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Abstract: This study developed three semi-analytical algorithms to solve nonlinear delay Volterra and delay Fredholm-Volterra
integrodifferential equations under initial conditions. These algorithms embrace Laplace Adomian decomposition algorithm (LADA),
the modified Laplace Adomian decomposition algorithm (MLADA), and the Laplace variational iteration algorithm (LVIA). Using the
suggested approaches, we find the solutions without discretization, or limiting traditions while considering suitable initial conditions.
Moreover, solution terms are easily calculable and fast-converging series are generated. The proposed methodologies are tested
numerically on three numerical applications to prove their efficacy and dependability as well as to compare their computational
efficiency. Based on the numerical results, it is evident that the procedures offered are both effective and correct.
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1 Introduction

Volterra delay integrodifferential equations have many
applications in science and engineering, for example,
their usage in electrodynamics, dynamical systems,
mechanics, mathematics, viscoelasticity, oscillating
magnetic fields, heat conduction, electromagnetic,
biology, and other domains. Functional differential and
integrodifferential equations with variable delays are
extensively employed in modeling biological phenomena
and play an important role in different fields [1, 2, 3, 4].
They also describe various reactor-related chemical and
physics operations. Biological processes such as growth,
birth, and death can also be described using neutral
equations. Additionally, these equations have numerous
medical applications. For example, they can be used to
mimic sugar size in the blood, cancer chemotherapy,
immunity, and epidemiology can all be used to show
different characteristics of humans, see in [5].
Abd-Elhameed and Youssri [6] introduced and discussed
the second kind Chebyshev quadrature collocation
method for solving a mixed Volterra-Fredholm integral
equation. The numerical solution of Volterra

integrodifferential equations with type delay has received
a lot of attention in the last few years, Refs. [7]-[16] and
provides an overview of approximation strategies for
solving these types of equations. The Laplace
decomposition algorithm shows how the Laplace
transform can be utilized to estimate the solutions of
nonlinear integrodifferential equations by adjusting the
decomposition approach. This method divides the
equation under inquiry into linear and nonlinear parts and
creates a solution in the form of a convergent series with
easily computed terms that can be found defined by a
recursive relationship and utilizing Adomian polynomials
for nonlinear terms. Furthermore, LADA discovers the
solution without any constricting assumptions, free from
round-off errors and without taking a long time or a lot of
computer memory. This method is powerful and effective,
and it solves a wide range of linear and nonlinear ordinary
and partial differential equations, as well as integral
equations (see in Refs. [17]-[21]). Additionally, LADA is
able to drastically diminish the numerical calculation
while maintaining high accuracy in the numerical solution
because it does not produce a sizeable set of linear or
nonlinear equations, in contrast to other numerical
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methods. Though, solution series converge very rapidly in
very narrow regions or near boundary points but they
converge very slowly in wider and/or outer regions. This
is one of the drawbacks of LADA. Furthermore, LADA
has the disadvantage that his Adomian polynomials for
the nonlinear terms need to be found and evaluated,
which is computationally expensive due to the extensive
computation required. MLADA [22, 23] is a new
modified Laplace Adomian decomposition algorithm for
nonlinear equations based on an appropriate initial
solution selection. The modified Laplace decomposition
approach overcomes the noise oscillation during the
iteration procedure with this adjustment. The LVIA [24,
25, 26] is a novel adjustment of the variational iteration
method (VIM). This approach was planned by combining
the Laplace transform and VIM, and we can derive new
variational iteration formulas. The main gain of LVIA is
that it comes up with a new concept of Lagrange
multipliers from the Laplace transform without tiresome
calculations. A key feature of LVIA is its flexibility and
ability to solve nonlinear equations accurately and
without linearization and polynomials Adomian for
nonlinear terms. Furthermore, LVIA is the freedom to
choose the initial guess without unknown parameters.
LVIA leads to a convergent solution, but the solution
requires a lot of time and a lot of computer memory. The
flexibility and customization offered by these proposed
algorithms made them strong candidates for realistic
solutions leading to closed-form exact solutions.

2 The proposed semi-analytical algorithms

This work studies the semi-analytical solution of delay
Volterra integrodifferential equation (DVIDE), neutral
Volterra delay integrodifferential equation (NVDIDE) and
the nonlinear delay Fredholm-Volterra integrodifferential
equation (NDF-VIDE). The general form of neutral
Volterra delay integrodifferential equation (NVDIDE) is

v (t) :f<t, Vo), v(h(t)),/otl((t, x v(x),

v(h(x)), V(h(x)))dx) gt>a
v(t) = ¢(t)7 re [a*a a] (D

while the general form of retarded Volterra
integrodifferential equation is

V(1) f(t, (1), v(h(1)), /OIK(t, % (%),

v(h(x)))dx), t>a
v(t) = ¢(t), t€ld", d 2)

and the nonlinear retarded Fredholm Volterra
integrodifferential is

vl(t)f<t,v(t),v(h(t)),/0tK](t, x5 v(x),

b

v(h(x)))dx, /a K> (1, x, v(x), v(h(x)))dx),t >a

v(t)=9(t), t€a", d]
where f, h, K, K;, K> and ¢ are functions that are given.

