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Improvement of the piecewise polynomial collocation method for Fredholm
integro-differential equations

R. Parvaz* M. Zarebnia and A. Saboor Bagherzadeh

ABSTRACT: In this work, in the first step, the error estimation by using defect correction principle is studied
for the numerical approximation of Fredholm integro-differential equations. Based on theoretical study, it is
shown that for m degree piecewise polynomial collocation method, the deviation of the error is O(h™*t1). In
the next step by using the deviation of the error the collocation solution has been improved. Also in the last
step of this paper, simulated results to investigate the theory results are given.
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1. Introduction

Many phenomena in nature are expressed by different types of equations. One of the most important
equations used in various branches of science and engineering is the Fredholm integro-differential equation
(FIDE) equations [1]. In recent years, various methods have been studied for numerical solution of these
equations, such as the iterated Galerkin approximation and finite element solutions are studied in [2,3].
Also, other methods can be found in [4,5]. One of the efficient methods to solve this type of equations
is the piecewise polynomial collocation method that can be found in [6,7,8]. In addition to this category
of equations, fractional, delay and systems of equations have also received attention in the last few
years. Readers can find more information about these topics in [9,10,11,12,13,14,15]. Furthermore, other
collocation methods with different basic functions have been employed to solve integral equations. For
instance, the Bessel collocation method is utilized in [16,17], and the Pell-Lucas collocation method is
employed in [18]. Also, based on the behavior of the kernel of integral equations, various methods have
been used to approximate the solution, which can be referred to the methods described [19,20]. In this
paper, this method is improved by using Error estimation based on defect correction principle. Now, we
continue to introduce and state the conditions for this equation. This type of equation is defined as

Y (t) =F(t.y(t),2[y](t)), tel:=]a,b],
ay(b) + By(a) =, (1.2)
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where

z[y](t) ::/ K(t,s,y(s))ds. (1.3)

and a,b, 8,a,r € R=(—00,00), a+ 3 # 0 and b > a. We define W and S as follows

W={(t,y,2)|t€l,y,z € (—o0,0)},
S:={(t s,u)|t,s € I,u € (—00,00)}.

In this paper, we shall assume that F' and K are uniformly continuous in W and S, respectively. We say
that z[y](¢) is linear if we can write z[y](t) as

b
() = / Al $)y(s)ds, (1.4)

where A(t, s) is sufficiently smooth in J := {(¢,s) |t,s € I'}. Also, we say that F is linear if we can write
F(t,y(t), 2[y)(1)) as

F(t,y(t), 2[y)(8)) = ar()y(t) + az(t) + 2[y](?).

In the nonlinear case, we assume that F'(t,y,z), Fi(t,y,2), Fy(t,y,2) and F.(t,y,z) are Lipschitz-
continuous. Also, when z[y](¢) is nonlinear we assume that K(t,s,u) and K,(t,s,u) are Lipschitz-
continuous. We say FIDE with boundary condition (1.2) is linear if we can write (1.1) as follows

y'(t) =a1(t)y(t) + az(t) + 2[y](t), € [a,b], (1.5)

with linear z[y|(¢). Also in the linear case, we assume that a;(t),a2(t) € C(I). In this paper we study the
deviation of the error for the linear and nonlinear Fredholm integro-differential equations. We show that
for m degree piecewise polynomial collocation method the order of the deviation of the error is at least
O(h™*1). In this paper we find the deviation of the error by using first-order finite difference scheme
although we can use second-order finite difference scheme and a similar argument can be studied for this
finite difference scheme. The general studies on the structure of defect correction principle can be found
in [21,22]. The deviation of the error estimation based on piecewise polynomial collocation method for
linear and nonlinear first order and second order boundary value problems can be found in [23,24]. Also,
in the present paper, the error correction method based on defect correction principle is used to improve
the collocation method. The error correction method based on other methods as spectral deferred is
used in [25]. Although the error correction method in the present paper and in [25,26] has been used to
improve the collocation method, the details of the structures of the two methods are very different. The
reader can refer to the articles [21] and [26] to see the details of the difference between the two methods.
Also, the discussion of the error estimation for other integro-differential equations have been studied by
the authors in [27,28,29]

The outline of the paper is as follows. In Section 2, piecewise polynomial collocation method, finite
differences method and exact difference scheme are introduced. In Section 3, we give a complete analysis
of the deviation of the error for linear and nonlinear cases. The main results of the paper are formulate
in Theorems 3.1, 3.2, 3.3 and 3.4. In Section 4, we present the results of numerical experiments that
demonstrate our theoretical results. Also conclusions are included in Section 5.

2. Description of the method

In this section, we introduce some details about the deviation of the error estimation.



IMPROVEMENT OF THE PIECEWISE POLYNOMIAL COLLOCATION 3

2.1. Collocation method

In this subsection, we introduce the piecewise polynomial collocation method for solution of the FID
problem (1.1)-(1.2). Let

a=T<7T <...<Tp=b, (n>1),
O0=po<p1<...<pm <pmi1 =1,

and h; := 7,41 — 7y, we define X,,, Z,, and S,(qg)(Zn) as follows

X’L = {ti,j =T —|—pjhz,.] = 1, e ,m},
Zy i ={tio:=7;;1=0,...,n},

SO(Zy) == 1{peC(); p ! [ri,7ir1] € Wu([ri, i) (i = 0,...,n — 1)}

In the above definition, IL,,([7;, Ti+1]) is space of real polynomial functions on [r;, 7;41] of degree< m. We
define h (the diameter of grid Z,,) and h’ as

h:=max{h;i=0,...,n—1}, ' :==min{h;; i =0,...,n — 1}.

