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ABSTRACT. In this paper, we present a Jacobi spectral collocation method
to solve nonlinear Volterra-Fredholm integral equations with smooth kernels.
The main idea in this approach is to convert the original problem into an equiv-
alent one through appropriate variable transformations so that the resulting
equation can be accurately solved using spectral collocation at the Jacobi-Gauss
points. The convergence and error analysis are discussed for both L*° and weighted
L2 norms. We confirm the theoretical prediction of the exponential rate of con-
vergence by the numerical results which are compared with well-known methods.

1. Introduction

We consider the nonlinear Volterra-Fredholm integral equations (VFIEs) given
by the general form:
s 1

u(s) = g(s) +/V(s,t)w1(u(t))dt +/F(s,t)w2(u(t))dt, s€0,1], (1)

0 0
where the kernels V', F', and g, 11, ¥, are given smooth functions about their
variables, and u(s) is the unknown function to be determined. Volterra-Fredholm
integral equations arise in a variety of applications in many fields, including po-
tential theory, electricity and magnetism, antenna synthesis problem, commu-
nication theory, mathematical economics, etc. However, in practice, the VFIEs
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are too difficult to solve analytically. For this reason it is interesting to develop
a new accurate approximation technique to solve them numerically. Many au-
thors focussed on the development of numerical methods for the general mixed
integral equations. For instance, among those interested in Equation (), Yousefi
and Razzaghi [21] presented a Legendre wavelet approximation method, Babo-
lian et al. [3] presented a computational method based on replacement of the
unknown function by truncated series of well-known Chebyshev expansion
of functions. In paper [16] authors developed a collocation method using rational-
ized Haar functions to solve the special form of Equation (). Marzban et al. [13]
presented a composite collocation method based on Hybrid of Block-Pulse func-
tions and Lagrange polynomials. Thereafter, a computational method based
on Bernstein operational matrices to the same equation was presented in [I1].
Very recently, Amiri et al. [I] developed a spectral collocation method with
piecewise trigonometric basis functions.

It is well-known that the classical Jacobi polynomials and their special cases
have been used extensively in mathematical analysis and applications (see, e.g.,
2,58, @, 19, 20] and reference therein). Thus, the main aim of the present
work is to develop an accurate spectral method based on these useful gener-
ating sets of orthogonal polynomials to solve Eq. (). First, we must transform
the problem set in the given interval to [—1, 1] by means of appropriate variable
transformations. Then, we apply the standard spectral Jacobi-collocation method
to the resulting equation in which Jacobi-Gauss points are utilized together
with Legendre-Gauss quadrature to reduce it to the solution of nonlinear equa-
tions.

The remainder of this paper is organized as follows. In Section [2] we present
the Jacobi spectral collocation method for nonlinear Volterra-Fredholm integral
equations (). In Section Bl we get the error estimates in both L and L2 norms.
In Section Ml we present some numerical examples and we compare our results
with well-known methods to appear the superiority of the present approach.

2. Spectral Jacobi-collocation method

In this section, we will discuss the Jacobi spectral collocation method to solve
Eq. (). Before proceeding further, we need to introduce the following notations,
let I =[—1,1], and w®#(x) = (1 —2)*(1+z)® be a weight function, for a;, 3> —1.
Then we use the notation Lia‘g(l ) to denote the set of all square integrable
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functions associated with the weight function w®# equipped with the norm
1/2

1
[ollers = t/vuw%ﬂﬁqu
-1

For a given positive integer N, we denote by {aj'\‘,’[; ;.V:O the points of the Gauss-
-Jacobi quadrature formula, which are the roots of the Jacobi polynomials Jj‘i‘,’_’fl.