On the finite interval [a, b], the solution v(z) is desired. We
will use the following format to rewrite equation (2):

Vi(e)=ft v(), v(a(1)), 2(1)),
Z(t):/a K(t, x, v(x), v(h(x)))dx.

a <t <b
(3)

It is assumed that the delay function A(¢) is continuous in
the interval [a, b] and that it satisfies the inequality a* <
h(t) <t, t € [a, b].Let ¢ € C"[a*, a] and suppose that f :
[a, ) xR3 — R, (t, u, w, z) — f(t, u, w, z) is defined
and continuous together with its 7 derivatives, r € N in
the domain D : |t — 1| < o1, D :|v — v| < O3,
satisfying

F D@ u,w2)| <81, g=1(1r+1, (4

and the Lipschitz conditions
f(q) (t5 uy, wi, Zl)i f(q) (ta Uz, wa, ZZ) <

Li{lus — wo|+ w1 — wa| + |z1 — 2}, ®)
then, 3 B such that
lwi — wa| < BIF9, wr, wi, z1)

_f(q)(t; uz,wa, ZZ)|7 (6)
V(l, u, w, Z) B (t7 uy, wi, Zl)
, (t, uz, wa, 22) € ([a, b] XR3).

Assume that K : [a, b] x [a, b] x R? — R, is both defined
and continuous function and that it satisfies

|K(t7 X, U, W)' < SZ (7)

and the Lipschitz conditions
|K(t, x, uy, wi) — K(t, x, uz, wa)| <

Lo{lur — wo| + [w1 — waf} ®)
3B such that

| wi — wa| < BIK(t, x, ur, wi) — K(t, x, uz, wa)| (9)
V(t, x, u, w), (¢, x,u;, wy)
, (1, X, uy, wo) € ([a, b] x |a, b] XRZ),

where § < min{Ll—l, é} These conditions guarantee the
existence of a unique solution of problem (3).
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In this paper, we employ three semi-analytical algorithms
to solve the following functional integrodifferential
equation with variable delays

0+ T [ (4059 (:0)
1 (4009 0|

n—1 n—1
=g()+1 {K, Y Roi ), Nz,i] , (10)
i=0 i=0
with initial conditions which are given
v0(0) = fild),

where v (1) = % and,

n—1 n—1 t n—1
K, Y Ry, ZNZ,i‘| :/ Kz, x)lz
i=0 i=0 0 i=0

I

Ro (v(0), v (i (1) ). ”_Z(sz,,. (v, v (;)))] ,

12)

K(t, x) is the kernel of the integral equation,
Ry, Ry, Ni;and N, ; are linear and nonlinear functions
of v(r) and v (;(r)) that will be determined,
respectively. It also takes into account the first-order
integrodifferential equation with variable delays and
neutral terms, which has the form.

V) + RV (- 0) = Ro(0v(r) + / "K(t, x) v(x) dx

+g(t), t>0
v(t) = v, (13)
where Ry(r), Ri(t), v(t), g(¢t) and 7(¢) (delay term) are
defined as continuous functions. The detailed definitions

provided below, as found in [27-28], must be used for this
study.

Definition 2.1. Suppose that u(¢) is real-valued function

of the variable + > 0 and s is a real parameter. The
Laplace transform of u(z) is defined by

£[u(t)] = /0 et dr.

Theorem 2.2 . Suppose that u(r), u'(t), ..., u"=1(r)
real-valued functions are continuous on (0, o), then

& [u) ()] =56 ()] =5 (0) "2 (0) =+ —u" D (0).

Definition 2.3 . Let v(z) be a continuous differentiable
function on (0, o) and let 7 be a constant delay such that:

v(t) = @ () for —7 <t < 0. Then the Laplace transform
of delay function is given by :

L= =" (& ()] +P(s, 7)),
where @ (s, T) = [* e Vo (1)dr.

