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Abstract. In this study, numerical solution of a differential-difference equation with a boundary layer

at one end of the domain is suggested using an exponential spline. The numerical scheme is developed

using an exponential spline with a special type of mesh. A fitting parameter is inserted in the scheme

to improve the accuracy and to control the oscillations in the solution due to large delay. Convergence

of the method is examined. The error profiles are represented by tabulating the maximum absolute

errors in the solution. Graphs are being used to show that how the fitting parameter influence the

layer structure.

1. Introduction

Differential-difference equations (DDEs) are ones in which a state variable’s time evolution is in-

consistently dependent on a particular history, i.e., a physical system’s rate of change is dependent not

only on its current condition but also on its prior history. These equations have been widely utilized in

population dynamics [7], nonlinear delay differential equations relating to physiological control systems

[14], red blood cell system [13], predator-prey models [15], neuronal variability problems connected

to patterns of nerve action potentials formed by unit quantal inputs occurring at random are studied

[22].

Bellman and Cooke [1], Doolan et al. [2] and Driver [3] just are a few of the authors who have produced

papers and books in recent years explaining various methods for solving differential-difference equations

with perturbation. In [4] authors solved singularly perturbed delay differential equation (SPDE) using

a fitted scheme on an uniform mesh. In [5], Glizer solved linear quadratic optimal control problem with
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delay by Hamiltonian boundary-value problem, with boundary function method. In [6], Kadalbajoo et.

al. proposed numerical research utilizing finite difference techniques. The authors in [8] developed a

technique for solving SPDEs with twin layers or oscillatory behaviour using a computational scheme.

The authors in [9] used a nonpolynomial spline to develop a numerical solution for a DDEs having layer

with a small and large delay in the differentiated terms. Using domain decomposition, the authors of

[10] suggested a mixed difference technique to solve DDEs with mixed shifts. For a class of linear

second-order DDE type, Lange and Miura [11, 12] developed an asymptotic method. They developed

a mathematical model by random synaptic inputs in dendrites for estimating the approximate time for

the activation of action potentials in nerve cells and also discussed issues with solutions that had rapid

oscillations in their study. The authors of [16] utilized a quadrature method for solving the SPDE, as

well as a two-point quadrature rule to obtain a tridiagonal system. The authors in [17] developed a

finite difference approach for solving SPDEs with turning points and mixed shifts. A finite difference

scheme on Shishkin mesh is proposed to solve singularly perturbed delay differential equations with

or without a turning point in [18]. The authors of [19, 20] used tension splines and an exponentially

fitted spline for the problem with convection delay-dominated diffusion equation. The authors of [23]

solved a two parameter semi linear differential equation by using an exponential spline. The authors

of [21] solved SPDE with a numerical integration technique.

2. Statement of the problem

Consider the continuous problem of a second order SPDE

εz ′′ + p(u)z ′(u − δ) + q(u)z(u) = r(u) (2.1)

with boundary conditions

z(u) = ϕ(u) − δ ≤ u ≤ 0 , z(1) = τ (2.2)

where 0 < ε << 1 is a perturbation, p(u), q(u), r(u) and ϕ(u) are bounded continuous functions on

(0, 1), and τ is finite constant and δ is delay parameter. It is well known that when δ = 0 the above

delay differential equation is reducing to a SPDE. The solution z(u) exhibit boundary layer on left side

when p(u) is positive or on right side when p(u) is negative throughout the interval [0, 1]. If δ(ε) is

of order O(ε), layer profile of the solution is no longer retained and the solution oscillates.

3. An exponential spline

The region [υ,Υ] is subdivided into l equal subregions of mesh size h = (υ−Υ)
l so that ui =

υ + ih, i = 0, 1, . . . , l are the mesh points. To manage the delay term, the mesh size is chosen as

h = δ
ν , where ν= mantissa of δ which is a positive integer.

Let the exact solution be z(u) to Eq. (2.1) and ui be an approximation solution to the z(ui) attained
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by the segment Qi(u) passing (ui , Qi) and (ui+1, Qi+1). Each exponential spline segment Qi(u) has

the form.

Qi(u) = aie
k(u − ui) + bie

−k(u − ui) + ci(u − ui) + di f or i = 0, 1, 2, . . . , l . (3.1)

where ai , bi , ci and di are the constants and k is a free parameter.

To find the values of the coefficients in Eq. (3.1), the interpolatory conditions Qi(ui) = Si , Qi(ui+1) =

Si+1, Q
′′
i (ui) = Mi , Q

′′
i (ui+1) = Mi+1 are used.

