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On the Numerical Solutions for Nonlinear Volterra-Fredholm Integral Equations

Parviz Darania and Saeed Pishbin

ABSTRACT: In this note, we study a class of multistep collocation methods for the numerical integration of
nonlinear Volterra-Fredholm Integral Equations (V-FIEs). The derived method is characterized by a lower
triangular or diagonal coefficient matrix of the nonlinear system for the computation of the stages which, as
it is known, can be exploited to get an efficient implementation. Convergence analysis and linear stability
estimates are investigated. Finally numerical experiments are given, which confirm our theoretical results.

Key Words: Volterra-Fredholm integral equations, Multistep collocation method, Convergence
analysis, Stability properties.
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1. Introduction

This paper concerns the construction of both efficient and stable numerical method for nonlinear
V-FIEs of the form

y(t) = f() + M (Vy)(t) + A (Fy)(2), t € 1 := [to, T}, (1.1)

where
(Vy)(t /kltsy())ds (Fy)(t /kztsy ))ds,

and y(t) is the unknown function to be determined, f € C(I) be a given function and A;,7 = 1,2 denotes
real or complex parameters and k1 € C(D X R), ko € C(I x I xR) and D = {(t,s): to <s<t<T} (
3).

The V-FIEs [7,14] arise from parabolic boundary value problems, from the mathematical modelling
of the spatio-temporal development of an epidemic, and from various physical and biological models.
In [1] the authors, analyze the linearization methods for V-FIEs under some verifiable conditions on
the kernels and nonlinear functions. In [2], we study a class of collocation methods to the numerical
solution of the nonlinear V-FIEs (1.1), such that for this class, we had uniform order m for any choice of
collocation parameters. In [6], we developed the Taylor’s series method for solving the Volterra-Fredholm
integro-differential equations. Some numerical methods have been proposed to solution of V-FIEs; see,

g., [8,9,11,12,15,16].

In this paper, we are interested in deriving higher order method with extensive stability region for
solving V-FIEs. Next sections of this paper are organized as follows: In section 2, we review basic ma-
terials of the multistep collocation method and obtain existence and uniqueness results. The collocation
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method and construction of multistep collocation method are described in section 3 and in section 4, the
convergence order of this method is determined and the paper is closed in section 5, by showing efficiency
of the method on some numerical examples.

2. Preliminaries

For convenience of the reader, we will present a review of the multistep collocation method from [5].

Let 0 =1tg <t; <--- <ty =T be a uniform partition of [ty,T], such that t,, = nh,n=0,..., N and
let Qn :={0=ty <t1 <--- <ty =T}, o0:=[to,t1], opn := (tn,tnt1] (1 § n < N —1). With a given
mesh Qp, we associate the set of its interior points, Zy := {t, : n =1,. —1}. For a fixed N > 1
and, for given d = —1 and m > 1, the piecewise polynomial space S( 1(Z N) is defined by

Sr(n_f%(ZN) ={u: uly, =up € 1, 0<N <N —1},

where 7,,—1 denotes the set of (real) polynomials of a degree not exceeding m — 1.

Consider the set of collocation parameters {cj =1 where 0 < ¢; < -+ < ¢, < 1, and define the
set Xy = {tn; = tn +cjh,n =0,1,...,N — 1,57 = 1,2,...,m} of collocation points. The multistep
collocation methods are obtained by introducing in the collocation polynomial the dependence from r
previous time steps yn—x,k = 0,1,...,7 — 1; namely we seek for a collocation polynomial u, whose
restriction to the interval [t,,,t,11] takes the form

h(tn + sh) = Z@k 8)Yn— k+Z¢ Upjy s€[0,1), n=7,...,N =1, (2.1)

where U, j = up(ty,;), and

m r—1 . r—1 . m
S — ¢ s+ s+ S — ¢
pils) = : ) =]]—"1I : 2.2
¢:1_k_ci Pl —k+i pr S e R Rl & (2:2)
i#k i#j

More details can be found in [5].