Definition 2.4 Let g(x) have a power series in a
neighbourhood of x = 0. If polynomials P(x) and Q(x), of
degrees m and n respectively, can be found such that

g(2) = S+ O(Jx" 1), with Q(0) = 1;)(th)en 2 isa

Pade’ approximant to g(x). When m = n, 20 is called a

diagonal Pade’ approximant to g(x). The following
examples are given for an illustrative purpose, which we
need in the Laplace transform,

if m=n=1, Pade (¢') = 25 and Pade (¢%) = 22, If

TS $2 465412 e
m = n = 2, Pade(e) = S5, and
Pade/(e7) = S8,
Corollary 2.5. For any iteration m, define

vm(t), m= 1,2, ..., n, as a series. The algorithms
will reach the analytical solution of (1) shortly afterward.
The following are only a few of the many types of errors:

1. Residual error (Res™ (t)) defined by

Res™ (1) = ‘ (v’m (1) —f(t7 Vin (2) 5 vin (R (1)),

RS RATEINAC (x)))dx)) ’
2. Exact error (Ext™(t)) that is determined by
Ext"™ (t) = |Vexaer (t) = vin (1) |
3. Consecutive error (Con™ (t)), which is defined by
Con™ (1) = ’Ver[ (1) —vm (1) ’

We apply the our proposed algorithms to solve the problem
(10)-(11) in the following subsections.

2.1 Formulation of LADA

In the present section we use LADA to solve functional
integrodifferential equation with variable delays of the
following form:

0+ F s (509 1, 0)
1 (v0), 90 0 0)|

n—1 n—1
=g(t)+I [K Y R Y Nz,l} : (14)
i=0 i=0
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Using the initial conditions that are stated

D)= fr), k=0,1,2,.......  n—1. (15)

Following are the steps that should be taken to solve

Eq. (14) using LADA:

Stepl: Eq. (14), when transformed by the Laplace
transform, yields

n—1

0] + ¥ £

£ [v(” Ny (V (1), v (hi (t)))

+ Ry, (V (1), v (h; (t))) 1

uLe ZRzu ZszHHt[ 0].

In view of definition 2.1 and the initial conditions (15), we
obtain

"V (s)—

n—1
$=i=1,0)
n—1
+ th[Nl,i (V(f),v(i) (hi(t)))
i=0

R ()09 <r>>)]
n—1 n—1

=G(s)+£[IK, Y Roi, Y Nojll,  (16)
i=0 i=0

where V (s) = £[v(¢)] and G (s) = £[g(t)].

Step2: LADA describes the solutions by the infinite series
of components.

=Y w0, (17)
n=0

and the nonlinear terms Ni; and N,; in Eq. (16) is
decomposed as follows:

N (v(t), Vv (i (r))) = A i=0,1,2,..n—1,

. (18)
Noi (v(t), y() (hi(t))> =B, i=0,1,2,....n—1,

where A;, and B;, are the Adomian polynomials. The
Adomian polynomials have the following general

formula:
1 d" Lk
ni = n' d)Ln Ny, Ji (kz())v Vk
Y v (hi (1)), Y AR (kg (t))ﬂ ;
k=0 k=0

=0 (19)
1 d"

ni = !dﬂn [N21<Zlkvk

f Akv (i (1)), Z AR (hy (t))ﬂ
k=0 k=0

Step3: Eq.(16) is transformed into a collection of
recursive equations produced by the decomposition
analysis method.

n—1
=T 48 +Sow,

Dc

A=0

n—1

£ (1) = s]—,,fr lz — (Ao, (vo) +R1.i(vo)) +

i=0

n—1 n—1
1K, Y Rai(v), ZBo,i(Vo)]], (20)
i=0 i=0

So in general, for k > 0, we obtain

1 n—1
£ ()] = s_”‘ft{z —(Ar-1,i(vo, v, -5 vie1)
i=0
n—1
F R (i) HI[K, Y Rowy 4, @21
i=0
Y Bioii(vo, vi, -+, Vkl)]:|-
i=0

Step4: We can use the inverse Laplace transform to
evaluate

B n—1 t
- {T 44

vy (t) = £ { Sl”£t {Ao,i(vo) —R,i(vo)

iG<s>} —H(),

+I[K,R2,,'(V()),B()’i(\/())]:| },i 0, 1,2, o, n— 1

(22)
So, the n—semi-analytical solution is given by:
n
=3 vi(), (23)
i=0

and the analytical solution will be lim,_s. @, (¢), in some
circumstances, the analytical solution in closed form can
be obtained.
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2.2 Formulation of MLADA

As we know, the LADA suggest that the zeroth
component v (¢) usually defined by function H (¢) that
arises from the source term g(¢) and the prescribed
initial conditions. In comparison to the old methods,
Wazwaz [20] developed a decomposition method that
minimizes the step size in the calculation with good
results. A noise oscillation occurs during iteration if Eq.
(22) is selected as the initial solution. Based on the
assumption that the function H(z) can be divided into
two parts, namely H;(¢) and H,(z), one of which is
assigned to the first term, the other to the second. Given
the presumption we established,

H () = H\(1) + Ha(1). (24)
Our formulation of the repetition relations is modified
according to Eq. (24). By taking a part of H (), we
identify the zero component v (z) and add the rest to
v1 (#). Hence, a set of recursive equations are given by

n—1
vo () = £ {Z JZ;EFII) +si,,G1(S)},
k=0

vi(t) = £ { Sl”G2 (s) — sinf, [
n—1
Y (Ao (vo) +Rii(v0))
i=0

IK, ZR2,V0 ZB(),V() ]}

vz<r>=£ﬂ{—si,,£,[

n—1

Y (A (vo, vi)+Rii(v1))

i=0

I[K,nZle,i(w),EBOJ(VO,WO)]] },

i=0 i=0

(25)

So, the n—semi-analytical solution is given by:
n
t) = Zvi (t)a (26)
i=0
and the analytical solution will be limy,_e. ¥, (2).

