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1. Introduction

Delay Volterra integro-differential equations (DVIDESs) represent an important class of
functional equations that combines the complexities of neutral delay differential equations
(NDDEs) with Volterra integro-differential (VID) systems. These equations are distin-
guished by the integral terms that describe the cumulative effects of prior states and
discrete and distributed delays in the dependent variables and their derivatives, so rep-
resenting systems with memory and latency. DVIDEs have become important in recent
research fields such as mathematical biology [1], engineering [2], physics [3], and economics
[4], where dynamic systems exhibit temporal nonlocality and memory effects due to in-
herent mathematical or physical constraints. For example, in biological models, DVIDEs
are used to simulate epidemic spread with incubation times, population dynamics with
gestational lags, and neural networks with synaptic delays. In engineering and physical
sciences, they are used to model anomalous diffusion, viscoelastic materials, and time-
lag feedback control systems. In economics, these equations assist in analyzing complex
systems with delayed feedback loops, including market reactions, supply chains, and in-
vestment decisions, establishing a strong basis to analyze non-instantaneous causality in
changing situations.

The numerical analysis of solutions to DVIDEs is a progressing topic of research. For
example, the authors of [5] applied the multi-step Adams-Moulton method to solve the
neutral DVIDEs. Mansouri and Azimzadeh [6] used the Bernstein polynomial approach
to solve the DVIDEs by transforming the delay terms and the integral components into a
polynomial framework. In [7], the authors have explored the explicit and implicit Runge-
Kutta methods for solving the neutral DVIDEs. They analyzed the convergence properties
of the scheme required at each step as well as the overall convergence of the numerical
scheme. Zaidan [8] presented a method for approximating the solution of linear VIDEs.
The suggested approach employs Galerkin’s approach, with Bernstein polynomials as the
basis functions. The authors of [9] explored different aspects of delay Volterra functional
integral equations, concentrating on the existence, uniqueness, and regularity of solutions.
Brunner [10] presented different results on the analysis of local and global super conver-
gence orders in collocation methods for delay Volterra functional differential equations.
Bellour and Bousselsal [11] studied the numerical solution of DVIDEs using the Taylor
collocation method. The authors of [12] investigated the error behaviour of linear multi-
step methods applied to singularly perturbed DVIDEs. Amirali and Acar [13] introduced
a novel numerical technique for solving neutral DVIDEs. Further, their numerical scheme
obtained a second-order convergence. Rihan et al. [14] presented a new numerical scheme
for solving the DVIDEs; the authors used the implicit Runge-Kutta method for approxi-
mating the differential operator and Boole’s quadrature rule for the integral operator.

Even though traditional numerical methods offer viable solutions to DVIDEs, they
often struggle to handle complex integrals and decay terms effectively. In this context, the
Laplace transform (LT) emerges as a promising method, providing an elegant approach
to simplify these equations by converting them into the Laplace domain, where algebraic
manipulation becomes easy. The use of LT facilitates the analysis of systems with delays,
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hereditary properties, or distributed memory effects, as these intricate processes become
more feasible in transformed space. Moreover, the LT method is particularly effective
in solving initial value problems because it integrates the initial conditions directly into
the transformed equation, eliminating the need for additional steps. Multiple studies have
shown the efficiency of the LT method in solving equations related to population dynamics,
viscoelasticity problems, control theory, etc ([15-18]). However, the success of this method
is largely dependent on the availability of effective numerical inversion methods to extract
the time-domain solution from the Laplace domain solution [19, 20]. In the literature,
many methods have been developed for numerical inversion of L'T. However, in this article,
we use the Gauss-Hermite quadrature (GHQ) method [21] and the Weeks (WK) method
[22].

The structure of this paper is organized as follows: Section 2 presents the fundamen-
tal definitions. Section 3 explores the existence and uniqueness results of the solution.
Section 4 provides a detailed description of the methods, followed by Section 5, which
includes numerical examples that illustrate the efficiency of the methods. Finally, Section
6 concludes the article by presenting key insights and outlining potential future directions.

2. Preliminaries
Let 7 = [0, 1]. For any function v € C(T, R), the norm ||u||« is defined as

[ulloo = sup u(t)].
teT

Definition 1. Let u(t) be a real-valued function that is piecewise continuous for t > 0,
and assume that it is of exponential order. Under these conditions, the LT of u(t) exists
and is given as:

() = L{u(t)} = /0 " emttu()dt.