3. Collocation and multistep collocation methods
3.1. Collocation method

We recall construction of the collocation method for V-FIEs from [2].
In order to approximate solution of (1.1) in [t,, t,+1], we rewrite equation (1.1) in the form

1
up(tng) = f(tnj)+Aih Z ki (tn i, ti + sh, un(t; + sh))ds
=0 J0O
+)\1h/ k1(tn,j,tn + sh,up(t, + sh))ds (3.1)
0
N— 1
Aoh E kg(tn’j,ti—l—Sh,uh(ti-i-Sh))dS.
i=0 Jo

Where, we remember that the fixed collocation parameters are 0 < ¢; < - -+ < ¢, < 1 and collocation
points are ¢, ; = t, + c¢jh,j = 1,...,m, the collocation polynomials restricted to subinterval [t,,t,+1]
are defined by

w(tn +sh) =Y Li(s)Up;, s €[0,1], n=0,1,..,N —1, (3.2)
Jj=1

where Uy, j := up(t, ;) and L;(s) is the j-th Lagrange polynomial at the collocation points.
The following theorem states the convergence order of collocation method.
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Theorem 3.1. Let e(t) = y(t) —un(t) be error of the exact collocation method and assume that the given
functions in

y(®) +)\1/ Fa(t, 8)y ds+)\2/ kot 8)y(s)ds, ¢ € T :=[0,T], (3.3)

satisfy [ € C™, k1 € C™(D), ko € C™(I x I). Then for all sufficiently small h = % the constrained
mesh collocation solution uj € Sr(nili(ZN) to (3.3), for alln =0,1,...,N — 1, satisfies

le(®)lloc = O(R™).
Proof: For proof see [2]. O

3.2. Multistep collocation method

In this subsection, we describe construction of the multistep collocation method. Such methods
compute the approximated solution of (1.1) in [t,, t,41] by using the approximated values of the solution
in the r previous steps y,—r, k = 0,1,...,7 — 1 and m collocation points in the subinterval [t,,, ;1]

Let up, = ts,, u € Sf,:_l%(ZN), for all t € o, we have
n(tn + sh) = ngk ynk—l—zw Unj, s€(0,1], n=r,r+1,...,N -1, (3.4)

where Uy, j = up(tn, ;).

The collocation solution uy, € S 1 (Z ~) will be determined by imposing the condition that uy, satisfies
the integral equation (1.1) on the finite set Xy

t T
up(t) = f(t) + )\1/0 ki(t, s, un(s))ds + )\2/0 ka(t, s, un(s))ds. (3.5)

After some computations, the exact multistep collocation method is obtained by collocating both
sides of (3.5) at the points t = t,,; for i = 1,2,...,m and computing y,+1 = up(tn+1):

Un,i:Fn,i+(I)n1, i:1,2,...,m,
_ _ (3.6)
yn-‘rl_zgok( Yn— k+z¢ TL]) TL—T,T+1,...,N—1,
where the lag-term F}, ; and increment-term ®,, ; are given by
n—1 rl
Fn,i = f(tn1) + Ah E kq (tn,ia tq + Sh, ’U,h(tq + sh))ds
q=0J0
n—1 1
+A2h > ka(tn,i, tq + sh,un(ty + sh))ds,
q=0J0
(3.7)
(I)nﬂ' = )\1h/ k1 (tn,i; t, + sh, Uh(tn + sh))ds
ONfl
+A2h > ka(tn,i, tqg + sh,up(ty + sh))ds.
q=n JO

Generally, the integrals in lag-term F), ; and increment-term ®,, ; cannot be evaluated analytically,
but have to be approximate by suitable quadrature formulae.
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4. Convergence

In this section, we will analyze the order of convergence of the multistep collocation method (3.6).
In our convergence analysis, we examine the linear test equation

t T
y(t) = f(t) + )\1/0 k1(t, s)y(s)ds + )\2/0 ka(t, s)y(s)ds, t € I :=[0,T], (4.1)

with y € R, ky € C"H)(D), ky € CU(I x I), f € CH)(I). We assume that, A, ' is not in the
spectrum o(F) of the Fredholm integral operator F and for any choice of distinct collocation abscissac
0<c < - <y <1, the exact solution y(¢) of the V-FIEs (4.1) satisfies

m

y(tn + sh) ngk )+ D> i (8)y(tn ;) + B Ry n(s), s €[0,1], (4.2)

