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Abstract

In this work, the Haar wavelet operational matrix of fractional integration is first
obtained. Haar wavelet approximating method is then utilized to reduce the fractional
Volterra integral equations (which are also called the weakly-singular linear Volterra
integral equations) and in particular the Abel integral equations, to a system of al-
gebraic equations. An error bound is estimated and some numerical examples are
included to demonstrate the validity and applicability of the method.
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1 Introduction

The conception of the fractional derivatives was introduced for the first time in the middle of the
19th century by Riemann and Liouville. After that the number of researches and studies about
the fractional calculus has rapidly increased, because some physical processes such as anomalous
diffusion [5], complex viscoelasticity [14], behavior of mechatronic and biological systems [12],
rheology [15] and etc. can’t be described by classical models. Fractional differential equations
have been discussed in many papers and in most of them, they are transformed into fractional
volterra integral equations. Also different techniques have been used for solving them like Fourier
and Laplace transforms [1], power spectral density [20], Adomian decomposition method [11], Path
integration[6], etc. But in comparison to the above methods, the wavelet method has not been
much considered yet, specially for solving Volterra integral equations. We found only these papers
[3, 10]. The solutions are often quite complicated, so we are looking for simplifications. For this
reason we use Haar wavelets in present paper, which are the most simple wavelets, to approximate
the solution of such equations [8, 9, 13, 7].

This paper is organized as follows: In section 2 we state the preliminaries. In section 3 We introduce
the function approximation via Haar wavelets. In section 4 the generalized operational matrix of
fractional integration is obtained and in section 5 this matrix is utilized for solving the fractional
Volterra integral equation and Abel integral equation. Finally in section 6 an error bound for
approximation and the error function are estimated and in section 7 the numerical results are
shown in figures and tables.



2 Preliminaries

2.1 Riemann-Liouville fractional integration

The Riemann-Liouville fractional integral operator of order @ > 0 of the function f(z) is defined
as [17, 16]:

I°f(z) = ﬁ /Oz(:c — 1)L f(t)dt, a>0, x>0, (2.1)

where I'(.) is Gamma function with this property: I'(z + 1) = 2T'(z), = € R.
Some properties of the operator I* can be found in [17], we mention only the following. For
«, B >0and vy > —1 we have:
r 1
%27 = 7(7—’_ ) o1, (2.2)
IFa+v+1)

2.2 Haar Wavelets
The orthogonal set of the Haar wavelets h, (x) is a group of square waves defined as follows:

< 1.
1, 0<x<l; L, 0=x<g;

ho(z) = { ’ , hi(z)=4 -1, i1<x<1;
0, elsewhere. 0. elsewhere. (2.3)
ho(x) =h (2P —k), n=2"+k, jkeNU{0}; 0<k <27,
such that: .
/ B (2) B (2)dx = 279 8,1, (2.4)
0

where d,,, is the Kronecker delta. For more details see [2, 19, 18].

2.3 Laplace transforms

The Laplace transform £{f} of a function f(z) is defined as:
L{f}=F(s) = / e St f(t)dt. (2.5)
0
The inverse L~ F} is:

LTHF} = f(a). (2.6)

This transformation is linear. In the following, some of the basic properties of the Laplace transform

are presented:
(a+1)

L{z%) = FST a€R, 2.7)

el [ st~ tgtoyin) = L) £, (28)

Llu(z — 7)) = e; rER, (2.9)

L{(z — 1) P y(z — 1)} = m a, TER, (2.10)



where u(x) is the Heaviside step function which is defined as:

1, x>0;
u(x) :{ 0. %<0 (2.11)

A useful property of the Heaviside step function is:
u(z — a)u(x — b) = u(x — max{a,b}), a, beR. (2.12)
Note that we can write Eq. (2.3) by using the Heaviside step function as the following;:

ho(z) = u(x) — u(x — 1),
ho(@) = u(z — ) — 2u(e — 52) (e — &5, (2.13)

n=2+k jkeNU{0}; 0<k <27

2.4 Fractional volterra integral equation and Abel integral equation

A fractional Volterra integral equation has the form:

fx) = . j /a:(x — 1) k(2 ) f(t)dt = g(z), 0<z <L (2.14)
0

I(a)

The kernel k(z,t) and the right-hand-side function g(z) are given, a > 0 is a real number. This
equation is also called the weakly-singular linear Volterra integral equation. The value a = 1
corresponds to the ordinary (non-fractional) Volterra integral equation.