In this paper, the set X(n) := U?:_Ol X is called the set of collocation points. According to the piecewise
polynomial collocation method, we are looking to find a p € Sy(,?)(Zn) so that (1.1)-(1.2) holds for all
t € X(n). In the collocation method, since we can not determine exact value for z[p](t), therefore we use
the following method to determine z[p](¢). In the first step, we define

m—+1 !
p—pi o p—a
Lj(p) := Hf: LE- ) ::Lj(b’—a’)’ a<ad <b <,
1;1 Pj — Pi
i£]

then by using quadrature method, we find

n—1m-+1

2P(ti) = > Y 0w kK (gt ptn =) = 2 [p)(ti ), (2.1)

k=0 z=1
where the quadrature weights are given by
Tk+4+1
Qs ke ::/ L[ZT’“’T"'“](s)ds.
Tk

By using Interpolation error theorem [30], the following lemma is easily proved.

Lemma 2.1 For sufficiently smooth f, the following estimate holds
|2[f1(ti.;) = Z[f1(ti3)] = O™, (2.2)
where Z [|(t; ;) is defined in (2.1).

In a similar way to [6,7], for the piecewise polynomial collocation method, we can find the following
theorem.

Theorem 2.1 Assume that the FID problem (1.1)-(1.2) has a unique and sufficiently smooth solution
y(t). Also assume that p(t) is a piecewise polynomial collocation solution of degree< m. Then for
sufficiently small h, the collocation solution p(t) is well-defined and the following uniform estimate at
least holds:

Iy () = p D (#)lloc = O(R™), j = 0,1.



4 R. PARVAZ, M. ZAREBNIA AND A. SABOOR BAGHERZADEH

Remark 2.1 In special case, we can see that for equidistant collocation grid points with odd m the

following uniform estimate holds
lyP () = pP (B)]|oc = O(R™ ), j = 0,1.

Lemma 2.2 For linear and nonlinear z[-](t) we have

[2lpl(ti5) = Z[y](ti5)| = O(R™).

Proof: By using Lemma 2.1, Theorem 2.1 and the Integral mean value theorem, for linear case we get

zpl(ti ;) — 2yl (ti;) =Z[el(ti ;) — zlel(tiy) +2[el(ti ;) =

O(hm+1)
/A ijys)e(s)ds + O(h™Hh)
—a) Alti. Gig) e(Giy) +O(R™ )
N——
o(hm)
= O(h™),

where (; ; € [a,b] and e(s) = y(s) — p(s). For nonlinear case by using Lemma 2.1 we get
Zyl(ti ) — 2 [pl(ti ;) = Zyl(ti;) — 2yl (ti ;) — Z[pI(tis) + 2[p](ti;)
+ 2[yl(ti;) — 2[pl(ti ) = /b (K(ti,jvsvy(s)) - K(ti,jvsvp(s))>d5
+O(R™ ) = O(h™), '

We note that in (2.3) by using the Lipschitz condition for K we find

K (ti5,5,9(5)) — K (tij,5.0(5))| < Cly(s) —p(s)| = O(h™),

which completes the proof.

2.2. Finite difference scheme

We define A and B as follows
A= {(i,)); tij € X(n) U Zy.}, B:=A—{(n,0)}.

We write a general one-step finite difference scheme as

1 Nij4+1 — Ni,j .o
(L( ) n)ij = % = F(ti,j, i3, x[ij), (i,7) € B,
i,
aMno+ Bnoo=r,
where 51‘1]' = ti,j+1 — ti,j and
> 0K (i gt mw)-

(lw)eB

Definition 2.1 For any function u, we define

R(u) :=A{ulti;); (i,7) € A,

also we define

ni={ny; (5) € Ay, LW = {0 ,5) € A}

By using Taylor expansions, the following lemma is obtained easily.
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Lemma 2.3 If the function f has a continuous first derivative, then there exists a number & ; €
[tijstij+1], such that

2

tij+1 07 .
[ @ = 00) = 21 6.

By using the above lemma, we can find the following lemma.

Lemma 2.4 For sufficiently smooth f, the following estimate holds

IX[f1i.; = 2[f1(ti,5)] = O(h).