2.3 Formulation of LVIA

The procedure begins with the application of the Laplace
transform to (14), followed by the use of the Laplace

transform’s differentiation feature to obtain

6, o (0] — ¥ 541 220

k=0 ot
n—1

+Y &

+Ry; (V (1), v (h; (f)))]

n—1 n—1

=G(s)+£[IK, ;)Rz,i, ;)Nz,i]]-

t=0

M (v(0) 0 (e (1))

27)

The basic iterative approach employing the Lagrange
multiplier can be advised using the iteration formula of
(27), then

& it (0] = £ s (0] F2.5) [°€ [ 0]
)
n—1
AN (v (), v (s (28)
I N CONRIO0))
R (50 m0) ] - 60
- £ [I[K, ERM ”Z]Nz,i]}
i=0 i=0
Using

&[N (v), v (i (1)) +Rug (v(0), v (1)) ) |and
£[I(K, Ry;, Npj)] as restricted terms, a Lagrange
multiplier can be calculated as

A(s) = —, (29)

with Eq. (29) and £, 1, Eq. (28) becomes

LN k1 95v(0)

=g { T 010
- izolaf N (v(0), 9 (i (1))
R (v0), v (i (1))
G0+ £HK ZRQ,,ZNQ,”},

(30)
where v (7)) is the initial iteration and can be calculated

by
- {49} @D
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From Eq. (30), Eq. (31) and Eq. (15), we get the solution

w1 () = vo (1) + £71 {lG(s)}

[1 K, ERZJ, nZlNz,,»]} } (32)
n®=n+5 {160}

+4£ '{in;et[ X, ZRz,, ZNz, }}

The analytical solution is v () = liny . vy (1) -

3 Numerical results and discussions

The applicability of LADA, MLADA and LVIA in
solving neutral Volterra delay integrodifferential
equations and Volterra delay integrodifferential equations
of constant type are demonstrated in this section with
numerical results for our suggested algorithms. Three
specific examples are presented to demonstrate the
validity of the results.

Example 4.1: Consider the following nonlinear delay
Fredholm Volterra integrodifferential equation [7]

1
'(1) :g(t)+/ (t+x) v(x)dx
+/ (t—x Vv dx 33)

The function g(7) is chosen such that the analytical
solutionis v(t) =1>—2, t > 0.

Firstly,The LADA will be used to solve this equation. The
recursive relations, according to Eqs. (22), are as follows:

vo () = £ {2 (v(0) + G (5))}

N

R E 64)
+ bk, Cp (vi (t))]} }a k=0

where C; denotes the Adomian polynomials that express
the nonlinear terms v?(%), k; and k, denote the kernels of
the integrals /; and I, respectlvely, and /; and I, represent

integral operators defined as ) = fol (t+x) v(x) dx and

L = [§(t—x) v*(%)dx. By using Eq. (19), the Adomian

polynomials for v2 (3), begin with the first few terms.

X
e
0 Yo )’
x x

R RTC .
1=2vol5) (35 (35)

cmm(2) () i)

While G (s) = £ [g(1)]

4 6
andg(r) =2+ 22+ 5 — L.
The decomposition series’ first few terms are given:
3 12 243 N ©f
4 6 3 60 3360

127817 949792 23 4 65
M) ="30220 ~Te1280 T 3 16 2304

136 1747 1138 16977
2304 ' 24192 483840 ' 11612160

157¢10 457111 12
232243200 5109350400 619315200

17¢13 113
* 44281036800 1127153664000
t17

+ 754672730112000° (36)

So, the n— semi-analytical solution is given by:

n
=Y vi(r)
i=0
and the analytical solution will be

lim s, (7).

n—yoo
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Secondly, in order to solve Example 4.1 using the

MLADA. Source function g(t) is divided into two

functions, which are g1 (t) :%
[6

and g, (t) :% —2t2+ % — 750 According to Egs. (25),

the iteration formulas will be

+ Iz[kz, C, (V() (l‘), Vi (t))H },

Hence, 3
vo(t)=—-24 Zt’
3t 492 1t 3
)=——+—5 — 72t 750n 7
M=t et mse O
The series form of the solution is then defined by
n
V(l) = Zvi (t)a
i=0
492 1+ 38
vit) =24 ———+—+-- (38)

48 16 ' 1280

Third, we will obtain LVIA solution for Eq. (33). The
recursive relation is given by

Vet (6 = vo (0 £ {1 (G(s»}

N
. t
-1) L =
+ £ {s;& [11 k1, vie (1)] + Lo [ka, vk(z)]}}
vO(t):—Z,
t 52 5
)=-2-,+——+ -7
vi (1) 2776 T60 3360 &9

Hence, the analytical solution is

v(t):’Hlan V().