Particularly, if k(x,t) =1 and 0 < @ < 1 in equation (2.14), we have an Abel integral equation in
the form:

f(:z:)—)\/ow( f_( z) dt = g(z), 0<B <1 (2.15)

Here)\:ﬁandﬂzlfa.

3 Function approximation

A square integrable function f(z) in the interval [0, 1] can be expanded into a Haar series of infinite

terms:
oo 291

f(x) = coho(x) + Z Z Coiyrhoipr(z), €10, 1], (3.1)

7=0 k=0

where the Haar coefficients are determined as:
cz—QJ/f z)dr, i=0, 2 +k, j;keNU{0}; 0< k<27, (3.2)

such that the following integral square error €, is minimized:

€m = / Z cihi(z))?dz, m =271, JeNu{0}. (3.3)



By using Eq. (2.13), the above Haar coefficients can be rewritten as:

k+1/2 k41

¢ = 2]’[/ Y fa)da — :/2 fx)dz], i=2 +k, j, ke NU{0}; 0< k< 2. (3.4)
k. =T-/<

If f(x) is a piecewise constant or may be approximated as a piecewise constant during each
subinterval, the series sum in Eq. (3.1) can be truncated after m terms (m = 27! J >0 is a
resolution, level of wavelet), that is:

J 279-1
f@) = coho(@) + Y Y carirhair(@) = ¢"h(x) = fm(z), z €0, 1], (3.5)
§=0 k=0
where ¢ = Cux1 = [Cos €1y Cm_1)T, h(z) = hywi(z) = [ho(x), hi(z),...  hp_1(2)].

3.1 Operational Matrix of Integration

The integration of h(z) can be expanded into Haar series with Haar coefficient matrix P, [4] as:

/0 " h(2)dz = P h(a), (3.6)

the m x m square matrix P,, is called the operational matrix of integration and is given in [7] as:

1 2um/2 _Hm/2><m/2
m = 5 __ -1 y 3.7
2m |: Hm/2><m/2 0 ( )
where Hixq = [1], Py = [1/2] and Hynxm = [(gh) h(5%), - h(35b)).
3.2 Product Operational Matrix
Three basic multiplication properties of Haar wavelets are as follows [7]:
o (i) hyp(x)ho(x) = hy(z) for any n € NU {0}.
e (ii) For any two Haar wavelets h,(z) and h;(z) with n < :
h(@)hi () = puihu(a), (3.8)
. 1, 2079k <q<279(k+1/2);
ot =hn(27(q+1/2)) =< —1, 2079(k+1/2) <q< 279 (k+1); (3.9)
0, O.W,

wheren=2"4+k, >0, 0<k<2andl=2"+¢q, i>0, 0<q<2.

e (iii) The square of any Haar wavelet is a block pulse with magnitude of 1 during both positive
and negative half waves.



The product of h(z), h”(z) and ¢ can be expanded into Haar series with Haar coefficient matrix
M,,, as follows:
h(z)h’ (z)c = M,,h(z), (3.10)

where M, is an m X m matrix and is called the product operational matrix and given by [7]:

M,, /2 H,,/2diag(cy)

Mo = diag(e,)H,,}, diag(€l H,,2) | (3.11)
such that My = ¢y and ¢, = [cg, - . ., cm/g_l]T, Cy = [Cmy2,- - - cem-1]T.

4 Operational Matrix of Fractional Integration

In this section we want to obtain the operational matrix of fractional integration for Haar wavelets,
which is the generalized form of P,, in (3.7). The fractional integration of order « of h(x) can be
expanded into Haar series with Haar coefficient matrix P, as follows:

L v T — a—1 _ po T
F(oz)/o( )2 h(t)dt = P2 h(z). (4.1)

We call this m x m square matrix P, the (generalized) operational matrix of fractional integration.
If f(x) is expanded into Haar wavelet series, as shown in Eq. (3.5), the Riemann-Liouville fractional
integral of f(z) becomes:

i wx_ a—1 ECT 1 Im_ a1
(o) /O (z—t)* f(t)dt = () /0 (z — )2 th(t)dt. (4.2)

Thus for expanding the Riemann-Liouville integral, it is enough to expand:

