear, Volterra—Fredholm integral equations, while the Taylor
collocation method was adopted in [22] to address both linear and nonlinear two-dimensional integral equations. In
comparison, only a few studies have addressed numerical approaches for solving nonlinear systems of two-dimensional
integral equations [6, 14, 26]. In [6], Hes homotopy perturbation method was employed to solve nonlinear systems
of two-dimensional Volterra-Fredholm integral equations. Ghasemi et al. [14] proposed an analytical technique for
obtaining the solutions of such systems.

On the other hand, the Lagrange interpolation collocation method has attracted considerable attention due to its
high accuracy and capability to handle irregular domains [2, 12, 36, 40, 45, 47]. The corresponding interpolation
formula exhibits excellent numerical stability and can achieve machine-precision approximation for arbitrary smooth
functions. Moreover, extended numerical techniques derived from Lagrange interpolation have been successfully applied
to the numerical solution of partial differential equations [24, 46], nonlinear integral equations [23, 25], and time-varying
delayed differential systems [44], among others. Among various quadrature techniques, the Legendre—Gauss quadrature
formula is one of the most widely employed for solving integral equations. Motivated by these advantages, we aim to
develop a numerical scheme that combines the Lagrange interpolation function with the Legendre—Gauss quadrature
formula.

The main goal of this paper is to discuss nonlinear systems of two-dimensional integral equations. Under certain
conditions, the existence and uniqueness of a solution to these equations will be proved by using the Banach fixed
point theorem. After some suitable linear transformations, a discrete collocation method based on Gauss quadrature
formulas and Lagrange interpolation function will be constructed to solve the nonlinear system of Volterra—Fredholm,
Volterra and Fredholm integral Egs. (1.1)—(1.3). Then, the error bound and convergence analysis of the proposed
method will be given. Finally, the numerical results of some examples will illustrate the effectiveness of the method.
It is worth noting that the proposed method utilizes the Gauss-Legendre quadrature formula to approximate the
integrals without directly calculating any integral. In comparison with the methods in the literature, our method has
simple and easy convergence analysis and achieves desired accuracy by using appropriate values of M and N.

(=)=
E)NE

where the kernel matrix K(s,t,0,7) = ( d > and F(s,t) = (fl(s,t),...,fd(s,t))T, with d > 2 are
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2. EXISTENCE AND UNIQUENESS OF THE SOLUTION

First of all, for a matrix function
a;j(s,t,0,T)
A(s,tyo,r)=| i=1,...,1
G=1,.,J
using matrix norm || - ||eo, we define the following norm
||aij(3,t7U7T)Hoo
i=1,...,1
j=1..,J

[A(s,t,0,7)loo

oo

max {EJ: sup { max |aij(s,t,a,7)|}}, (2.1)

ISist L (s (e

using the norm on the space of sufficiently smooth functions on 2. Wherever no ambiguity arises, we will use the
symbol || - ||« to denote all three matrix norms, real-valued function norm, and matrix function norm. In case of
ambiguity, we specify the type of norm.

In order to describe the key ideas without having to resort to complex notations; we will consider the system (1.1)
with d = 2. Consider the following hypothesis

(i) v; : 2=10,1] x [0,1] = R, (i = 1,2), are continuous functions,
(i) kij: Q* > R, (4,5 = 1,2) are continuous and there exist constants K;; > 0 in a such way

K;; = sup { max |k;;(s,t,0,7)] } <oo, 4,7=1,2.
(S,t)GQ (O’,T)ESZ

(iii) h1,he : Q@ — R are continuous and there exist real nonnegative constants ¢;, (j = 1,2) such that
171 (V1) = B (V) [, < ar Vi = Vol
th(Vl) —hg(Vg) SQQ ||V1 _V2||oo7 Vl,Vg €R2.

I

HOO

Theorem 2.1. Assuming that the conditions (i)-(iit) hold, and Z?zl Kijq; < 1,(i =1,2). Then, there is only one
solution for Eq. (1.1).

Proof. Let

(GV)(s,t) = F(s,t) —l—/o /0 K(s;t,0,7)h(V(s,t))dodr,

Since h1(V(o,7)),h2(V(o,7)) € C(Q x R), therefore G is a continuous mapping of C(Q) into C(Q2). Now, for
V1,V3 € C(£2), we have

[GV1 —GVall

t 1
/0 [ K(s.t.0.7) (Vi (5.1)) = B(Vals, 1) dodr

oo

IN

/O/O K(s,t,0,7)|[h(Vi(s,1)) — h(Vs(s, £))|dodr

K1 Kio g1 O

< V-V

N ( Ko Kz ) ( 0 @ ) Vs 200”
Kinq Ki2g2

< V-V .