Using these conditions, we get the following expressions

ai =
h2(Mi+1−e−θMi)

2θ2sinh(θ)
, bi =

h2(Mi−e−θMi+1)
2θ2sinh(θ)

, ci =
(Si+1−Si )

h − h(Mi+1−Mi )
θ2 and di = Si − h2Mi

θ2

where θ = kh and i = 0, 1, 2, . . . , l .

Using the first derivative continuity i.e., Q′i−1 (u) = Qi
′ (u) at the point (ui , Qi), we get the relation

(zi+1 − 2zi + zi−1) = h2 (αMi+1 + βMi + αMi−1) f or i = 0, 1, . . . , l − 1 (3.2)

where α =
(
sinh(θ)−θ
θ2sinh(θ)

)
and β = 2θcosh(θ)−2sinh(θ)

θ2sinh(θ)
.

4. Numerical Approach

Eq. (2.1) can be discretized at the mesh point uj by

εMj = r
(
uj
)
− p

(
uj
)
z ′j−ν − q

(
uj
)
zj f or j = i − 1, i , i + 1 (4.1)

Using the following difference approximations of z ′:

z ′i−ν ≈
[

1 + 2ωh2qi+1 + ωh [3 pi+1 + pi−1]

2h

]
zi−ν+1 − 2ω [pi+1 + pi−1] zi−ν

−
[

1 + 2 ωh2 qi−1 − ωh [pi+1 + 3 pi−1]

2h

]
zi−ν−1 + ωh [ri+1 − ri−1]

z ′i−ν+1 ≈
3zi−ν+1 − 4zi−ν + zi−ν−1

2h
,

z ′i−ν−1 ≈
−zi−ν+1 + 4zi−ν − 3zi−ν−1

2h

Now substituting the above approximations in Eq. (4.1) and in Eq. (3.2) we obtained.( ε
h2

+ αqi+1

)
zi+1 +

(
−2ε

h2
+ βqi

)
zi +

( ε
h2

+ αqi−1

)
zi−1+

(
−αpi−1

2h
+
βpi
2h

(
1 + 2ωh2qi+1 + ωh (3pi+1 + pi−1)

)
+

3α

2h
pi+1)zi−ν+1+

(
2αpi−1

h
− 2βωpi (pi+1 + pi−1)−

2α

h
pi+1)zi−ν+

(
−3αpi−1

2h
−
βpi
2h

(
1 + 2ωh2qi−1 − ωh (pi+1 + 3pi−1)

)
+
α

2h
pi+1)zi−ν−1

= (αri+1 + βri + αri−1)− βωpih (ri+1 − ri−1) (4.2)
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When the shift parameter is small in comparison to the perturbation parameter, the layer behavior of

the solution is maintained and reliable results are achieved. The layer behavior, however, no longer

holds good if δ(ε) is of order O(ε) and oscillations manifest. We are therefore constructing a numerical

approach with fitting parameter based on an exponential spline method and a particular mesh type.

In order to demonstrate how significant the fitting parameter is in our suggested approach, we also

examine how the solution layer behaves when there are large delays. Now inserting the fitting parameter

σ in the above scheme, we have

(σε+ h2αqi+1)zi+1 + (−2σε+ h2βqi)zi + (σε+ h2σqi−1)zi−1+

(
−αhpi−1

2
+
βhpi

2
(1 + 2ωh2qi+1 + ωh(3pi+1 + pi−1)) +

3αh

2
pi+1)zi−ν+1+

(2αhpi−1 − 2βωpih
2(pi+1 + pi−1)− 2αhpi+1)zi−ν+

(
−3αhpi−1

2
−
βhpi

2
(1 + 2ωh2qi−1 − ωh(pi+1 + 3pi−1)) +

αh

2
pi+1)zi−ν−1

= h2(αri+1 + βri + αri−1)− βωpih3(ri+1 − ri−1) (4.3)

