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Abstract. In the present paper we use the generalized Euler-Maclaurin summation formula to study
the convergence and to solve weakly singular Fredholm and Volterra integral equations. Since these
equations have different nature, the proposed convergence analysis for each equation has a different
structure. Moreover, as an application of this summation formula, we consider the numerical solution of
the fractional ordinary differential equations (FODEs) by transforming FODEs into the associated weakly
singular Volterra integral equations of the first kind. Some numerical illustrations are designed to depict
the accuracy and versatility of the idea.

1. Introduction

Weakly singular integral equations appear in important applications of some real world mathematical
models. As some applications of such these equations, one can refer to the potential problems, radiative
equilibrium, fracture mechanics and Dirichlet problems [4][11]. Because of the limitations of several tradi-
tional analytical methods for solving these equations, some new numerical methods have been proposed.
For instance, Du et al [7] proposed the reproducing kernel method for solving Fredholm integro-differential
equations (FIDEs) with weakly singularity. Lifanov et al [12] also suggested some new numerical methods
are for solving singular integral equations. Moreover, the discrete Galerkin method, for solving FIDEs with
weakly singular kernels, was provided by Pedas and Tamme [17]. However, although many other attempts
have been considered for solving weakly singular integral equations, but only a few explore both numerical
discussions and theoretical analysis such as [14) (15, 23].

In this paper we provide, by using the terminology of the generalized Euler-Maclaurin summation
formula, the convergence analysis of the trapezoidal product quadrature rule for solving weakly singular
Fredholm integral equations (FIEs) in the form of

b
u(t) = f(t) + f K(t, x)u(x)dx, t €[a,b], (1)

b
with the assumption that the integral fu K(t, x)dx exist. Such a problem has been considered in [5] with
respect to numerics (via the generalized Euler-Maclaurin summation formula) but without any theoretical
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discussion. Therefore we will focus on the convergence analysis of the mentioned quadrature rule for
solving (1) by using the terminology of the generalized Euler-Maclaurin summation formula. Moreover,
we will study the rate of convergence of the weakly singular Volterra integral equations (VIEs) in the form
of

¢
u(t) = f(t) + f K(t, x)u(x)dx, t € [a,b]. (2)

Also, since any fractional ordinary differential equation (FODE) can be considered as a weakly singular
VIE of the first kind, we will apply the above-mentioned quadrature rule for approximating the solution of
FODEs in the form of

Diu(t) = g(t) + L(u(?)), O<ax<l, u(0) = up, 3
where D{u(t) denotes the left Caputo fractional derivative for u(t) and is defined as [24]

_1
I'l-a)

where n = [a] + 1 = 1 and L(u(t)) = 61u(t) + 6, is a linear known function in terms of u(t) (i.e., 61 and 0, are
known).

This paper is organized as follows. In Section [2| some preliminaries about the generalized Euler-
Maclaurin quadrature rule will be reviewed. In Section [3) some useful lemmas associated with this
quadrature rule together with the convergence analysis for equation (1)) are provided. Convergence analysis
associated with equation (2) is given in Section[d} An application of this summation formula for solving
FODE:s is considered in Section[§] Some numerical examples, for illustrating the accuracy and versatility of
the presented idea, are given in Section [} Conclusions are formulated in Section|[7}

t t
D%u(t) = ﬁ fo (t = x)" 1 (x)dx = j; (t — %)~ (x)dx, (4)

2. Preliminaries

For clarity of presentation, we will review some preliminaries about Bernoulli functions and the gener-
alized Euler-Maclaurin summation formula in the following lines.

We assume that Fy(x) is a given integrable function in the interval [4,b]. Let pointsa = xp < x1 < x2 <
... < X, = bdivide the interval into n subintervals. Throughout the paper, we will assume that the partition
fulfills the following condition

Xi—Xi-1 < %, 5)

wherei=1,2,3,...,nand C > b — a is a constant independent on 7.
The first order Bernoulli function Fy)(x) (see [18], [19]), associated with Fy(x) in the interval [x;_1, xx] is
defined as an anti-derivative of Fy(x) such that

f k Fl(k)(x)dx =0. (6)

Xk-1

To calculate Fy)(x) we should subtract, from an anti-derivative of Fy(x), its mean value in the interval
[xk-1, x¢]. Thus we can express Fy((x) in the following form

Fo@= [ Food- —— [ @ ok @)