Let C(I) denotes the set of all continuous functions on I, equipped with the
norm

Jolloe = mas fo()]
and Py the space of all polynomials of degree not more than N. For any v € C(T)
we can define the Lagrange interpolating polynomial IJO\‘,’B v € Py as
N
I]‘i‘,”@v(x) = Zv(a%’g)Lj(x),
§=0
where {L; };VZO is the Lagrange interpolation basis function associated with the
. . . o, NV
Jacobi collocation points {O'NJ =0
For convenience, we consider the following variable transformations
x+1 ‘= y+1

= I
S 2 ) 2 b x’ y E b
so that Eq. ([II) becomes
x 1
U(z) = G(z) +/V(w,y)w1(U(y))dy +/F(w,y)wz(U(y))dy, (2)
21 21
where
1
v =u(5).
2
z+1
6o =9 ("5)
— 1 x+1 y+1
V(xay>_2v< 2 ) 2 )7
— 1 z+1 y+1
F T yr1
(@,9) =5 ( 5 )
Then we introduce the linear transformation
1 -1
y=yl,0) =00+ w0el
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which transfers the first integral term in ([2]) to the form

x 1
r+1

[Ty U@ty =" [V (el 0)0n (U (ol 0)) o

1 -1
Hence, Eq. (@) becomes

1

Ulz) = Gla) + / V(z,0)i (U(y(x,e)))de n / Fz,0)¢(U(0))do,  (3)
where - -

7 (2,6) = xTHV(x,y(x,G)), F(x,0) = F(x,0).

The spectral Jacobi-collocation method for solving Eq. () is to seek an approx-
imate solution Uy (x) € Py, such that Uy (x) satisfies Eq. ([B]) at the collocation

points U%’f;, ie.,

Un(o%]) = G(o55) + [ V(o550 (Un (u33(6)) a0 +

/ﬁ(aN], 0) 2 (Un(0))d6, (4)

where y%’fj(@) = y(aNJ,Q) The integral terms in the above equation can
be accurately approximated by using Legendre-Gauss quadrature formula.
Let {0y, wk},]cV:O be the Legendre-Gauss nodes and weights, and there holds

730000 (Un 3000 ~ 3550000 (U5 35000). )

k=0

/ F(o37,0) 0 (U (0 dGNZka 2 04) 02 (Un (01)) (6)

Next, by using the Lagrange interpolation to approximate the nonlinear parts
in (@) and (@), namely,

o1 (Un (u350))) ~ I (w1 (Un (yj’&’fj(@)))) = iwl(ffﬁf L;(y%5(0)),
j=0

N
Ua(UN(0)) ~ 137 (02 (Un(0))) = D (U2) L 6),
=0

where
UN] =Upy (O'N’f)
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we get the full collocation scheme

(A]K‘,’ UNJ + Zwkv O’Nj, )Ijo\‘;ﬁ <¢1 (UN(yNJ(Qk))»

Zka JNj,ek)Iaﬁ(le(UN(ek))) (7)
k=0

We can get the values of ﬁ]‘i‘ﬂj,j =0,1,..., N, by solving (). An approximate
solution of Eq. (@) will be given by U(z) ~ Un(x) = Z;\]:O Uﬁ‘,’ij (x), since the
exact solution of the original equation (II) can be written as

u(s) =U(z), where z=25s—1, s,xel.

3. Error estimates

Before presenting error estimates for the above scheme, we need to introduce
the following weighted Hilbert space with some useful lemmas.

For a nonnegative integer m, we define
:{v 8kv€Lng( ), OSkSm}7

equipped with the following semi-norm and norm

- 1/2
= ||8I;U||wa‘,ﬁ ) HUHm,w = (Z Mi,w) .
k=0

Also, it is convenient to introduce the semi-norms

|vk:w

1/2
m

ol () = DR - B (8)

k=min(m,N+1)
For k € (0,1), and » > 0, C"*(I) will denote the space of functions whose rth
derivatives are Holder continuous with exponent k, equipped with the norm

s 080()] + sup LD 20|

0<k<r ze g;;,éeyz |1‘ — y‘k

9)

o],

LEMMA 3.1 (see [15]). Let I]O\‘,’Bv be the interpolation operator associated with
the Gauss-Jacobi points, then for any function v € HJ'(I), there exists a positive
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constant C' independent of N such that