Re write the above equation

Ai+1zi+1 + Bizi + Ci−1zi−1 +Di−ν+1zi−ν+1 + Ei−νzi−ν + Fi−ν−1zi−ν−1 = Gi (4.4)

where

Ai+1 = σε+ αh2qi+1, Bi = −2σε+ βh2qi , Ci−1 = σε+ αh2qi−1

Di−ν+1 =
−αhpi−1

2
+
βhpi

2
(1 + 2ωh2qi+1 + ωh(3pi+1 + pi−1)) +

3αh

2
pi+1

Ei−ν = 2αhpi−1 − 2βωpih
2(pi+1 + pi−1)− 2αhpi+1

Fi−ν−1 =
−3αhpi−1

2
−
βpih

2
(1 + 2ωh2qi−1 − ωh(pi+1 + 3pi−1)) +

αh

2
pi+1

Gi = h2(αri+1 + βri + αri−1)− βωpih3(ri+1 − ri−1)

p(ui) = pi , q(ui) = qi , r(ui) = ri

The above scheme can be written by using the boundary conditions

Ai+1zi+1 + Bizi + Ci−1zi−1 = Gi −Di−ν+1zi−ν+1 − Ei−νzi−ν − Fi−ν+1zi−ν+1,∀ 1 ≤ i ≤ ν − 1

Ai+1zi+1 + Bizi + Ci−1zi−1 +Di−ν+1zi−ν+1 = Gi − Ei−νzi−ν − Fi−ν−1zi−ν−1, ∀ i = ν

Ai+1zi+1 + Bizi + Ci−1zi−1 +Di−ν+1zi−ν+1 + Ei−νzi−ν = Gi − Fi−ν−1zi−ν−1, ∀ i = ν + 1

Ai+1zi+1 +Bizi+Ci−1zi−1 +Di−ν+1zi−ν+1 +Ei−νzi−ν+Fi−ν−1zi−ν−1 = Gi ∀ ν+2 ≤ i ≤ l−1. (4.5)

By using Gauss elimination method with partial pivoting or any other method resolves the above system

of l equations.
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4.1. Left-end layer. Assume p(u) ≥ M > 0 and q(u) ≤ −⊆ < 0 where θ andM are positive con-

stants. Then the problem (2.1) - (2.2) shows layer structure at u = 0 for small values of perturbation.

Now, to enhance the scheme’s effectiveness, the fitting parameter inserted in Eq. (4.4) is determined

by using the following approximate solution given in [2].

l imh→0z(ih) ≈ z0(ih) + (φ(0)− z0(0))exp(−p(0)iρ) +O(ε),

where ρ = h
ε . Using this expression in Eq. (4.4) and following the procedure given in [2], we get

σ = ρ(α+ β/2)p(0)ep(0)νρcoth(
p(0)ρ

2
)

Lemma 4.1. Suppose Ψ0 ≥ 0 and Ψl ≥ 0, then LlΨi ≤ 0 ∀i = 1, 2, 3, . . . .., l − 1 implies that

Ψi ≥ 0 ∀i = 0, 1, 2, 3. . . ..l .

Proof. Let j ∈ (0, 1, . . . .l) such that Ψj = max0≤i≤lΨi . Let if possible Ψj < 0. We will show that it

leads to contradiction. Clearly j /∈ (0, l). Now we have

LlΨj =



ερiΨ
′′
i + (2α+ β)qiΨi = Gi −Di−ν+1Ψi−ν+1 − Ei−νΨi−ν − Fi−ν−1Ψi−ν−1,

∀i = 1, 2, . . . , ν.

ερiΨ
′′
i + (2α+ β)qiΨi +Di−ν+1Ψi−ν+1 = Gi − Ei−νΨi−ν − Fi−ν−1Ψi−ν−1,

∀ i = ν + 1, . . . ., l1 − 1.

ερiΨ
′′
i + (2α+ β)qiΨi +Di−ν+1Ψi−ν+1 + Ei−νΨi−ν = Gi − Fi−ν−1Ψi−ν−1,

∀i = l1, . . . .., l − 1.

(4.6)

Case 1: For i = 1, 2, . . . , ν

LlΨj = (ερiΨ
′′
i + (2α+ β)qiΨi = Gi −Di−ν+1Ψi−ν+1 − Ei−νΨi−ν − Fi−ν−1Ψi−ν−1,

∀i = 1, 2, . . . , ν.) ≥ 0(∵ qi) < 0, i = 1, 2, . . . .ν

Case 2: For i = ν + 1, . . . ., l1 − 1

LlΨj = (ερiΨ
′′
i + (2α+ β)qiΨi +Di−ν+1Ψi−ν+1 = Gi − Ei−νΨi−ν − Fi−ν−1Ψi−ν−1,

∀ i = ν + 1, . . . ., l1 − 1.) ≥ 0

Case 3: For i = l1, . . . .., l − 1

LlΨj = (ερiΨ
′′
i + (2α+ β)qiΨi +Di−ν+1Ψi−ν+1 + Ei−νΨi−ν = Gi − Fi−ν−1Ψi−ν−1,

∀i = l1, . . . .., l − 1.) ≥ 0

As a result, we have LlΨj > 0 , which is contradicts the hypothesis that LlΨj ≤ 0, 1 ≤ j ≤ l − 1. As

a consequence, we assume that Ψj < 0 is incorrect and that Ψj > 0 is correct. Since j was chosen

an arbitrary, we have

Ψj ≥ 0,∀j = 0, 1, 2, . . . , l (4.7)