Then by using Taylor expansion and Lemma 2.4, we have the following estimate

17 — R(»)]lee = Oh), (2.6)
1LY = Rl = O(h), (2.7)

where n and Lﬁ)n is defined in the Definition 2.1.
2.3. Deviation of the error estimation for FID equations

Now we find the deviation of the error estimation for (1.1)-(1.2) by using defect correction principle.
We consider y'(t) = f(t), a <t < b, where f(¢) is permitted to have jump discontinuities in the points
belonging to Z,,. Using Taylor expansion we can find

1
@S@%ﬁzy@m+o_y“m)=/wﬂ%w+@mﬂ§=jhﬁim)
0

4,J

Therefore, we find “exact finite difference scheme” for y/(¢) = f(t), which is satisfied by the exact solution.
Then we can say that a solution of problem (1.1)-(1.2) satisfies in the following exact finite difference
scheme

(LY 9)ig = Ta(F (. 2ly)). tig).
Also according to the collocation method, we have the following relation.
P (tig) = F(tijp(ti;), 2[pl(tig)) =0, (i, 5) € X (n),
therefore we define defect at t; ; as follows
Dy j = (LYP)ij — Za(F(p, 2lp)) . ti ), (i,5) € B. (2.8)

In order to compute integral in (2.8), we use quadrature formula:

IA(F('vva[p})vti,j) ~ QA(F('7p7g[p])ati,j)
m—+1

= Wt p(ti k), Z [P (Eik)).
k=1

where

1
. 0; 4
’Yf,j ::/ Li(pj + ghv’J )dE.
0 i

With standard arguments we can show that for sufficiently smooth f the following error holds

Ta(fitig) — Qalf tiy) = O(™).
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Also when m is odd and the nodes p; are symmetrically, we can see the following relation.
Za(fitig) — Qalf i) = O(R™F?).

In this step we define 7 = {m; ;; (,7) € A} as the solution of the following finite difference

i,

1 Tij41 — .

(LY 7)y = 7”3_ : = F(tij,mij, x[7lij) + Dij, (3,5) € B, (2.9)
(2¥]

QTp0+ Bmog =T (2.10)

We define D := {D; ;; (i,7) € B}. For small value D, we have
™= R(p) =1 —=R(y),
where 7 can be found in (2.4)-(2.5). We define € and e as
ei=m—n=R(p)-Ry):=e

An estimate for the error e can be found in Theorem 2.1. The deviation of the error can be written in
the following form

f:=e—c.
In the next section, we study the order of the deviation of the error estimate for FID problems.

Lemma 2.5 The defined defect in (2.8) has order O(h™).

Proof: We can write

Dy = (LYp)i; QA(F( Z[pl) tig) + O™

=ZAp' tij) — (F s 2 [p])s w)"‘o(hmH)
_IA(p 12 ,J) (p/at ) Q.A(p 7F(apaz[p])7t7,]) +O(h’m+1)
S1 Sa

Since p’ is a polynomial of degree m — 1, therefore S; = 0. Also according to the definition of collocation
solution, we can say that S = 0 at all collocation grid points ¢; ;. For grid point 7;, we have

P'(7i) = F(7i,p(7:), Z[P)(7:)) = ' (1) — F (i, y(ma), 2[y)(73))

=0
+ @/(Ti) -I-F(Ti,y(n),z[y](n)) - F(Ti,P(Ti)aE[PKTi)) .
N——
O(h™) S

For S3 by using Lipschitz condition and Lemma 2.1 we can obtain

53] < Cily(m) — p(ri) [ + Co 2[y)(7:) — Z[pl(7:) | = O(h™).

O(h'm,) O(hnI.)

which completes the proof. O

The following lemma is a consequence of the above lemma.

Lemma 2.6 The m —n has order O(h™).
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By using the deviation of the error estimate for FID problems, we can improve the collocation method.
The structure of the improved collocation method is given in the following algorithm. Also in the next
section, it can see that the order of convergence of the improved method is one unit higher than the order
of convergence the collocation method.

Algorithm 2.1

1- By using collocation method in section 2, find collocation solution as R(p);
2- Find the defect values as D by (2.8);

3- Find 7 and 7 by solving (2.4)-(2.5) and (2.9)-(2.10);

4- Define e = 7 — n;

5- Improve collocation solution by R(p) — ¢;

3. Analysis of the deviation of the error

Definition 3.1 In this section, we define € and & as follows

Ei= - R(p),
g:=n-R(y).
By using Theorem 2.1, (2.6), (2.7) and Lemma 2.6, we can find the following lemma.
Lemma 3.1 The € and the € have order O(h).
Lemma 3.2 We have
|[E = Elloc = O(R™).
Proof: By using Lemma 3.1 and Theorem 2.1, we can write

| =&l < |lm = nlloc +[IR(P) = R(y)lloc = O(R™).
—_—

O(hm) O(hm™)
O
Lemma 3.3 For linear and nonlinear z[-](t), we have

|X[y]z,j - 2[3/](1527])' = O(h), (3.1)
IX[plij — Z[pl(ti )| = O(h). (3.2)
IX[n)i.; = X7zl = O(™), (3-3)
|X[y]i,j - X[p]zg = O(hm)a (34)
IX[Eli; — x[Eliil = O(R™), (3-5)
X[Elij| = O(h). (3.6)

Proof: In the first step, we prove (3.1). By using Lemma 2.1 and Lemma 2.4, we have

IX[Wli; — Z W) = | x[Ylis — 2[Yl(ti ) + 2[Y](ti5) — Z[Yl(ti ;) | = O(h).
o(h) O(hm+1)

Similarly we can prove (3.2). Now we prove (3.3). When z[-|(¢) is linear we find

xnlij — xI7lig = xIn — 7lij = Z O, (ti st w)er
LveB

h
<(b—-a)(m+ 1)ﬁ mgé—/\(ti,jytz,u) Elw

O(h?n)
= O(h™).