Theorem 1. [3] Let ¢(¢),¢'(t) be continuous on the interval [—c, 0]; then the LT of u(t—o)
and u/(t — o) are given as:

ZL{ult — o)} = ¢(2) + ) L{u(t)},

and -
L0t — o)} = 3(2) + ¢ L[l (D),
where
0 _ 0
3(z) = / e~2t+9) 3 (1)dt, 3(2) = / e~ +) g1 (1)t

3. Existence and uniqueness of solution

The analysis of the existence and uniqueness of the solution is crucial for ensuring
that the problem at hand is well-posed. By establishing these characteristics, the model
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becomes reliable and consistent, ensuring that a solution exists under specific conditions
and is unique. This section offers a rigorous framework to show that the problem con-
sidered admits a unique solution, setting a strong foundation for subsequent numerical
investigations. In this study, the following DVIDE is analyzed:

du(t) Iy du(t — o)

Mg dt

t
= Agf(t)+)\4u(t)+/\5u(t—a)+/ K(t,z) (A¢u(z) + Mu(z —o))dx, t € T,
0
(1)
u(t) = ¢(t), t € [-0,0], u(0) = uo,
where A1, A2, A3, A4, A5, Ag, A7 are constants, the kernel K (¢,x) = K(t — ) is a smooth
function, f(¢) is a given function, ¢ is a delay condition and w(t) is the unknown function

to be determined. Applying integration techniques to the problem in Eq (1) yields the
following solution.

1 t t t
u(t) = up + N [Az(u(—a) —u(t—o0))+ /0 Asf(T)dr + /0 Au(T) dr + /0 Asu(T — o) dT

# [ Ktem) oute) + drute - o) doir|.

Now, we consider the operator T': C([0,1]) — C(]0,1]), defined by:

A2 A2 t
(Tu)()—uo—i—)\—lu( U)+)\1 +/f )ds +/ s)ds _1_7 Ou(s—a)ds

] (/OSK(:L‘,S)U(Q: >d5+ (/ K(x, s)u (x—a)dx)ds

for all t € [0,1] and u € C([0, 1]), where u(t) = ¢(t), for t € [—0,0].

Lemma 1. A function v € C([0,1]) is a solution to the integral equation uw = Tu if
and only if u € C([0,1]) and satisfies the DVIDE in Eq.(1) with the initial condition

u(t) = ¢(t) fort € [—o,0].

Proof. Suppose u € C(]0,1]) satisfies u = T'w. Substituting u(t) = ¢(¢) for t € [—0,0],
the integral equation matches the form obtained by integrating Eq.(1). If u € C'*([0,1]),
differentiate both sides of the integral equation with respect to ¢t. Using the fundamental
theorem of calculus and the continuity of K, we recover Eq.(1):

du(t)
dt

A du(t — o)

= Agf(t)—l—)\4u(t)+)\5u(t—0)+/0t K(t,z) (Aeu(x) + Mu(x — o)) d.

In contrast, if u € C*(]0, 1]) satisfies Eq.(1), integrating both sides from 0 to ¢ and applying
the initial condition u(0) = ug yields the integral equation. Thus, the solutions C([0, 1])
in the DVIDE correspond to the solutions in C([0,1]) to the integral equation that are
differentiable.
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Theorem 2. The problem defined in Eq (1) has at least one solution.

Proof. The proof involves several steps.
Step 1: Continuity of the Operator T' For any continuous function u, T'u is also continu-
ous. Indeed, consider u,,u € C([0,1]). We have

)\2 )\2 >\4 t
2 (un(-0) — u(-0)) + 32 (un(t = 0) — ult = 7)) + 3 /0 (un(s) — u(s))ds

[ Tun(t) — Tu(t)| =

+ii t(un(s—a)—u(s—a))ds+/ </ K (2, 5) (un(z) — ula ))dm) ds

0

+7 </ Kms)(un(x—a)—u(m—a))dx) ds

A2 A4 ¢
< 2 lunl=0) = (=) + 2 fun(t = o) = ult =)+ 3 [ fuals) = uto)las
t s

+ii t]un(sa)u(sa)|d8+i\j/o </0 (|K(x,s)!|un(x)U(w>!)dw) ds

0
32 [ ([ st = o) — e = ol i) s

taking the supremum norm on both sides yields:

2\ A t A t
1Tt = Tufloo < 22y — ufloo + 24 / tn — toods + 22 / [t — ]l sods
A1 A Jo A Jo

S t s
L </ (N ttn — ]l oo) d:c) ds + A7/ (/ (N [un — ul]oo) dx> ds,
)\1 0 Al 0 0

where ' = max | K (z, s)|. Simplifying gives

2)\2 )\4 /\5 )\6./\[ )\7./\/
Tup —Tul|oo < [ 22 + 22+ 2 4 + 25 ) (Jun — u|oo-
I Tw ul <)\1 MM 21 2\ Il ul

Since u is continuous, it follows that

ITup —Tulloc =+ 0 as n — oo.