�
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Theorem 4.1. Let p(u) ≥ M > 0 and q(u) ≤ −θ < 0 where M and θ are both positive constants.

The problem (2.1) - (2.2) with boundary conditions has a uniqueness, existence and satisfying solution.

||Z||h,∞ ≤ ||r ||h,∞θ−1 + C2(||ϕ||h,∞ + τ) (4.8)

where C2 ≥ 1 is a positive constant.

Proof. To demonstrate the uniqueness and existence, assume <v >li=0 and <w >li=0 be the two

solutions to the discrete problem (2.1) - (2.2). Then ti = vi − wi is a mesh function that meets the

conditions t0 = 0 = tl and for 1 ≤ i ≤ l − 1 we have Ll ti = Llvi − Llwi . Since vi and wi satisfy Eq.

(4.5), therefore Ll ti = 0, 1 ≤ i ≤ l −1. As a result, the mesh function ti meets the discrete minimum

principle hypothesis, and when we apply it to the mesh function ti , we get

ti = (vi − wi) ≥ 0 f or 0 ≤ i ≤ l (4.9)

Again, if we set ti = −(vi − wi) , then ti is a mesh function that satisfies t0 = 0 = tl and we have

Ll ti = 0, 1 ≤ i ≤ l − 1 along the same lines as before. As a result, the discrete minimum principle is

applied to the mesh function ti gives ti = −(vi − wi) ≥ 0

i .e., (vi − wi) ≤ 0 f or 0 ≤ i ≤ l (4.10)

From Eq. (4.9) and Eq. (4.10), we get vi − wi = 0 . This suggests that the discrete problem

(2.1)-(2.2) solution is unique. The existence of linear equation is assumed by their uniqueness. Now

we’ll explain how to prove the bound on < zi >
l
i= 0. We do this by introducing two barrier functions

Ψ±i Defined by

Ψ±i = ||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± Zi , 0 ≤ i ≤ l

where C2 ≥ 1 is a positive constant that can be chosen at random. Then we have

Ψ±i = ||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± Zi , 0 ≤ i ≤ l

Now we have

Ψ±0 = ||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± Z0,

Ψ±0 = (||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± C2ϕ0) ≥ 0

since ||ϕ||h,∞ + |τ | ≥ ϕ0 and C2 ≥ 1,

Ψ±n = ||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± Zn

Ψ±n = (||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± τ) ≥ 0

Case 1. For i = 1, 2, 3, . . . ., ν

LlΨ±i = ερi(Ψ±i )′′ + (2α+ β)qiΨ
±
i = Gi −Di−ν+1Ψ±i−ν+1 − Ei−νΨ±i−ν − Fi−ν−1Ψ±i−ν−1

= −qi(||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± LlZi)
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= (
−qi
θ
||r ||h,∞ ± ri)− qiC2(||ϕ||h,∞ + |τ |) ≤ 0

Case 2. For i = ν + 1, . . . ., l1 − 1

LlΨ±i = ερi(Ψ±i )′′ + (2α+ β)qiΨ
±
i +Di−ν+1Ψ±i−ν+1 = Gi − Ei−νΨ±i−ν − Fi−ν−1Ψ±i−ν−1

= −qi(||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± LlZi)

= (
−qi
θ
||r ||h,∞ ± ri)− qiC2(||ϕ||h,∞ + |τ |) ≤ 0

Case 3. For i = l1, . . . .., l − 1

LlΨ±i = ερi(Ψ±i )′′ + 2α+ βqiΨ
±
i +Di−ν+1Ψ±i−ν+1 + Ei−νΨ±i−ν = Gi − Fi−ν−1Ψ±i−ν−1

= −qi(||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± LlZi)