At the boundary of [x;_1, x¢] we have

1 Tk
Frgy(xk-1) = —m f (xx — t)Fo(t)dt, (8)
- X1
Xk

Figy(xx) = ﬁ f (t — xx_1)Fo(t)dt. (9)

X-1
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From (8) and (9) or from (7) it follows immediately that

Figy(xx) = Frgy(xx-1) = f k Fo(t)dt. (10)

Xk-1

In a similar way we define, in the interval [x¢_1, x¢], the second order Bernoulli function Fy)(x) such that

Xk
Fjy(x) = Figy(x) and f Fogy(x)dx = 0. (11)
Xk-1
Using definition and performing similar calculations we arrive at
X 1 Xk
Fogy(x) = f (x =tFy(t)dt - m—— f (xx = 1)(2x = x_q1 — )Fo(t)dt. (12)
Xk-1 Z(xk _xk—l) Xk-1

By , the function Fy()(x) takes equal values at the boundary of the interval [x_1, xi]

Fay(a) = Fao0c1) = g [ (o= 00 = xia) Fot (13)

Similarly by induction one can define, in the interval [x;_1, x¢], higher order Bernoulli functions. If
Fu-1(9(x) is given, then we define F,,(x) by

Xk
F:n(k)(x) = Fm—l(k)(X) and f Fm(k)(x)dx =0.

Xk-1

The following formula holds [18]
X — Xp_q)" ! X — Xp_ A i L x—t
FMM=Q—LQ—%&—iﬂj‘MWF]‘M%A———V+ (14)

m! X = X1/ Jx et Xk — Xj—1

where B,,(x) is the mth Bernoulli polynomial defined in interval [0, 1] and B;,(x) is the periodic continuation
of B, (x) i.e., B;,(x) = Byy(x) for x € [0,1] and B} (x+1) = B;,(x) if x € R. Formula has been used by Krylov
[10], in the case of the whole interval [a, b], for reducing the value of the approximation error.

From it follows that for m > 2 the mth Bernoulli function takes equal values at endpoints of the
interval [x,_1, x¢]

m—1 Xk
Fatya) = Fuaocn) = S22 [ ) (5, - 5 (225, (15)
m: Xp1 X — Xg—1
where B,, = B;,(0) is the mth Bernoulli number.
It is easy to see that, starting from Fo(x) = 1, x € [0, 1], up to constant factors, the conventional Bernoulli
polynomials can be defined.
Let us consider integral

b n X
IMWWPZIFMWW (16)
a k=1 VX1

where g(x) is m times continuously differentiable in the interval [a, b]. Integrating in (16), m times by parts
in each interval [x¢_1, x¢], then summing up overk =1,2,...,n and using we obtain the following form
of the generalized Euler-Maclaurin summation formula of the mth order

b

n-1
fFO(x)g(x)dx = Fiwy(b)g(b) — F11y(@)g(a) + Z(Fl(k)(xk) = Figerny(xx))g(xx)
a k=1
+ ) DY B () — gD ) + ()" Y f  Fuy (g™ (17)
=2 k=1 k=1 k1
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The idea of the generalized Euler-Maclaurin summation formula goes back to Kronecker [9] in 1885,

where the Bernoulli functions are expressed by the Fourier series.
If m = 2 then gives

b n—1
f Fo(x)g(x)dx = F1x)(b)g(b) — F11y(@)g(a) + Z(Fl(k)(xk) = Figerny (xi))g(xx)

k=1
= Y Ean @) - ') + Y [ Fawlg” o (18)
k=1 k=1 %/ %k-1
The expression
n-1
Qu(Fo, 9) = Fi(B)g(b) = Fy(@)g(@) + Y (Fiy(xi) = Fagesny (i) 9xe), (19)
k=1

in is a quadrature for integrals | Fo(x)g(x)dx over D = [a, b].

Let us observe that quadrature is in fact the trapezoidal product integration rule. In order to see
this, we will express it in an integral form. For each term of the quadrature, using formulas (8) and (9) we
get

F1gy(x)g(0)I5_, = Figo(xx)g(xx) = Frgoy(Xk-1)g(xk-1)
_ 9@ (¢t = xe)Fo(dt + % L :(xk — DFo(Hdt

Xk — Xk-1 Xi1

M (t = xk1)g(xk) + (5 — £)g(xk-1)
Xk — Xk-1

Fo(t)dt. (20)

X-1

We see that under the integral sign in the function Fy(f) is multiplied by a linear function joining
points (xx_1, g(xx-1)) and (xx, g(xx)). This proves the similarity of our quadrature with the trapezoidal product
integration method. Some other applications of the generalized Euler-Maclaurin summation formula, for
different meshes, are given in [20].

