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A fitted parameter convergent finite difference
scheme for two-parameter singularly perturbed

parabolic differential equations

Mekashaw Ali Mohye, Justin B. Munyakazi and Tekle Gemechu Dinka

Abstract. The objective of this paper is to develop a numerical scheme that is uni-
form in its parameters for a specific type of time-dependent parabolic problem with
two perturbation parameters. The existence of these two parameters in the terms
with the highest-order derivatives results in the formation of boundary layer(s) in
the solution of such problems. Solving these model problems using classical methods
does not yield satisfactory results due to the layer behavior. Therefore, nonstan-
dard finite difference schemes have been developed as a means to obtain numerical
solutions for these problems. To develop the scheme, we employ the Crank-Nicolson
discretization on a uniform time mesh and apply a fitted operator method with a
uniform spatial mesh. We have established the stability and convergence of the pro-
posed scheme. The proposed scheme exhibits uniform convergence of second order
in the temporal direction and first order in the spatial direction. However, temporal
mesh refinements is employed to enhance the order to two in both directions.. Model
examples are provided to validate the practicality of the proposed numerical scheme.

Keywords. Singularly perturbation, fitted operator scheme, nonstandard finite difference
method, uniform convergence.

1 Introduction

We consider the governing problem with Dirichlet boundary conditions on the domain {2 =
(0,1) x (0, 7] with boundary 92 = Q\Q.

L. u(z,t) = cugy(x,t) + ,ua(sr:,t)ui(a:,t) —b(z, t)us(x,t) — e(x, t)u(z, t) = (1.1)
f@,t), (z,1) €
u(z,0) = uo(x), S Qx =(0,1) (1.2)
u(0,8) = o(t), u(l,t) =P1(t), teQ =(0,T]
Received date: November 26, 2023; Published online: June 6, 2024.

2010 Mathematics Subject Classification. 58F15, 58F17, 53C35.
Corresponding author: Mekashaw Ali Mohye.

73


http://dx.doi.org/10.5556/j.tkjm.56.2025.5244

74 M.A. Mohye, J.B. Munyakazi and T.G. Dinka

where Q = Q, x ; and € and p are small positive parameters with 0 < e <1 and 0 < p < 1.
In (1.1)-(1.3), the coefficients a(z,t), b(z,t), c(x,t), for (z,t) € Q are assumed to be sufficiently
regular and a(z, t) > a >0, b(z,t) >8>0, c(z,t)>~v>0and f(z, t)is smooth function.
We make the assumption of adequate regularity and compatibility conditions at the corners of
the domain, as stated in [32]. If all of the aforementioned assumptions are met, then the problem
described in (1.1)-(1.3) possesses a unique solution on Q.

The objectives of this study are to develop a numerical scheme that exhibits both accuracy
and convergence in a parameter-uniform manner, and to explore its uniform stability.

If the parameters € and p approach zero in problem (1.1)-(1.3), boundary layer(s) will arise
in the solution at either z = 0, = 1 or at both end points. When p = 1, problem (1.1)-(1.3)
represents convection- diffusion problem [17, 40, 44] and in this case a boundary layer of width
O(e) will occur around the edge © = 0. On the other hand, when p = 0, problem (1.1)-(1.3)
represents a parabolic reaction-diffusion problem in [25]. Near z = 0 and = = 1, thin boundary
layers of width O(/€) exhibited.

O’Malley [33] was the first scholar to introduce and analyze the solution of singularly per-
turbed two-parameter problems using asymptotic expansion techniques. Again, O’Malley [33, 34]
identified that the nature of these problems is strongly affected by the choice of ratio of u? to e.

The class of time-dependent singularly perturbed problems of convection-diffusion type with
two parameters are studied in [30] using non-standard finite difference method. The numeri-
cal solution of second-order two-parameter singularly perturbed ordinary differential equations
(ODEs) with smooth data [3, 5, 6, 7, 8, 10, 13, 15, 16, 22, 35, 36, 43] and non-smooth data are
studied in [24, 41] .