8 R. PARVAZ, M. ZAREBNIA AND A. SABOOR BAGHERZADEH

From the Lipschitz condition for nonlinear K and Lemma 2.6, we get
K (tijs tios M) = K (tig ties o) | < Clme = m| = O(R™).

Then for nonlinear case, we can get

xlrli; — x[nli; = Z O1,w (K(ti,j,tl,mﬂl,v) - K(tz‘,j,tl,mm,v))

lLveB
h
<(b—a)(m+ 1)ﬁ max (K(ti,jvtl,va 7Tl,v) — K(ti,j7tl,vanl,v)) = O(h™).
Similarly, we can prove (3.4),(3.5) and (3.6). O

3.1. Linear case
Theorem 3.1 Consider the FID problem (1.5) with boundary condition (1.2). Assume that the FID
problem has a unique and sufficiently smooth solution. Then the following estimate holds

10]loc = lle = €lloc = O(R™*),

where e is error, € is the error estimate and 0 is the deviation of the error estimate.

Proof: Since F' is linear then by using (2.4) and (2.9) we get
(LS)E)i,j =a (ti)j)EiJ + X[E]i,j + D; ;. (37)
Therefore we can write

(LY )iy = (LYp)is — (L)
— (LWp)i,j — Talary + az + 2[y), ti ;)
= (Lfi)p)i,j — Quala1p + az + Z[p], ti 5)
D ;
+Qualarp + az + Z[p), ti ;) — Zalary + as + z[yl, ti ;)
=D;; +Qalarp+az+Z[pl,ti ;) — Zalary + az + 2[y], ti ;)
+Qalary +ax + Z [yl ti ;) — Qalary + a2 + Z[y) i )
=D+ Qualare + Ze], t; ;)
+ (Qalary + a2 + Z[yl, ti j) — Talary + az + 2[y], ti ;)
O(hm+1)
=D + Qualare + Z[e], t; ;) + O(R™). (3.8)

Then from (3.7) and (3.8), we find

(LY0); = (L e)is — (Le)i
=Di;j+Qalare+Z[e], ti ;) — ar(tij)ei; — xlelij
= Dij+ax(tizei; + xleli;
—ai(tij)ei; — xleli; + O™
= a1(ti,;)0:; + x[0)i;
+ Qalare, ti ;) — ax(tij)ei; + Qa(Z el i) — xleli; +O(R™ ). (3.9)
Sn Ss
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. 1 .
Since Y i vF; =1, then we rewrite S) as
m—+1
E ’Yl g al i, k t; k) (ti,j)e(ti,j))7

by using Taylor expansion, we have

ay (tik)e(tin) — ar(tige(ti;) = (tik — tiy) (a7 (&) (fi) +a1(&) E’\(Eg )
o) nes ohm)
_ O(herl), (310)

where &; € [1;,7;41]. By using Theorems 2.1 and (3.10), we can say that S; = O(h™*!). For S by using
the Lemma 2.3, we get

b
/ A(ti j,s)e(s)ds — xeli;

h 8A(t7;j, S) ’
< — _ Pt S
<( a)(m+1)2h,hsrél[gf§]( 9s e\(i)/ +A(ti5,8) €(s) )
o(hm) O(hm)
= O(h™th). (3.11)

By using (3.11), we obtain

Sy = Qual(Z el ti ;) — xleli;

m—+1

b b
— Z %ﬁj/ At g, s)e(s)ds + O(h™T1) 7/ At j,s)e(s)ds

m—+1

O(hmHty = Z%u / (At 5) = Alti8) )els)ds + O™+
m—+1 b B
= bt 1) [ O (G s)els)ds + O™
k=1 a
m+1 b
= 3 oyt D5 € GelC) [ s+ 00
m—+1
(b—a) Z%J (tig — ) (m,ck) e(Cx) +O(R™H)
%f—/ ~——
O(h) O(h™)
= O™,

where &; i, Ck, Ck € [Ti, Tiz1]. Therefore we can rewrite (3.9) as

(LG 0)s5 = ants, )05 + x[0)i; + O™ ).
By using stability of forward Euler scheme, we find

10llo = lle = €lloc = O™ ).
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3.2. Nonlinear case

Definition 3.2 We define
1

. Fy ZJap Z] +‘€’LJT X[} )dT?
0
1
= Fy i,j2 Y ZJ)+€'LJ7- X[’I] )dT,
0
1
= | Bt plta0), Z015) + (Xlples = Z[pl(0) 7 )

R(tz,j) = /0 F, (tz,jv y(tl,])7 ~[y](ti,j) =+ (X[y]i,j - z[y](ti,j))'r)df
Remark 3.1 By using the Lipschitz condition for F,, Lemma 3.2 and Lemma 3.3, we get

|Ey (i, y(tig) + iy, xlig) — Fy(ti g, p(ti ) + €y 7 x[mli )]