In next sections the following lemma will be needed and for convenience of the reader we put it here.

Lemma 2.1. Assume that a function h(x) is continuous in the closed interval [c, d] and has a continuous and positive
second derivative in the open interval (c,d). If moreover

fcd h(x)dx =0

and h(c) = h(d), then

max [h(x)| = h(c) = h(d). (21)

Proof. See [19].

3. Weakly singular Fredholm integral equations

In [19] we have proved, that if Fy(x) is a continuous and positive function and also g(x) is twice
continuously differentiable in D then Q,(Fy, g) is convergent to the integral with the error O(1/n?). We will
prove now that the quadrature is convergent in the case when Fy(x) is absolutely integrable and g(x) is
continuous in D.
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Lemma 3.1. If Fo(x) is absolutely integrable in [a,b] then for any function u(x) being continuous in [a,b] the
quadrature Q,(Fo, u) is convergent to fa ’ Fo(x)u(x)dx.

Proof. Since u(x) is uniformly continuous in the closed interval [a, b] then for any ¢ > 0 there exists a 6 > 0

such that if |t; — t1| < 6 then [u(f) — u(t1)| < €. Suppose the mesh fulfills the condition that (x; — xx_1) < 0 for
any k =1,2,...,n. Then in any subinterval [x;_, x;], using (8) and (), we have:

|f Fo(x)u(x)dx — Figy(x)u(x)lyt_ 1|

=| f G O 5 ) = ) + () = o))

< f Foto) [ﬁm(x)—u(xou_—x:|u<x>—u<xk_1>|]dxg [ oo

-1 - -1 X1

Summing up the above inequalities we get

b b
| [ Pt - Qutko, ] < ¢ [ Fatoar. @)
O

Before presenting the next lemma, we denote by F; 10 (x) the first Bernoulli function associated with |Fy(x)|
in the interval [x_1,x¢], (k=1,2,...,n).

Lemma 3.2. Suppose that a function Fo(x) is absolutely integrable in the interval [xy_1, xr]. Then we have:
P10 (-1l < =Fj g (xx-1),  [Fago (i)l < F g (xi)- (23)

Proof. The inequalities are the immediate consequence of formulas (8) and (©):

1 T
Fio ()] € ———— — )| Fo)ldx = —F . (xc1),
[F1g (1)l < P inl(xk X)|Fo(x)ldx 100 (k1)
1 T
F < — Fo(x)|dx = F; .
Fuol < o= | e me ol = Fig 0

O

In the next Corollary, we consider the case of two adjacent intervals [x_1, x¢] and [x, x¢11] and a function
Fo(x), absolutely integrable in the interval [xj_1, Xg+1]-

Corollary 3.3. For the common point xy of the two intervals [xx_1, xi] and [xx, Xx+1], the following estimation holds:
IF100 (Xk) = Friesny (i)l < Fl g (66) = F 1) (X0)- (24)
Proof. From Lemma 3.2]it follows that
IF1o (il < Fyy (i), IFagesny (il < =Fjgepqy (X0
Thus

IF1 (i) = Fageany (il < [Fago (i)l + IF1geany (il < Fy () = F ) (%)
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Corollary 3.4. The sum of the weights of quadrature is uniformly bounded with the following estimation

n-1 b
[F 1) ()| + [F102) (x0)| + Z [F19(xx) = Figee1y (i)l < f |Fo(t)ldt. (25)
k=1 a

Proof. From Lemma3.2]and Corollary 3.3 we get the following estimation for the weights of the quadrature
(19):

n—1 n—1

|F1(n)(x1) = F11)(x0) + Z(Fl(k)(xk) = Fig1y (i)l < 1F 1y ()] + [Frgay (xo)| + Z [F1g0 (k) = Figesn)(xp)l
k=1 =1

n-1 n
< Fyon(6n) = Fiy @) + Y (19 (%) = Finy () = Y (Figy (6 = Fiy (vk-1))
k=1 k=1

n X b
=Z]ﬁ%wmif%Wﬂ
k=1 VX1 a

O

At this stage, we consider again the weakly singular FIE (1) with this assumption that the integral

fa K(t, x)dx does exist, possibly as an improper integral, and is continuous as a function of t € D = [a, b]. It
should be recalled that equation (1) has been considered in [5] just in the numerical aspect and we do not
recall the discretization process and just focus on the convergence analysis concepts.