= (
−qi
θ
||r ||h,∞ ± ri)− qiC2(||ϕ||h,∞ + |τ |) ≤ 0

Combining above cases, we have LlΨ±i ≤ 0, 1 ≤ i ≤ l .
Using the discrete maximum principle

Ψ±i = ||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± Zn ≥ 0, 0 ≤ i ≤ l .

which proves the desired results. �

4.2. Right-end layer. Assume p(u) ≤ −M < 0 and q(u) ≤ −⊆ < 0 where θ and M are positive

constants. Then the problem (2.1) - (2.2) shows layer structure at u = 1 for small values of ε. In

this case, the fitting parameter inserted in Eq. (4.4) is determined by using the following approximate

solution given in [2].

l imh→0z(ih) ≈ z0(0) + (φ(0)− z0(1))e−p(1)( 1
ε
−iρ) +O(ε),

where ρ = h
ε . Using this expression in Eq. (4.4) and following the process given in [2], we get

σ = ρ(α+ β/2)p(0)e−p(0)νρcoth(
p(1)ρ

2
) (4.11)

Lemma 4.2. . Suppose Ψ0 ≥ 0 and Ψl ≥ 0, then LlΨi ≤ 0 ∀ i = 1, 2, 3, . . . ..l − 1 implies that

Ψi ≥ 0 ∀ i = 0, 1, 2, 3. . . ..l .

Proof. Let j ∈ (0, 1, . . . .l) such that Ψj = min0≤i≤lΨi . Let if possible Ψj < 0. We will show that it

leads to contradiction. Clearly j /∈ (0, l). Now we have

LlΨj =



ερiΨ
′′
i + (2α+ β)qiΨi = Gi −Di−ν+1Ψi−ν+1 − Ei−νΨi−ν − Fi−ν−1Ψi−ν−1,

∀i = 1, 2, . . . , ν.

ερiΨ
′′
i + (2α+ β)qiΨi +Di−ν+1Ψi−ν+1 = Gi − Ei−νΨi−ν − Fi−ν−1Ψi−ν−1,

∀ i = ν + 1, . . . ., l1 − 1.

ερiΨ
′′
i + (2α+ β)qiΨi +Di−ν+1Ψi−ν+1 + Ei−νΨi−ν = Gi − Fi−ν−1Ψi−ν−1,

∀i = l1, . . . .., l − 1.

(4.12)
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Case 1: For i = 1, 2, . . . , ν

LlΨj = (ερiΨ
′′
i + (2α+ β)qiΨi = Gi −Di−ν+1Ψi−ν+1 − Ei−νΨi−ν − Fi−ν−1Ψi−ν−1,

∀i = 1, 2, . . . , ν.) ≥ 0 (∵ qi < 0, i = 1, 2, . . . .ν)

Case 2: For i = ν + 1, . . . ., l1 − 1

LlΨj = (ερiΨ
′′
i + (2α+ β)qiΨi +Di−ν+1Ψi−ν+1 = Gi − Ei−νΨi−ν − Fi−ν−1Ψi−ν−1,

∀ i = ν + 1, . . . ., l1 − 1.) ≥ 0

Case 3: For i = l1, . . . .., l − 1

LlΨj = (ερiΨ
′′
i + (2α+ β)qiΨi +Di−ν+1Ψi−ν+1 + Ei−νΨi−ν = Gi − Fi−ν−1Ψi−ν−1,

∀i = l1, . . . .., l − 1.) ≥ 0

which is contradiction to

LlΨj ≤ 0, 1 ≤ j ≤ l − 1

Therefore, the assumption Ψj < 0 is false and Ψj > 0 . Since j was choosing arbitrary, we have

Ψj ≥ 0,∀j = 0, 1, 2, . . . l

Theorem 4.2. Let p(u) ≥ M > 0 and q(u) ≥ θ > 0 where M and θ are both positive constants.

The solutions to the problem (2.1) - (2.2) with boundary conditions exist, are unique and satisfy.

||Z||h,∞ ≤ ||r ||h,∞θ−1 + C1(||ϕ||h,∞ + τ) (4.13)

where C1 ≥ 1 is a positive constant

Proof. To prove the existence and uniqueness, assume <v >li=0 and <w >li=0 be the two solutions to

the problem (2.1) - (2.2). Then ti = vi −wi is a mesh function that meets the conditions t0 = 0 = tl

and for 1 ≤ i ≤ l − 1 we have Ll ti = Llvi − Llwi . Since vi and wi satisfy Eq. (4.5), therefore