- ( Korgi Ka2qz /|| IV 2l

Consequently, by assumptions Z§=1 Ki;q; < 1,(i = 1,2), operator G is a contraction mapping and the nonlinear
system (1.1) has a unique solution. O

(&)
ENE

o0

o0
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3. IMPLEMENTATION OF THE NUMERICAL METHOD

This section provides a thorough theoretical examination of the numerical method that relies on approximating
solutions of the different categories of nonlinear system of two-dimensional integral equations using two-dimensional
Lagrange interpolation, collocation method and numerical integration. It is important to note that the numerical
approach will be applied to systems with dimension d = 2, and the unknown vector function V (s, t) € L2([0, 1] x [0, 1])
is a solution that can be expressed as

V(s,t) = (v1(s,),va(s, 1)) "

3.1. System of two-dimensional nonlinear Fredholm integral equations. We consider again the system of
two-dimensional nonlinear Fredholm integral equation

V(s,t) = F(s,t) —I—/O /0 K(s,t,0,7)h(V(o,7))dodr, (s,t) € Q. (3.1)

First of all, in order to use the numerical integration formula, we need to transform the integrals over [0,1] to the
integrals over [—1, 1] using the following linear mappings

14z t_1+y

= —-1,1
S 2 ) 2 ) x7y e [ 3 ]’
14+¢ 1+n
= = —1,1].
o B) , T 9 5 fﬂ? € [ 3 ]
So, Eq. (3.1) converts to the following equation
1
Ule) = Glag) + [ [ @{o.&n) (U m)ded (32)
—1J1
where
1+z 1+y
U(z,y) =V -y
(J:7 y) ( 2 ) 2 ) 3
14+2 1+y
G =F —
@ =F (5551,

2 2 727 27 2

1+¢ 147
mwen) = (v(5557).
In order to discretize Eq. (3.2); the first step is to identify an appropriate collocation points system. Here we use
the zeros of first kind Chebyshev polynomials over the interval [—1, 1], that is we will use (M + 1)(IN + 1) collocation
points

1\2 1 1 1 1
@(a:,y,g,n)_<)K< +x 1+y 1+¢ +77),

B 2i+1 25 +1 . .
(x:,y;) = (COS(2M+27T),COS<2N+27T>>, 1=0,1,....M, j=0,1,...,N.

Imposing the above collocation points into the Eq. (3.2), we arrive at the following nonlinear system:

1 1
—-1J-1

In this position, we approximate the integrals in recent nonlinear system using the Gauss-Legendre quadrature formula,
yields the following nonlinear algebraic system:

N M

U(.Ti, yj) = G(mia yj) + Z Z wlwk)@($i7 Yi, gka nl)H(ﬁ(fkv 771))7 (34)
=0 k=0

[c [m]

(o] ¢ ]
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such that & and 7); denote the zeros of the Legendre polynomials having orders M 4+ 1 and N + 1, respectively. Also,
wy, and w; stand for the corresponding weights. Then, we commence with Ip;n[U](x,y) to indicate the approximate
value for U(z;,y;) as

Lun[O)(,y) = (Iuwlan) (@, y), Inw[ie) (2,9)) (3.5)

in which, each component takes the following form

IMN ul X y Z ZE ul(xmayn)

n=0m=0

Ivnlis)(z,y) Z Z b, Y) a2 (T, Yn),

n=0m=0

where ¢,,,(z), £, (y) are well-known Lagrange polynomials. Combining Egs. (3.4) and (3.5), we will have

U(zi,yj) = G(z4,y,) + Z Zwlwkq)(xi,yj,fk,nl)H(IMN[ﬁ](gkml)). (3.6)
1=0 k=0

The aforementioned nonlinear algebraic system gives (M + 1)(N + 1) nonlinear algebraic equations in hand, with
(M + 1)(N 4 1) unknowns to be identified precisely. To this aim, we use the Newton’s iterative method to solve
nonlinear system (3.6). Afterward, the approximated solution Ip;n[U] of Eq. (3.2) will be characterized exactly from
Eq. (3.6), and the approximate solution V y;n(s,t) of Eq. (3.1) can be obtained by Vyn(s,t) = IMN[G](QS—L 2t—1),
where

Vi (s,1) = (v (5,0), 01 (s,1))

3.2. System of two-dimensional nonlinear Volterra integral equations. In this section, we are dealt with the
nonlinear system of two-dimensional Volterra integral equations of the second kind. We reduce this system into a
nonlinear system of algebraic equations by the same method presented in Section 3.1. For this purpose, we consider
desired nonlinear system of two-dimensional Volterra integral equations that will be evaluated later in this section, as

V(s,t) = F(s,t) +/0 /OSK(s,t,a, T)h(V(o,7))dodr, (s,t) € Q. (3.7)

Similar to the previous section, in order to use the numerical integration formula, we need to transform the integrals
over [0, s|] and [0, t] to the integrals-over [—1, 1] using the following linear transformations

1+ t_1+y

= —-1,1
5 5 3371/6[ ) ]7
1+¢ 1+n
= 2 y T = 2 ) fE [_171"]7 ne [_13:(]]

then (3.7) is converted as the following equivalent equation

U@w=G@w+/?ﬁF@w@®HW@mM@m (3.8)

where the vector functions U, G and ® are given like previous section.

Next, we shall impose the collocation system of the points (z;,y;), ¢ =0,1,2,...,M, j=0,1,2,..., N, that are the
zeros of the first kind Chebyshev polynomials over the interval [—1, 1], as previous section. In this case, we reach the
following nonlinear two-dimensional semi-discretized system:

Uz, y;) = G(xs,y5) + /_ylj /_T1 ® (2,95, & n)H(U(E, n))dédn, (3.9)

(&)
ENE
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Now, in order to obtain a nonlinear algebraic system, we need another step to fully discretized the semi-discretized
system (3.9), that is we have to transform the integration intervals [—1,x;] and [—1,y;] into the new symmetric
integration intervals [—1,1]. To this aim, we make use the following linear mappings:

1+ 2 -1
€ = &(2:,0) = 2‘”9#”2 L 6el-1,1],
1+y; Y —
n=nly;p)=—"p+ 5= pel-1L1].