1 /“’ 3
— T — 1) Thy(t)dt, 4.3
Fa | @0 R (13)
forn=20, 1,...,m — 1, in Haar series. We know:
L/z(:c—t)a—lh (B)dt = —— {291 5 oy (2)) (4.4)
I'(a) Jo ! ['() B '

where * is the convolution operator of two functions. By taking the Laplace transform of the above
equation and using Eq. (2.8) we have:

1 ‘ a—1 _ i xa—l T
Elay [, @ =07 ha(0dt) = s La™ b @), (45)
where:
L{z*'} = FS),
L{hn(z)} = L{u(z— %) —ou(z =" 7;3,1/2) + oz — %)}
= %{e_is — 95 teE 1



the last two equalities are obtained by Egs. (2.13), (2.9). Therefore (4.5) can be rewritten as:

1 F( k+1/2 k

E{F(loz)/(f(:c_t)a‘lhn(t)dt}:r(a+1)- s Dietre oo™ 5% 4 =57 o)

Now taking the inverse Laplace transform of the above equation and using (2.10) yields:

]' * a—1 _
r<a)/0 (z — t)° h (t)dt =

1 k., k k+1/2 k+1/2 k+1,, E+1
F(a—|—1){(x_27) ’U,({I?—27) —2((E— 27 ) U((E— 27 ) + (‘T_ 27 ) u(oc— 27 )}
X(z) Y (z) Z(x)
1
= ) K@) -2 @) + Z@) (47)
Specially for n = 0 we have:
L v T — a—1 —_ «@ T — Yl —
| =0 0 = F el — @ = )~ 1)
1
= WW(:E) (4.8)

The Eqgs. (4.7) and (4.8) can be expanded into Haar wavelets as:

J 2P—-1
I°hn () = cnoho(x) + Y D enavygharig(x), n=0, 1,...,m— 1. (4.9)

p=0 ¢=0

Now we want to obtain the coefficients, c¢,;, n,l =0, 1,...,mm — 1 in the above equation.
According to (2.12), (2.13) we have:

1 ! 1
oo = m/o W (t)ho(t)dt = Fla1a)’ (4.10)
Co2r4+q = %/ W(t)h2p+q(t)dt
= i [ WO - P - L

2 1

e t%dt — 2 t%dt t*dt].

MNa+1) [/i [;+1/2 + [Hl ]
2P 2P 2P

Farayln) ~ 2 (e

where p =0,1,...,J,¢=0,1,...,27 — 1.

Thus:

Co2p4q = — s (411)



Similarly to calculate c,g and cporiq forn=1,2,...,m—-1,p=0,1,...,Jand ¢=0,1,...,2P -1
(in Eq. (4.9)), we have:
1 1
n0 = = X(t) —2Y Z
o = e ), O =20+ 20k
1 1
= ——— [ [X(t)=2Y(t) + Z(t)][u(t) — u(t — 1)]dt
F(a+1)/0[ (t) (t) + Z()][u(t) — u(t —1)]
1 ! k.. ! k+1/2, ! E+1.,
_ m[/i(t—g) dt—g/wz(t— s )dt+/ﬁ(t— T yean,
27 27 27
SO:
c —;[(1_£)a+1_2(1_k+1/2)a+1+(1_k+1)a+1] (4 12)
"0 Tla+2) 2 27 2 ' '
and:
2v !
) /0 [X(8) — 2Y (t) + Z()|ha 1 ()dt
2P ! q q+1/2 g+1
= — [ [X(t)-2Y(t) + Z — Ly oyt — _
T [, X0 =20+ 2Ol — ) 20~ DL ue — L
2P /1 k /1 k /1 k
= — [ (t—=)%dt -2 t— —)dt+ [ (t— —=)%dt
F(a+1)[ 7,0( 29) m/z( 23) m( 21) )
2r Voo k+1)/2 ! k+1/2 Lo k+1)2
22— (t- Loyedt — 2 t— —L)dt t— Loyt
ol - a2 s g [ a- S
2P Look+1 ! k+1 !
+7[/ (tfi,)adtf2/ (tfi,)“dt+/ (t—Fyog
F(a+1) o 27 §1/2 2J &1 27
where:
_ qtiy .
m—max{g, o Y, i=0, 1/2, 1,
kE+1/2 q+i, .
0; = max{ 57T o Y, i=0, 1/2, 1,
k+1/2 ]
& = maz{ J;j/ : q;’}, i=0,1/2, 1.
Therefore:
2P k k k
) = _ Mo+l _ Mya+1 _ Mya+tl
Cn2r+q F(Oé+2> [(770 2]) 2(771/2 2_]) +(771 2_/) ]
2r k+1/2 k+1/2 k+1/2
2 — — - atl _ - a+1 _ 7= a+1
+ F(a+2)[(90 Y ) 2(91/2 Y ) +(91 Y ) ]
2op k41,0 k41,0 k41,0
F(a+2)[(§0 57 206y — )" H (G - ) (4.13)

