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Introduction

Integro-differential equations (IDEs), both in ordinary and partial forms, play a significant role
in mathematical modelling across a wide range of engineering and scientific disciplines. These
equations are employed in various fields, including finance, reactor dynamics, population studies,
ecology modelling, aerospace engineering, fluid mechanics, biological and chemical systems,
process engineering, hydroelectric machinery, and other domains. In this article, linear and nonlinear
Fredholm IDEs of the second kind with initial value problems are presented. Conventional numerical
methods, such as quadrature formulas, often encounter limitations in providing accurate solutions
for these equations due to the presence of nonlinearity. Therefore, there is a pressing need to develop
efficient and reliable approximate methods to tackle these challenging equations. To approximate
their solutions, researchers have proposed several methods, such as the Adomian decomposition
method (ADM) [1-4], Laplace decomposition method (LDM) [5-8], homotopy perturbation method
(HPM) [9-10], homotopy analysis method (HAM) [11-13], direct computation method [ 14], variation
iteration method [15], and reproducing kernel method [16]. LDM, which was introduced by Khuri
[7], has emerged as a promising computational technique for addressing the nonlinearity inherent
in Fredholm IDEs. However, there is a lack of comprehensive research on the application of LDM,
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specifically for nonlinear cases with initial value problems. Thus, it is imperative to undertake an
exploration and evaluation of the effectiveness of LDM in solving these complex equations.

This article focuses on LDM, which combines the Laplace transform and ADM to approximate
the solutions of nonlinear Fredholm IDEs with initial value problems. To evaluate the performance
of LDM, a comparative analysis of the results is conducted, focusing on the error comparison
between LDM, ADM, and HPM.

Methodology (Implementation of LDM, ADM, and HPM)
In this article, the nonlinear Fredholm IDEs of the second kind are considered in the form:
u™(x) = £() + [) K(x, OF (u(t),w' () de (1)
with the initial condition:
u®0) =ay, k=0,1,2,..,n—1 ()

where u™(x) is the n-th derivative of the unknown function u(x) that will be determined, K(x,?)
represents the kernel of the integral equation, f{x) is an analytic function, F(u(?),u'(¢)) is a nonlinear
function, and @ and b denote the limits of integration.

By applying the Laplace transform, denoted by L, to both sides of Equation (2), the following
result is obtained:

L)) = LIFE] + L[ [ K (e, OOF (u(®),w' ()t | A3)
Using the differential property of the Laplace transform, the expression becomes:
s"Llu(x)] — I, s ™0 (0) = L[F(x)] + £ [ [2 K, OF (u(®), u’(t))dt] (4)

Dividing Equation (4) by s” yields:

Llu()] = 5 [Zhey s* a0 0)]

= LLIF @] + S L[f) K F (), (0)dt] )
Applying the inverse Laplace transform on both sides of Equation (5), the following is derived:
u(x) = G(x) + L1 [inzz [ [2 K (e, OF (u(t), u’(t))dt” (6)
where:
6() = L& [Eh s a0 ©)] | + £ [S [ O] o

represents the term resulting from the source term and the prescribed initial condition.

The linear term u(x) on the left side is first expressed as an infinite series of components:

u(x) = Xnzo Un(x), ®)

where the components u_(x), n > 0 are determined recursively. However, the nonlinear term
F (u(t),u"’ (t)) on the right side of Equation (1) will be represented as an infinite series of Adomian
polynomials 4, in the form:
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F(u(t),u'(t)) = Xyzo An(t), ©)

where A,,n = 0 is defined as:

=L IF (520 2ui(0), 2 ‘f;oliui(t))L:O n=0123,.. (10)

An = wamm
Here, A, can be evaluated for all forms of nonlinearity.