[o =137 . < CNEZ™ ol ), (10)
HU—IN vaa‘B < C’N_m|v|H7T(1). (11)

LEMMA 3.2 (see [14]). Let {L;}}_, be the Nth Lagrange interpolation polyno-
mials associated with the Gauss-Jacobi points. Then

O(lOgN) Zf—1<0é,/6§—l,
1737 —maXZ|Lj(SE)I = > 12

zel =0 O(N%"’max{a’ﬁ}) if otherwise.
LEMMA 3.3 (see [15]). For every bounded function v(x), there exists a positive
constant C' independent of v such that

3l s < Clvloe- (13)

weB

LEMMA 3.4 (see [6]). Let v e HI'(I) for m > 3, there exists a positive constant
C' independent of N such that

(v, 0) = (v, Q)N | S CNT"[ol (1) [ llewes, Vo € P, (14)
where 1
(v, P) :/v(x)¢(x)dx and (v, 9)N
—1 j=0
LEMMA 3.5 (see [10]). Suppose that H > 0, let E(x) be a non-negative integrable

function satisfying

E(z) < H/E(y)dy—i—G(x), xel,

where G(x) is also an integrable function, then there exists a positive constant
C such that

[Ellwes < CINGllwes, (15)

[E]lec < CllG|loo- (16)

LEMMA 3.6 (see [18]). For a nonnegative integer r and k € (0, 1), there exists
a constant Cy 1, > 0, such that for any function v € C"F(I), there ezists a
polynomial function Tyv € Py such that

lo = Tivvlloo < CrpN~CH 0]l (17)
LEMMA 3.7 (see [7]). Let A, be the operator defined by

x

Ay(z) = / V(x,t)(v(t))dt,

-1
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then for any function v € C(I), there exists a positive constant C' such that
[Auvlloe < Cllvflos, 0 <k <1 (18)
Remark 1. From all the following, we assume that the nonlinear functions v

and ¥y and all its derivatives up to order m satisfy a local Lipschitz condition
such that for every vy, vy € C(I)

" " )

8—2/191[}7;(1)1) 8 kl/)( ) <L7lk|’Ul*’U2| 221,2. k:1,2,...,m,

we also consider that
L = max L;..
1<k<m
3.1. Error estimate in L°°—norm

THEOREM 3.8. Let U be the exact solution of the nonlinear Volterra-Fredholm
integral equation ([2)), which is assumed to be sufficiently smooth. Let the approxi-
mated solution Uy be obtained by using the spectral scheme () and suppose that
in Eq. M) the nonlinear functions 1 and 1y and all its derivatives up to order m
satisfy a local Lipschitz condition. Then there is a positive constant C' such that
the errors satisfy for m > 1,

IU = Unlloc < ONET([U] (1) + XNl oo ) (19)

where

X = ||‘7Hoo‘w1(U)|Hgl(I) + HiH V2 (U)| 1)+

N=2 (@O (O)lloo + Ty l142(0) o),

a,B a,B
P, = 1max VU ‘ T’:maX‘FU ‘ .
m,N 0<j§N‘ N’J’ ) Hp (D) mN T 0<<N N) Hp (1)

Proof. At the collocation points z = O'N”?, we have Uy (O’N’f) = Uﬁ,f

We subtract () from (B) to obtain
U(o) = Un(0%5) = (V(o35.0). v (U (v350))))
+ (F(05,0).v2(U(0))
—(V (o4, 157 (Un (55))
— (F(oif}, ) Iv e (Un ()
= (V(o35,0), 01 (U(63500))) — 01 (U (453516)))
+ (F(o55,0),v2(U (6)) = va(Ux(0))) + I (055,

N
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where
J(O—%?) = <V(0Nj7 ) 77&1 (UN(yNJ(e)))>
—(V(o%:). 15 0 (Un 3500))
+(F(05,0), 02 (Un(0))) = (F (085, ), I 2 (Un () - (20)
Let the error function be written as

E(z)=U(z) — Uy(x),
then

B(o3) = (V(o%5,0), 01 (U(50))) — v1 (Un (53500))))