forn=1,2,....m—1,p=0,1,...,Jand ¢=0,1,...,2°P — 1.
Thus, we can write the operational matrix of fractional integration, which is introduced in (4.1)

as:

Sm/2><m/2 Um/2><m/2

7



where:
R, joxm/a = [Cngitg] n=0,1,...,m/2—1, ¢=0,1,...,2/ —1
and:
Sm/gxm/QZ[Cnl], n=m/2,....m—1,1=0,1,...,m/2 -1

are calculated easily by (4.11), (4.13) and (4.12), (4.13), respectively, and U,;, /2, /2 is an upper
triangular matrix which is in the form:

Um/2><m/2 =wl+ Ugft + u3/1'2 t.oF um/ZNm/2ilv (415)
such that:
J .
W — 1“(24-2) (%)a+1[4(1/2)a+1 1], i=1;
(2+2) (o) [—iott 4 4(i — 1/2)2FL —6(i — 1) +4(i — 3/2)>T! — (i — 2)°HY], i=2,...,m/2,
I, /2 is the identity matrix and:
01 0 0
0 0 1 .o
= . . . . 4.1
1
0 ... 0

It is considerable that for o = 1, the fractional integration (2.1) is the ordinary integration and the
generalized operational matrix of fractional integration P, is the same as P,,, which is introduced

in (3.7). Here we present Py for J = 0, 1, 2:

0.8399 —-0.1733 —-0.1375 —0.0571
0.1733  0.4933 —0.1375 0.2179
0.0286  0.1090  0.3916 —0.0428 |’
0.0688 —0.0688 0 0.3916

[ 0.8399 —0.1733 —0.1375 —0.0571 —0.1092 —0.0453 —0.0320 —0.0256
0.1733 0.4933 —0.1375 0.2179 —0.1092 -0.0453 0.1863  0.0651
0.0286 0.1090  0.3916 —0.0428 —-0.1092 0.1730 —0.0505 —0.0068

0.8399 —0.1733

1/3 _
Py = 0.1733  0.4933 |’

P/’ =

pL/3 _ 0.0688 —0.0688 0 0.3916 0 0 —0.1092  0.1730
8 7| 0.0064 0.0163 0.0865 —0.0034 0.3108 —0.0339 —0.0029 —0.0009
0.0080 0.0466 —0.0546 —0.0253 0 0.3108 —0.0339 —0.0029
0.0113 —0.0113 0 0.0865 0 0 0.3108  —0.0339
| 0.0273 —0.0273 0 —0.0546 0 0 0 0.3108

5 Approximation of the Fractional Volterra Integral Equa-
tion and Abel Integral Equation Via Haar Waveles

5.1 Fractional Volterra Integral Equation

Now we consider the fractional Volterra integral equation (2.14). According to section (3), the
right-hand-side of the mentioned equation is approximated as:

J 291

9(x) = goho(z) + Y Y gaisihaisi(z) = g'h(). (5.1)

3=0 k=0

8



Similarly, K (x,t) € L?([0, 1) x [0, 1)) can be approximated as:

or in the matrix form:
where K = [k;j]mxm such that:

1 1
kij = 2’3“/ / k(x,t)hi(z)h;(t)dtde, i,5 =0,1,...,m — 1.
0 0

Also the fractional integral part of (2.14) is written as the following:

i Ix_ a—1p(g >~ vh(z
i | @07 ke 0 = e, (54)

for calculating v we need some preliminaries, then we will introduce it in subsection (5.3). By
substituting the approximations (3.5), (5.4) and (5.1) into (2.14) we obtain:

h?(z)c — h' (z)v = h’(2)g, (5.5)

therefore:
c—v=g. (5.6)

Eq. (5.6) is a system of linear equations and can be easily solved for the unknown vector c. Note
that the entries of the vector v are related to the entries of c.