Thus, the operator T is continuous.
Step 2: Boundedness of T'

We show that the operator maps bounded sets into bounded sets. For u € B,, = {u €
C([0,1]) : [Jullos < m}, we have

A
|Tu(t)|§|ug|+—2!u( )!~I——|u +/|f |d8—|—/u |ds—|—/!us—a|ds

+7 </ K (, 5)||u(z )|dx> ds+/ (/ K (x, s)llu(w—a)ld:v> ds.
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Using boundedness of f and u, we obtain

2A )\3 /\4 + A5 (X6 + A7)Nm .

where M = max|f(s)] and N = max |K(z, s)|. This shows that T" maps bounded sets
into bounded sets.

Step 3: Equicontinuity of T’

To show equicontinuity, for ¢,tg € [0, 1], we have

2
ITulloo < Juol + ==m 4 3=

|Tu(t)—Tu(t0)]—‘<uo+;\\2u( o)+ ;\\jut—a /f ds+/ ()ds+§:l/tu(s—a)ds

</K:Us >ds+/ </Ka:s (m—o)dm)ds)

)\2 A to to to
- uo—i——u( o)+ (0—0)—}—— f(s ds+/ d8+/ u(s — o)ds
A A A1 Jo

/t°</ K (2, s)u dm>d5+/t0</ K(x, s)u (xa)dx)ds)

t
< A—|u(t—a)—u(t0—0)|+i— |f(s )|d5+)\f |u(s)|d5+% |u(s — o)l|ds

A1 i, 1 Jtg
—i—— (/ | K (x, s)||u(z )]dx) ds+ — (/ |K (x s)Hu(m—a)|dw> ds
to to
RA A A s [t
< J\t_m +2 If( )ds + 2 |u<s)yds+ 5 u(s — o)lds
)\ )\1 to )\1 to

)\GN </ |u(z ]dm)ds—i— (/ |u(z — o) |da;> ds.
to to

Simplifying,

RA A+ A
Tt Tuto) oo < 52 ft—tollot M (1) + 22

where |u(t — o) —u(to—o)| < R|t —to|. Hence || Tu(t) — Tu(tp)||cc — 0 as t — to. Therefore
by Arzela-Ascoli Theorem [23], the operator T is completely continuous.

Step 4: A Priori Bound

Define the set w = {u € C(]0,1]) : u=€Tu, 0 < e < 1}. For u € w,

A6 + A
m (t—to>+(6+2;lwm(t2—t%>,

[ulloo < €l Tulloo < ena.

Which demonstrates the boundedness of w. Utilizing Schaefer’s fixed point theorem, it
follows that the operator T possesses at least one fixed point. As a result, the problem
described in Eq.(1) guarantees the existence of at least one solution.
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Theorem 3. The problem in Eq.(1) has a unique solution in C(]0,1]).

Proof. For ui,us € C([0,1]), compute:

[Pr(O)=Tua§)] < 32 s (=) =) (t=0)—wat=a) 32 [ s (o) =) s
1

t
+i/|u1(8—o)—u2(s—a|d8+ // |K (x,s)||u1(z) — u2(z)| dx ds
1

+// K (2, 8)||us (2 — o) — uz(z — o)| da ds.

Since uj(—0) = ua(—0) = ¢(—0), the first term is zero. When t —o > 0, |ui(t — o) —
ug(t — o)| < |Jur — uz2||oo; similarly for s —o >0,  — o > 0. Thus:

A+ A5 ()\6 + )\7)./\[
)\1 + 2A1 HUl u2H00

2\
|1Tur — Tuslleo < (2 +
A1

This constant may not be less than 1, so T may not be a contraction. For the Volterra-type

equation, consider T%. For k > [1], delay terms like u(t — ko) in T*u; — T*uy satisfy

t—ko <1—ko <0, since t <1, so they equal ¢(t — ko), making their differences zero.

Therefore:
t prs1 Sk—1 1
// / 1 (@) — ua()] v dsp -+~ dsy < s — o
0 JO 0

A4 + A5 =+ ()‘6+2>\7)N l Hu " ||
)\1 A 1 2|loo

Thus:

HTkul — Tk’LLQHOO < (

Choose k such that:
A+ A5+ 70\64—)\7)/\/ 1 <1

A1 k!

so T* is a contraction. By the Banach fixed-point theorem, T has a unique fixed point in
C([0,1]). By Lemma 1, the DVIDE has a unique solution in C1([0, 1]).