After implementing all of the above mentioned settings, the Eq. (3.9) is transformed into the following secondary
semi-discretized nonlinear system:

11
where
O(z,y.6,m) = ! ;xHTy@(x,y,f,n)-

In this position, it is the Gauss-Legendre quadrature rule that is needed to apply in the nonlinear system (3.10) to
reach the following nonlinear algebraic system:
N M

U(zi,y;) = G(xi,y5) + Z szwk‘b(xi7yj7§(ﬂ% Or),n(y;, o) ) H(U(E(z4, 0), n(y;, 1)), (3.11)
1=0 k=0

where the quadrature nodes {Qk}gio and {pl}f\io are the zeros of Legendre polynomials of orders M + 1 and N + 1,

respectively and wy and w; are the corresponding weights. Similar to the previous section, thanks to the approximation

(3.5), we get

U(zi,y;) = Gwi,y;) + > wiwe® (i, y5, E(2as 00y n(y;, 20))H (I [T (€ (i, 0x), n(ys 1)), (3.12)
1=0 k=0

which is a nonlinear system of algebraic equations.  To solve the above system, we apply the Newtons iterative

technique to calculate all of the unknown parameters precisely, that is the approximated solution In;n[U] of Eq.

(3.7) will be obtained from Eq. (3.12), and the approximate solution Vs (s,t) of Eq. (3.7) can be resulted by

3.3. System of two-dimensional nonlinear Volterra-Fredholm integral equations. As will be seen, since in

this section we are dealt with the nonlinear system of two-dimensional mixed Volterra-Fredholm integral equations

V(s,t) =F(s,t) + /Ot /01 K(s,t,0,7)h(V(o,7))dodr, (s,t) € Q. (3.13)

so this section can be considered as an extension of the previous sections. By using the relevant linear transformations,
we will get the following system over [—1, 1],

Yy 1
Ulz,y) = G(a,y) + [ 1 [ @y &) H(U(E ) ded, (3.14)

where the vector functions U, G, ® and H are given as in section 3.1. Then, Eq. (3.14) at collocation points (z;,y;), ¢ =
0,1,2,...,M, j=0,1,2,..., N, can be written as

yi 1
U(zi,yj) = G(z4,9,) +/ / ® (24, y5,&,n)H(U(E, n))dédn. (3.15)
-1J-1
In this position, by using the linear mapping
1 + Y; Yi —
n=mnly;p) = —5—p+ =5 pel-L1].

(=)=
E)NE
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Eq. (3.15) is transformed into the following semi-discretized nonlinear system:

1
U(xmyj) :G(xlayj)+[1 [1(I)(xlvy]agvn(yjap))H(U(gvn(yjap)))dgdpa (316)
where

- 1+
(I)(‘T7y7£a 77) = qu)(xa y,fﬂ?)

Replacing the integrals on the right by the Gauss-Legendre quadrature formula and disregarding the quadrature errors,
obtains

N M
U(wi,y) = Gli,y;) + > Y wiwe® (i, y5, &0y, p0) ) H(T Gy, 1)), (3.17)
=0 k=0

where ﬁ(mi,yj) is the approximation for U(z;,y;), {fk}]k\/jzo , {pl}l]\io are quadrature nodes and wy,w; are the corre-

sponding weights.

Now, thanks to the Eq. (3.5), we get

U(xia yj) = G(xla yj) + Z Z wlwk(p(xia Yj, fka ”7(ij Pl))H(IMN [U] (é'k) n(yja pl)))7 (318)
1=0 k=0

which is a nonlinear system of algebraic equations. By solving the above system by a suitable method such as Newton’s

iterative method, the approximate solution of (3.13) can be obtained by taking Vn(s,t) = Inn[U](2s — 1,2t — 1).

4. CONVERGENCE ANALYSIS AND ERROR ESTIMATE

In this section we finalize the main theoretical results of this paper. To this end, we present an error bound for
the approximated solutions of the two-dimensional nonlinear Volterra-Fredholm integral equations system (3.13). We
first review some lemmas of the interpolation approximation which make up the main errors of the proposed method.

1+2 1
Lemma 4.1 ([13]). Suppose that u(z,y) = v <—J2r—,¥
[—1,1)% and Inn[ul(z,y) is the interpolating polynomial to u at points (x;,y;). Then, for o,7,6,7 € [0,1], the
following interpolation error bound is satisfied:

2
= Ingw oo < Cim f Com n Csm
2M+3(M_|_1)M+1 2N+3(N+1)N+1 2M+N+6(M+1)M+1(N+1)N+1’

> stands for a sufficiently smooth function defined on

where

oM+1y(a,t)
DsM+1 ’

7,T)
OsM+1H¢N+1

Cy1 = sup { max
tef0,1] Lo€l0,1]