Substituting Equations (8) and (9) into Equation (7) leads to:

B0 un () = 60O + L7 [ £ [ [ K, 0) (S0 An(©)et]| (11)
ADM provices the recursive relation as follows:
uo(x) = G(x)
(12)

Upp () = L7 Linll [fab K (x, t)An(t)dt]] ,n=0
Equation (12) represents the general scheme of LDM for nonlinear Fredholm IDEs given in
Equations (1) and (2):

To apply ADM for the IDEs in Equations (1) and (2), they are transformed into integral equations
of the Fredholm type:

u@) = g@) + L [[7 Ko OF (), u' () dt (13)
where:
g(x) =L (f () +ul@ +u'(@(x —a) + #(x —a)?+-+ %(x —a)" (19
with:
L‘l(u(x)) = (n—11)! f;(x — )" lu(t)dt (15)

Using Equations (8), (9), and (10), the following ADM scheme is obtained:

uo(x) = g(x)

Uy () = L7 [P KGe, 04,0 dt] ,n = 0 (16

To visually illustrate the fundamental concept of HPM, consider the nonlinear functional equation
(Biazar & Ghazvini, 2008) in the form:

L(w) +NQ@) = f (17)

In a convex homotopy form, the perturbation scheme is constructed as follows:
Hw,p) =1 -p)(L(v) — L(up)) +pL®) + Nw) - f) =0 (18)

where p € [0,1] is the homotopy parameter and %, is an initial guess satisfying the initial or
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boundary conditions in Equations (1) and (2). It is evident that when p =0 and p =1, the
following conditions hold:

H(,0) = (L(v) - L(uo)) =0

Hw,1) = L) + N@) — f = 0 (19)

in which v varies from the initial u to the exact solution u of Equation (17).
Equating the homotopy function in Equation (18) to zero yields the following expression:

L(v(x,p) = L(uo) +p (F = N(v(x,p)) — L(uo)) (20)
Let the solution to Equation (17) be sought in the form:
v(x,p) = Tio vi(0)p" 1)

Substituting Equation (21) into Equation (20) yields:
L(Z0 v COP¥) = L(uo(0)) +p (F(0) = N(Zizo v (0P¥) = (o () 22)

By comparing coefficients of terms in Equation (22) with identical powers of P, it results in:

P°: vo(x) = uo(x)

phiv(x) = L7 (f(x)) - Lt (N(vo(x))) —up(x),n=0 23)
priv(x) = —L1 (N(vk_1 (x))), k=23..

where L is the inverse operator of L.

Hence, the analytical-approximate solution is expressed as:

u= ;glgo v(x,p) = v(x) = XiZo Vi (x) 4)

Applications and Results

This section demonstrates the application of three methods, LDM, ADM, and HPM, using the
following examples.

Example 1 [6]: Consider the linear Fredholm IDE given by:
u'(x) =e*—x+ fol xtu(t)dt (25)
with the initial conditions:

u0=1 v0O=1 (26)
and the exact solution is u(x) = e*.

Method 1 (LDM): To solve Equations (25) and (26) using LDM, the Laplace transform is applied
to both sides of Equation (25):

s2L[u(x)] — su(0) — u'(0) = ﬁ - siz +L [fol xtu(t) dt] 27)

Dividing both sides of Equation (28) by s? and taking the initial conditions from Equation (26) into
account yields:

Lu(x)] =§+i+ 2

sz s2(s-1) s*

+ §L [fol xtu(t) dt ]
(28)

—i+s—12,c[f01xtu(t) dt]

1
s—-1 s*
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Applying the inverse Laplace transform on both sides of Equation (28), the following expression is
obtained:

u(x) = e* — % + L7t [Slzﬁ [fol xtu(t) dt ” 29)
Applying ADM to Equation (29) leads to the following recursive relations:

3
uy(x) = e* —%.

30
u(x) =L~ [— [f xtug (t) dt” 62390 x3, (30)
u(x) = L1 [—L [f xtu, (t) dt” % x3,
u,(x) = L1 [— xtun 1@ dt” ﬁx?
Therefore, the approximate solution of Example 1 can be readily obtained as follows:
u(r) = e¥ —T 4 B3 g B3y 243y Gh
6 6+30 6+ (30)2 6x(30)"1

Method 2 (ADM): To solve Equations (25) and (26) using ADM, both sides of Equation (25)
are integrated twice with respect to x, and the initial conditions from Equation (26) are taken into
account, yielding:

u(x) =e* — x—: + fox(x —t) [fol ttu(r) dr] dt (32)

Applying ADM to (32), the recursive relation is presented as follows:

3
uy(x) = e* —%,

u; (x) = f (x—1) [f ttug (1) d‘r] dt = m x3, (33)
u(x) = f (x—1) [f ttu, (1) d‘r] dx = 6*(30)2 X3,
() =[x = O [} trup (@) de] dx = 5%,
Therefore, the approximate solution of Example 1 can be readily obtained as follows:
_E 2 x3 2 34
u(x) = e” + 630~ + 6% (30)2 o 6+ (30)71 X0+ (34)