Jj=1

where, the functions ¢, (s) and 1;(s) are given by (2.2) and

1
Ronron(s) i= / Kor (5, 2)5 ™) (b, + 2h)dz, (4.3)
1—r
and
Kor(5:2) = sl {<s—z et Z@k oyt
. (1.4)
=Y () (e —2) S 2 e0,1].
j=1

Theorem 4.1. Let e(t) = y(t) — un(t) be the error of exact multistep collocation method and p = m +r.
Suppose that

1. the given function in (4.1) satisfy f € CP(I), k1 € CP(D), ko € CP(I x I),
2. the starting errors are ||e|| 0,1, = O(IP),

3. p(A) <1, for

A = O(rfl)x | L

1
(1) | pra(D), . po(1) |7 (4.5)

where p denotes the spectral radius.

Then
llelloc = O(RP).

Proof: By subtracting (3.4) from (4.2), the error of exact multistep collocation method, £(t), takes the
local representation

&(tn + sh) = Z% 8)en_ k+2w (8)enj + W™ Ry rn(s), s €[0,1], (4.6)

with n > rep_k = e(tn—r) n,j = €(tn,j).
On the other hand, by evaluating (3.5) and (4.1) for ¢t = ¢, ;, we have

n—1 1
Y(tni) = f(tni)+Ah > k1(tn,i, ti + sh)y(t; + sh)ds
~ i=0Jo
+)\1h/ k1(tn,istn + sh)y(ty + sh)ds
o1 1 (4.7)

+Xoh E ko (tn’i, t; + sh)y(t, + sh)ds

1=0J0
1

N-1
+A2h > ka(tn,i, ti + sh)y(t; + sh)ds,
l=n JO
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n—1 1

uh(tn,i) = f(tn,i) +Mh > k1 (tn,i, t; + sh)up(t; + sh)ds
=0 Jo
+/\1h/ ki(tn,i, tn + sh)up(t, + sh)ds
no—l 1 (48)
+A2h Y ko (tn’i, t; + sh)up(t; + sh)ds

1=0J0
1

N—
+Xoh Z kg(tn,i, t; + Sh)’u,h(tl + sh)ds
l=n JO

By subtracting (4.8) from (4.7), we obtain

n—1 1l
Eni = AMh Z / kq (tn,i; t; + Sh)&(tl + Sh)dS
1=0J0

WA / k(s to + sh)(tn + sh)ds
200 (4.9)

+A2h Z kg(tn,i, t; + Sh)&(tl + Sh)dS
=0
N—1 pl

+)\2h Z kg(tn’i, t; + Sh)E(f[ + sh)ds.
l=n JO

Now, by the hypothesis on the starting errors, it follows that
e(ti + sh) = hPq(s), 1 =0,1,...,r —1, (4.10)

with ||gi||cc < C1 independent of h.
Now, by substituting (4.6) and (4.10) in (4.9), we have

i = MBS () 2 () Muh 3 (T e (BED)
+&#§<2akx%mw+hhz<zaﬂ 2 (4.11)

lr: l=r j=

W z s (Din)iy + 20k 5 (35 e, (D)),

Jj= l=r j=1

where the Vectorsp() € R™, png)L € R™, and the matrices Bﬁz e R™7 Bég e R™x7, D;l,z €
Rm>m Dﬁz € R™*™ and Dy, € R™*™ are defined as

1
/ k1(tn,i,ti + sh)qi(s)ds, [=0,...,r—1,
0
1
o / k1(tn,i, ti + sh) Ry ri(s)ds, l=r ..,n—1,
() =4 o (1.12)
/ i (tnis b+ Sh) Roprn(s)ds, 1=,
0
0, l=n+1,...N -1,
1
/ ko(tn,i, ti + sh)q(s)ds, 1=0,...,7—1,
0
(P5)i = (4.13)

1
/ ka(tn.isti + sh) Ry, r1(s)ds, l=r,...,N—1,
0
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1
/ ki(tn.i, ti + sh)p(s)ds,
0

/ kl(tn,iatn + Sh)(pk(s)ds’
0

[ =n,

1
(Bgli)ik = / ka(tn,i, ti + sh)p(s)ds, l=r,...,N —1,
0

1
D), :/0 B (tois 1+ shY;(s)ds, 1=, — 1,

1
(Dgl,{)ijz/ (b irty + sh)(s)ds, 1=, N —1,
0

(Din)ij = / k1 (tn,istn + sh)p,(s)ds,
0

From (4.11), we obtain

where

e = Ahrt! Zp(l) + AghPt Z o0 4 Mh Z BV

YRS nggl(” + M z "D +)\1hD1na( )

l r

ah'S DY@,

l=r

g = [5l—r+1a---

g =ley s

(2)

From this equation and after some computations, we have

where pn

et

6l7m]T.