The integral (Ku)(t) := fa ’ K(t, x)u(x)dx defines the operator K : u — Ku, (K € L(C(D), C(D))). We will

approximate the integral fa ’ K(t, x)u(x)dx for a fixed t € [a,b] by quadrature for Fo(x) = K(t,x). In this
particular case we denote the quadrature by Q, = Q,(K(t, x), u(x)) and by Fy (%, x) the first order Bernoulli
function associated with K(¢, x) in the kth subinterval [x;_1, x¢]. The quadrature Q, defines also the operator
Ky € L(C(D), C(D)), Ky = (Kyu)(t) = Qu(K(t, -), u(-)).

Corollary implies the stability of the quadrature Qy, [|Q,(H)ll < fu ’ |K(t, x)|dx and shows the uniform
boundedness of the operators K, (u)():

b
IKull < sup f IK(, x)ldx,
teD Ja

where || - || denotes the [; norm.
The following Lemma 3.5|shows the equicontinuity property of the set of operators {K,u : n € N}.

Lemma 3.5. The following estimation holds for t1,t, € D

b
|«wWﬁ—«wwmsszmuw—Kmxwwmmww (26)

Proof. Using formula @I) we obtain forany k=1,2,...,n

X — X
Fi(t2, xx) = Frg(ty, xx) = f = (K(ty, x) — K(h, X))dx,
X Xk~ Xk-1
which gives the following estimation

Xk
%mwﬂﬂ—ﬂmmnﬂﬁf IK(t2, ) — K(t, ¥)d. 27)

Xk-1
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Similar estimation is provided by formula (8):

Xk
|F1g)(t2, Xx-1) — Fagoy(t1, xk-1)| < f [K(t2, x) — K(t1, x)ldx. (28)

Xk-1

Then (27) and lead to (26):

Ky (u)(t2) — Ky (u)(t)] = | (—F1(1)(t2,xo) + F1<1)(t1,x0)) u(xo)

=
[y

+ )" (Fuo (b2, 30 = Fay (b1, %6) = Fugeany (b2, %6) + Fugeny (b1, %) 4(x6) + (Fagoy(t, ) = Fagn(b1, %)) ()]
k=1
n n
< ) | =Fiw(t2, xk-1) + Frgg(tn, xi—1)] - [u(xe-)] + Z [Fig(t2, X1) = Figo(F1, x)] - 1 (x|
k=1 k=1

b
<2 f IK(t2,%) — Kby, 0)ldx - 1)l o

At point t = x; we get

u(x;) = f(x;) + Z Fyjy(xi, JC)M(JC)@1 + 1u(xi) = f(xi) + F1gn(xi, X )u(x,)
=1
n—1

— Fun(i, xo)u(¥o) + Y (Fagy (i, x7) = Fagien) (i, %)) + 1), (29)
j=1

where
b n ‘
) = [ K, uos = Y P 0uol
a j=1

Let (u,(xo), un(x1), ..., us(x,)) be an approximate solution of the following system of linear equations (i =
0,1,2,...,n):

n—1

un(xi) = f(x1) + Frny(xi, Xn)thn(Xn) = F10)(xi, X0)un(x0) + Z(Fl(j)(xi/ x;) = Fujrny(xi, X)) un(x)). (30)
=

If the values (1,(x0), s (x1), ..., un(x,)) are known then we can approximate the value u(t) at any t € D
by u,(t) given by the formula:

n—-1

un(t) = f(£) + Figny(t, xu)un(xn) — F1g1)(t, X0)un(x0) + Z(Fm‘)(t, Xj) = Figjan(t %)) un(x))-
j=1

Subtracting (29) from (30) we have

Uy (i) = w(xi) =F1ny (i, 20) (U () — () = F11) (Xi, X0) (U (x0) — 1(x0))

n—1

+ ) (Fagp (e, ) = Fagieny (i, %)) (a(xy) = 1) = 7).
j=1
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Lemma [3.5| shows moreover that the set of operators {K,} is collectively compact, i.e., the closure of
the set {K,u : n € N, |lullo < 1} is compact (see Hackbusch [8], p. 140). We can use now the results of
Anselone-Moore [2] , Anselone [1]] and Brakhage [6] (see Hackbusch [8], Theorem 4.7.11, p. 135). From
them it follows that, if 1 is a regular value of the operator K, then there exists, for all n > n (for a sufficiently

large 1), the operator (I — K;,)™! and the following error estimate holds
[l = ttulleo < (T = Kip) 7K = K)o, 31)

where ||(I — K,)7!|| is the operator norm. Thus inequality proves the requested convergence in the case
of the weakly singular Fredholm integral equations.