4. Methodology

This section outlines the numerical scheme devised for solving DIDEs. The key steps
involved are: (i) applying the LT to transform the DIDE to an algebraic equation in the
LT domain; (ii) the resulting algebraic equation is solved in the transformed domain; and
(iii) utilizing the inverse LT to retrieve the solution in the time domain.
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4.1. Laplace transform application

By applying the LT to Eq. (1), we obtain:

Z {)\1 dz(tt) + A2 du(tdt— o) = A3f(t) + Mu(t) + Asu(t — o) + /Ot K(t,z) (Asu(z) + Mu(z — o)) dx} ,
2 {02+ 2 D UED —ano) + 2 a0} + 2 Dsute - 0)

+ {/Ot K(t,z) Ogu(z) + Aru(z — o)) dx} ,

which leads to

A{z(2) — u(0)} + Aa{e(2) + e 7> {#0(2) — u(0)} = A3 f(2) + Mii(2) + As{o(2 ) + e‘”ﬂ(Z)}
+ K(2) {D6t(2) + M{d(2) + e a(2)}},

which implies

{/\1z + /\22’6_20 — M\ — )\56_Z(7 — [?(Z)()\ﬁ + A7€_ZU)} il(z) = )\1U0 — )\2(;(2’) =+ )\ge_z"uo + /\3]?(2)
+ A50(2) + MK (2)d(2),

leads to

() = Mo — Aad(2) + dae™*Tug + Mg f(2) + Asd(2) + MK (2)$(2)
Az + Aoze™20 — Ny — Ase %7 — K(2)(A¢ + A\re™27)
hance, the solution of problem in Eq. (1) can be obtained by applying the inverse LT as:

Y

1 y+100 .
u(t) = / e“u(z)dz v > 0. (2)
270 Jy—ioo
The function u(z) is presumed to be analytic within the half-plane defined by R(z) > 7o,
where 7 represents the convergence abscissa. Our objective is to evaluate the original
solution wu(t) for one or more values of ¢ > 0. Typically, a contour C is selected connecting
the points v —ioo and y+i0o along a line R(z) = . Nevertheless, using Cauchy’s theorem
allows for the deformation of C into a shape that is suitable for the approximation of (2).
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4.2. Gauss-Hermite-quadrature method

The GHQ method is a numerical integration technique that approximates the integral
of functions multiplied by a Gaussian weight function exp(—s<?). It is especially useful for
integrals of the form

| ean-gv (3)

—o0
The GHQ method approximates Eq. (3) by evaluating the function w(t) at certain
nodes and weighting them appropriately[21]

o v
| eont-)gde = 3 neg(t,) (®)
oo p
where

e t, represents the roots of Hermite polynomial #,(t), of degree v,

e 1), are the associated weights,

The 7, are uniquely determined by the fact that, for a polynomial H, (¢) of degree at most
v — 1, the approximation becomes exact. GHQ quickly converges for smooth H, (t). The
following theorem in [24, 25] clarifies this point:

Theorem 4. The error in (4) can be written as follows:

Roo) = 3 [ 02l o)

where
wle) = 2 s, = [ et (6)
The contour C in (5) starts at z = —oo, and loops around the zeros of H,, and

terminates at z = oo, assuming f(z) is analytic within the region enclosed by C. The
Hermite function of the second kind, S, (z), defined in (6), exhibits rapid decay as |z| — oo,
a feature that facilitates the convergence of integral expressions involving it. Conversely,
H,(z) grows exponentially as |z| — oo, which constraints the function ¥, (z) in (5) to
remain bounded, provided the contour C is carefully chosen to account for the growth and
singularities of f(z). The accuracy and stability of the method depend on the growth of
H,(z) and decay of S,(2).

Furthermore, related studies (e.g.,) highlight the importance of contour deformation
to minimize numerical errors and indicate that high accuracy is achieved when singular-
ities of f(z) are sufficiently distant from the real axis. This characteristic is especially
advantageous for guaranteeing accuracy in situations where singularities might affect the
contour’s path.
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By selecting t = ¢3¢, with ¢ € R, allows for a simple integration process while main-
taining high accuracy, as suggested in past analysis of similar integral representations in
orthogonal polynomial theory:

o0 (o) (o]
/ e_t2g(t)dt = §/ 6_§2”29(§%)d% = (/ e_}‘Qe}‘Qe—gQ”Qg(g%)d%. (7)

—00 —00 —00

Now, we can utilize the rule (4) to the function F(s) = e (17" f(cs). As a result
the function F (5), will exhibit singularities that are fartherfrom the z-axiscompared to
those of f(z). This increased separation of singularities has the capability to improve the
numerical accuracy. To evaluate (2), we consider the following contour:

C: z=9(1+iv)? where =€ (—o0,00), and ¥ > 0. (8)

The contour described in (8) intersects the x — axis at z = ¥ and the y — axis at
z = +29i. Utilizing (8) in (2), we obtain

[atea: = [~ oo,

the technique in (7), can be applied using v = ¢o as:

u(s) = ;Z/ e 727G (2(s0)) 2 (o) do :/ e~ g(o)do,
T J - —00
leads to ~
uG) = [ glo)do, ©)
where ¢
_ > ottz(so)xs /
g(o) 5 u(z(s0))2 (so).