Ll ti = 0, 1 ≤ i ≤ l − 1. As a result, the mesh function ti meets the discrete minimum principle

hypothesis, and when we apply it to the mesh function ti , we get

ti = (vi − wi) ≥ 0 f or 0 ≤ i ≤ l (4.14)

Again, if we set ti = −(vi − wi) , then ti is a mesh that satisfies t0 = 0 = tl and we have Ll ti =

0, 1 ≤ i ≤ l − 1 along the same lines as before. As a result, the discrete minimum principle is applied

to the mesh function ti gives ti = −(vi − wi) ≥ 0

i .e., (vi − wi) ≤ 0 f or 0 ≤ i ≤ l (4.15)

From Eq. (4.14) and Eq. (4.15), we get vi − wi = 0 . This suggests that the discrete problem

(2.1)-(2.2) solution is unique. The existence of linear equation is assumed by their uniqueness. Now
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we’ll explain how to prove the bound on < zi >
l
i= 0. We do this by introducing two barrier functions

Ψ±i Defined by

Ψ±i = ||r ||h,∞θ−1 + C1(||ϕ||h,∞ + |τ |)± Zi , 0 ≤ i ≤ l

where C1 ≥ 1 is a positive constant that can be chosen at random. Then we have

Ψ±i = ||r ||h,∞θ−1 + C1(||ϕ||h,∞ + |τ |)± Zi , 0 ≤ i ≤ l

Now we have

Ψ±0 = ||r ||h,∞θ−1 + C1(||ϕ||h,∞ + |τ |)± Z0,

Ψ±0 = (||r ||h,∞θ−1 + C1(||ϕ||h,∞ + |τ |)± C1ϕ0) ≥ 0

since ||ϕ||h,∞ + |τ | ≥ ϕ0 and C1 ≥ 1,

Ψ±l = ||r ||h,∞θ−1 + C1(||ϕ||h,∞ + |τ |)± Zl

Ψ±l = (||r ||h,∞θ−1 + C1(||ϕ||h,∞ + |τ |)± τ) ≥ 0

Case 1. For i = 1, 2, 3, . . . ., ν

LlΨ±i = ερi(Ψ±i )′′ + (2α+ β)qiΨ
±
i = Gi −Di−ν+1Ψ±i−ν+1 − Ei−νΨ±i−ν − Fi−ν−1Ψ±i−ν−1

= −qi(||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± LlZi)

= (
−qi
θ
||r ||h,∞ ± ri)− qiC2(||ϕ||h,∞ + |τ |) ≤ 0

Case 2. For i = ν + 1, . . . ., l1 − 1

LlΨ±i = ερi(Ψ±i )′′ + 2α+ βqiΨ
±
i +Di−ν+1Ψ±i−ν+1 = Gi − Ei−νΨ±i−ν − Fi−ν−1Ψ±i−ν−1

= −qi(||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± LlZi)

= (
−qi
θ
||r ||h,∞ ± ri)− qiC2(||ϕ||h,∞ + |τ |) ≤ 0

Case 3. For i = l1, . . . .., l − 1

LlΨ±i = ερi(Ψ±i )′′ + (2α+ β)qiΨ
±
i +Di−ν+1Ψ±i−ν+1 + Ei−νΨ±i−ν = Gi − Fi−ν−1Ψ±i−ν−1

= −qi(||r ||h,∞θ−1 + C2(||ϕ||h,∞ + |τ |)± LlZi)

= (
−qi
θ
||r ||h,∞ ± ri)− qiC2(||ϕ||h,∞ + |τ |) ≤ 0

Using the above cases, we have LlΨi ≤ 0, 1 ≤ i ≤ l . Using the discrete minimum principle

Ψ±i = (||r ||h,∞θ−1 + C1(||ϕ||h,∞ + |τ |)± Zl) ≥ 0, 0 ≤ i ≤ l

which proves the desired results.

As a result of the previous theorems, the problem (2.1)-(2.2) solution is uniformly bounded, regardless

of the mesh size h and the perturbation ε, demonstrating that the proposed scheme is stable for all

h. �
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5. Truncation error

Using Taylor series, the truncation error in the method Eq. (4.2) is

T (h) = {(2α+ β)− 1}σεz ′′i h2+

{[(
−2α

3

)
+

(
2ωσε+

1

6

)
β

]
piz

3
i +

(
2α− 1

12

)
σεz4

i

}
h4+O(h6)

(5.1)

The truncation error is fourth-order for any arbitrary α and β with 2α+ β = 1 and any value of ω.