In the case of the kernel function of the form K(t,x) = = or K(t,x) = g5, assuming that u(x) is of
class C?[a, b] one can perform the same calculations as we have done in the next section (see estimation @
and earlier steps) for the weakly singular Volterra integral equation. From these it follows that the rate of
convergence in this case is O(1/n?).

In the next section, we will study the convergence rate of the generalized Euler-Maclaurin summation
formula for solving weakly singular Volterra integral equations in the form of (2).

4. Weakly singular Volterra integral equations

We again consider equation (2). For clarity of presentation and in the sequel, we assume that the kernel
function has the form of K(t,x) = (f — x)™, where 0 < a < 1. Convergence analysis with other kernels
may be done by a similar approach. For applying the quadrature rule (19), we should construct the first
order Bernoulli functions associated with the above-mentioned kernel K(t, x). Therefore by (7) we have for
x € [xi_,x;]and 1 <k < n:

X 1 X
Fiy(x, x) = f K(xy, £)dé — po— f (xi = E)K(xx, £)dE
X 1 "X
= [ co-eynae- | - oo, 32)
Xic1 Xi = Xic1 Jy
and by , @I) the values of Fy(;(xx, x), at the boundary of [x;_1, x;], are as follows
1 i -
Fup(xt, 311) = — IRCEECEERT (33)
Xi = Xi-1 Jx; 4
1 i
Fyy(xx, xi) = f (x = xi-1)(xx — x)"“dx. (34)
Xi = Xi-1 Jx; 4

Now, collocating equation (2) at the nodes t = x¢, k =1,2,...,n, yields

u(n) = fa) + f Ko, 0u(@ds,

u() = ) + f K, D),

u(x,) = f(xn) + f " K(x,,, x)u(x)dx. (35)
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At this stage we will apply the quadrature rule for approximating the integral terms fﬂ K (x;, x)u(x)dx
fori=1,2,...,n,in equations (35). Thus
u(x1) =f(x1) + Fi)(x1, x1)u(x1) — Fi) (x1, a)u(a),
u(xz) ~f(x2) + Fi (2, x2)u(x2) + (Finy (2, 31) = Fay (2, 31)) (1) = Fygry (2, @)u(a),
(36)

n—

1
u(xn) =f(x4) + Finy(xn, Xp)u(x,) + (Fl(i)(xn/ xi) = Figis1) (Xn, xi)) u(x;) = Fi)(xy, a)u(a).
i=1

i=

It should be noted that u(a) = f(a). We assume that u; is an approximation of u(x;) fori =1,2,...,n, and
hence one can rewrite equations (36) in the following form

U = (f(xl) - F1(1)(x1,ﬂ)f(11)) + F1ay(x1, x1)u1,
1 = (f(x2) = Fiay(x2,8) f@)) + (Fi) (2, %1) = Fago) (2, x1)) ur + Fioy (2, X2)ttz,

(37)

iy

thy = (fGen) = Finy (e, @) £@)) + Y (F1)(u, ) = Frivny (o, X)) ti + Fagn) (¥ Xt

1

1l
—_

(38)

System can be rewritten in the matrix form U = F + AU, where U = [u; s --- u,]’, F = [ flx1) -
Figy(x1,a)f(a)  f(x2) — Fiay(xz,a)f(@) -+ f(xn) — Fiay(xn, a)f(@)]" and

Fray(x1,x1) 0 e 0
Fiay(x2, x1) = Fio)(x2, 1) Fio)(x2,x2) - -+ 0
A= . . . ) . (39)
Fray(xu, x1) = F12)(2, X1) e w0 Fioy(n, xn) 1,

The above-mentioned algebraic system can be solved by some suitable iterative methods and so we
have an approximation for the solution of (2). We now turn to the convergence analysis subject associated
with the above discretization.

Theorem 1. Suppose that K(t,x) = (t — x)™, where a is a given real constant in the interval (0,1) and
also f(t) a given function in equation ). If for approximating the solution of (2), we use the generalized
Euler-Maclaurin summation formula and if the solution of the algebraic system is the approximate
solution of , then the convergence rate is 2. In other words, |u(x;) —ux| < ¢/ n? for a constant c independent
of n.

