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Abstract

In this paper, He’s homotopy perturbation method is applied to solve two-dimensional
linear and nonlinear Volterra integral equations. Then homotopy perturbation method
(HPM) is compared with the differential transform method (DTM) for solving two dimen-
sional integral equations. We also give some examples to demonstrate the accuracy of the
method. From the computational view point, the homotopy perturbation method is more
efficient and easy to use.

Keywords : Two-dimensional Volterra integral equations; Homotopy perturbation method; Differ-
ential transform method.

1 Introduction

As we know, much work has been done on developing and analyzing numerical methods
for solving one-dimensional integral equations of the second kind [3, 7, 27|, but in two-
dimensional cases a small amount of work has been done [3, 4, 13, 14].

On the other hand, in recent years, He’s homotopy perturbation method has been de-
veloped for solving differential and integral equations. The homotopy perturbation method
(HPM) was proposed by Ji-Huan He (see [15]-[24]) in 1998. In this method, the solution
is considered as the summation of an infinite series, which usually converges rapidly to the
exact solution. Using the homotopy technique from topology, a homotopy is constructed
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with an embedding parameter p € [0, 1], which is considered as a (small parameter). Con-
siderable research has been recently conducted in applying this method to a wide class
of linear and nonlinear equations (see [1], [2], [5]-[11]) and also in [26] this method is
used for solving system of linear Fredholm integral and integro-differential equations. In
[29] this method is applied to one-dimensional system of Fredholm-Volterra type integral
equations and in [9, 12] to nth-order integro-differential and nonlinear Volterra-Fredholm
integral equations. In this paper, we propose HPM for solving a class of two-dimensional
linear and nonlinear Volterra integral equations and compare the homotopy perturbation
method with the differential transform method.

2 Description of HPM and DTM

This section is devoted to reviewing HPM and DTM for solving the two-dimensional
Volterra integral equations of the from:

u(x,t) — /0 /096 k(z,t,y, z,u(y, 2))dydz = f(x,y) (2.1)

where k and f are continuous functions and k has the following degenerate form:

P
k(z,t,y, z,u(y, z sz x, t)w;i(y, z,uy, 2)). (2.2)
1=0
To explain HPM, we reconstitute (2.1) as

L(u) = u(z,t) — f(x,t) / / (x,t,y,z,u(y, 2))dydz =0 (2.3)
with solution u(z,t), and we define the homotopy H (u,p) by
H(u,p) = (1 =p)N(u) + pL(u) =0, (2.4)

where N (u) is a functional operator with a known solution, say, ug, which can be obtained
easily. Obviously from (2.4), we have:

H(u,0) = N(u), H(u,1) = L(u)

and changing p from 0 to 1 we continuously trace an implicitly defined curve from a
starting point H (ug,0) to a solution function H (u,1).
The solutions to problem (2.3) can be written as [15]:

o0

w=Yp"uy =mug+pus +pup+ - . (2.5)
n=0

When p — 1 Eq. (2.4) corresponds to Eq. (2.3) and series (2.5) gives the approximate or
exact solution of Eq. (2.3), i.e

oo
u(z,t) = 11212% u= Z U, (2.6)
n=0
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The series (2.6) is convergent in most of the cases, and also the rate of convergence depends
on N(u) and L(u), see [15].

Taking N(u) = u(z,t) — f(x,t), we substitute (2.5) into (2.4) and equate the terms
with identical powers of p, obtaining

uO(x>t) = f(:L‘,t),

t T
un+1(z, t) :/ / k(z,t,y,z)Hn(y, 2)dydz, N =0,1,2,---.
0

Where the Hy'’s are so-called He’s polynomials [10] which can be calculated by using the
formula:

1oV XL,
Hy (ug,u, -+ yun) = ﬁ(‘?pﬁ((zp ug) )p=0, N =0,1,2,---
' k=0

In the DTM, the solution u(z,t) of Eq. (2.1) can be approximated by truncated Taylor
series with respect to u by