Numerical results of Example 4.1

We compare our solutions obtained by LADA, MLADA
and LVIA with the analytical solution for various n values
in Figure 1(a, b, c), this graph illustrates how the
suggested algorithms are more straightforward and more
accurate. Figures 2-4 (a, b, ¢) view the graphics of the
absolute errors Ext’gppmx(t) = ‘vExact—vappmx,, , the
consecutive errors Con” (t) = |v,41 () — v, (t)| and the
residual errors

Res (1) = (Iv's ()= £ &, va (6), v (h (1)), 11k, i)

for three analytical methods (LADA, MLADA and LVIA)
at different values of n(n =3, 4, 5) respectively. From
these figures, it is obviously that semi-analytical solution
obtained by LADA, MLADA and LVIA converges
rapidly to analytical solution and MLADA’s
semi-analytical solution is closer to the analytical solution
than LADA and LVIA’s semi-analytical solutions.

Example 4.2: Consider the following linear of
second-order  Volterra integrodifferential  equation
including variable delay [15]
"O+v(5) -3 v [ de=-TsinG)
o — = ——sin
v vi3 7”7 A xv(x)dx 1
t
+t cos(t) + sin (E) . 0<tr<1 (40)
V(0) =1, and the

With initial conditions v(0) = 0,
analytical solution is v (¢) = sin(z) .

LADA solution for Example 4.2

Firstly, Both sides of Example 4.2 are transformed using
the Laplace transform.

2a L] -0 0+ v (5)] - %f, ()]
& ITK, V()] = G(s). @4D)

Where K (t, x) =x, g (t) =t cos (t) — Lsin(¢) +sin (%),

G(s) = £t[g(t)] andl.[.K, v(t)] = foxv(x)dx.

By using initial condition’s Example 4.2

G0 (0] = 5501 +G() +4 M%)]

+HE K, v(e=1)])) (42)

_3
1

Second, Infinite series of components are used by LADM
to define the solutions,

v(t) = i v (0).
n=0

© 2023 NSP
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b)
, MLADA .
0 Vapprox,1
0 Vapprox.2
' / W vaproy

0 02 04 06 08 410 00 02 04 06 08 10

Figure 1. The behaviours of vapprox, »(¢) while employing (a) LADA (b) MLADA (c) LVIA for various values of n =1, 2, 3 of terms
when, 0 <r < 1, with the analytical solution for Example 4.1.

c
2 0
1072 3
B Ext
-5 approx
10 104 VIA APP
18 108 i Extapprox
] 5
1078 £ Extpor
10"
00 02 04 06 08 1.0

00 02 04 06 08 10 00 02 04 06 08 10
t t

Figure 2. Graphics of the absolute errors Exty, . (t) for (a) LADA (b) MLADA (c) LVIA at different values of n(n =3, 4, 5) when
0 <t <1, for Example 4.1.

V3t

. . . . V3 _
The decomposition analysis approach is applied to (41) to 379813 e > 37981 V3e 3

create a set of recursive equations that are provided by

1

(1) = 56734l
V3t V3t
4 50960v/3 ¢ 1" —50960v/3 ¢ 7"

_ 1
WO =4 G 0 GW) + 57330 ¢ 1+ 57330 1
V3t 1
_ 1 t + 95553 ¢ 7 12 — 12841921cos(=1)
_ 1 -
wa®=5 {5 (6 ()] 2

1
+ 1500408t cos(r) — 691488 sin(zt)

K] ) b . 1
—9555V/3 ¢'7 1% 4 4781322sin(=1)
k>0 2

— 2586168 sin(r) + 183456¢sin(z),
Hence,

1 Vit Vit
vo () = %(Sﬂ e —5V3e T

— 56¢cos(t) — 98 sin(%) +218sin(z),
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() 2 (©)
«C ‘onErroj 10_ ConErro
107 o 107 0 C°“approx
y LADA 1078 LVIA i Conapprox
1078
IConappm
10~ 10 10
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10

t t

t

Figure 3. Graphics of the consecutive errors Con (t)for several values of n(n = 3, 4, 5) for (a) LADA (b) MLADA (c) LVIA when

0 <t <1, for Example 4.1.