Proof. By using (33) and (34), fori=1,2,--- ,k =1 (k < n) we get

M= xi-1) (g — x) ¢ gy + f M (xip1 — X) (e — x)7¢
Xi

Xi — Xi-1 Xiy1 — Xi

Cri :=F10)(xk, xi) = Frv1) (X, Xi) = dx

Xi-1
< (i — xicn) (g — x) ™ (40)

The inequality in holds because the integrand of the first integral is increasing for x € [x;_1, x;] and
the integrand of the second integral is decreasing as a function of x € [x;, x;41]. Therefore the maximum of
both the integrands is attained at point x = x; and equals (x; — x;)™.

Moreover, since

Xk

1 - (v — x1)' ™
F = — — X — a - >t "7
100 (Xks Xk) el N (o = x-1) (xx — x)"dx 2—a-a)
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then we choose sufficiently large number # that, under condition , Figo(xe, xx) <1/21i.e,

2 1/(1-a)

Assuming that u(x) is of class C?[a, b], we will now estimate the difference

X

Ay = f K(xx, x)u(x)dx — Fay (e, x)u(x)[ v, = —Fap(xx, x)u’ (€] v, f Fogiy (x, x)u”’ (x)dx, (42)

Xi-1 Xi-1

fori=1,2,...,k Formula gives
1 i
Foiy (i, xi) = Fogiy(xk, Xi1) = o —xy) L l(xi —x)(x — xi_1)(x — x)"%dx > 0,
and since 0 < (x; — x)(x — x;_1) < (x; — xi_1)?/4 for x € [x;_1, x;] then
xi—xi-1) [
Faote, ) = aotas ) < S5 [ -y )
Xi-1
Thus inequality (@#3) implies the following estimation for the first term on the right hand side of the
equation
| = Fagiy (i, x)ut" ()|, | = [Faqiy (X, )1’ () = Fogiy (X, Xi1)” (xi-1)| = Fogiy (X, i)’ () — 1’ (x21)|

v )2 Xi
< max (I ~ 5P o) < max W01 [ - 4
Xi-1

Xi—1 SX<X; <x<Xx;

Similarly we can proceed with the second term on the right hand side of the equation (#2). From Lemma
we know that function Fy(;(x, x) defined in the interval [x;_1, x;] takes its maximal absolute value at
points x;_; and x; i.e., max |Fagi) (X, )| = Fagiy(xk, Xi-1) = Fagiy(xx, x;) > 0. Therefore using 1) we have

Xi-1SXSXj

Xi

|| Fap (e 0)u” (x)dx| < f | IF2)(x, X)llu” (x)ldx < max Iu”(x)| xl 2 f (p —x)""dx.  (45)

Xi—1 Xi-1

Using and we obtain the requested estimate for the difference in (42)

Al < max ju (B ”) f (¢ — x)“dx. (46)

Therefore, to estimate the value of

k - k
A= Y = [ K 0= Y Fu o Dl
i=1

a i=1
we sum up inequalities fori=1,2,...,k and use condition (5) for the partition. We arrive at

2

s R @7)

k
|A] < Z |Agil < max |u”(x)| - f (X —x)%dx = max |u”(x)|
: A<x<xy

Trivially for the error at the point t = x;, we have
up = f(x1) + (F1(1)(x1,x1)u1 - F1(1)(x1,x0)u(ﬂ)),

utn) = fea) + [ Ko uod
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Subtracting the first equation from the second one yields

) = = [ Kecy D= (Pt 10m = Fu, xou). (48)

We rewrite equation in the form of

u(xo)
—

X1
() -1 = | f K, ) = (Fiy (v, x0)uCan) = Frp(aa,%0) @) )|+ Fuo(an, w)(@(r) - n)
a
or denoting ey = u(xy) —ux (k =1,2,...,n) and using our notation
e1 = Ay + Fyay(x1, x1)er

For the error at the point f = x,, the following equations hold

uy = f(x2) + Fi)(x2, x2)ua + (F1(1)(x2,x1) - Fl(Z)(erxl)) u1 — Fyay(x2, xo)u(a)

) = o) + [ Koo oy,

In other words

u(xz) — uz =[f 2 K(x2, x)u(x)dx — F1i2)(x2, x2)u(x2) — (F1q1)(x2, x1) — F1g) (2, x1))u(x1) + Fl(l)(x2/x0)u(0)]