=G ( ly(tij) — pti )| +7|&i5 — gm‘|) + C2 [x[nlij — x[7]i | = OR™). (3.12)
— ——— —_——— ~——————
O(hm) O(hm) O(hm)

By using (3.12) we obtain

1
i) = w(ts) = [ (B (b0t + 8l
= By (tisplti ) + Ei5m, Xl ) )dr = O(B™). (3.13)
Then by using (3.13), we can write

W(ti ;)5 = wltij)Eiy + (Wtiy) —wltiy)) &
N
o(hm) o(h)

= w(ti7j)@)j + O(hm+1>

Also, we have

R(ti;) — R(ti;)

1

= [ (Pt vtti). Z00) + (s = Z(0:)7)

= P (b p(ti ), Z 0] i) + (xlplis = Z [0l (1)) ) dr
By using (3.11), we can say that

Ix[eli; — Z[e](tig) = O(h™ ). (3.14)

From the Lipschitz condition for F, and (3.14), we have

P2 (i, (tij)g[](t) ([] Zl(ti))7)

_F( va( ] ( [p ))‘
< Cilytiy) - (t”>|+02(| H( ) = Zlpl(tig) |
~—_— ——
O(hm) O(h'nL)

7l (Clig = Z[0)(ts) = (xlplig = Z[pl(:)) ) = O™).

O(hm+1)
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Therefore we can say that

=

(tij) — R(ti ;)| = O(™). (3.15)

By using Lemma 2.3, (3.14) and (3.15), we find

R(ti ;) (x[yli; — Z[¥)(ti ;) = R(ti ;) (x[pli; — Z[P)(ti ;)
+ R(ti ) (X[lij — x[pli; — Zyl(tiy) + Z[p](ti) )
O(hm+1)
+ (R(ti;) — R(tiy) ) (xlylig — Z[yl(tiz))
O(h™) O(h)

= R(ti;) (x[plij — Z[p)(ti ) + O™ ).
When F is nonlinear and z[-](¢) is linear we have the following theorem.

Theorem 3.2 Consider the FID problem (1.1) with boundary condition (1.2), where F(t,y, z), F(t,y, 2),
Fy(t,y,z) and F.(t,y, z) are Lipschitz-continuous. Also let z[-|(t) is linear. Assume that the FID problem
has a unique and sufficiently smooth solution. Then the following estimate holds

16]loc = lle = €lloc = O(R™*),

where e is error, € is the error estimate and 0 is the deviation of the error estimate.

Proof: For nonlinear case, we have
1
(L) ig = Fltigmig, x[mig),
1
(L;)W)i,j = F(tij,mi g x[7lij) + Di ;-
Thus we can write
1
(LY e)is = Fltijomig, xlmlig) = Ftig,mig, xig) + Diy. (3.16)
By using (3.16), we have

(LW0)i; = (LY e)i; — (L) = (LY )iy — (Lgpy),j

= F(tij, mij, x[rlig) + F(ti g, mis x[nlig) —

_QA( (- p: 2 [pl), s J)+D1]_I F(. ,J)

= F(tij, mij. X [77]1,])"‘ F(ti,mig,x Mw)

= F( .50 Mijr X [77]:,3) +Q ( ( ,Z[y])vtw) (F( Y,z [y])7ti,j)
O(hm+1)

- QA(F(a Y, g[y])ati,j) - F(ti,jaﬂ-i,ja X[ﬂ.]i,j) + QA(F(~7P7 g[p])7ti,j)
= — (F(tij,mij, x[7li) = F(ti g p(tig), x[plis)

I
= (F(ti,jvp(ti,j)axw]i,j) — F(ti,p(ti ), 2 [p] (%’))) —F(tij,p(ti ), 2 [p)(ti ;)
Iy
+Qa(F(p, Z[pl) i) + F(tigmigs x[nig) — F(tisy(ti), x[ylis)
I3
+ F(tij y(tig), xwlij) — F(tij, y(ti ), Z [y](ti;))
Iy

+ F(ti,jay(ti,j)v g[y](tl,j)) - QA(F('vya z[y})atlj) + O(herl) (317)
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We rewrite I, Is, Is and I as follows

I = w(ti;)g,; +v(ti;)x[Ei

I, = R(tm) (X[p]i,j - z[p} (tz J))
Is =w(ti ;)& +v(ti,;)x[Eli
L = R(ti ;) (x[yli — Z W] (ti5))

where w(t; ;),W(t; ;), R(t; ;) and R(t; ;) are defined in Definition 3.2 and
1
v(ti;) 11/0 Fe(tig p(tig), x[plig + x[EliyT)dr,
1
i) 1= [ Fo(tsouts) Xl + XE) )
Similar to Remark 3.1, we can get
ﬂ(ti’j)x[g]i’j = ’U(ti,j)x[é\]i’j + O(hm+1). (3.18)

Then based on the above discussion, Remark 3.1 and (3.18) we rewrite (3.17) in the following form

(LR20)i.s = w(ti 1)0: 5+ v(ts )x[0)i g + F(tigy(tig), Z W] (k) = F(tigu(tig), 2[yl(ti.5))
+F( ’Lj?y( )az[y}(tl J)) ( ljap( ) Lp](tl ])) +‘F( ,]vp(ti,j)szp](tiyj))
= F(ti,p(ti) 219l (t1) + Qa(F (ti:y(ti,), F (1))