(a) (b)

ResErno ResErro 0. 0 5
LADA MLADA LVIA
/_\ 5.x107 /_\ e /\ B Res?
0.02
//—\ 0.01
001~ Z.X 10 -4 /—\ /A

ResErro

0 Res®

00 02 04 06 08 10

Figure 4. Graphics of the residual errors Res” (1) = (’v;(t)

As a result, the series solution is as follows:

= Z Vn (t) (44)
n=0

MLADA solution for Example 4.2

We divided source function g (1) = —Llsin(¢) +tcos(t)

+sin (%) into two functions are g (t)=— lsin(r) and

g (t)=t cos(t) +sin (%)
By applying MLADA, we get

() = O =£ {55 (1+Gi(5))}

4

- i(-4%5 e (C14 ) 4 33sin(r)),  (45)

00 02 04 05 0§ 10 00 02 04 08 08 10

t

— £t va(t), va(h()), I[K, va])|) for (a) LADA (b) MLADA (c) LVIA at
different values of n(n =3, 4, 5) when 0 <t < 1, for Example 4.1.

w0 =4'{ 7560

3
s [v ( )}+£; K, vo(t ]])}

1
9261

1568v3 % +625v/3 V3 4 17641
11764 ¢Vt 12947312 — 294+/3 V3112

3 t
1 15126 tcos(1) + 264607 sin(%)

V3
—625V3 1 1568v/3 ¢

— 588662 sin(1)],
(46)
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As a result, the series solution is as follows:

t) = i‘bvn (t)

It turns out that MLADA yields the analytical solution
from first iteration.

LVIA solution for Example 4.2

The first iterations of LVIA solution can be determined by
applying the initial conditions in Egs. (32), which are:

vo (1) = £ {sz% (—sv(0)—v'(0)) }

I
e 23’(—1 + e‘/?’)
\/g )

_ 1
wawiﬂ{ﬂ

vy (t) (G(s)+£ {vo (%)]

+£z[[[[(, vo(t)]])}:ﬁe@

3
i

x (~257v/3— 1568v/3 ¢ +1568v/3 ¢ 4"
+ 2573 V3 — 17641 — 1764 ¢Vt — 294:/312
+ 2943 V32~ 1512 ¢ 1 cos(r)

V3t V3t
—2646¢ 2 sm(2)+5886e 2 sin(r)), 47)

Hence, the analytical solution is

v(t) :niﬁ va(t) -

Numerical results of Example 4.2

Graphics of the analytical solution and the
semi-analytical solutions for n = 1, 2, 3, which obtained
by three analytical methods (LADA, MLADA and LVIA)
at 0 <t < 1, are specified in Figure 5(a, b, c¢),
respectively. This improvement in the accuracy of the
semi-analytical solutions can also be understood visually
from this figure. Values of the absolute errors, the
consecutive errors and the residual error for n = 4 at
several points are given in Table 1.

Example 4.3: Consider the first order neutral Volterra
delay integrodifferential equation (NVDIDE) [16]

/ t3 !
v(tfl)zlngr/O(tfx)v(x)dx, 0<i<1 (48)

with initial conditions

v(0) =0, (49)

and the analytical solution is v () =1.
LADA solution for Example 4.3

We use the algorithms solution of using LADA for
solving Example 4.3

Firstly, we apply Laplace transform to both sides of
Eq.(48), and use definition 2.3, we get

e (sV(s)— =G(s)+£[I[K, v(t)]].

(50)
Where K (x, 1) =t —x, V(s) = £[v(t)],

g)=1-°2
G ()< hils (11, 1 v ot —a) (o) amd B (5
19,99/ (y)dy

By using initial condition’s Example 4.3

v(0)+6(s))

esGV®+§§)G®+LmKV@ﬂ (51)

1 €& ¢ e
Vis) = 22 + —G(s) + —£, [I[K, v(1)]].
By using Padé approximation of exponential function as
e’ = :+§
1 2+s 2+s
V(is)=—— G
(s) 2 s2(2—5) +s(2—s) (s)
2+s
—4£H K, v(1)]]. 52
+S(27S) l[[ ,V()]] ( )

Second, Infinite series of components are used by LADA
to define the solutions,

oiwm

The decomposition analysis approach is applied to (52) to
create a set of recursive equations that are provided by
1 24

vo(t)=£,]{s—2—s2(2s)+ G(S)},

vk+1(t)£tl{s(22+s)£t[ K, ()]]}. k>0

2+
s(2—5)

(33)

Hence,
1
vo(t) =1+ 57(= 343e% — 61— 612 — 4> —1*),

7 S5t

vi(t) = *3—2+ 312 21(7*2t)+§
1>(1575 4 1(840 (315 +1(84 +1(14 +1)))))

5040 ’
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(a) (b) (c)
V 1y |V
08 7 08 7" s /’
| LADA | /MLaDA 7 | |LVIA L™
4 " /' 4 /I —
P 4 o i Vappro
04 / 04 4 04 /
o 7/ & i Vaopron,
02 ” 02 ' 02 / |
g g » g
// // // l Vapprox,l
00 00| 00|~
00 02 04 06 08 1000 02 04 06 08 10 00 02 04 0.6 08 10

Figure S. The behaviours of vapprox, «(t) obtained by (a) LADA, (b) MLADA, (c) LVIA for various values of “n” of the components
of the solution series when 0 <t < 1, for Example 4.2.