+ (F1)(x2, x1) = F1) (x2, x1))(u(x1) — u1) + Fi)(x2, x2) (u(x2) — 142),
which can be written as
e = Az + Carer + Fip)(x, x2)e2.
Analogously for the error at the point t = xi, (k = 1,2,..., 1) we get the following equation

k-1
e = A + Z Criei + Fgo (Xk, Xk)ex- (49)
i=1
Similar system of equations has been regarded by Lii Tao and Huang Yong [21] (see their Theorem 1, p. 59)

in the case of the Navot [16] and Lyness [13] quadrature formula. The authors proved a generalization of
the Gronwall inequality, namely, in our notation, if in the system of inequalities

k-1
el <A+ ) Bulel, k=1,2,...,n
i=1
the coefficients By; = const(x, — x;)~%/n, then for any k, |ex] < AH, where a constant H does not depend on
n. For the above mentioned quadrature formula and the same kernel function, Tao and Yong obtained the

rate of convergence |eg| = O(n72*%).
Using and taking an n according to we see that in our case of the system we could put

A C?
A = max A < 2max |Ag| < max [u” (%) =—————
1<ksn 1 = Fygo(xk, Xx) 1<ks<n asx<b 2n2(1 — @)

and by

Bii

(b _ ﬂ)l_a

Ci 4C -
=————— <2C; £ —(xp—x;) %
1-Fplex) " n (4 =)

Thus from the proof of Theorem 1 by Tao and Yong [21] it follows that for any k = 1,2, ..., n the error in (49)
is |ex] < cn~? for a constant ¢ independent of n. [
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5. Fractional differential equations
In this section, we will obtain a numerical solution for the FODE (3)) via the Euler-Maclaurin quadrature

rule. For this purpose, we should first transform (3) into the associated weakly singular VIE of the first
kind. FODE (3) can be rewritten as

t
r—(ll_ ) j(; (t—x)""u'(x)dx = g(t) + Ou(t) + 62, 0<a <1, u(0)=up. (50)

Now, we assume that y(f) = /(). Integrating from this relation in the interval [0, ¢] yields

u(t) = j: y(x)dx + uo. (51)
By using (51), one can rewrite (50) in the following form
[ e 0utaris = 50, 62
where
£ = 906+ Oni + 0, K = | st =07 - 63)

Equation is a weakly singular VIE of the first kind and can be solved by a similar approach that is
provided in previous section.

6. Numerical examples

In this part of the paper, we will provide four test problems to show the efficiency of the considered
numerical scheme and all of these examples are designed on a laptop PC using programs written in
MATLAB 2015b. In this regard, we have reported in tables the values of the maximum of the absolute
error function e, (x) = |u(x) , which is denoted by e,, (or its logarithm in figures) at the considered
uniform or nonuniform meshes of the given interval (e.g., [0,1]). It should be noted that in first test
problem we consider a system of weakly singular FIE in which our results are more accurate with respect
to the trapezoidal rule [3]. Also, since the trapezoidal rule can not solve these singular equations in the
interval [0,1], the associated results of this classical scheme have been done in the interval [0.05,0.95]. In
the second test problem, we consider a weakly singular VIE and in the third example we provide the
numerical solutions of a FODE. Moreover, in the fourth test problem we introduce two nonuniform meshes
and compare them with the uniform one.

The first order Bernoulli function Fy)(t, x) in the second example for the kernel function K(t, x) =

t—x

is given by

6 VE — Xp1 — 4t VE— X1 — 2% VE— Xpoq + 4EVE— x5 — 4o VE -
Fugo(t,x) = 2VE— 2 \/tT) Xk Xk-1 -1 — 2%k-1 VE — X1 VE— x5 — dxy Xk

3(xk — 2k—1)

. (54)

where 1 <k <n.

To get the first order Bernoulli function for the first and fourth examples, where the kernel is K(t, x) =
\/%, weputt=1in l) Similarly, to calculate it for the third example for the kernel K(t, x) = - (0_5)1 =t 1
we divide by I'(0.5) = 1.7724538509055 and add the first order Bernoulli function of the constant
function 1, which equals x — %5,
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Table 1: Numerical results of the first example

n e, of PM for ui(t) e, of PM for uy(t) e, of TR for u;(t) e, of TR for uy(t)

2 2.2179e-01 1.6274e-01 6.8510e-01 3.1458e-01
8 1.5863e-03 8.1953e-04 6.5012e-01 3.1003e-01
16 4.0994e-04 2.2146e-04 6.3125e-01 2.4198e-01
64 2.6590e-05 8.1776e-06 5.8547e-01 2.3000e-01
128 6.7171e-06 1.9624e-06 5.7219e-01 2.1034e-01