U NSy Calm k= Ln=l-1) =0,1,2,--,N
(man)_zz Z( 7) (m—k)(n—l) - (m7n)7 m,n=0U,1,2,---,
(2.7)
where U, V;, F' and G;; are differential transforms of u, v;, f and g;; = wijuj , respectively.
We also obtain
m—k—2n—[—2

1
Gij(m_k_l’n_l_l):(m—kz—l) n—l—l Z Z w(r, s)u! (m—k—r—2,n—1—5—2)
r=0 s=0

(2.8)
where W;; and U J are differential transforms of w;; and u?, respectively. Therefore a re-
currence relation for U(m, n) is obtained with the starting values U(0,0), U(m,0), U(0,n)
for m,n=1,2,---. Then we use the truncated form

N N
=" Ulm,n).(x — o)™ (t — to)" (2.9)

m=0n=0

to obtain wu(x,t). For details about the DTM and it’s application for solving problem
(2.1), we refer the reader to [25, 28].

3 Numerical Examples

In this section, we apply HPM to solve three linear and nonlinear Volterra integral equa-
tions. These examples are solved numerically in [28] by DTM. The main objective here is
to solve these examples by using the HPM given in section 2 and comparing the results
with the results in [28].

Example 3.1. Consider the linear Volterra integral equation [28]

b 151 1
u(:v,t)—//(a:y2+cosz).u(y,z)dydz:xsint—4m5+4az5cost—4xzsin2t, z,t €[0,1],
0 Jo
(3.10)
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with the exact solution u(x,t) = xsint.
By HPM, let N(u) = u(z,t) — f(z,t). Hence, we may choose a conver homotopy as

H(u,p) = u(z,t) — f(z,t) —p/o /Ox k(z,t,y, z,u(y,z))dydz =0 (3.11)

substituting (2.5) into (3.11), and equating the terms with identical powers of p, we have

1 1 1
P’ tug(z,t) = f(x,t) = uo(x,t) = wsint — Zw‘r’ + ~a° cost — sz sin?¢.

4
t T
pl g (z,t) = / / (zy? + cos 2)uo(y, 2)dydz
0o Jo

:>(t)15+12 %+ L a9sint — ~aSsint — ——a% + —— 25 costsint
ui(x,t) = -z I —x’sint — —x°sint — —=x ——x° cos tsin
1 4 4 32 32 24 240 240
1 1 1
— —xPcost — —a3sin® t — —x? cos® t.

4 36 4
t rx
P2 ug(x,t) = / / (zy? + cos 2)uy (y, 2)dydz
0 JO
1

= ug(z,t) = ——a  costsin®t — ——ax'tsint + L:cﬁt + ixﬁ sint — £$6 costsint
’ 648 1680 240 24 240

149 1 1 1 1
— mﬂ:? — %leot Sint — %x?’ COS2 tSint — 372£U9t — @CEQ Sint -+ @.’1}10
1 11 13 71
— %ﬁ sin* ¢ — @xw cost — M:ﬂ cos> t + Mxlo ost — 172803:10 cos®t
IIRE! I 10,2 113 - I 7 9 1 13,0 I 3.
— ———ax "t — t+ — t— —x°t — t.
taga T 320" U T amge0” ST T g3t ST T ggeT U gt o

and in general

t rx
PN un (1) = / / (zy?® + cos 2) Hy (y, 2)dydz, N=0,1,2,---.
0 JO

(3.12)
Therefore, the approximate solution of Example 3.1. can be readily obtained by
o
u(z,t) =Y ui(x,t). (3.13)
i=0

In practice, all terms of series (3.13) can not be determined and so we use an approzima-
tion of the solution by the following truncated series:

N-1
un(z,t) = ; wi(x,t), with u(z,t) = ]\}1_120 un(z,t). (3.14)

As we report absolute error which is defined by
€N(517, t) = |’U,(3§‘7 t) - UN(JZ‘, t)‘

The results for Example (3.1) are shown in Table 1 (with five and six terms).