6. Convergence analysis

The matrix form of the Eq. (4.5) is

Az + B + T (h) = 0 (6.1)

A =



B1 A1 0 · · · · · · · · · · · · · · · · · · 0

C2 B2 A2 0 · · · · · · · · · · · · · · · 0

0 C3 B3 A3 0 · · · · · · · · · · · · 0
...

...
...

...
...

...
...

...
...

...

Dν 0 · · · Cν Bν Aν 0 · · · · · · 0

Eν+1 Dν+1 0 · · · Cν+1 Bν+1 Aν+1 0 0

Fν+2 Eν+2 Dν+2 0 · · · Cν+2 Bν+2 Aν+2 0 0

0 Fν+3 Eν+3 Dν+3 0 Cν+3 Bν+3 Aν+3 0 0
...

...
...

...
...

...
...

...
... 0

· · · 0 Fl−2 El−2 Dl−2 0 · · · Cl−2 Bl−2 Al−2

· · · · · · 0 Fl−1 El−1 Dl−1 0 · · · Cl−1 Bl−1


and B = [κ1, κ2, ..κν , κν+1, κν+2, ..., κl−2, κl−1]

where

κi =



Gi −Di−ν+1zi−ν+1 − Ei−νzi−ν − Fi−ν−1zi−ν−1 − C1z0, ∀ 1 ≤ i ≤ ν − 1

Gi − Ei−νzi−ν − Fi−ν−1zi−ν−1, ∀ i = ν

Gi − Fi−ν−1zi−ν−1, ∀ i = ν + 1

Gi − Al−1zl , ∀ ν + 2 ≤ i ≤ l − 1

where

Ai+1 = σε+ αh2qi+1, Bi = −2σε+ βh2qi , Ci−1 = σε+ αh2qi−1

Di−ν+1 =
−αhpi−1

2
+
βhpi

2
(1 + 2ωh2qi+1 + ωh(3pi+1 + pi−1)) +

3αh

2
pi+1

Ei−ν = 2αhpi−1 − 2βωpih
2(pi+1 + pi−1)− 2αhpi+1

Fi−ν−1 =
−3αhpi−1

2
−
βpih

2
(1 + 2ωh2qi−1 − ωh(pi+1 + 3pi−1)) +

αh

2
pi+1

Gi = h2(αri+1 + βri + αri−1)− βωpih3(ri+1 − ri−1)
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for i = 0, 1, . . . , l − 1 and

T (h) = O
(
h4
)
, z = [z1, z2, . . . , zl−1]T , T (h) = [T1, T2, . . . , Tl−1]T , O = [0, 0, . . . , 0]T

are related vectors of Eq. (6.1).

Let

z̃ = [z̃1, z̃2, . . . , z̃l−1]T ∼= Z

satisfies the equation

Az̃ + B = 0 (6.2)

Let ei = zi − Zi , i = 1 (1) l − 1 be the error so that E = [e1, e2, ..., el−1]T = u − U.
Subtracting Eq. (6.1) from Eq. (6.2), we obtain the error equation

AE = T (h) (6.3)

Let the sum of the i th row elements of the matrix A be si . Then

si = h2 (αqi−1 + βqi + αqi+1) for 1 ≤ i ≤ ν − 1

si =
h

2

(
−αpi−1 + βpi

(
1 + 2ωh2qi+1 + ωh (3pi+1 + pi−1)

)
+ 3αpi+1

)
+ h2 (αqi−1 + βqi + αqi+1)

for i = ν

si =
h

2

(
−3αpi−1 − βpi

(
1 + 2ωh2qi−1 − ωh (pi+1 + 3pi−1)

)
+ αpi+1

)
+ h2 (αqi−1 + βqi + αqi+1)

for i = ν + 1

si = h2 (αqi−1 + βqi + αqi+1) for ν + 2 ≤ i ≤ l − 1.