Cy = sup { max
86[0,1] TE[O,H

ON*tly(s, 1)
OtN+1

8M+N+2’U(

C3 = sup { max
° (s,t)eq L(6,7)eQ

b

1
Lemma 4.2 ([41]). Let Q(f) = / f(x)dz. Then the error by the Gauss-Legendre quadrature formula, Qn(f) =
~1

Z?;O w; f(x;) approximating Q(f) is given by

2NFL(NDZ(T(N +1))2fCN)(€)

Ry (f) =Q(f) = Qn(f) = (2N + 1)(2ND2(T(2N +1))2

§e(-1,1). (4.1)

(&)
ENE
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Theorem 4.3. Assume that the conditions (i)-(iii) hold for the system (3.13) with d = 2, let U(z,y) be the ex-
act solution of Eq. (3.14) and Ipn[U](z,y) be the approzimate solution obtained by presented method (3.18). If
2

(mzlné Kijqj) < 1, then we have the following error bound
1= bl .

2

~ o QT Q3T
[t~ tun (Ol )|, < Sy sy + Fveg iy + G TR T

;(%imﬂj)uam UE )l + 1(maxZK”qJ) IR (U(E, ) o

- ( Kijt;)
mZ 49
j:

where
2MH(MNAT(M +1))> *MU(E,y)
Ru(Uew) =Garrnesmerer+ ) ae 0 S €LY
22N+ N')Q(F(N+ 1))? 82NU(€,77)

Proof. Multiplying both sides of Eq. (3.18) by ¢;(z)¢;(y) and taking summation over ¢ =0,1,...,M, j =0,1,..., N,
we derive the following equation:
N N M
Iy |[Ul(z,y) = Iun[G](z,y) + ZzwlwkIMN (2,9, & 0y, p0) ) (Inen [0 (6, 0 (y5. 21)))- (4.2)
1=0 k=0
Letting E(z,y) = U(z,y) — In;n[U](z, y) and subtracting both sides of Eq. (4.2) from equation
Ue.y) = Gla.y) / / (.31 € (3, ) H (U(& (. p)) el (43)
we acquire
IS
B(e.1) = Gla) =~ un(Gla) & [ (ool p) H (U(E (. p) decy
N M
- Z ZU/[’U)}CIMN[EI;] (xvyagka n(ijpl))H(IMN[ ](gkv (yj’pl)))
1=0 k=0
= G(‘T7 y) B IMN[G](*%" y)
1o _
[ Bty (BOEA0) ~ Bun O n(o:0))) )
1o, _ B
+/ / (‘P(z,y,&n(y,p)) — Iun[®] (Iayagk,U(ijpl)))H(IMN[U] (& n(y, p)))dédp
—1J-1
1,1 ~ -
+ [1 . IMN[(E} (I, Y, Eka n(yja Pl))H(IMN[U] (57 77(% p)))dgdp
N M
- Z Z wywy Iy [ (2,9, &,y pl))H(IMN[ﬁ] (&ksn(ys, p)))- (4.4)
1=0 k=0

Taking norm on both sides, we have

IE(z; Y)llo < 1G(2,9) = Inn[G](2, )]0
B8O
BE
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+ H/—l/—l | (2,9, n(y, p) IIH (U, 1y, p))) — H(IMN[ﬁ](ﬁ,n(y,p)))|d§de
+/_1/_1 1@ (2, &0y, p)) — Tnan [ (2,5 €. (Y5 20)) oo IH (Lne v [T (€, 1y, ) ) lowdédp

" H [1 [1 Ly [®] (2, . &0y, 0 B (Iaen [U) (€. 0(y. p) ) dédp

N M
- Z Z wlwkIMN[(f)] (‘Ta Y, gka n(yj’ Pl))H(IMN[ﬁ] (Ekv 77(yj, pl))) HOO (45)
=0 k=0

For the first term in the right hand side of (4.5), since Ip;n[G](x,y) is the interpolation polynomial of G(z,y), then
according to the Lemma 4.1, we have the bound

Clﬂ' 027T 037'('2

HG(%?J) - IMN[G](%ZJ)HOO < 2M+3(M + 1)M+1 + 2N+3(N 4 1)N+1 + 2M+N+6(M + 1)M+1(N + 1)N+1' (4.6)
The second term satisfies inequality
1,1
H/ / @ (2, y,& 0y, p)) H(U(E 1(y, p)) — H(Inn[U] (&n(y,p)))ldfde
-1J-1 oo
1 K11 Ko qa 0
<4(=)? E(z,v)|
<l (e (o ) Isesl|
2
< (g?gleijqj)||E<x,y>w. (4.7)
i=
In the third term, using again the interpolation error in Lemma 4.1, we have
~ ~ Cim Chm
||‘I’($ay»§777(y,P)) - IMN[(I)] (mayvgkvn(yj,pl))noo < 2M+3(M—|- 1)M+1 + 2N+3(N+ 1)N+1
Chn?
+ OMAN+6(Nf + 1)M+1(N + 1)N+1” (4.8)
where C1,C} and C4 are some constants independent of M and N. Then we derive
1,1
[ [ 18000 = Tra 1 200500 LB e (O)€. ) ity
C/l C/l C// 2
17 + 2T + 3T (4.9)