N—-1
Han’N,1 = hp+1 Z p;;(l) + 2hsr,n71Xr,n71a

=0

and the matrices H,, S, ,,—1,X; ; are defined as

pil) =

H!

H2

)\101

2P,

(1

+ )\20
)
H,
.t

1=0,1,...
l=n+1,...,
H2

E2

{ 1-20,0B" 0

= [ I-2\hDy, O

El = [ I+204BS) 2),hBY"

E2 = [ 1-2),hDy)

X, = [ M

eW
1+1

—2)ohD{ T

=

n
)
n

(2)
+

i+1

)n7

N -1,

0],

0],

22BN Y

—20h DR |,

e?
j 1

],

I

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)
(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)
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r r+1 n—1
S s O Nl 0 | (4:30)
: 0 S NS N
T, = MBIl +AB,,
(4.31)

T¢ = ADY + DY)

Since the kernel k; are continuous on their domains, the elements of the matrixes Bglr)b,l =nrr-+

1,...,N — 1, are all bounded. By using the Neumann Lemma the inverse of the matrix H! exists
whenever h|A1] || Bﬁ{ |< %, for some matrix norm. This clearly holds whenever h is sufficiently small.
In other words, there is an h > 0 so that for any mesh Qy with h < h, each matrix H,, has a uniformly
bounded inverse. Note that, from this assumptions, there exists a constant Py < oo so that for all mesh
diameters h € (0, h), the uniform bound || H;,! ||;< R, holds.

Now, by setting

IBUI < Po, |BOIL <P IDOIL < Qo [IDDL < Qi (4.32)

TS, = [[MBY + 2B < (A [Py + [Ao| Py < P,

(4.33)
TG, = MDY + 22D < IAalQo + A2l Q1 < Qo
Ayt + Ay 1=0,1,...,r—1,
o5Vl < Ro = 9 Milagy, +[Aelad,, I=rmr+ln, (4.34)
[Aalaz, , l=n+1,...,N -1,
||ST7"_1||1 < maX{PQ’ QQ} < P3, H y(m+r) ng Mm,r; (435)
1 t
Kon,r = max / |, (s,t)]dt, K, :max/|/€i(t,5)|d8, 1=1,2, (4.36)
s€[0,1] tel
r 0
7 =mK.Ch, 1=0,1,...,r—1,
[ pglr)z 1< a"l’n,r =mEK 1Ky r My, r, l=r,...,n, (4.37)
0, l=n+1,...,N —1,
l v? = mK>Cy, 1=0,1,...,r—1,
1 pS) 1< ] (4.38)
a72n,r :mKQKm,TMm,r, l :’]",...,N—]_,
Then, from (4.22), we have
||Xn,N*1||1 S hpGl + hGQHXr,nlela (439)

with G1 = 2RoR1T, G2 = 2R, P5. The above generalized discrete Gronwall inequality leads to the
estimate
[[ X n-1l[1 < CRP, (4.40)

with C'= G; exp(hG2). From (4.6) and (4.10), this is equivalent to the estimate || & ||cc= O(hP). O
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5. Presentation of results

In this section, two examples will be investigated to show the reliability and efficiency of the proposed
numerical method. We choose ¢; = 0.7 and ¢co = 1 as collocation parameters. The observed orders
of convergence are computed from the maximum errors at the grid points. The starting values have
been obtained from the known exact solutions. All computations are performed by the Mathematica®

software.

Example 5.1. Consider the nonlinear V-FIEs as:
t 1
y(t) = f(t) —|—/ 2 cos(t — s)y?(s)ds —|—/ 2sin(t — s)y?(s)ds, t € [0,1],
0 0

where f(t) such that the exact solution is y(t) = €.