Let ζ1∗ = min1≤i≤l |p (ui)| , ζ∗1 = max1≤i≤l |p (ui)| , ζ2∗ = min1≤i≤l |q (ui)|
and ζ∗2 = max1≤i≤l |q (ui)|.
It is verified that A is irreducible and monotone since 0 < ε� 1 and ε ∝ O (h) with sufficiently small

h. Hence A−1 exists and A−1 ≥ 0. Therefore, using Eq. (6.3) we have

||E|| ≤ ||A−1|| ||T || (6.4)

For small h, we have

si ≥ h2 [2 (α+ β/2) ζ2∗ ] for 1 ≤ i ≤ ν − 1

si ≥ h2 [2 (α+ β/2) ζ2∗ ] for i = ν

si ≥ h2 [2 (α+ β/2) ζ2∗ ] for i = ν + 1

si ≥ h2 [2 (α+ β/2) ζ2∗ ] for ν + 2 ≤ i ≤ l − 1

Let A−1
i ,k be the (i , k)th element of A−1 and we define

|| A|| = max1≤i≤l−1

l−1∑
k=1

A−1
i ,k

and

||T (h)|| = max1≤i≤l−1|Ti(h)|.
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Since A−1
i ,k ≥ 0 and

∑l−1
k=1A

−1
i ,k . sk = 1 for i = 12, 3, ......, l − 1. Hence

ν−1∑
k=1

A−1
i ,k ≤

1

min1≤k≤ν−1s k
<

1

h2 [2 (α+ β/2) ζ2∗ ]
, i = 1, 2, 3, . . . , ν − 1 (6.5)

A−1
i ,k ≤

1

sν
<

1

h2 [2 (α+ β/2) ζ2∗ ]
, i = ν, ν + 1 (6.6)

Furthermore
l−1∑

k=ν+2

A−1
i ,k ≤

1

min1≤k≤ν−1sk
<

1

h2 [2 (α+ β/2) ζ2∗ ]
, i = ν + 2, ν + 3, ..., l − 1. (6.7)

Using Eqs. (6.5) – (6.6) and Eq. (6.7), we get

||E|| ≤ O(h2). (6.8)

As a result, the proposed exponential spline strategy converges to second order. The convergence

analysis for the right end boundary layer can be examined using the same procedure.

7. Numerical Examples

The effectiveness of the numerical approach can be demonstrated by the following instances.

MAE (maximum absolute error) in the solution is computed using the double mesh principle

E l = max0≤i≤l
∣∣z li − z2l

2i

∣∣. The order of convergence is also investigated by r l = log2

(
Ei
l/Ei

2l
)
. We

exhibit graphs showing the computed solution of the issue for various δ values.

Example 1: εz ′′ + z ′(u − δ)− z(u) = 0 with z(u) = 1, −δ ≤ u ≤ 0 and z(1) = 0.

Example 2: εz ′′ + exp(−0.25u)− z(u) = 0 with z(u) = 1 for − δ ≤ u ≤ 0, z (1) = 1.

Example 3: εz ′′ − z ′(u − δ)− z(u) = 0 with z(u) = 1, −δ ≤ u ≤ 0 and z(1) = −1.

Example 4: εz ′′ − z ′(u − δ) + z(u) = 0 with z(u) = 1 for −δ ≤ u ≤ 0, z (1) = 1.

8. Conclusion

A computational approach for solving the singularly perturbed differential equation with the large

delay is derived using a special type of mesh. A numerical scheme consisting of a fitting parameter is

developed to minimize the error and to control the layer structure in the solution. Four examples are

solved and computational results with large delay are shown in Table 1-4. In the proposed method, we

also analyzed the effect of the large delay on the layer structure or oscillatory behaviour of the solutions

with and without the fitting parameter in the Figures 1-8. The graphs depict the layer behaviour in

the solution of the examples with and without the fitting parameter. The impact of the fitting factor
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in controlling the oscillations in the solution is also depicted in the graphs. We have clearly noticed

that the fitting parameter controls the oscillations in the layer for the large delay values. The proposed

method is simple and it works very well with small as well as large delay.
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            Figure 1.  Layer profile of Example 1 for 𝜀 = 0.01  without fitting factor.

 

               Figure 2.  Layer profile of Example 1 for 𝜀 = 0.01  with fitting factor. 

 

               Figure 3. Layer profile of Example 2 for 𝜀 = 0.01 without fitting factor. 
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              Figure 4. Layer profile of Example 2 for 𝜀 = 0.01  with fitting factor. 

 

              Figure 5. Layer profile of Example 3 for 𝜀 = 0.01  without fitting factor. 

    

              Figure 6. Layer profile of Example 3 for 𝜀 = 0.01  with fitting factor. 
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                Figure 7. Layer profile of Example 4 for  𝜀 = 0.01  without fitting factor. 

 

                 Figure 8. Layer profile of Example 4 for  𝜀 = 0.01  with fitting factor. 
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