< OMA3(N 4 1)MAT T oN+3(N 4 1)N+1 T QM+NF6(f 4 1)MH+1(N 4 [)N+1”

where CY, C4 and C¥ are some constants independent of N and M. The fourth term is the error of the Gauss-Legendre
quadrature rule, and since ZQ/[:O |wg| = 2, Zl]io |w;| = 2, from Lemma 4.2, we have the following bound:

| /_1 /_1 Ly [®) (.9, €, n(y;, p0)) B (I [O1 (€. 1(y, p)) ) dédp

N M
_ Z szwkIMN[&)} (m,y7§k7n(yj, pl))H(IMN[fJ] (fk, n(yj,pl))) HOO
=0 k=0

1 1 2

< g(g?);ZKijqj) IR (U(€ )l + Z(E%ZK”%) RN (U M) (4.10)

2 2
an
(o] < |
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Applying inequalities (4.6), (4.7), (4.9), and (4.10) in (4.5), we obtain the following error bound:

QT QT 0437'('2

[E(z,y)[[ < M3 ()] 4 1)M+1 T NH3(N + [)N+1 T OMAN+6(Nf + 1)MH+1(N + 1)N+1

2 2
1 1
5 (> Koy, ) IRar(U(E ) e + 7 (ma 3~ Koy )[R (U(E ) o
+ =1 i=1
2 b)
1= (max - Kijay)
=12
where a1, as and ag are some constants independent of N and M. O

Corollary 4.4. As M, N — oo,

is convergent to the exact solution U(z,y).

U(z,y) — Inun|[U](z,y) H — 0, it means that the approzimate solution In;n[U](x,y)

Remark 4.5. By using the above technique, we can prove the convergence of the presented method for Egs. (3.1)
and (3.7).

5. NUMERICAL ILLUSTRATIONS

The theoretical findings presented in the preceding sections must be thoroughly analyzed in this section to determine
the validity and precision of the proposed numerical technique. To assess the dependability of the numerical method,
a comparison will be made between the precise solutions of the specified two-dimensional integral equations system
and the corresponding approximations. To this aim, it is needed to define an error function of the following form:

eyn(s,t) = |v(s,t) — vy n(s,t), r=1,2, (s,t)€0,1] x [0,1], (5.1)

in which v,(s,t) stands for the exact solution, while v, (s,¢) = Insn[ur](2s — 1,2t — 1) denotes the approximated
solution of an under study two-dimensional nonlinear system of the Fredholm, Volterra or Volterra-Fredholm integral
equations. In order to more better understanding of the numerical assessments, both of the absolute values of the
errors in selected points and the L°°-norm will be demonstrated in frame of tables. Prior to present the numerical
examples, let us clarify that by L°°-norm of an error function, we mean the following:

||€§\4N(svt)||00 = max {ewa(Si’tj)}v r=12 (5'2)
si,t;€[0,1]

All experimental results are performed by running some code written in Mathematica software.

Example 5.1. As the first example, consider the following system of the two-dimensional nonlinear Volterra type
integral equations

v1(s,t) = fi(s,t) —|—/0 /05 cos(7) (vi (o, T)v2(0,7) — v2(0, 7))dodr,

t s
va(s,t) = fa(s,t) —1—/0 -/0 (vi(o,7) +v3(0,7))dodrT,
in which

f1(s,t) = scos(t) — %SQ Sin(%)Q(—9 + 35+ 2scos(t) + scos(2t)),

fa(s,t) = ssin(t) — ész(st + 3sin(t) — scos(t)sin(t)).

The exact solution of this nonlinear system is v (s,t) = scos(t) and va(s,t) = ssin(t). As stated above, the numerical
aims including the absolute value of errors and L°-norms of the error functions are illustrated in Tables 1 and 2.
Furthermore, Figures 1 and 2 illustrate the absolute value error function €}, (s,%), r = 1,2, with M = N = 2 and
an
BE
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M = N = 6. Better approximation is expected by choosing M = N = 10, which we get ||e};n(5,t)|lcc = 4.11 x 10715
and [[e2;x(5,t)|loc = 7.94 x 10715,

TABLE 1. Error date related to v}, y(s,t) for Example 5.1.

(s,1) M=N=2 M=N=4 M=N=6
(0.1,0.1) 705E —05  6.82E —07  2.22E—10
(0.2,0.2) 409E—04  134E—-07  2.11E—09
(0.3,0.3) 671E—04  191E—06  8.15E—10
(0.4,0.4) 6.04E—04  258E—06  4.49E —09
(0.5,0.5) 1.00E—04  1.07E—07  153E—10
(0.6, 0.6) 760E—04  395E—06  6.89E —09
(0.7,0.7) 1.66E—03  512E—06  2.33E—09
(0.8,0.8) 202E—03  236E—07  9.45E —09
(0.9,0.9) 947E —04  7T44E—06  2.04E —09

lehin(s; )l  2.02E — 03 7.44F — 06 9.45F — 09

TABLE 2. Error data related to v3, (s, t) for Example 5.1.