Two-parameter singularly perturbed time-dependent parabolic problems are frequently en-
countered in the mathematical modeling of various physical phenomena. These problems arise in
fields such as fluid dynamics, heat and mass transfer in chemical engineering, quantum mechanics,
elasticity, theory of plates and shells, oil and gas reservoir simulation, and magneto-hydrodynamic
flow. The study of reaction-diffusion and convection-diffusion problems within the context of
two-parameter singularly perturbed boundary value problems has been the subject of research in
[10, 12, 14, 21, 23, 2, 38, 37, 39, 40, 18, 42]. Singularly perturbed parabolic problems have also
been investigated in [1, 31, 29].

Two-parameter singularly perturbed problems find numerous applications in various applied
science fields. However, finding analytical solutions for such problems is either a challenging task
or the solutions obtained do not have a closed form. Once again, when seeking numerical solu-
tions, classical finite difference methods frequently produce unstable solutions within the layer
region. The convergence and stability of numerical solutions also depend on the small parameters
involved. The development of a parameter-uniform numerical method for two-parameter singu-
larly perturbed problems remains an ongoing research area, as indicated in the existing literature.
In this study, our focus is on developing a parameter-uniformly convergent numerical scheme to
address a specific class of second-order two-parameter singularly perturbed time-dependent prob-
lems described in equations (1.1)-(1.3). To derive the scheme, we employ the Crank-Nicolson
discretization for the temporal variable, along with a fitted operator finite difference method
(FOFDM) on a uniform spatial discretization. The resulting scheme confirms second-order accu-
racy in time and first-order accuracy in space. Nevertheless, we improve its accuracy to second
order in both variables by employing a time mesh refinement technique, which is elaborated upon
in Section 5.

Section organization: We have organized the article as follows. We first discuss the qualita-
tive properties such as the bounds of the analytical solution u(x,t) of problem (1.1)- (1.3) and
its derivative bounds in Section 2. The development of the numerical scheme of the continuous
problem is presented in Section 3. Uniformly stability and convergence analysis of the scheme is
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discussed in Section 4. In Section 5, we give numerical examples to show the convergent accuracy
of the developed scheme. Results and conclusions are presented in Section 6.

Notation: In this work, the maximum norm is denoted as . where () represents any bounded
and closed subset of [0, 1] x [0,T]. The constant C and C; used in this paper is a positive generic
value that remains independent of the perturbation parameters, ¢ and p. Further, we denote
c(z,t) } ~

AL TS
a(x,t) ”

n= min(m,t)eﬁ { o

2 Some qualitative properties of the continuous problem

This section presents a discussion on certain analytical properties of the governing problem
(1.1)-(1.3) in a one-dimensional spatial domain, denoted as €.

Lemma 2.1 (The minimum principle for the continuous problem). Let ¥(z,t) € C*1Q.
[f \I/|QQ Z 0 and

0
(LE-,/L - (9t> Ul <0, then ¥|g > 0.

Proof. The proof of this Lemma proceeds by contradiction. Consider an arbitrary point (z*,t*)
in a plane, Q = (0,1) x (0,7) such that ¥(z*,t*) = min{¥(x,?)}+ +)cq and again suppose
that U(z*,t*) < 0. Clearly, (z*,t*) ¢ {0,1} x {0, T} by the definition of (x*,t*). Applying the
first and second derivative test for multivariable functions in calculus, we obtain U, (z*,t*) >
0, V¥ (x*,t*) =0, V¥ (2*,t*) =0, and then it is clear that

0
<LS7/L - 815) \I/|Q >0

which is a contradiction. Hence, our initial assumption W(z*,¢*) < 0 is wrong. So, W(z*,t*)|q >
0. Since, (z*,t*) is arbitrary point, we have then, ¥(x,¢t) > 0 for all (x,t) € Q. See [28] for
detailed proof.

O

Lemma 2.2 (Uniform stability of the countinuous problem). [11] Let u(x,t) be the solu-
tion of (1.1), then Ve > 0, > 0, we have

¢l Nl
B

Proof. We can prove this Lemma using the concept of barrier functions. Therefore, let us intro-
duce two comparison (barrier) functions as follows:

lulla <

+ [lulla-

o (1) = W8 g £ (e, (e, 1) € 0

B
when z = 0, p*(0,t) = EHQHQ + ||ulloa £ ®o(t) > 0 and
_ Ellflle

when z =1, o*(1,1) = 5 + [Jullog = @1(t) > 0.