Table 1: Error analysis for Example 4.2

k k k
t E Xl ethod Conmethod Resmethod
4 4 4 4 4 4 4 4 4
Extiapa | Extypapa| Extryia | Conpapa | Comyrapa| Conpyia | Respaps | Resypapa| Respyia
0.0 | 14E-13 2.5E-13 9.2 E-13 1.4 E-13 2.5E-13 9.1E-13 2.5E-13 2.7E-13 3.3E-12
0.1 | 23E-12 1.1 E-12 2.6 E-12 2.3E-12 1.0 E-12 2.6 E-12 9.6 E-12 45E-11 7.8 E-11
0.2 | 2.7E-12 8.5E-13 1.3 E-12 2.7E-12 8.5E-13 1.2 E-12 7.5 E-12 1.2 E-11 2.6 E-11
0.3 | 94E-12 5.9 E-13 9.8 E-13 9.5 E-12 5.7E-13 1.0 E-12 1.2 E-10 23E-11 34E-11
04 | 34E-12 1.2 E-12 8.2 E-13 34E-12 1.2 E-12 8.0 E-13 4.2 E-10 4.2 E-11 7.5 E-11
0.5 | 45E-12 1.2 E-12 3.2E-12 44 E-12 1.3 E-12 3.3E-12 2.1E-10 3.3E-11 6.5 E-11
0.6 | 7.1E-12 3.2E-12 3.2E-12 6.9 E-12 4.4 E-12 4.2 E-12 3.6 E-10 89 E-12 1.7 E-11
0.7 | 7.7 E-12 6.1 E-13 1.6 E-12 6.8 E-12 2.6 E-12 5.0 E-12 29 E-11 1.1 E-12 1.7 E-13
0.8 | 8.0 E-12 2.0 E-12 24 E-12 8.1E-12 24 E-12 3.1E-12 8.5 E-11 45 E-11 8.1E-11
0.9 | 1.2E-11 8.0 E-13 1.7 E-12 5.3 E-12 34E-11 5.9 E-11 1.1 E-10 8.7 E-11 1.4 E-10
1 29 E-11 1.7 E-12 2.6 E-12 1.5E-10 2.3 E-10 4.0 E-10 39E-10 9.3 E-11 1.6 E-10
As aresult, the series solution is as follows: Hence, the solution in series form is provided by
v(t) =} va (D). (54)
n=0

v(t)= i v () =1.
n=0

MLADA solution for Example 4.3

It turns out that MLADA yields the analytical solution

. . 3. iterati
We divided source function g(r) = 1 — % into two from first iteration.

functions are g; (t)=1 and g (t)=— %. By applying
MLADA, we get

LVIA solution for Example 4.3

The first iterations of LVIA solution can be determined by

1 2+s 2+s applying the initial conditions in Eqs. (32), which are:
N=£1=— G —¢ pplying gs. (32), :
o) =4 {sz sz(Zfs)—i_s(Zfs) 1(s)}} ’
_ 2+s
_ o _
V() =va () =vs () = =0, (55) =5 {s@s)(v(o”} >
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a) v(b) ()
v 1.0 sV
1.0 P PR Anvn
0.8| LADA //« 0.8 MLADA "‘.”,' i3 LVIA ) K : exa
0.6 P 0.6 f 05 , —
0.4 /,‘,"' 0.4 ; /," 04 /“/ D Vapprox,Z
02| 02| P

/ 02 # H Voo,

0.0 ’ 00 I, 0.0 ",f

00 02 04 06 08 10 00 02 04 06 08 10 0o 02 04 06 08 10

t t
t

Figure 6. The behaviours of vapprox, n(t) by using LADA, MLADA and LVIA for various values of ”n ”of components (a) n=1,
(b) n=2 and (c)n=3 when , 0<t<1, with the analytical solution for Example 4.3.