(s,1) M=N=2 M=N=4 M=N=6
(0.1,0.1) 1.66E —04  1.46E—06 _ 4.44E — 10
(0.2,0.2) 870E—04  206E—07  4.21E—09
(0.3,0.3) 1.20E — 03  384E—06  1.67E —09
(0.4,0.4) 1.01E—05  483E—06  8.38E—09
(0.5,0.5) 469E—03  186E—08  5.90E —11
(0.6,0.6) 1.58E—03 T714E—06  1.25E—08
(0.7,0.7) 2.99E —03  861E—06  3.82E —09
(0.8,0.8) 3.36E-03  830E—07  1.61E—08
(0.9,0.9)

1.55E — 03 1.22E — 05 3.74E — 09
le2,n(s,0)][cc 3.36E — 03 1.22E — 05 1.61E —08

Example 5.2. Second example, concentrates on the nonlinear system of two-dimensional Fredholm integral equations

of the form:
s(1
v1(s,t) = fi(s,t) / / slto+T) v (o, T) 4+ va(o, T))dO'dT,

1+t
(5.4)
va(s,t) = fa(s,t) +/ / (vi(o,7) — (osinT + 1)v3(0, 7))dodr,
o Jo
such that
1 1 s
t) = — = 3sinl |,
fuls®) (I+s+t)? 6 (1+tJr S >
4 1
fa(s,t) = scost — log ( > 40(?>+c0s2)51r1 1+ — 18 (9sml + sin 3).
1
This nonlinear system admits the exact solution V(s,t) = (vi(s,t),va(s,t)) given by vi(s,t) = Axstie and
s

va(s,t) = scost. Similar to the first example, we applied the presented method to this system and the numerical data
for the error functions is given in Tables 3 and 4, and Figures 3 and 4. Better approximation is expected by choosing
M = N = 10, which we get [lel;x(5:1)]loo = 3.35 x 1079 and ||e2,\ (s,1)[|oo = 2.02 x 10710,

(&)
ENE
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1
e S, 1]
22050 e'g(s, 1)

0.002 1%10°®

0.001 5x107

0.000

(a) M=N=2 (b) M=N=6

FIGURE 1. Graph of the function e}, (s, t) related to vl (s,¢) in Example 5.1.

65(s. 1)

0.004
0.003
0.002
0.001
0.000

(a) M=N =2 by M=N=6

FIGURE 2. Graph of the function €3, (s, t) related to v3, (s, t) in Example 5.1.

Example 5.3. In this opportunity we present a numerical application to show effectiveness of the proposed collocation
method to approximate solutions of the nonlinear two-dimensional integral equations essentially of Volterra-Fredholm
type. So, let us take focus on the following system of the two-dimensional nonlinear mixed Volterra-Fredholm integral
equations [6]

v1(s,t) = f1(s,t) —l—/ / o1 (t? + s%)vy (o, 7)dodT,
0 70 (5.5)

t el
va(s,t) = fa(s,t) —|—/0 /0 o(s — t)vi(o, 7)dodr.

BE
BIE
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TABLE 3. Error data related to v}, (s,t) in Example 5.2.

(s,1) M=N=2 M=N=4 M=N=6
(0.1,0.1) 200E —02  151E—03  1.09E — 05
(0.2,0.2) 317E—02  124E—-04  235E—05
(0.3,0.3) 247TE—02  3.70E—04  4.37E—06
(0.4,0.4) 1538 —02  1.80E—04  844E —06
(0.5,0.5) 8.92E—03  7.72E—05  1.05E —06
(0.6,0.6) 6.07E—03  199E—04  1.49E —06
(0.7,0.7) 587TE—03  170E—04  T7.31E—07
(0.8,0.8) 723E—03  833E—05  2.24E—06
(0.9,0.9) 958E —03  4.76E—05  1.10E — 06
[el v(s. Do 31TE—02  151E—03  2.35E—05

TABLE 4. Error data related to

v3,y(s,t) in Example 5.2.

(s,1) M=N=2 M=N=4 M=N=6
(0.1,0.1) 502E —03  450E —05  6.01E —07
(0.2,0.2) 469E —03  444E—05  6.045 — 07
(0.3,0.3) 446E —03  424E—05 ~ 6.01E—07
(0.4,0.4) 456E —03  4.18E—05  5.97E —07
(0.5,0.5) 509E—03  443E—05  6.02E — 07
(0.6,0.6) 597E—03  4.83E—05  6.09E — 07
(0.7,0.7) 6.87E—03  4.94E—-05  6.04E —07
(0.8,0.8) 719E—03  438E—05  5.92E —07
(0.9,0.9) 6.01E—03  365E—05  6.04E —07
[ nG Dle  719E—03  494E—05  6.09E — 07

912,2(5: t)

(a) M=N=2

FIGURE 3. Graph of the function e}, (s, t) related to v}, (s, t) in Example 5.2.

In this system, we have

fi(s,t) = —%(t2 + 5%)(t cos(t) — sin(t)) — %s sin(t),

e' 6,6(S 1)

by M=N=6

13
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€%22(s. 1)

0.006

0.004

0.002

(a) M =N =2 (b)) M=N=6
FIGURE 4. Graph of the function €3,y (s, t) related to v3,y(s,¢) in Example 5.2.

fa(s,t) = 0.14726 t3(t — s) + t tan(s).