Which is the same as LDM (31):

Method 3 (HPM): To solve Equations (25) and (26) using HPM, they are converted into an integral
equation as stated in Equation (32) i.e.:

u(x) =e* — %3 + fox(x —t) [fol ttu(t) d‘r] dt (35)
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A homotopy function can be readily constructed as follows:

H(u,p) = ux) — uo(x)

and express the solution in series form:

u(x) = Yn-o vpp™

+p (uo(x) —e* + %3 - f;(x —t) [fol ttu (1) d'r] dt) =0

Substituting Equation (26) into Equation (25), the recursive relation is presented as follows:

0. () = o (2) = &% — 5
PO v () = g (x) = ¥ =,

pliv(x) = —up(x) + e* —% + fox(x —t) [fol t1v,(7) d'r] dt = 22 x3,

p2v,(x) = fox(x —t) [f01 ttv, (1) dr] dt =

priv,(x) = fox(x —t) [fol tTv,_4 (T) d‘r] dt =

29

3
X
6%(30)2 ’

29
6+(30)n—1

6%30

Therefore, the approximate solution of Example 1 can be readily obtained as follows:

3
u(x):ex—%+

29

29
X+ ——=x3 4+
6+30 6%(30)2

29
6%(30)n-1

x3 + en

(36)

(37

(38)

(39

From Equations (31), (34), and (39), it can be concluded that LDM, ADM, and HPM provide the
same solution accuracy for the linear IDEs in Equations (25) and (26). Table 1 show the numerical

results.

Table 1: Comparison of absolute errors for ADM, LDM, and HPM for Example 1 atn =5

X

Exact solution

ErADM (n = 5)

ErLDM (n = 5)

ErHPM (n =5)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

1.1051709
1.2214028
1.3498588
1.4918247
1.6487213
1.8221188
2.0137527
2.2255409
2.4596031
2.7182818

2.05761 x 10710
1.64609 x 107°
5.55556 X 1079
1.31687 x 1078
2.57202 % 1078
444444 x 1078
7.05761 x 1078
1.05350 x 1077
1.50000 x 1077
2.05761 x 1077

2.05761 x 10710

1.64609 x 10~°
5.55556 X 107°
1.31687 x 1078
2.57202x 1078
4.44444 x 1078
7.05761 x 1078
1.05350 x 1077
1.50000 x 1077
2.05761 x 1077

2.05761 x 10710
1.64609 x 10~°
5.55556 X 107°
1.31687 x 1078
2.57202x 1078
4.44444 x 1078
7.05761 x 1078
1.05350 x 1077
1.50000 x 10~7
2.05761 x 1077
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Figure 1: Comparison of absolute errors for ADM, LDM, and HPM for Example 1 atn =5

Table 2: Comparison of absolute errors for ADM, LDM, and HPM for Example 1 at n =50

X

Exact solution

ErADM (n = 50)

ErLDM (n = 50)

ErHPM (n = 50)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

1.1051709
1.2214028
1.3498588
1.4918247
1.6487213
1.8221188
2.0137527
2.2255409
2.4596031
2.7182818

6.96478 x 10777
5.57182 x 10776
1.88049 x 10775
445746 x 10775
8.70597 x 10775
1.50439 x 10774
2.38892 x 10774
3.56597 x 10~7*
5.07732 x 10774
6.96478 x 10~7*

6.96478 x 10777
5.57182 x 10776
1.88049 x 10~7°
445746 x 10775
8.70597 x 10775
1.50439 x 10774
2.38892 x 10774
3.56597 x 10774
5.07732 x 10774
6.96478 x 10774

6.96478 x 10777
5.57182 x 10776
1.88049 x 10775
4.45746 x 10775
8.70597 x 10775
1.50439 x 10774
2.38892 x 10774
3.56597 x 10774
5.07732 x 10774
6.96478 x 1077*

Journal of Mathematical Sciences and Informatics, Volume 4 Number 3, December 2024, 1-19



Zainidin K. Eshkuvatov and Tan Shee Hooi 8

=74 X

4 %10
/ —— - absolute error ADM

1 ¢ absolute error LDM
31077 ’/ — - absplute error HPM

-74 /

{} 1 I 1 1 1
] 02 04 0.6 0.8 1

Figure 2: Comparison of absolute errors for ADM, LDM, and HPM for Example 1 at n =50

Remark 1. The results presented in Table 1 to 2, as well as Figure 1 to 2, provide a comprehensive
comparison of ADM, LDM, and HPM in solving the second-order linear Fredholm IDEs in Equations
(25) and (26). Notably, the analysis reveals that all three methods produce identical absolute error
values across different iteration counts (five and 50 iterations), indicating that they achieve the same
level of accuracy in approximating the solution. These results highlight the convergence behaviour
of the methods, with the absolute error decreasing as the number of iterations increases, approaching
the exact solution.