= Qu(F(ti it )) +QA( ”,ym,j),z[y](ti,j)))
= Qu(F (b p(tig) Z 01 t:9)) ) + Qu(F (tioplti), 21p) 1))
= Qu(F(tizplti), 2pl(ti,)) ) + O™ ). (3.19)

,zt

)
)
By using the Lipschitz condition for F' and Lemma 2.1, we have

[F(tigy(tig)s 2 [W)(ti ) — F(tigy(tig)s 2[ul(tig))|
< CIZ[Yl(ti ;) — 2[y)(ti )| = O(R™*), (3.20)

[F (.5 (ti5), Z[P)(tig)) = F (b5 p(ti), 2[p)(84 )
< CIZ[pl(tig) — zlpl(ti )| = O(h™ ). (3.21)

Then by using (3.20)-(3.21), we can rewrite (3.19) as
(L0)i5 = w(ti ;)03 5+ v(t: ;)X[0)i; + D(ti5) — Qa (‘D(ti,j)) +O(h™ ).
where

O(t) = F(t,p(t), z[p](t)) — F(t,y(t), 2[y](1))-
By using Taylor expansion, we have
m—+1 m4+1

tig)— > 0 > Ak (@t g) — Otin)|
k=1 k=1

Chmax |®'(t)].

IN
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We can find
19" (#)[|oo = [1Fe(t, p(2), 2[p)(t)) — Fi(t,y(t), 2[y](t)) + Ey (t, p(t), 2[p)(£)) P ()
— Fy(t,y(t), 2[y] (1) y' (t) + E= (¢, p(t), 2[p] () 2’ [p)()
= F.(t,y(t), 2[y) ) 2" [y] (1)) lloo = ||F% (2, (1), 2[p] (1))
— Fy(t,y(t), 2[y](t) + Fy (¢, p(t), 2[p) (1)) ' (t) — Fy (. y(1), 2[y] (1)) 0 (1)
+ Fy (6, y(6), 2[y)(0)) 2/ (8) = Fy (8, y(8), 2[y](1))y' (¢
+ F.(t,p(t), 2[p)(1)) 2" [P)(t) — Fx (L, y(1), 2[y] () 2" [p] (1)
+ o (t,y(1), 2y (1) 2 [p)(t) — = (, y(1), 2[y] ()2 [y](1)) |
< C1lp = ylloo +C2 [P = ¥'|loc +C3l] 2'[P](t) — 2" [y](1) ||oo
O(hm) O(h™) Is
We can rewrite I5 as follows
2'[pl(t) / 5‘t (t,s) e\/ ds = O(h™).
¢ O(hm)

In this step based on the above discussion, we have

(LY0)is = wlti)6i; + o(ts )x[Bli; + O™ ).
By stability of forward Euler scheme, we can find

10lloc = lle = €lloc = O™ ™).

In this step, we study nonlinear case with nonlinear z[y](¢).

Definition 3.3 For nonlinear z[y|(t) we define X [€]; ; and X [€];; as

X[€liy = xnlij — xwli; = Z 01k (K(ti,j7tl,kanl,k) - K(ti,jatl,kvy(tl,k)))
(Lk)eB

Z 01k 1 (83 5)E 1,

(1,k)eB

X [Elij = x[7lij — x[Plij = Z 01k (K(ti,j7tl,ka k) — K(ti,jatl,k7p<tl,k)))

(I,k)eB

Z 61k, (ti ) L ks

(I,k)eB

where
1
W i(tsg) == / Ko (tij tie, y(tie) + 780%)dr,
0

1
O it 5) ;:/ Ky (ti . tue, p(tie) + 7815 d.
0

By using the Lipschitz condition for K, Theorem 2.1 and Lemma3.2 we can find the following lemma.

Lemma 3.4 We have

| (tig) — Qui(tiz)] = OB™).
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Lemma 3.5 We have

Z Sk (tij)ELE = Z SEQun(ti)E L + O(R™ ).
(L,k)eB (L,k)eB

Proof: By using Lemma 3.4 we get

Z Skt )E, = Z 01 ki (ts )81 + O(R™) Z 01k Eik

) ~~~
(l,k)eB (l,k)eB (I,k)eB o(h)
= Z Se g (ti ) ELE + O(R™TY),
(L,k)eB
O
Lemma 3.6 When z[-](t) is nonlinear then we have
X[Elij — X[E]i; = O(R™).
Proof: From the Lemma 3.5 and Lemma 3.2 one may readily deduce the following result
X[Eli; —X[E)ij = Z Sk (ti j)ELE — Z 01 ki (ti)E 1k
(L,k)eB (Lk)eB
= Z 1,1k (ti ) Erk — Evg) + O(R™)
(I,k)eB
h
< (m + 1)(b — a)— max k(tz}j)(gl L — & k) + O(hm+1) = O(hm)
h! (1,kyeB N ——
O(hm)
O

Theorem 3.3 Consider the FID problem (1.1) with boundary condition (1.2), where F(t,y, z), Fi(t,y, 2),
F,(t,y,2) and F,(t,y, z) are Lipschitz-continuous. Also let z[y|(t) is nonlinear, i.e, (1.5), where K (t, s, u)
and K, (t,s,u) are Lipschitz-continuous. Assume that the FID problem has a unique and sufficiently
smooth solution, then the following estimate holds

10]loc = lle = €lloc = O(R™*),

where e is error, € is the error estimate and 0 is the deviation of the error estimate.