+ (F(o%5,0),92(U(0)) — 2 (Un(0)) )+ (03), (21)
multiplying L; on both sides of ([2I)) and summing up from j =0 to N, yield

I (U(x) = Un(x)) = IN7Qu(z) + 13" Qa () Z oV Li(x),  (22)
where "

Qu(x) = / V(@,y) [ (UW)) — 1 (Unw))] dy,

and
Qolz) = / F(a,y) [b2(U(w)) — v (Un ()] dy

By adding and subtracting Qi(z) and U(z) into the right-hand side of (22))
we get

E(z)| < /“7(9072/)[1/11((]( ) = ¥1(Un(v))]|dy + |U(x) I]%,’B(U(x)”

N
+]Q1(@) — I Qi ()| + [T Qo) | + D T (o)L
7=0
< L(mryng);ﬂ“/ T,y ]/|E |dy+ZI (23)
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where
(z) :|U x) - I3 (U(x))], (24)
Z|J o)L (25)
= |Q1 x) — N’5Q1 $)|, (26)
Liz) = Iy Qa(x)]. (27)
Then the Gronwall inequality (I6]) gives
[Elloo < Cl[Nllco + H2]loo + 3]0 + [[Zalloo)- (28)
Due to ([I0) we have
a, l—7/77,
|1illee = U~ 137U, < CN=""Ulup - (29)
From (20) we have
|J(0Nj)| <

(V@500 on (O GR5O)) = (TR 170 (U GREO) | +

[(F(o5.0), 2 (Un(9)) — (F(on5 ) In "2 (Un () o |
Thus, the right-hand side of the above inequality is less or equal to

(V(o5%5,0), 01 (Un (u350))) = 13761 (Un (55 ))))|

[V (035.0). 5 0 (Un (55000)) = (V (055 )- 137 (Un (0 50)) |
+ [(E(0%5.6), 2 (Un(8)) — Iy 2(Un(8))]

+ [(F(0%5.0). 15" (Un(8)) — (F (o5 ). 15 2 (Un () .
hence by using () we have

Jma [ (o 5)| < 2|VI| I (Un) = 157 (Un) oo +

ONT™ i V(0555 )y ymax, | 1570 (Un (0350))) |

+
a,B

2/|F|oo l[b2(Un) = I3 2 (UN) oo +

CN™ moga} F (o5 ) g (1 2 (UN) e
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From (I0) we obtain

s |7(055)] < ONE [T o (0 g o +

CN™™ max ’V UNJ")’ £ le(UN(y%EW)))HOOJF

Hp(I) 0<5<N

CN%_mHﬁH [V2(UN) | (1) +

CN™™ max |F O'N], )|Hm(I)Hw2<UN>HOO'

0<j<N
From the definition of semi-norm (§) we have
V1 (UN) |y = [¥1(Un) = 1(U) + 1 (U) a1

< [1(U) = »1(UN)mme oy + [91(U) | (1)

1/2

m 2

>

k=min(m,N+1)

IN

(U —-Un)

‘3 Y1

w8

+ [1(U)| e (1)

(30)

Since the nonlinear function t; and its derivatives of orders 1, ..., m satisfy the

Lipschitz condition, we have

[ -]

PG (U —-Un)

wB

< LU = UN)|2 et min(m, N +1) < k <m,

hence

L Ellyes + [¢1(U)

|1 (Un)

IN

Hp (1) Hp (1)

< LYEllse + [01(U)| 1),

N

where L’ and L" are positive constants. Similarly, we can obtain

[V2(Un)lmy < LNE|wes + [%2(U)] g

L' Ellos + 1%2(U)| (1)

IN
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Therefore, combining B0), 31)), B2), with ([I2) yields

N

Z O'N] |L (x)

el = < s ORI

0<j<N

[ee]