The exact solution of this system is vi(s,t) = —2ssin(t), vo(s;t) = ttan(s). Like the previous examples, Tables
5 and 6, and Figures 5 and 6 indicate the computational data related to the corresponding error functions. As
can be seen, taking a look at these tables it finds out that the proposed technique has more reliable performance in
comparison with the homotopy perturbation method given in [6] and the Adomian decomposition method given in [15]
(using five terms), where the errors are zero for va(s,t) in both homotopy perturbation and Adomian decomposition
methods. Better approximation is expected by choosing M = N = 10, which we get [lel;x(5,1)[lco = 4.02 x 10715 and
lle;n(5,8)]loo = 3.42 x 10797,

TABLE 5. Error data related to v}, y(s,t) in Example 5.3.

(s,t) M=N=2 M=N=4 M=N=6 Method in [6] Method in [15]
(0.1,0.1) 8.86FE ~05 7.54E—07 229E—-10  4.80E —07 8.60F — 07
(0.2,0.2) 457E -04 1.15E-07 214E-09 8.21E — 06 1.95E — 05
(0.3,0.3) 6.85E —04 1.95E—-06 8.28FE—10 4.51E — 05 8.84E — 05
(0.4,0.4) 553E —-04 249FE —-06 4.26E —09 1.54F — 04 1.24F — 04
(0.5,0.5) 3.04E—-05 6.58E—-08 6.48E—11 4.05FE — 04 3.71E — 04
(0.6,0.6) 7T42E —04 3.55E—-06 6.26F — 09 8.75E — 04 2.82E - 03
(0.7,0.7) 1.46F —03 4.40FE—-06 2.05E —09 1.60E — 03 1.05FE — 02
(0.8,0.8) 167E—03 213E—-07 80l1E—09 245FE—03 3.04E — 02

el v(s Do 1.67E —03 4.40E —06 8.01E — 09 — —

Example 5.4. Let us consider another system of nonlinear two-dimensional Volterra-Fredholm integral equations of
the form [6, 15]

vi(s,t) = fi(s,t) —|—/ / (t* +vi(0,7))dodr,
0 70 (5.6)

t 1
va(s,t) = fa(s, 1) —|—/0 /0 (s — t2)l}g(0', 7)dodr,

(=)=
E)NE
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TABLE 6. Error data related to v3;(s,t) in Example 5.3.

(s,1) M=N=2 M=N=4 M=N=6
(0.1,0.1) 760E —04  130E—04  1.62E—06
(0.2,0.2) 444E—04  212E—-05  1.65E—05
(0.3,0.3) 725E—03  398E—04  T.02E—06
(0.4,0.4) 6.28E—03  549E—04  3.89E — 05
(0.5,0.5) 555E—03  111E—16  5.55E — 17
(0.6,0.6) 1.12E—17  989E—04  T7.02E—05
(0.7,0.7) 241E—-02  134E—03  2.39E —05
(0.8,0.8) 307TE—02  148E—04  1.17E—04

[e2,n(s. D)0 3.07TE—02  134E—03  1.17E —04

o'225. e'g6(s, 1)

0.002

0.001

0.000

(a) M=N=2 (b) M=N=6

FIGURE 5. Graph of the function e}, (s, t) related to v}, (s, t) in Example 5.3.

where

1
fi(s,t) = 2st —t* — %t3(130 — 45t + 18t%),

1 1
fols.t) = 1+ t2sins — t(t = s)(3t4(sin(2) ~2) - 80t sin’(5) - 60).

The exact solution of this system is v (s,t) = 2st — t2,va(s,t) = 1 + t?>sins. In [6] and [15], this example is solved
numerically by homotopy perturbation and Adomian decomposition methods (using five terms), respectively. Like
the previous examples, we solved this problem using the method presented in Section 3 and the computational data
related to the corresponding error functions together with the results given in [6, 15] are reported in Tables 7 and 8,
and Figures 7 and 8. As can be seen, taking a look at these tables it finds out that the presented method has more
reliable performance in comparison with the homotopy perturbation and Adomian decomposition methods.

(&)
ENE
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6”225, 1)
; e%5(s, )

(&) M=N=2 (b) M =N =
FIGURE 6. Graph of the function €3,y (s, ) related to v3, 5 (s,¢) in Example 5.3.

TABLE 7. Error data related to v}, (s,t) in Example 5.4.

(s,1) M=N=2 M=N=4 Method in [6] Method in [15]
(0.5,0.5) 27TTE—-17 0 3.95F — 06 4.33E — 03
(0.25,0.25) 7.14F —18 3.25FE — 19 1.13E - 09 4.34F — 03
(0.125,0.125) 3.67TE —18 8.90FE —18 1.89F — 13 7.24FE — 04
(0.0625,0.0625) 1.34F —18 8.76E —19 2.66E — 17 1.00E — 04

leln(s oo 277E—17 8.90E — 18 — —

TABLE 8. Error data related to v3,y(s,t) in Example 5.4.