Proof: Similar to the Theorem 3.2, we get

(LW = —(Is + Ir) — F(tig,plti ;). Z[p](ti7)) + Qa(F (. Z[p]), i)
+ Is + Io + F(tij, y(ti ), Z[W)(ti ) — Qa(F(,y, 2 [Y]). ti )

L O, (3.22)
where

IG = w(tz,j)g’b,.] + ’U*(tl,])Y[g]Zg.ﬁ

Ty = W(te) 8 + 7" (16, [ o

I7 == R(t: ) (x[plij — Z[p)(t:,)),

Iy = R(ti,j)(X[y}iJ - 5[y](tivj))’
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where w(t; ;),W(t; ;), R(t; ;) and R(t; ;) are defined in Definition 3.2 and

1

v*(ti5) 32/0 F(tij, p(tig), x[pli; + X [Eliy7)dr,
1

() = /0 Fu(ts 1, y(ti) Xl + R Eligm)dr.

We get

1
v (tig) =0 () = /0 F(ti g, p(tig), x[plij + X [Eis7)
— F.(ti,j,y(tig), x[ylig + X [Eliy7)dr,
by using Lemma 3.3-3.6 and the Lipschitz condition for F,, we have

|F. (ti.g, (i), x[Plig + X[E)im) — Fz (i, y(tig), x[Wlig + X [E)igT)]
< Cilp(ti;) — y(tiz) |+ Co(I x[Pliy — xWli | + 7IX [Eliy — X[Eliyj [) = O(W™),
—_————— —_— —_—
O(hnz) O(hnz) O(hnz)

therefore we write
(i )X [Elig = v* (ti )X [Elig + (V" (tig) — 0" (tig) ) X Eig
—_— ——

=v"(t; ;)X [€)i; + O(R™H).
Also by using Lemma 3.5, we get

RIEL; —RIELij = Y 0uafun(ti ;)0 + O(B™ ).
(LK) eB

Then we can rewrite (3.22) as follows

(LW 0)ig = wti )i +v(tig) Y Galur(tis)oo
(I,k)eB

+ F(tig,ytig), Z[yl(tig)) — F(tiz.ptiz), 2 [pl(tiz))
+ QA (F(,p,Z[p]),tw) - QA (F<7ya g[y])7t’b,J)
JrO(herl).

In a similar to the Theorem 3.2, we can complete the proof. O
Similar to the above Theorem, we can prove the following Theorem.
Theorem 3.4 Consider the FID problem (1.5) with boundary condition (1.2). Also let z[-](t) is nonlin-

ear, i.e, (1.3), where K(t,s,u) and K,(t,s,u) are Lipschitz-continuous. Assume that the FID problem
has a unique and sufficiently smooth solution. Then the following estimate holds

10]loc = lle = €lloc = O(R™*),

where e is error, € is the error estimate and 0 is the deviation of the error estimate.
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4. Numerical illustration

In this section in order to illustrate the theoretical results, we consider some test problems. Note that
we have computed the numerical results by Mathematica-9 programming.

Example 1. To check Theorem 3.1, we consider the FID problem (1.5) with linear z[-](¢). In this example
we assume that 8 = 1, = 0,a1(t) := t,a2(t) := — (=1 + e)t + texp(t?), A(t, s) := 2ts and [a,b] := [0, 1].
The exact solution is given by y(t) = exp(¢?). In Table 1 we choose m = 4 and assume that p; (i = 0,...,5)
are equidistant point. Also In Table 2 we choose m = 2 and {po, p1 p2,p3} = {0,0.15,0.80,1}. In this
example we choose n collocation intervals of length 1/n.

Table 1: Numerical results for example 1.

(n [ el Order 16|50 Order |
8 1.53923e-5 - —— 3.30065e-7 - ——
16 9.75687e-7 3.97965 9.11807e-9 5.17788

32 6.13527e-8 3.99122 2.59974e-10 5.13229
64 3.84530e-9 3.99596 7.67653e-12 5.08177

Table 2: Numerical results for example 1.
’ n \ [le]]oo Order [10]] 00 Order ‘

8 4.38644e-3 - —— 1.89193e-4 -—
16 1.04811e-3 2.06527 2.80256e-5 2.75504
32 2.54740e-4 2.04069 3.81895e-6 2.87550
64 6.26840e-5 2.02285 4.95540e-7 2.94610

Example 2. This example reveal the Theorem 3.2. We Consider FID problem

b
(0 = (ar(y(0)” +azlt) + [ Atts)us)ds, ¢ € 0.1),

where aq(t) :=t, A(t,s) :=ts, [a,b] :=[0,1], 8 =1, @ = 2 and with as(t) chosen so that y(¢) = sin(¢). In

Table 3 we choose n collocation intervals of length 1/n and assume that p; (i =0,...,4) are equidistant

point. Also in Table 4 we choose Chebyshev nodes for 7;, (i = 1,...,n—1) and 79 = a, 7, = b and assume

that {po, p1 p2,p3} = {0,0.2,0.65,1}.