< ONE ™| V|| (Z7N Elloo + 11 (@) i o)) | T2

+CN™ m0r<1§a<XN|V(0N], ) |Hm(1) (LHEHOO + le( )HIJ%TBHOO

+ ON=| B (L 1Blloo + [42(D)l i) |17

+ONT™ max [F(0%5:) [y (EI Blloo + 12(0) o) [ 137
(33)

Let A, be the operator defined in Lemma .7 and we consider

v(z) = Y1 (U(x)) — 1 (Un(2)).
From (7)) and (I8) we obtain

slloe = |40 (1 = I37) ||,
= [|(A = Tw ) (T = I37)]]
< Ao = Tw A IT - 137,
< CorN [ Aullow (1 + 1757 )
< Co N "F[[vlloo (1 + 1137
< Co N ~*|[01(U () — 1 (Un (@), (1 + [ 757

< Co LN H|| Elloo (14 157 0). (34)
Finally, we have

il = 157 Qall. < max [Qa(o5)I 1137

< max Uﬁ (%7, 9) [2(U () = 2 (Un ()] dy| |17 .

1
<2L|[F|| Bl 1757 - (35)
Combining (29), B3), B4), B3) with [28) gives the desired estimate (I9). O
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3.2. Error estimate in L2 , ;,—norm

THEOREM 3.9. Assume that the hypotheses in Theorem[Z8 hold, and k € (0,1).

Then
U = UN|lyes

< C’N‘m(|U|H;;L(1) +N"Ex+ P10l + XHIJO\L/BHOO))’

a,B a,p ; : o
where U,,"y, 7.’y and x are given as in Theorem[3.8 and

p= NH[F + NE 4 N )

Proof. By using (23) and the Gronwall inequality (I5]) we have
[Ellwes < CUillwes + [T2llwes + [I3llwes + [[Lallwes)-
From (I3]) we obtain

i llwes = [U = I57U | s
< ONT™MU|up(n)-
By Lemma B3] we have
N

[H2lwe.s = Z oN)L

=0

<Ol -
Combining (30), B1), B2) leads

| Eallyes < CNE™ [V (21 Elles + 10 )

w8

TeNT ogwéXN’V(UN,J’ ) ’Hm([)(LHEHoo + 191 (U)]|0)

+ ONE || (L Bl + 2 (O) )

+ON™" max |F(o35. ) 1) (EIE oo + [92(0)]c).

0<j<N

Let us consider
v(z) = Y1 (U(x)) — o1 (Un(2)),
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similarly to the estimate of ||I3]|s and by using (I) and (I8]) we have

sl = [[(I8" = I)Ao] oo
= [|(F = 17) (As = T A) [ .

< Ao = T Aulles + [ IR7 (Ao = T Aw) [ e
< C|l Ay — TnAul oo

< CN7*||A,

|0,k
< ONM|v]loo
< ON"Fy1(U) = 91 (Un)loo
< CLN7*||E||so- (41)
From (I3]) we obtain
Mallwes = 157 Q2| yoos
< C)|Q2ll0o

< C max [Q: (o))

1

< C max /ﬁ’(af‘\,?,y) [02(U(y)) — v2(Un(y))]dy

0<j<N
1

< CL|F |l o || Bl so- (42)

The desired estimate (36) is obtained by combining (B8)—-(@2), [B17) and taking
into account the convergence result in Theorem [3.8 O

4. Numerical examples

In this section, some illustrative examples are provided to demonstrate the
applicability of the designed method. The calculations performed in the examples
are calculated by the Matlab software, and a Core i5-2520M CPU 2.5 GHZ and
4 GB RAM are used to run the programs.
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ExAMPLE 1. Consider the nonlinear Volterra-Fredholm integral equation,

s 1
u(s) = g(s) —l—/(s — tyu?(t)dt —l—/(s + t)u(t)dt, se0,1],
. 0 0
i (s)——i56+154—82+§5—§
T =507 T3 377 4

the exact solution of which is
u(s) = s* — 2.