Al-Hayani [6] considered the same IDEs and solved them using LDM, comparing the results with
those obtained from HPM and the variational iteration method, concluding that LDM outperformed
the others. However, careful investigation shows that both HPM and LDM yield identical errors.

Example 2 [10]: Consider the following nonlinear Fredholm IDE:
"(x) = LN L 40
u'(x) = cos(x) ot Jy xu(t) dt, (40)

with the initial condition:
u(0) =0, (41)

and the exact solution is u(x) = sin (x).
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Method 1 (LDM): To solve Equations (40) and (41) using LDM, the Laplace transform is applied
to both sides of Equation (31):

sLlu(x)] —u(0) = -4z [i fon xu?(t) dt] (42)

Z+1 48s2

Using the initial condition (41) and dividing both sides of Equation (40) by s, the following result
is obtained:

Llu(x)] = —L[ f xu?(t) dt] (43)

sz+1 4853

Applying the inverse Laplace transform on both sides of Equation (42) yields:
= sin(x) = = 4 -1 (12 [2 (7 p2
u(x) =sin(x) — ==+~ [SL [24 Jo xu? (@) dt ” (44)

Applying ADM and considering the nonlinear term representations (9) and (10) result in the
following recursive relations:

)

uy(x) = sin(x) — 54—8

— 11,11 7 _1_3 7\ x?
u(x) =L LL 24f0 xAo(t) dt” (12” 2" ticoso” )48'

u,(x) =L~ [ L= O " xA;(t) dt” = (—ln+in3 — L S

72 36 1152
1 7 1 9 1 13) x?
— T T’ — i3 )=
18432 368640 530841600 48
_ -1 1 1 T
u,(x) =L -L Zfo xA,_,(t) dt ||, (45)

Therefore, the approximate solution of Example 2 can be readily obtained by:

u(x) = uo(x) + uy(x) + uz(X) +oet un(x)

2
X
—sm(x)———+( ——n3+ 7)—
228 " \12" 18" T 16080 " )18
(46)
7 1 1 1 1 1 x2
+(——n+—n3— m° — n’ + ng——n13)—+
72" ' 36 1152 18432 368640 530841600 48

Journal of Mathematical Sciences and Informatics, Volume 4 Number 3, December 2024, 1-19



Zainidin K. Eshkuvatov and Tan Shee Hooi 10

Method 2 (ADM): To solve Equations (40) and (41) using ADM, both sides of (40) are integrated
with respect to x, taking the initial condition (41) into account, to obtain:

u(@) = sinGo) =2+ 7 (& [T w20t ) da. @)

Applying ADM results in the following recursive relation:

. m x?
uy(x) = sin(x) — PO

u; (x) = foxifonon(t) dt = (ln—iﬁ’ +— 1r7)x—,

)

24

up () = fi = [FxAy (0 dt = (—Sm+n® ———x

1 1 1 x2
_ s 9 — 13)
18432 368640 530841600

u,(x) = fole_z;f: xA,_,(t) dt,

(48)
Therefore, the approximate solution of Example 2 can be expressed as:
u(x) = uo(x) + ug (%) + uz (%) + - + Uy (x)
2 2
+sin(x) === + (Ln T 7T7)x—
248  \12 48 46080 48
2
+(—lﬂ+in3—in5— R R — n13)x—+...
72 36 1152 18432 368640 530841600 48 (49)

Method 3 (HPM): To solve Equation (40) and (41) using HPM, both sides of Equation (40) are
integrated with respect to x, taking into account the initial condition (41):

T

2
u(x) = sin(x) - 2= + [ (= [T tu?(r)dr ) dt. (50)
A homotopy function can be constructed as follows:
H(u,p) = u(x) —uo(x)
+p (u (x) — sin(x) + et I (ifn tu?(7)dr ) dt) =0
0 9% 0 \2470