Applying the GHQ to (9) yields

P
Uapp(5) ~ 2Re ang(gg)
o=1

Here, o, represents the positive roots of H,, and for even v, p = v/2, while for odd v,
p=(+1)/2.

4.2.1. Error analysis

The error analysis in the GHQ rule can be analyzed using the following theorem:

Theorem 5. [26] Let g(o,) be the transformed integrand in the GHQ rule. If g(o,) is
2v-times continuously differentiable on (—oo, 00), then the error in E), in the quadrature
approximation satisfies:

C
|E,| < ﬁHg(Ql’

Jloc,

where C is a constant depending on v.
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Proof. The GHQ rule is exact for polynomials of degree up to 2v — 1. We begin by
expanding g(o,) using a Taylor series as:

9(og) = Pay—1(0,) + Rav(0y),

(2v) . .
where Ry, (0,) = 9(2711)(15)(09 — 0p)%. The error E, arises from the remainder term:

El/ == I(R21/) - QV(R21/)-

Further, we have
19 |oo
(2]/)' |UQ )

Now, integrating the remainder term we have

| R2u(0,)| < 2”

o0
2
|Ey| < (21/),/ e %elo, — ‘790|2yd‘79‘

Let C = [* ¢ |0, — 04| do,. Then, we obtain

c v
|E1/| < m”ﬁ](2 )Hoo-

4.3. Weeks method

The Weeks method is acknowledged as one of the most straightforward, accurate, and
reliable methods for the numerical inversion of the LT, as long as the parameters involved
in the Laguerre series expansion are properly chosen. Unlike the trapezoidal rule and
Talbot’s technique, the Weeks method offers a significant advantage through its function
expansion, specifically using the Laguerre series. This expansion allows the determination
of unknown coefficients for any given u(z) ensuring high accuracy.

A key feature of Weeks’ approach is its ability to include a complex parameter z defined
as z = x + 9, 9 € R. In addition to improving accuracy, this parametrization offers more
flexibility to a wide range of functions with different singularity structures. Studies like
those carried out by Abate and Whitt [27] have shown the efficiency of the Weeks method
in minimizing the oscillations during the inversion technique, especially when compared
to other inversion methods. It is a preferred choice in a wide range of applied and theoret-
ical contexts due to its versatility, which is demonstrated by its ability to adapt to both
smooth and non-smooth functions.

Thus, by accurately tuning the parameters x and &, the Weeks technique guarantees
a solid and efficient technique, leading to the formulation as follows:
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ext [ee] ite .
up(t) = 27(/ e u(y 4 i€)d¢. (10)
The transform function u(y + &) is expanded using the Laguerre series of the form:
o .
. ) —w + &)’
J=—00
Using (11) in (10), resulting in:
ext &
un(t) = g a](sj(t; w)a (12)
J=—00
where ( £y
. 7 e (i

For evaluating the Fourier integral, residues offer a potent tool, particularly when dealing
with complex-valued functions. For ¢ > 0, the evaluation yields:

2me~ %L (2wt), >0,
Ot ) = { 0 A2 §< 0. (14)

The jth degree Laguerre polynomials, £,(t), play an important role in expansions like
those used in the Weeks method. The £,(t) are defined as:

et
Ej(t) = ™

= law (e7't7). (15)

In this contexts, x > xo0, where yo denotes the abscissa of convergence. The parameters
X, @ represent positive real numbers, while o, are the unknown coefficients that must be
determined.
200 2w >
Clp)=—it|x+——-@) =Y ay, [p| <R, (16)
l—¢ L—¢ =
where R represents the radius of convergence of the Maclaurin series in Eq. (16). The
coefficients «; are calculated as follows:

a; = 1/ C(go)de L (e)e™ 5 dC. (17)

211 lo|=1 (p]+ 2T —r

The integral in Eq. (17) is equivalent to Cauchy’s integral formula, which is crucial for
evaluating contour integrals. The integral can be numerically approximated as follows:

R e~ 1IA/2 n—1 SR
oy = o j_ZnC(engﬂ/ )e G5 1=0,1,2,...n—1, (18)

where (; = A, A =

SE]
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4.3.1. Error analysis

Error analysis plays an important role in assessing the reliability and precision of numeri-
cal methods, especially for algorithms designed to perform numerical inversion of the LT.
Analyzing the cause and propagation of errors allows the assessment of the efficiency of
selected methods and the identification of potential constraints. The Weeks method, a
widely used method for numerical LT inversion, adds several error factors that can affect
the accuracy of the results. These errors result from the numerical computation of the
coefficient, the truncation of infinite series, and the challenging process of numerical inver-
sion of the LT. By comprehending and quantifying these errors, researchers can enhance
their approach and ensure the accuracy of their solutions. Weideman [22] investigated the
error in the Weeks method and provided detailed observations.