Error history between of the PM and TR
T T T

T
—&— Error of the PM for u(t))
—8— Error of the TR for uft)

Figure 1: Error history comparison between of the PM and TR for different values of n

Example 1. As the first test problem, we consider the following system of weakly singular FIE with the
exact solutions 1 (t) = t and uy(t) = e

uz(x
t) =t-5.3934
ta(h) +f Vl x f \/1 x
(X) U up(x)
1) =¢' —5.3934 —— ——dx.
u(t) =e + T x X + | T x

We apply the considered numerical method for solving the above system of weakly singular FIEs. The
associated results of the presented method (PM) together with the results of the trapezoidal rule (TR) are
provided in Table(I} Superior results of our proposed scheme with respect to the TR can be seen in Table

Example 2. As the second test problem, we consider the following weakly singular VIE with the exact
solution u(t) = #*

16 u(x)
ut) =1 - — %+
15 0 Vi—x

Again, we implement the generalized Euler-Maclaurin quadrature rule for solving the above weakly
singular VIE. The associated results of the PM together with the results of the TR are provided in Figure
More accurate numerical results of our suggested technique with respect to the TR confirms the efficiency
of the generalized Euler-Maclaurin summation formula.

Example 3. As the third test problem we consider the following FODE with the exact solution u(t) = t*+1

dx.

Diu(t) = t* + 14+ ——>° —u(t), u(0)=1.

ra. 5)

Similar to the previous section, we first assume that y(t) = #’(t) and transform the above FODE into the
associated weakly singular VIE of the first kind and implement the generalized Euler-Maclaurin quadrature



G. Rzgdkowski, E. Tohidi / Filomat 33:6 (2019), 1801-1815 1814

) Error history of the solution and its derivative for the fractional ODE
- T T T

T
—4— Error of y(1) (derivative of the solution)
—8— Error of u(t) (solution)

Figure 2: Error history for different values of n for the third example (fractional ODE)

Table 2: Numerical results of the fourth example

n e, of UM for u(t) e, of NM1 for u(t) e, of NM2 for u(t)

4 3.4860e-02 3.2979e-02 2.6986e-02
8 9.2494e-03 8.3115e-03 6.8542e-03
16 2.4012e-03 2.0819e-03 1.7264e-03
32 6.1550e-04 5.2074e-04 4.3302e-04
64 1.5650e-04 1.3020e-04 1.0840e-04
128 3.9587e-05 3.2551e-05 2.7116e-05
256 9,9778e-06 8,1380e-06 6,7806e-06

rule for obtaining the numerical solution. It should be noted that, the solution of the weakly singular VIE
of the first kind is y(t) and after approximating this variable one can use a simple quadrature rule such as
TR for approximating u(t) = fot y(x)dx +uy = fot y(x)dx + 1. The obtained numerical results for this equation
are depicted in Figure
Example 4. As the fourth test problem, we consider the following weakly singular FIE with the exact
solution u(t) = 3
” 1
u(t) = - 32 4 u(x)

35 0 Vl—-x

We implement the generalized Euler-Maclaurin quadrature rule for solving the above weakly singular FIE
for three different meshes. The first one is the uniform mesh (UM). In the second, nonuniform mesh (NM1),
the nodes are chosen in such a manner that the areas under the graph of the kernel function are equal, i.e.,
fxx: 1/ V1 —xdx = fol 1/ V1 —xdx/nfork =1,2,3,...,n, then x; = k(2n — k)/n? and the constant of condition
for the partition is C = 2. The next nonuniform mesh (NM2) differs from NM1 in taking the square root
of the kernel function, i.e., ij: 1/V1 = xdx = fol 1/V1 —xdx/nfork=1,2,3,...,n, then x; = 1 — (1 — k/n)*?3
with the constant C = 4/3 of condition (5). The associated results of the three methods are provided in Table
It seems to be interesting that, in this case, NM2 gives the lowest values of the error.

dx.

7. Conclusions

Convergence analysis of the generalized Euler-Maclaurin quadrature rule is provided for solving weakly
singular Fredholm and Volterra integral equations. It is proved that the rate of convergence is O(n~2) for
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both of the equations. Also numerical solution of fractional ordinary differential equations (FODEs) is
provided as an application of the considered summation formula. The numerical results for the above-
mentioned equations confirm the theoretical predictions. We also showed that the generalized Euler-
Maclaurin summation formula is a natural theoretical approach to the above issues.
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