Table 1: Maximum errors ||y — up|/s for r = 2,3 and m = 2 in Example 5.1.

lly — unllec [ly — unlloo [ly — unlle
N r=1 m=2 r=2 m=2 r=3 m=2
4 3.38 x 1074 2.58 x 1075 3.17 x 1076
8 3.30 x 107° 1.24 x 106 6.71 x 1078
16 3.52 x 10~ 6.77 x 1078 1.86 x 1079
32 4.08 x 1077 3.94 x 107? 5.47 x 10711
64 4.90 x 10~8 2.38 x 10710 1.66 x 10712
6.0
5.5F .
||
5.0r . .J
2
8 455
;[
2 |
O
4.0+ = u
35r
L] =3
] r=
30— 2 EY N % %

Figure 1: Orders of convergence of uy for r = 2,3 and m = 2 in Example 5.1.

The maximum errors have been shown for different values of r and N at the grid points in the Table
1. The orders of convergence of the multistep collocation method for » = 2,3 and m = 2 are shown in
Figure 1. which they confirm the theoretical results of the Theorem 4.1.
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Example 5.2. Consider the nonlinear V-FIEs as:
y(t) = f(t) + /Ot(s +t+2)y%(s)ds + /Ol(s + 3+ 1)y3(s)ds, t €[0,1],
where f(t) such that the exact solution is y(t) = sint.

Table 2: Maximum errors ||y — up||« for r = 2,3 and m = 2 in Example 5.2

[ly — ullso lly — ullso [ly — ulloe
N r=1 m=2 r=2 m=2 r=3 m=2
4 2.43 x 1074 1.22 x 10~° 1.75 x 1076
8 2.90 x 1075 7.06 x 1077 6.26 x 1078
16 3.60 x 106 4.36 x 10~8 1.99 x 1079

32 4.49 x 1077 2.72 x 1079 6.20 x 10711
64 5.62 x 1078 1.70 x 10710 1.93 x 10712

6.0

5.5¢

500 B [ | L]

4.5

Order of convergence

400 | || L

3.5r

30 . . . . . .
10 20 30 40 50 60

Figure 2: Orders of convergence of u for r = 2,3 and m = 2 in Example 5.2.

The maximum errors have been shown for different values of r and N at the grid points in the Table
1. The orders of convergence of the multistep collocation method for » = 2,3 and m = 2 are shown in
Figure 2. which they confirm the theoretical results of the Theorem 4.1 (The order of convergence is

p=m+r).
Example 5.3. Consider the linear V-FIFEs as:

y(t) = f(t) + /0 (t? 4+ 5 + 2)y(s)ds + /0 (t* + 5% 4+ 1)y(s)ds, t € [0,1],

where f(t) such that the exact solution is y(t) = arctant.



10 P. DARANIA AND S. PISHBIN

Table 3: Maximum errors ||y — up|/so for r = 2,3 and m = 2 in Example 5.3

lly — unlloo lly — unloo 1y — unlloo
N r=1 m=2 r=2 m=2 =3 m=2

4 4.24 x 1074 6.96 x 107° 9.75 x 1076
8 4.61 x 107 4.72 x 106 1.84 x 1077
16 5.35 x 106 2.95 x 1077 4.36 x 1079
32 6.43 x 1077 1.82 x 108 2.62 x 10710
64 7.88 x 1078 1.13 x 107* 1.10 x 10~ 12

6.0
5.5r
5.0r .

4.5¢

Order of convergence

4.0r [ ] [ ] B

35

3.0
10 20 30 40 50 60

Figure 3: Orders of convergence of u for r = 2,3 and m = 2 in Example 5.3.

The maximum errors have been shown for different values of r and N at the grid points in the Table
3. Also Figure 3. shows the orders of convergence of the numerical method for » = 2,3 and m = 2. From
this Figure, we can see that the numerical results are consistent with our theoretical analysis.

6. Conclusion

We have shown that the multistep collocation method yields an efficient and very accurate numerical
method for the approximation of solutions to nonlinear V-FIEs. Numerical results show that this method
is effective for nonlinear V-FIEs. Furthermore, the convergence, and stability properties of the multistep
collocation method, it is more accurate than collocation method.
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