161

E. Babolian, N. Dastani / IJIM Vol. 8, No. 3 (2011) 157-167

Table 1

Numerical results of Example (3.1)

89GTL6LT O
0T-9T9¥9¢4°0
0T-20¢0€5C 0
G1-9LG879T°0
11296992170

91-96T10%°0
¢1-9699¢¢1°0
FI-98LELETY 0
GT-998¢IT°0
61210

9-°TT1¢10T 0
89L01C97°0
89CLGCVC 0
01-°6¥896¢°0
6-9G809.L1°0
€196V 1IV0c°0
01-9L68.¢c°0
TT-o8%GSET 0
€1-9850209°0
L1-9GG29°0

6-°8¢865T°0
¢1-9€8€60C°0
TT-0LETV0L0
GTI-20TGT98°0
TT-9¢0182¢S°0
61-2000008°0
0T-971€6€9°0
E€1-9CEALERD
TT-27€092T°0
61-2000042°0

LET68Y¢0
01-968.906°0
89ESVILT 0
CI-987L6ER0
8796848¢1°0
GT1-2092L0€°0
891695660
0T-99T.L29€°0
6-°¢€98¢¥°0
GT298G¢01°0

NWdH(g = N0 f(3‘T)N3)

NWdH(g = N0 f(} T)N3)

NWId(g1 = N40f (3 'w)No)

WLA (O] = N0 f(} ‘T)N2)
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Example 3.2. We consider the second example as

u(x,t) // (xy + te®)u(y, z)dydz

1 1 1
ettt — $ —at+ —ate ™t — —2?? — — 23 — at?el + atel, =zt €0,1],
3 3 2 4
(3.15)

with the exact solution u(x,t) = re™t +t.
Substituting (2.5) into (3.11), and equating the terms with identical powers of p, we
have

pO : uO(x7t) = f(xvt)

1 1 1 1
= ug(z,t) =xe t +1— gaz —xt + ac et — Za?t? — 1m3t2 — at?el + xtel.
1(x,t) / / zy® + te®)ug(y, z)dydz
= up(2,t) = Lore Lo Loz Loy ey Loy Lo 1o,
18 15 2 2 4 2 3
L 3o 14 L o533 1 40 44 1 A3 7 4 ot 5 42
S 4 Satt— — 2% — a4 —at - t t
+ 4x + 837 243: 6:1: + 33: 16 el + 837 2437 e
Toagt 9 4o, Lgoy 1 g v 1 g5 1 oo9 15 o
—ztte! — — ot —att2el — Zaltel — — a3 + 2% — —u?t t
—1—890 e 2490 e +3x e 3:(: e 60:6 +2m e 490 e +x
1 1 1 1 1 1 1
:czthtS - 1—83:7t + 1—5x5t2 - Ex%tt — gxgettS —ztel — Eaﬂe—t — §x4e_t.
o(x,t) // xy? + te*)ui (y, 2)dydz.
(3.16)

Therefore, the approximate solution of Example (3.2) can be readily obtained by (3.14).
The results are presented in Table 2.
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Table 2

Numerical results of Example (3.2)

9-99¥6722 0 GOVLETV6'0 LOEVITET 0 6-06£86v1°0  (T°T)
6-9607 1110 L-LVOLET 0 01075980 2100011020 (9°0°T)
6-9€66285 0 LOELLVSE0 8-08FE19T°0 11-9626199°0  (8°0°8°0)
€107 LLOEE 0 0T-9F8EGET 0 TI-0LEVETS 0 qT-00L18¢8°0  (70'8°0)
8-0L6LETC0 9-0T6VELT 0 L-99898€ET°0 01-09€0668°0  (1°9°0)
8-98161740 8-08161750 801101210 11-9786005°0  (8°0°9°0)
1101950710 6-961900€°0 6-98€L908°0 11-0.86€€€°0  (8°0'7°0)
91-0652071°0 €1-08T1871°0 21OV 1L90F 0 4100606170 (707°0)
CI-OPP01LG 0 6-98T76E1°0 8-9G8ZZIV0 01-98L9662°0  (1°%°0)
91-209692 "0 €1-96L228E "0 01-2060£L1°0 £1-0001207'0_ (9°0°2°0)
NdH(g = Nof(3'T)No) INdH(g = Nuof(3'x)No) INLA(g] = N4of(3'T)No) INLA(oT = N40f(3'T)No) (1'7)
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Example 3.3. We consider the nonlinear Volterra integral equation