5.2  Abel Integral Equation

similarly, the Abel integral equation (2.15) as a particular kind of the fractional Volterra integral
equation can be written as:

h'(z)e —h'(2)(P},)" e = h' (2)g, (5.7)

therefore:
c— (P2)Tc=g. (5.8)

Eq. (5.8) is a system of linear equations and can be easily solved for the unknown vector c, as:

c=(-(Pp)") s (5.9)

5.3 Evaluating v

As we mentioned before, the fractional integral part of (2.14) can be written via Haar wavelets as

(5.4), where v = [0g, 01, ...,0m_1]7 and according to Eq. (3.2), we have:
AR | x .
v =2 / T / (@ = ) (x, ) f(t)dt)hi (), § =2 + k, (5.10)
o T(a) Jo



by substituting f(¢) & h”(z)c and (5.3) into Eq. (5.10) we get:

1 T
5o~ o / L / (@ —)° 1 b7 (2)Kh(t) b7 (t)edt] hi(z)dz
o T'(a) Jo
) 1 1 x
= 21/ thKM—/ z —t)*"th(t)dt] hi(z)dz,
; (z) [F(a)o( )*" h(t)dt] hi(z)
the m x m matrix M is introduced in (3.11). Now by using (4.1), we have:

1
5 o~ o / hT(2)K M P° h(z) hi(z)dz
0

= J ' Til' X \x)ax
- 2/0 hT(2)Ah(z) hi(z)d,

where A = K M P2, = [a;;]mxm- It is obvious that h” (z)Ah(x) is a 1 x 1 matrix, and:

m m

W @A) = 3 3 (rmen) + 6 o @D a(e) + 3 a2
mi=2ni1=mi 11=1
= Z (alnl + anll)hnlfl(x)ho(x)
n1:2
+ Z Z (anl(ml—l)+a(m1—1)n1>hn171( mi— 2 + Za‘llll i1— 1
mi=3ni=mq i1=1
= Z (a1n1 + a7l11)hn1—1(x)
n1:2
+ Z Z Any (my—1) T Q(my— 1)nl)p"1 1y —2fm, 1 ( Jrza““ 1= 1
mi=3ni=mi i1=1

where pp,m, is defined in (3.9). Therefore:

m

) 1
P (@1 + 1) [ hosa(o)hi(o)ds

ny=2

m m 1
+ Z Z (anl(ml—l) ""af(ml—l)n1)/)774171771172\/0 hnlfl(x)hz(x)dir

mi=3 ni=m

3 ans / 2 (@)ha(e)de]

1%

Vs

21 1
= (ai(it1) + agi+1)1) + Z (@, (i4+1) T QG+ 1)my ) Pi(my—1) + 27 Z RS
my1=2 i1=1+2

where i; = 2! +w,l,w € {0} UN; 0 < w < 2'. Specially 79 = ay; + ZZ:Q am-l.z%, fori; — 1 =
2 4z, 1, 2€ {0} UN; 0< 2 < 2k,

10
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Figure 1. Fractional integration of f(z) = =, (——, —, — .—) and its approximation (I® fig(z)) (0, 0, x) for « =2/3,1,4/3.

6 Error Approximation

Let f(x) be the exact solution of (2.14) , f(z) = c¢Th(z) = fu(z) and e,,(z) = f(z) — fm(z). By
(3.1) and (3.5) we have:

oo

em(x) = Z z_: Coi y 1 N2 11 (), (6.1)

j=J+1 k=0

where e,,(z) is called the error function of Haar wavelet method. Suppose that f(z) satisfies in
the Lipschitz condition on [0, 1], that is:

M >0 Ve, ye [0, 1 |f(2) — fly)l < Mla . (6.2)

In this section we first obtain a bound for ||e,,(z)||2, then a method for estimating error function,
(6.1), is introduced.