Table 2: Comparison of the absolute errors of Example 4.3

k
t Extmethod
Ext! Ext! Ext! Ext3 Ext3 Ext3 Ext® Ext® Ext®
LADA MLADA LVIA LADA MLADA LVIA LADA MLADA LVIA
0.0 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.2 | 3.1E-9 0.0 7.8E-5 0.0 0.0 3.5E-14 1.9 E-16 0.0 3.1E-16
04 | 4.8 E-7 0.0 1.5 E-3 1.7 E-15 0.0 4.4 E-11 6.7 E-16 0.0 8.3 E-16
0.6 | 9.9 E-6 0.0 8.6 E-3 4.1 E-13 0.0 3.2E-9 6.7 E-16 0.0 5.6 E-16
0.8 | 9.0 E-5 0.0 3.2E-2 2.2 E-11 0.0 6.9 E-8 9.9 E-16 0.0 9.9 E-16
1 5.1E-4 0.0 9.0 E-2 7.9 E-10 0.0 7.9 E-7 1.3 E-15 0.0 1.8 E-15
k
t Conmethod
Con! Con! Con! Con’ Con3 Con? Con? Con’ Con’
LADA MLADA LVIA LADA MLADA LVIA LADA MLADA LVIA
0.0 | 0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.
0.2 | 3.1E-9 0.0 7.8 E-5 6.1 E-17 0.0 3.5E-14 9.9 E-17 0.0 1.7 E-16
04 | 4.8 E-7 0.0 1.5E-3 1.8 E-15 0.0 4.4E-11 5.3 E-16 0.0 5.8 E-16
0.6 | 9. E-6 0.0 8.7E-3 4.1 E-13 0.0 3.2E-9 4.2 E-16 0.0 3.8 E-16
0.8 | 9.0 E-5 0.0 3.2E-2 2.2 E-11 0.0 6.9 E-8 6.6 E-16 0.0 3.9E-15
1 5.2E-4 0.0 9.1 E-2 4.9 E-10 0.0 7.9E-7 2.4 E-15 0.0 1.5 E-13
k
t Resmothod
Res! Res] Res! Res? Res3 Res? Res® Res® Res®
LADA MLADA LVIA LADA MLADA LVIA LADA MLADA LVIA
0.0 | 3.9E-4 0.0 4.9 E-2 5.7 E-10 0.0 7.6 E-7 2.5E-13 0.0 5.6 E-16
0.2 | 14 E4 0.0 34E-2 5.0 E-11 0.0 1.3 E-7 7.5 E-12 0.0 6.7 E-16
04 | 3.1E-5 0.0 1.9 E-2 9.9 E-10 0.0 1.3 E-8 4.2 E-10 0.0 1.7 E-16
0.6 | 3.5E-6 0.0 7.0 E-3 4.5 E-8 0.0 4.5 E-10 3.6 E-10 0.0 1.1 E-16
0.8 | 6.2E-7 0.0 1.7 E-3 6.9 E-7 0.0 29 E-10 8.5E-11 0.0 1.3 E-15
1 6.0 E-6 0.0 24 E-3 6.0 E-6 0.0 5.1E-9 3.9 E-10 0.0 2.2 E-16
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_ 245
vi (1) = vo (1) +4 l{m
245
(60+ stk wiol) |
S WY T ) (56)

24

Hence, the analytical solution is

v(t):’Hlan va(t) .

Numerical results of Example 4.3

We construct our solutions with the analytical solution for
several values of n in Figure 6(a, b, c). The exact error
(Ext"(t)), the Consecutive error (Con"(f)) and the
Residual error (Res"(t)), for the three proposed methods
at several values of ¢ and n in Tables 2—4. It is observed
that MLADA solution coincides with the analytical
solution while LADA Solution and LVIA solution
convergence to the analytical solution. Table 2 lists the
exact error (Ext"(t)), for the three proposed methods at
different values of 7 and. Table 3 lists the Consecutive
error (Con"(t)), for the three proposed methods. While
Table 4 lists the Residual error (Res”(t)), for the three
proposed methods. The tabulated data demonstrate that
the three suggested algorithms’ solutions converge to the
analytical solution obtained by applying a few terms of
Vapprox, (t). MLADA solution converges to the analytical
solution faster than LADA and LVIA solutions, as seen in
the comparison. For distinct values n = 1,2, 3 of the series
solution terms, Figure 6(a, b, ¢) shows the curves of the
analytical solution v,y and the semi-analytical solution
Vapprox,n derived by LADA, MLADA, and LVIA. The
recommended procedures are shown in this figure to be
effective, simple and accurate.

4 Conclusion

Our main objective was to construct semi-analytical
solutions to functional integrodifferential equations
involving variable delays. The three algorithms we used
to accomplish this aim were LADA, MLADA, and
LVIMA. These strategies provide semi-analytical
solutions for the problems that are close to adequate when
compared with analytical solutions. The visionary
findings’ accuracy and applicability are shown in the
tables and figures, which prove that the procedures were
done correctly. Simple coding, apparent calculations and
algorithm are among the key advantages of these
algorithms. Furthermore, the error analysis comprises
three categories of errors: exact consecutive, and residual
corrections, which are explained and implemented in

examples. These numerical studies and methodologies
can be developed in the future to solve a system of
functional Volterra integrodifferential equations with
variable delays.
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