[e.9]
u(t) = exp(xt) Z a,exp(—wt)L,(2wt). (19)
7=0
Three primary sources of error were identified.
e 150 : The first source arise from truncation of the Laguerre series,

e 2" : The second source stems from computing the unknown Laguerre coefficients
numerically,

e 3" : The third source of error is the numerical inversion of the LT.

The solution incorporating these errors is expressed as follows:

|
—

n

a(t) = exp(xt) » &,(1+6,)exp(—wt)L,(2wt), (20)

Ji
=)

where ¢, represents the relative error in the floating-point representation of the coefficients,
ie., fl(a,) = a,(1+9,).
Subtracting (20) from (19) and letting > 7% [o)| < oo, the total error can be bounded as:
lu(t) — a(t)] < XV (erT +er? + erc) :

where er” is the truncation error bound defined as:

o

eTT - Z ‘ij‘,
J=n

erP is the discretization error bound defined as:

n—1
er? = E la, — &y,
7=0
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and erC is the conditioning error bound defined as:

n—1
er® = XZ |&;].
7=0

The machine round-off unit, denoted by § satisfies maxo<;<n—1|d,| < 0.. In partic-
ular, we assume |exp(—wt)L,(2wt)| < 1. To simplify the error analysis, we neglect the
discretization error er” and focus on er” and er® [22]. The bounds provided in [22] are:

T - (1) C < ty(t)

herel < t < R.
_t”(t—l)’er < (t_l),were

er

Therefore, the overall error estimate is given by:

erToTest < " J(1) 5t‘7(t) .
n(t—1) t—1

(21)

5. Application

This section provides the computational results for four different problems solved using
the proposed numerical schemes. Extensive research has addressed these problems, and
their numerical solutions are well documented, providing a solid basis for comparative
analysis. To assess the accuracy of the numerical schemes, two error matrices are used:
the L;, and the L,.,,s, defined as follows:

Lin = t5) — un(t;)),
n lrgjagn\uu) un(]))’

and

)

o \/ S (u(ty) — un(15))?

n

where u(t) represent the exact solution and w,(t) represent the numerical solution of the
considered problem.

5.1. Problem 1

In the first problem, we consider Eq.(1), with parameters \; = Ay = A5 = A7 = 0,
A2 = A3 = Xg = 1, 0 = 1, kernel function K(t,z) =t — x, and source term f(t) =1 — %,
with ¢(t) = ¢ and exact solution u(t) = ¢t. The L;, and Ly,;,s are provided in Table
1, demonstrating the convergence of both schemes. It is observed that WM achieves
high accuracy as compared to the GHQ. However, when comparing computational times,
the GHQ demonstrates better efficiency. The numerical results of both methods are also
compared with the results from [28] and [29], showing that the proposed numerical schemes
provide better accuracy.
The exact and numerical solutions for this problem are illustrated in Fig. la, while the



Kamran et al. / Eur. J. Pure Appl. Math, 18 (3) (2025), 6355

15 of 22

comparison of L;, and L., for the two numerical schemes is shown in Fig. 1b. These
comparisons clearly indicate that the WM method outperforms the GHQ in terms of

accuracy.

Table 1: The L;, and L;,,s corresponding to Problem 1 using GHM and WM

GHM WM
t LG ers LG ers
0.1 3.61x10~1%  8.08x10~15 2.78x10~ 17  3.93x10718
0.2 7.21x1071%  1.61x10714 8.33x10717  9.21x10718
0.3 1.09x10~  2.45%x10~14 1.11x10716  1.44x10717
0.4 1.44x10713  3.22x10714 1.11x10716  1.82x10~17
0.5 1.82x107  4.06x10~14 1.11x107%  1.90x10~'7
1.3 06 2.16x10713  4.83x10714 1.11x10716  2.20x10~ %7
0.7 2.56x10713  5.72x10714 2.22x10716  3.13x10~17
0.8 2.89x10713  6.46x10714 2.22x10716  3.84x1017
0.9 3.27x10713  7.31x1071 2.22x10716  3.99x10~17
1 3.62x10713  8.10x10714 6.66x10716  7.77x10717
CPU(s) 0.001242 1.121635
28] 1.88x1078 1.571
[29] 9.28x1078 —