(51)
The solution to Equation (40) can be sought in series form as follows:
u(x) = Xyzo Vnp"™ (52)
Substituting Equation (52) into Equation (51) yields the following recursive relation:
. x>
p°:vo(x) = up(x) = sin(x) — 7,
1. —(xL " :(L _ 1.3 1 7)’5_2
ph:vi(x) fO 24 fO xAo(t) dt 2" w8 Tieos0” Jus
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) _x 1w _ 7 1 4 1
U\ X) = — xA, (t dt = (—_Tl' — " ——T
p*i v (x) fO 24f0 1() 72 t 36 1152
1 1 1 x2
_ 7 19— 7.[13)_
18432 368640 530841600 48

11

P v (x) = fy o= [ xAn_1 (£) dt (53)
Therefore, the approximate solution of Example 2 can be represented as follows:
u(x) = uo(x) + uy (%) + Uz (x) + -+ up (%)
*sin(x) - %:_: + (én N 4_187T3 + 46080n7) g
+ (—%n + in3 B 11152 m® — 18132 n’+ 3681640 n’ = m 5 e 9
Table 3: Comparison of absolute errors for ADM, LDM, and HPM for Example 2 at n =5

X Exact solution ErADM (n =5) ErLDM (n = 5) ErHPM (n = 5)
0.1 0.0998334 3.61575x 107 3.61575 x 107 3.61575 x 107
0.2 0.1986693 1.44630 x 1075 1.44630 x 1075 1.44630 x 1075
0.3 0.2955202 3.25418 x 107° 3.25418 x 107° 3.25418 x 107°
04 0.3894183 5.78521 x 107° 5.78521 x 107° 5.78521 x 107°
0.5 0.4794255 9.03938 x 107° 9.03938 x 10~° 9.03938 x 107°
0.6 0.5646425 1.30167 x 107* 1.30167 x 107* 1.30167 x 107*
0.7 0.6442177 1.77172 x 10™* 1.77172 x 10~* 1.77172 x 10~*
0.8 0.7173561 2.31408 x 107* 2.31408 x 10~* 2.31408 x 10~*
0.9 0.7833269 2.92876 x 10~* 292876 x 107* 2.92876 x 10~*
1.0 0.8414710 3.61575x 107* 3.61575 x 10~* 3.61575x 107*
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Figure 3: Comparison of absolute errors for ADM, LDM, and HPM for Example 2 atn =5

Table 4: Comparison of absolute errors for ADM, LDM, and HPM for Example 2 at n = 50

12

X

Exact solution

ErADM (n = 50)

ErLDM (n =50)

ErHPM (n = 50)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.0998334
0.1986693
0.2955202
0.3894183
0.4794255
0.5646425
0.6442177
0.7173561
0.7833269
0.8414710

4.30827 x 10720
1.72331 x 107°
3.87745 x 10717
6.89324 x 10719
1.07707 x 10718
1.55098 x 10718
2.11105 x 10718
2.75729 x 10718
3.48970 x 10718
4.30827 x 10718

4.30827 x 10720
1.72331 x 10719
3.87745 x 1071°
6.89324 x 1071°
1.07707 x 10718
1.55098 x 10718
2.11105 x 10718
2.75729 x 10718
3.48970 x 10718
4.30827 x 10718

4.30827 x 10720
1.72331 x 10719
3.87745 x 1071°
6.89324 x 10719
1.07707 x 10718
1.55098 x 10718
2.11105 x 10718
2.75729 x 10718
3.48970 x 10718
4.30827 x 10718
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4.x 10718+ /
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3.% 10713 /
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/
18 o/ — - absolute error ADM
2.x1077 7 / ©  absolute error LDM
/ — - absolute error HPM
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1.x 10781 //
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Figure 4: Comparison of absolute errors for ADM, LDM, and HPM for Example 2 at n = 50

Remark 2. The results presented in Table 3 to 4, as well as Figure 3 to 4, provide a detailed
comparison of ADM, LDM, and HPM in solving a first-order nonlinear Fredholm IDE. The analysis
indicates that all three methods produce identical absolute error values across different iterations
(five and 50 iterations), demonstrating that they achieve the same level of accuracy in approximating
the solution. These findings underscore the convergence behaviour of the methods, wherein the
absolute error decreases as the number of iterations increases, approaching the exact solution.