b 1 1 1
u(x,t) — / / (12 + e ) (y, 2)dydz = x%e' + —a" — —xTe® — _2%t,  x,t € [0,1]
o Jo 14 14 5
(3.17)
with the exact solution u(z,t) = xet.
By HPM, we may choose a convex homotopy such as
H(u,p) = u(z,t) / / y? 4+ e 2 (y, 2)dydz = 0 (3.18)
substituting (2.5) into (3.18) and equating the terms with identical powers of p, we have
0. Lz 1 7o 15
pup(z,t) = f(x,t) :>u0(xt)—xe+—x—ﬁa:e —g:nt

(z,t) // y? + e P ud(y, 2)dydz

= uy(z,t) = (96525217 + 2042042 — 2356202 — 3063060027 + 389844z

428828400
+ 43982421313 + 4084082 0te® + 51051002 2! + 3217527 e* — 408408212
+ 4712402 3te ™2t 4 2144142028t + 2144142028¢ 7t — 61261202 0e
+ 23562021372 — 779688z 1 te 2t — 779688e 221 + 471240232

+ 128700217t — 29172025t — 1701700223t 4+ 110270162'%¢ — 49008962:1°).
(z,1) / / Y’ + e %) (2uo(y, 2) - (y, 2)dydz.

Table 3 shows the numerical results for Ezample (3.3).

Tables 1, 2 and 3 contain a numerical comparison between our solution using HPM
(with N =2,--- /N = 6) and the solutions of the same problems presented in [28] using
DTM (with N =10, N = 12).

4 Conclusion

In this work, we have proposed the HPM for solving two-dimensional Volterra integral
equations. Several illustrative examples have shown that HPM is very efficient and sim-
ple for solving two-dimensional Volterra integral equations. Also, comparison with DTM
method [28], which involves complicated computations, has shown that HPM gives com-
parable results with simple computation.
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Table 3

29268292 0 T-98GF08T°0 6-9LL8TL 0 L-OLTTELT 0 (1°1)
7-967F161 0 €-9681E8¢€°0 €T-92G979T°0 0T-09L£€0T°0  (S°0°6°0)
P-OCFLEET 0 €-08108€L"0 6-2TF90TT°0 L91087LT°0  (I'8°0)
9-90T¥60S 0 7-9G1L922 0 Z1-019€201°0 0197698970 (9°0°L°0)
9-986€89%°0 7-oFL06ET°0 0T-99G€2Z9°0 8-0967¢86°0  (1°9°0)
8-90825CG 0 9-9077599°0 TT-97€07€T 0 6-09619.5°0 (8°0°G0)
6-9TZF63E 0 L-9LL69€L°0 0T-2€099.2°0 8-0700L67°0  (1'7°0)
TT1-9826LLT 0 8-99TTFLT 0 TT-986726€ 0 6-09¢5792.°0  (6°0°¢°0)
GT-988002€% 0 TT-96FLTIT 0 LT-9008701°0 P1-9650281°0  (£0°C°0)
8T-99.98.1°0 VI-OVEET6E0 ET-97GLEIT 0 11-9968626°0  (L°0°T°0)
NdH(g = N4of(3')No) INdH(g = Nof(3 x)No) INLId(g] = N4of(3'x)No) IVLA(p] = N40f(3'T)No) (+'7)

Numerical results of Example (3.3)
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