6.1 A Bound for ||e,,(7)||2

co 291

lem@} = / S o (@) da

j=J+1 k=0

Z ZCQJJrk/ h21+k

j=J+1 k=0

o 29-1 2P —1

+ Z Z Z Z C27+k02p+q/ h2J+k(£B)h2p+q(£L’)d(E

j=J+1 k=0 p=J+1 q=0, q#k

= Z Zc§j+k(2l)
j=J+1 k=0

11



Figure 2. Exact solution (-) and Numerical solution (e) of the example (7.2) for J = 2.

Since cojyp = 27 fol f(z)h;(x)dx, by (3.4) and using mean value theorem we have:

kok+1/2 k+1/2 k+

ik L3 ik
3 1 € [Qj’ 2i ]7 Ty € [ 2J ’ 2i ]7
such that:

i k4+1/2 k " E+1 k+1/2 i
1 k ik

= Sl - rad)
1 ;

< §M(${k )
1 1

< —M—

- 2 2

_ 1

= YESE

the first inequality is obtained by (6.2). Therefore ¢3;, < M? 5 and:

oo 29-1

> Y Gl

j=J+1 k=0

lem ()13

co 29-1
1 1
2
2 ey
M2 1
- T g
3
4 Py 237
%Z(Lf
3 ‘9J+1/ ¢

IN

Since m = 27+, we have ||e,,(z)||3 < %2(%)2 or in other words: |le,(z)[2 = O(L).

12



Figure 3. Exact solution (-) and Numerical solution (e) of the example (7.2) for J = 3.

7 Numerical Examples

Example 7.1. Let f(x) = x, here we want to approzimate 1% f(x) by the proposed P%, for a =
2/3,1,4/3 and compare it to the exact fractional integration of the function f(x) = x, which is
easily obtained by (2.2). If we put x = c¢Th(z), we will have Iz = cTI%h(x) = TP h(x).
Numerical results for m = 16 are shown in Figure 1.

Example 7.2. Consider the following Abel integral equation:

/ IO 4=,

0o VI — t

with the exact solution f(x) = 2./z. Here a =1/2. Numerical results are shown in Table(1) and
Figures (2, 8), for J =2, J =3, respectively.

z; |f(@i) = fs(@a)| | [f(zi) — fre(ws)]
0.0312 0.0200 0.0188
0.0937 0.0625 0.0087
0.1562 0.0363 0.0021
0.2187 0.0098 0.0011
0.2812 0.0158 1.0127%e-4
0.3437 0.0204 2.2067e-4
0.4062 0.0169 7.0290e-5
0.4687 0.0132 9.0791e-5
0.5812 0.0133 6.3717e-5
0.5937 0.0132 5.7721e-5
0.6562 0.0124 4.8337e-5
0.7187 0.0116 4.2550e-5
0.7812 0.0112 3.7400e-5
0.8437 0.0108 3.3342e-5
0.9062 0.0105 2.9912e-5
0.9687 0.0101 2.7052e-5

Table 1.

13



Example 7.3. Consider the following fractional Volterra integral equation:

1
f(2) +/O L p)dt = glz), 0<z <1, (7.1)

x—t

where g(z) = x(1 —x) + %mgﬁ —6z) and f(x) = x(1 — x) is the exact solution. The numerical
results are shown in Table(2) and Figures (4, 5), for J =2, J = 3, respectively.

zi | |f(@) = fe(xa)] | [f (@) — fre(@i)|
0.0312 0.0289 0.0020
0.0937 0.0258 0.0014
0.1562 0.0208 0.0011
0.2187 0.0182 0.0014
0.2812 0.0152 0.0040
0.3437 0.0078 0.0038
0.4062 0.0076 0.0035
0.4687 0.0002 0.0034
0.5312 0.0057 0.0025
0.5937 0.0021 0.0022
0.6562 0.0129 0.0020
0.7187 0.0105 0.0018
0.7812 0.0214 0.0030
0.8437 0.0177 0.0026
0.9062 0.0283 0.0023
0.9687 0.0263 0.0020
Table 2.

Figure 4. Exact solution (-) and Numerical solution (e) of the example (7.3) for J = 3.
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Figure 5. Exact solution (-) and Numerical solution (e) of the example (7.3) for J = 2.

Conclusion

Haar wavelets have been used before for solving integral equations, in this paper we use them for
solving fractional Volterra integral equations by introducing a new fractional operational matrix
which is the generalized form of the operational matrix of integration. The error analysis shows
that, the larger resolution J is used, the more accurate results are obtained.
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