Saha et al. [10] also solved Example 2 using HPM, ADM, and the series solution method,
reporting that HPM yielded the exact solution, while the other methods exhibited some errors. A
detailed investigation reveals that ADM can provide a more accurate solution if the initial guess is
selected appropriately.

Example 3 [7]: The following nonlinear Fredholm IDE is considered:
u''(x) = sinh(x) + x — fol x(cosh?(t) — u?(t))dt, (55)

with the initial condition:
u(0) =0, u'(0)=1, (56)
and the exact solution is u(x) = sinh (x)

Method 1 (LDM): To solve Equations (55) and (56) using LDM, the Laplace transform is applied
on both sides of Equation (55):

s2L[u(x)] — su(0) — w'® = - 4 L _ coshWsinh(®)

e R L[ x (P ©)dt] (s7)

Dividing both sides of Equation (57) by s? and incorporating the initial conditions (56) result in:
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Llu@)] = 5+ 5o + 5 — S b L[ [ (w3 (0)de] (58)

s2(s2-1) 2s* 2s% 52

Applying the inverse Laplace transform to both side of Equation (58) yields:
. x3 , P It 1
u(x) = sinh(x) + E(l — cosh(1) sinh(1)) + L1 L—ZL [fo x(uz(t))dt” (59)
Applying ADM results in the following recursive relation:
ug(x) = sinh(x) — 0.06778585037x3,

w () =L 2L [folx(Ao(t))dt” = 0.06281687946x3,

u, () = L7152 [folx(Al(t))dt” = 0.004503342225x3,

w, (%) = L1 Siz L [ folx(An_l(t))dt” (60)

Therefore, the approximate solution to Example 3 can be expressed as:
u(x) = sinh(x) — 0.06778585037x3 + 0.06281687946x3

+0.004503342225x3 + --- 61)

Remark 3. Example 3 was solved by Manafianheris [7] using LDM, with the claim that the exact
solution can be achieved within two iterations. However, investigations reveal that the exact solution
can be obtained by increasing the number of iterations.

Method 2 (ADM): To solve Equations (55) and (56) using ADM, both sides of Equation (55) are
integrated twice with respect to x, while taking the initial conditions (56) into account. This yields:

u(x) = sinh(x) + g (1 — cosh(1) sinh(1))

(62)
+ fox(x —t) [fol t(w?(x))dr ] dt
Applying ADM leads to the following recursive relation:
uy(x) = sinh(x) — 0.06778585037x3,
w () =[x —1t) [f01 tAo(t)dT]dt = 0.06281687946x3,
w(0) = [ -0 [ I tAl(t)d‘r]dt = 0.004503342225x3,
Un () = [ e = ) [ f; thAns (O)dr | at (63)
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Therefore, the approximate solution to Example 4 can be obtained as follows:
u(x) = sinh(x) — 0.06778585037x3 + 0.06281687946x3
+0.004503342225x3 + -

15

(64)

Method 3 (HPM): To solve Equations (55) and (56) using HPM, IDE (55) is reduced to an integral

equation of the following form:
3

u(x) = sinh(x) + % (1 — cosh(1) sinh(1))

+ fox(x —t) [fol t(u?(r))dr ] dt

A homotopy function can then be readily constructed as follows:
3

Hu,p) =ulx) —ug(x)+p (u(x) — sinh(x) — ch—z (1 — cosh(1) sinh(1))

+K&—ﬂ“ﬁw%ﬂmdd0:0
Seeking for the solution leads to:
u(x) = Y=o VaP"
Substituting Equation (56) into Equation (55) and deriving the recursive relation yields:
p°: vy (x) = ug(x) = sinh(x) — 0.06778585037x3,
pt:v;(x) = —uy(x) + sinh(x) — 0.06778585037x3

+[F(x = O [[; tAo(t)dz | dt = 0.06281687946x,

p2ivp(x) = [X(x — ) [fol tAz(t)dr]dt = 0.004503342225x3,

Py (x) = [ (e = 0) [ [, tAna(Oar | at.