(s,1) M=N=2 M=N=4 Method in [6] Method in [15]
(0.5,0.5) 244F - 07 1.34E—-10 3.83FE — 05 2.503F — 02
(0.25,0.25) 287 —04 4.52FE —07 4.33E — 06 5.45F — 04
(0.125,0.125) 3.90FE — 05 2.03F —07 1.89F — 06 1.31E — 05

(

0.0625,0.0625) 7.54E —07 4.63E—08  1.67E — 07 2.62E — 06
€2, n(5:8) e 2.87TE —04 4.52E — 07 — =

Example 5.5. As our final example, we consider the following nonlinear system of two-dimensional Volterra-Fredholm
integral equations

v1(s,t) = f1(s th—ex—voT va(o, 7)) dodr
1(s,t) = fi( ,t)+/0/0 ((1+t)(1+7-2)(1 p(—v1(0,7))) + va2(o, ))d dr, .

va(s,t) = fals,t) + /0 /0 (ezp(—vi(o,7)) + (1 + 0 + T)v3(0,7))dodrT,

in which
st?
O e —
fils:1) 8(1+ 1)(1 + 12)
[c )
(0] ¢

st
—log (1+ m) +log(2 + t) — log(2 + 2t),
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e'z(s, ) e'4uls, b)

6x107'°
4x107"®

2x107"®

FIGURE 8. Graph of the function €3, (s, t) related to v3, 5 (s,t) in Example 5.4.

1 1 2
) . — —(—1—4t  _log(1+¢2 )
RO =amm oy et
1
This nonlinear system has the exact solution vy(s,t) = —log (1 + 1;?’;2) and vy (s, t) = st In the same way
s

as the previous examples, the error data is given for different chosen setting M and NN in frame of Tables 9, 10 and
Figures 9, 10. Better approximation is expected by choosing M = N = 12, which we get [le}; y (8, t)|/cc = 7.08 x 10710
and [le2, 5 (s,t)]lc0 = 7.06 x 10710,

At the end, regarding the proposed collocation method in this paper, CPU times for all of the five numerical
Examples 5.1-5.5 are collocated in Table 11.

(&)
ENE



18

0.010

0.005

0.000

F. IBRAHIM NEAMAH, S. SOHRABI, AND E. NAJAFI

TABLE 9. Error data related to v}, (s,t) in Example 5.5.

(s,1) M=N=2 M=N=4 M=N=6
(0.1,0.1) 3.23E — 05 3.24F — 05 1.45E — 06
(0.2,0.2) 1.23F — 03 2.93E — 05 7.43E — 06
(0.3,0.3) 2.84F — 03 2.22F — 04 2.09F — 06
(0.4,0.4) 3.69E — 03 2.59E — 04 9.77E — 06
(0.5,0.5) 2.82E — 03 1.94F — 05 7.69E — 07
(0.6,0.6) 2.85E — 04 2.79E — 04 6.56E — 06
(0.7,0.7) 2.65E — 03 2.95E — 04 1.36E — 06
(0.8,0.8) 3.77E — 03 7.83E — 05 2.88E — 06
(0.9,0.9) 2.16F — 04 4.22F — 04 4.33E — 07
leyn(s,t)ls  3.77E — 03 4.22F — 04 9.77E — 06

TABLE 10. Error data related to v3,, (s,t) in Example 5.5.

(s,1) M=N=2 M=N=4 M=N=6
(0.1,0.1) 1.39E — 02 1.54E — 03 1.03F — 05
(0.2,0.2) 2.55F — 02 1.61E — 04 2.42F — 05
(0.3,0.3) 1.83E — 02 3.83F — 04 3.66E — 06
(0.4,0.4) 8.77TE — 03 2.59E — 04 7.60E — 06
(0.5,0.5) 2.09E — 03 2.3TE — 05 7.38E — 08
(0.6,0.6) 1.09F — 03 1.05E — 04 2.55E — 06
(0.7,0.7) 1.72E — 03 1.13E — 04 3.7TE — 07
(0.8,0.8) 9.22F — 04 6.90F — 05 1.12E — 06
(0.9,0.9) 7.26E — 04 3.52E — 05 7.53E — 08
ledin(s;t)loc  2.55E —02 1.54F — 03 2.42F — 05

(ay M=N=2

FIGURE 9. Graph of the function e}, (s, ) related to v}, (s,t) in Example 5.5.

e'g(s, )

by M=N=6
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€%22(s. 1) ) ;
€%,6(S, 1)

0.00001

0.00000
0.0

(a) M =N =2 (b)) M=N =6

FIGURE 10. Graph of the function €3, (s, t) related to vi,(s,t) in Example 5.5.

TABLE 11. CPU times for Examples 5.1-5.5.

M=N=2 M=N=4 M=N=6

Example 5.1 3.219 9.859 77.642
Ezample 5.2 3.453 6.501 43.875
Ezample 5.3 3.297 7.516 47.329
FEzxzample 5.4 3.579 7.328 —

Ezxample 5.5 3.531 8.860 56.563

6. CONCLUSIONS

In summary, we studied special systems of two-dimensional Volterra—Fredholm integral equations. Under certain
conditions, we proved the existence and uniqueness of a solution to these systems by using the Banach fixed point
theorem. After some suitable linear transformations, a discrete collocation method based on Gauss quadrature for-
mulas and Lagrange interpolation function has been constructed to solve the nonlinear system of Volterra—Fredholm,
Fredholm and Volterra integral Eqs. (1.1)—(1.3). Then, the existence and uniqueness of the solutions of discrete equa-
tions have been proved by using the compact operator theory. We also carried out the error bound and convergence
analysis of the method. Finally, the numerical results of some examples illustrate the effectiveness of the proposed
method. It is observed that in comparison with the other methods in the literature, our method is easy to implement
and has a high precision.
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