! ", w0 0 -1, (GHW)
: 2 R el
07 / . },»*M P L, 0

g 0.6 s/ d "y ?
£ os / £ 1o
g 0.4 / . ”w’
. P / 1016 /’.ooo >
. e os >>>>>>>>»»>
107 > b
OO 0.‘1 0‘.2 O.‘3 0.‘4 O‘.5 O.‘G 0.‘7 O.‘S O.‘9 1 10 0.‘2 0.‘4 O.‘G O.‘8 1

t

(a)

t

(b)
Figure 1: (a) Comparison of approximate and exact solutions for problem 1. (b) The
variation of error norms vs t for problem 1.
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5.2. Problem 2

In the second problem, we consider Eq.(1), with parameters Ao = A5 = A\¢ = 0,
Al = X3 =M = A7 =1, 0 =1, the kernel function K(t,x) = 1, ¢(t) = !, and the source
term f(t) = e (1 — e'). The exact solution for this problem is u(t) = e’. The problem
is solved using the two numerical schemes, the GHQ and WM. The L;, and L;,,s for
both methods are presented in Table 2, highlighting their convergence. It is observed that
WM provides high accuracy compared to the GHQ. However, in terms of computational
efficiency, the GHQ demonstrates better performance. Additionally, the numerical results
of both methods are compared with those reported in [30], showing that the proposed
numerical schemes yield superior accuracy.
The exact and numerical solution for this problem is illustrated in Fig. 2a, while the
comparison of L;, and L;,,s for the two inversion schemes is shown in Fig. 2b. These
results clearly indicate that the WM outperforms the GHQ in terms of accuracy.

Table 2: The L;, and L5 corresponding to Problem 2 using the GHM and WM.

GHM WM

t LG ers Lin ers [30]
0.1 1.95x10~ 1% 4.35x10~ 14 2.22x10716  222x10717 1.98x10°°
0.2 1.49x10712  3.33x10713 2.22x10716  3.14x10717 2.15x107°
0.3 7.15x10712  1.60x10712 2.22x10716  3.14x10717 2.34x107°
0.4 2.71x10711  6.06x10712 4.44%10716  544%x10717 2.56x107°
L3 05  885x107 1.98x1071! 4.44x10716  5.87x10717 2.81x107°
0.6 2.59x10710  5.80x10~ 1! 4.44%x10716  587x10717 3.08x107°
0.7 7.01x10719  1.57x10710 4.44x10716  587x10717 3.40x107°
0.8 1.78%x107%  3.98x10~10 8.88x10716 1.06x10716 3.75x107°
0.9 4.28%x107%  9.57x10~10 8.88x10716 1.39x10716 4.16x107°
1 9.86x107%9 2.20x10~% 8.88x10716 1.65x10716 4.61x107°
CPU(s) 0.167872 1.181213  0.0523884
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, ; ; " o 0 -L, (GHM)
Exactsol Lo} in
/ 10710 o° ° »)” = P =L (GHM)
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=] / 1012 o_»
o / = o P
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o 18f / 4 = »
] J/ 104
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0000000000
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- 7
~
1 L L L L L L L L 1 10'18 L L L L
0 01 02 03 04 05 06 07 08 09 1 0 0.2 0.4 06 0.8 1
t t

(a) (b)
Figure 2: (a) Comparison of exact and approximate solutions for problem 2. (b) The
variation of error norms vs t for problem 2.

5.3. Problem 3

In the third problem, we analyze Eq.(1), with parameters A} = Ay = A5 = A\ = 0,

M=XN=X\=1,0= %, the kernel function K (t,z) =t — x, ¢(t) = €!, and the source
term f(t) = te=s + 67%, and exact solution u(t) = e'. The errors, L;, and L. for both
schemes are summarized in Table 3, illustrating the convergence behavior of both schemes.
While the WM shows high accuracy compared to GHQ), the latter is computationally more
efficient.
The exact and numerical solutions for this problem are presented in Fig. 3a, while Fig.3b
provides a detailed comparison of L;, and L;,s for both numerical schemes. These results
show that WM provides better accuracy than the GHQ. This analysis highlights the
capability and robustness of both numerical schemes in solving this class of DIDEs.
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Table 3: The L;, and L5 corresponding to Problem 3 using the GHM and WM.