Therefore, the approximate solution to Example 4 can be readily obtained by:

u(x) = sinh(x) — 0.06778585037x3 + 0.06281687946x3
+0.004503342225x3 + -+
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The numerical results for the proposed methods (LDM, ADM, and HPM) are presented as follows:

Table 5: Comparison of absolute errors for ADM, LDM, and HPM for Example 4 at n =5

X Exact solution ErADM (n =5) ErLDM (n = 5) ErHPM (n = 5)
0.1 0.1001668 5.48149 x 107° 5.48149 x 107° 5.48149 x 107°
0.2 0.2013360 438519 x 1078 438519 x 1078 4.38519 x 1078
0.3 0.3045203 1.48000 x 1077 1.48000 x 1077 1.48000 x 10~7
0.4 0.4107523 3.50815 x 1077 3.50815 x 1077 3.50815 x 1077
0.5 0.5210953 6.85186 x 1077 6.85186 x 1077 6.85186 x 10~
0.6 0.6366536 1.18400 x 107° 1.18400 x 107° 1.18400 x 107°
0.7 0.7585837 1.88015 x 107° 1.88015 x 107 1.88015 x 107
0.8 0.8881060 2.80652 x 107 2.80652 x 107 2.80652 x 107
0.9 1.026517 3.99601 x 107 3.99601 x 107 3.99601 x 107
1.0 1.175201 5.48149 x 107 5.48149 x 107 5.48149 x 1076

/
5.x 1076 /
/
/
/
4.x 1078 f'
J"},J
/
3.x10° /
—— - absolute error ADM
/ ¢ absolute error LDM
~ - absolute error HPM
2.x 107 /
f
/
% 4
1.x 107° /
ad
4/0/
0 4?-.---_ 1 L L 1
0 02 04 0.6 08 1

Figure 5: Comparison of absolute errors for ADM, LDM, and HPM for Example 4 at n =5
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Table 6: Comparison of absolute errors for ADM, LDM, and HPM for Example 4 at n = 30

17

X

Exact solution

ErADM (n = 30)

ErLDM (n = 30)

ErHPM (n = 30)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.1001668
0.2013360
0.3045203
0.4107523
0.5210953
0.6366536
0.7585837
0.8881060
1.026517
1.175201

1.53411 x 10716
6.67653 x 10715
1.02045 x 10~14
2.26375 x 10714
1.74036 x 10~ 14
3.61642 x 10714
2.82630 x 10714
6.25166 x 10714
4.87095 x 10~ 14
8.06670 x 10~ 14

2.79683 x 10717
1.07564 x 1071¢
2.02999 x 10715
3.86927 x 10715
1.63805 x 10715
1.16646 x 10714
6.81379 x 10715
1.72000 x 1074
1.06496 x 10715
3.09444 x 10~14

1.37074 x 10716
5.79600 x 10715
9.95450 x 10715
2.04400 x 10714
1.52896 x 10714
3.32264 x 10714
2.60818 x 10714
5.31590 x 1074
3.59300 x 10714
7.53000 x 10714

8. x 1071

5% 10777

absolute error ADM
absolute error LDM
absolute error HPM

Figure 8: Comparison of absolute errors for ADM, LDM, and HPM for Example 4 at n = 30

Remark 4. The results from Example 3 offer insightful comparisons among ADM, LDM, and HPM
in solving second-order nonlinear Fredholm IDEs. As shown in Table 5 and Figure 5, these methods
initially produce similar absolute error values. However, as the number of iterations increases, LDM
outperforms both ADM and HPM, exhibiting a lower absolute error at 30 iterations. In contrast,
ADM shows higher absolute error than HPM and LDM at 30 iterations. In conclusion, while ADM,
LDM, and HPM demonstrate comparable performance at lower iterations, LDM proves superior in
terms of accuracy for higher-order equations.
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Conclusions

This study demonstrates the effectiveness of ADM, LDM, and HPM in solving linear and nonlinear
Fredholm IDEs with initial value problems. The accuracy of the solutions improves as the number
of iterations increases, resulting in a decrease in the absolute error. Notably, LDM outperforms both
ADM and HPM, exhibiting superior performance with lower absolute error at higher iterations. This
finding underscores the unique computational strategies of LDM, which contribute to its enhanced
accuracy and efficiency in solving higher-order equations compared with the other methods. This
study contributes to the field of numerical methods for solving linear and nonlinear Fredholm IDEs,
highlighting LDM as a robust and effective approach, validated through comparisons with ADM
and HPM. Further research may explore the applicability of LDM in diverse mathematical and
scientific contexts, as well as its performance in more complex scenarios.
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