Table 0l shows the numerical errors obtained by using the spectral method
described above with o« = § = —3/4. Table 2 shows the comparison of the
absolute errors of this method for N = 5 at some equally-spaced points on [0, 1]
with those previously obtained by using three other collocation methods:
The first one is based on Chebyshev approximation [3], the second one on ra-
tionalized Haar functions (RH) [16], while the third one on multiquadrics
radial basis functions (MQ-RBFs) [I7] in which the zeros of the shifted Legendre
polynomial are chosen as collocation points. We observe that the numerical
results are in good accordance with the theoretical analysis and we can see
that the proposed method is better than the considered literature methods.

TABLE 1. The L°° and Li, errors for Example [Il

N 2 4 6 8
L Error || 6.0526e-02 | 4.5375e-04 | 1.3323e-15 | 1.5543e-15
L2 Error || 9.7168e-02 | 2.7076e-04 | 9.3726e-16 | 8.2961e-16

ExaMPLE 2. Consider the Volterra integral equation
S
u(s) =s+coss—1 +/Sin(u(t))dt, s €1[0,1],
0

where u(s) = s is the exact solution. Table B] shows the numerical errors
for « = 1/4 and f = 1/3. Table [ shows a comparison of the absolute
errors at some points with those obtained using fixed point technique and cubic
B-spline wavelets [12].
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TABLE 2. Absolute errors for Example [T

s || Present method | Method in [3] | Method in [16] | Method in [I7]
for N =5 for N =5 for N =16 for N =10
0 8.88e-16 0.20e-9 8.00e-6 1.92e-8
0.2 4.44e-16 7.35e-9 4.00e-6 4.16e-9
0.4 2.22¢-16 7.93e-9 1.10e-5 2.53e-9
0.6 0.00e+-00 2.55¢-9 1.30e-5 1.92¢-9
0.8 0.00e+4-00 3.98e-9 1.40e-5 1.83e-9
1 6.66¢-16 2.64¢-9 1.40e-5 5.07e-9
TABLE 3. The L> and L2 errors for Example 2
N 2 4 6 8 10
L error || 5.1387e-03 | 1.8428e-05 | 2.7832¢-08 | 2.3683e-11 | 1.2546e-14
L2 error || 2.7245¢-03 | 9.1760e-06 | 1.3662e-08 | 1.1807e-11 | 6.5577e-15

TABLE 4. Absolute errors for Example 2

s || Present method | Method of [12]
for N =10 for N =10
0 5.38e-14 0.00e+00
0.2 4.69e-15 4.22e-08
0.4 1.08e-14 1.09e-08
0.6 5.5d5e-16 2.35e-08
0.8 6.66e-15 1.42¢-08
1 3.56e-14 2.63e-08
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ExaMPLE 3. Consider the Fredholm integral equation
1
u(s) = 5t —/es_ztu?’(t)dt, s €[0,1],
0

where u(s) = e is the exact solution. Table [l shows the numerical errors
for « = 8 = 1/2. Table [l shows the absolute errors at some points compared
with those obtained using Haar wavelets [4].

TABLE 5. The L> and L2, errors for Example 3

R 4 6 8 10

L error || 6.3352¢-02 | 2.4390e-03 | 3.5130e-05 | 2.8389¢-07 | 1.4804e-09
L2 error || 5.0454e-02 | 1.2316e-03 | 1.7110e-05 | 1.3598e-07 | 7.0234e-10

TABLE 6. Absolute errors for Example [3]

s || Present method | Method of [4]
for N =10 for N = 32
0.1 6.14e-10 2.05e-03
0.3 7.50e-10 8.69¢-03
0.5 9.17e-10 1.87e-02
0.7 1.12e-09 2.93e-03
0.9 1.37e-09 2.16e-02

5. Conclusion

In this paper, we have proposed an accurate spectral collocation method based
on the Jacobi orthogonal polynomials for the solutions of nonlinear Volterra-
Fredholm integral equations. The theorems on the convergence and error es-
timates of the method have been stated and proved in the L°°-norm and the
weighted L?-norm. Some numerical examples from the literature are provided
to illustrate the efficiency and effectiveness of the proposed approach.
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