GHM WM
t L'm ers LG ers
0.1 4.23x107% 9.46x107% 0 0
0.2 3.68x10711 8.23x10712 2.22x10716  2.22x1017
0.3 6.76x10712 1.51x10°12 0 0
13 04 274x107" 6.13x107'%  6.66x107'% 6.66x107'"
0.5 8.85x10~1 1.98x10° 11 2.22%x10716  92929%x1017
0.6 259x10710 580x10~1! 2.22x10716  229%x10~17
0.7 7.01x10710 1.57x10710 4.44x10716  4.44x10~17
0.8 1.78x10799 3.98x10~10 0 0
0.9 4.28x10799 9.57x10710 1.33x1071%  1.33x10716
1 9.86x10799 2.20x10~%9 1.78x10715  1.78x1016
2 : Exa‘ctso\ ‘ w0 b =@ =L, (GHW)
26 / e =8 =L, (WM
/ 10° ‘\ 0 - L, (GHM)
241 / \I - @ =L, (WW)
22+t 10° m - D
g | p / o e ..;;-;';oooo
bl y ° ; r:; °
% 1.8 V4 F‘E 1012 \.{O
wn / o
1.6 /7
1014
Lar - ” a nnu,u-ﬂ-ﬂ‘RnlkuuuF‘lk
12} e 1 1070 .o'."’"’\.’ YY)
rd
10 0‘1 0‘2 0‘3 0‘4 0‘5 0‘6 0.‘7 0‘8 0‘9 1 10718 0.2 0‘4 0‘6 0.8 1
t t

(a) (b)
Figure 3: (a) Comparison of numerical and exact solutions for problem 3. (b) The variation
of error norms vs t for problem 3.

5.4. Problem 4

In the forth problem, we examine Eq.(1), with all parameters set to A\ = Ay = \3 =
A= X5 =X = Ay = 1, 0 = 1, the kernel function defined as K (t,z) =t — z, ¢(t) = €,
and the source term given by f(t) =t(1+e ') —ef —e'~! + 1+ e~ L. The exact solution
of this problem is u(t) = e!. The problem is solved using the two numerical schemes,
the GHQ and WM. Table 4 provides the error measures L;, and L,,,s for both schemes,
which confirm their convergence. As observed in the previous problems, the WM achieves
high accuracy compared to the GHQ, while the GHQ demonstrates better computational
efficiency.
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The exact and numerical solutions for this problem are depicted in Fig. 4a, and a com-
parative analysis of L;, and L,.,s for the two numerical schemes is displayed in Fig. 4b.
These results further illustrate the superior accuracy of the WM. This problem exemplifies
the effectiveness and versatility of the proposed numerical methods for such DIDEs.

Table 4: The L;, and L5 corresponding to Problem 4 using the GHM and WM.

(a)

t

(b)

GHM WM
t LG ers LG ers
0.1 1.98x10713 4.43x10~ !4 0 0
0.2 1.50x10712 3.37x10°13 2.22x10716  2.22x1017
0.3 7.14x10712 1.63x10712 2.22x10716  3.14x10°17
13 04 271x107'h 6.28x10712  222x1071% 3.14x107Y7
0.5 8.85x10~1 2.08x10~11 2.22x10716  3.85x10~17
0.6 2.59x10710 6.16x10~ 11 2.22x10716  3.85%x1017
0.7 7.01x10710 1.68x10710 2.22x10716  385%x10~17
0.8 1.78x107% 4.32x10710 2.22x10716  3.85%x10~17
0.9 4.28x10799 1.05%x107% 4.44x10716  5.87x10717
1 9.86x10799 244x10~99 4.44%x10716  7.36x1017
2.8 ; : ; 108 =
Exactsol "5 - m -L,(GHW)
261 //— ..:oooo =@ =L, (W™
e®,0 0 -L,(GHW)
24+t / 1020 w-o0© o
o0 B> L)
22t ,/ .-:o°°
g Al / . 1012 -:’OO
3—5; s/ g L)
'S 18f /s d M 14 °
wn ol y 10
: J/ 'DDDDDDEDHII
14 S 10_16 DDDDDDDHW’.’.»]»
12 rd ””>>>>
’ 7
! O.‘l O‘.2 O.‘3 O‘.5 O.‘6 0.‘7 O.‘S 0.‘9 1 10718 0.2 0.4 0.6 0.8 1

Figure 4: (a) Comparison of exact and numerical solutions for problem 4. (b) The variation
of error norms vs t for problem 4.

6. Conclusion

In this article, a numerical technique based on the LT was developed for the numer-
ical solution of DIDEs. The suggested technique first transforms the given DIDEs into
algebraic equations in the Laplace domain, which are then solved for the unknown. Two
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inversion techniques, the Gauss-Hermite quadrature method and the Weeks method, are
then used to transform the solution back into the time domain. The efficiency and ac-
curacy of the approach were validated through various examples, with comparisons of
the results obtained using the two inversion methods provided via tables and figures. The
Weeks method demonstrated superior performance in terms of accuracy; however, its com-
putational time is higher compared to the Gauss-Hermite quadrature method.

Additionally, our results demonstrated remarkable accuracy improvements when compared
to those published in the literature. These findings confirm the effectiveness of the methods
and provide insights into the trade-offs between the two inversion techniques.
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