Table 3: Numerical results for example 2 with m = 3.

’ n \ llel|oo Order [10]] o0 Order ‘
8 3.25208e-7 - — —— 7.43240e-8 - — ——
16 2.14871e-8 3.91982 4.43307e-9 4.06745
32 1.38079e-9 3.95991 2.69761e-10 4.03855
64 8.75068e-11 3.97995 1.66229e-11 4.02044
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Table 4: Numerical results for example 2 with m = 2.

(n | Jlellos Order [10]] 00 Order |
8 2.86845e-4 - —— 3.50259e-6 - ——
16 7.38179e-5 1.95823 4.06108e-7 3.10849
32 1.87431e-5 1.97761 4.93023e-8 3.04214
64 4.71836e-6 1.99000 6.06813e-9 3.02233

Example 3. By using this example we reveal Theorem 3.3. We consider the FID problem (1.1) as

¥ (6) = (ar(By()” + aa() + 2[y] 1),
where
b
z[y](t) == / y2(s)t?sds,
and a;(t) :=t2, [a,b] :== [0,1], B8 =1, @ = 2 and ax(t) chosen so that y(t) = exp(t?). In Table 5 we choose

Chebyshev nodes for 7;, (i = 1,...,n — 1) and 79 = 0, 7, = 1 also {po, p1 p2,p3} = {0,0.26,0.7,1}. In
Table 6, p; (i =0,...,5) and 74, (i = 0,...,n) are equidistant point.

Table 5: Numerical results for example 3 with m = 2.

’ n \ [le]] oo Order [10]] 00 Order ‘
8 3.27350e-3 - — —— 4.37835e-4 - — ——
16 8.72010e-4 1.90842 5.47554e-5 2.99932

32 2.23511e-4 1.96400 6.79858e-6 3.00969
64 5.64346e-5 1.98569 8.87499e-7 2.93742

Table 6: Numerical results for example 3 with m = 4.

(n [ el Order [16]] 00 Order |
8 4.35033e-6 - —— 1.07669e-6 - ——
16 3.02492e-7 3.84615 3.39348e-8 4.98769
32 1.98603e-8 3.92894 1.05918e-9 5.00175
64 1.27087¢e-9 3.96600 3.30302e-11 5.00301

Example 4. In this example we study the following FID problem

b
ww:mmmw+@w+/£%f@@,

with aq(t) := t3, [a,b] := [0,1], B =3, @ = 2 and ax(t) chosen so that y(t) = exp(t). This example serve
to illustrate the Theorem 3.4. In Table 7, we choose m = 2 and assume that 7; and p; are equidistant

point.
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Table 7: Numerical results for example 4.
’ n \ [le]]oo Order [10]] 00 Order ‘
8 4.54882¢-4 - —— 8.46702¢-5 - ——
16 1.26335e-4 1.84824 1.03839¢-5 3.02750
32 3.31487¢-5 1.93023 1.28381e-6 3.01585
64 8.48154e-6 1.96655 1.59530e-7 3.00853

Example 5. In this example, the numerical results for Algorithm 2.1 is studied. Consider the FID
problem

1

y'(t) =te' +e' —t+ / ty(s)ds,
0

with exact solution as y(t) = te’. The results for this problem are given in Table 8. In this table, e*
denotes the infinity norm between the improved collocation method and exact solution. For this results,
m = 2, {po, p1 p2,p3} = {0,0.15,0.80, 1} and n collocation intervals of length 1/n are chosen. By using
this results, we can see that the order of convergence collocation method (O(h?)) is one unit higher than
the order of convergence the collocation method (O(h?)). Then, these results indicate improved method
efficiency.

Table 8: Numerical results for example 5.

(n [ llells Order 110]]00 Order [le*|]oo Order |
2 2.80944e-2 — — —— 1.15153e-3 — — —— 4.39762e-3 — — ——
4 6.22619e-3  2.17386  1.57056e-4 2.87420  4.65292e-4  3.24052

8 1.43204e-3  2.12028  2.11810e-5 2.89043  5.35936e-5 3.11800
16 | 3.40758e-4 2.07125  2.76866e-6 2.93551  6.43337e-6 3.05841
32 | 8.29227e-5 2.03891  3.54254e-7 2.96633  7.88137e-7  3.02906
64 | 2.04401e-5 2.02036  4.45819e-8 2.99025  9.75325e-8 3.01449
128 | 5.07308e-6 2.01047  5.35966e-9 3.05624  1.21306e-8 3.00724

Example 6. As a last example, the results of the proposed algorithm are compared with the results of
methods in [31,32,33]. Consider the FID problem

t 1
v =15+ [ tsuts)ds
3 Jo

with exact solution as y(t) = ¢. we choose n = 10,m = 2 and assume that 7; and p; are equidistant point.
The results of the proposed algorithm are shown in Table 9 and compared. Based on the results, it is
evident that the proposed method exhibits better accuracy in comparison to the suggested methods.
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