Then, we have = (z,t) > 0V(z,t) € 9Q. Again, since b(x,t) > > 0and ||f|lg > f(z,t)¥(x,t) €
Q, we have —b(x, )37 fllq & f(x,t) < 0. This inequality implies

Le o™ (2,t) <0, Y(x,t) e
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Applying the minimum principle in Lemma 2.1, we get ¥ (x,t) > 0,V(x,t) € Q, which gives the
desired estimate. O

Lemma 2.3 (The bounds of the continuous problem and its derivatives). In the con-
tinuous problem described in 1.1)-(1.8), consider the solution u, which can be decomposed as
u=v+wr+wg. Here, v represents the reqular component, wy, represents the left singular com-
ponents, and wr represents the right singular components. These components are accompanied
by a sufficiently large constant C, which remains independent of the perturbation parameters [19].
Then,

a. uw<C

b. For all non- negative integers i and j (0 < i+ 2j < 4), the derivatives of the solution u of
problem (1.1)- (1.3) satisfy

1
‘o

- C (g)z <M:>J ,  when ap?® > ne

when au® < ne

oty
H oxtoti

c. lwp(z,t)] < Ce 0z lwr(z,t)] < Ce0r(1—2)

where
B ap? < e, YR ap® <ne
0L = o 2 Or = n\/g 2
- ap 27757 2 ap 2775
Proof. The proof for this can be obtained in [20, 19]. O

Theorem 2.1. (Bounds of the derivatives). The reqular component v(x,t) satisfies the
following bounds for all non-negative integers i and j such that 0 < i+ 35 < 4.

1
Cll14+—— |, forau®<ide
o
o | ¢ 1+(€) . for au® > é¢
1

0 tiv
H Oxtots

where, the constant C' is independent of both the perturbation parameters € and p.

Proof. The detailed proof can be found in [20, 19]. O

3 Derivation of the numerical scheme

3.1 Temporal discretization for the development of semi-discrete scheme

First, we discretize the temporal domain by dividing the given time domain [0, T] using a
T
uniform mesh, such that Q™ = {t; = jAt, j=0,1, 2, .., M, tyy =T, At = M} where QM

is the set of all mesh points and M is the number of mesh points in time interval [0, T]. Next,
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we employ the implicit Crank-Nicolson discretization in the time direction to formulate the semi-
discrete scheme for the problem presented in (1.1)-(1.2). The derivation of the Crank-Nicolson
scheme for U;(z,t;) at the (z,j + 1/2) time step involves using Taylor’s series expansion for U771
and U7,

, . AtOUITY2(z) AL\ 1 92U9T1/2(x)
j+1 _77+1/2 -  \" =) =-—__ 7
U7 (z) =U (x) + > B + ( 5 ) T 5 + (3.1)
g 3 lajU]Jrl/Q(x) N
2 3! ot3
, . ALOUIT2(z)  (At\? 1 92U9+1/2(x)
J —[7i+t1/2 _ = =) =
U(x) =U (z) 5 5 + ( 5 ) 51 52 (3.2)
g 3l83Uj+1/2(x) N
2 3! ot3
Subtracting Eq. (3.2) from Eq. (3.1), and eliminating the term U7*'/2(z), we get
Jj+1 _UJ j+1/2
U o) 2 ) 00T (0 oagy? (3.3)

At ot

The local truncation error value (797/2(z)) obtained from the Taylor’s series expansion is

(At)3 83Uj+1/2(x)

T ) = 24 ot

+ (higher order terms)

and its order three ( O((At)?)).

After substituting Eq. (3.3) into (1.1)) and rearranging, we obtained the semi-discretized
scheme as

i u(x,t; —u(x,t;
[LN,]\/IU(.T)]] = b(.’L‘,tj+1/2> ( ( ]Jrl)At ( J) = EUgpy ($7tj+1/2) +

pa(z, tipjo)ue (2,tj412) —¢ (@, t40172) u (@, t54172) — [ (2,tj41/2) + O (A1)}

(3.4)

where

u(z,tjp1) +u(z,ty) +O((At)3), and

[ (@, tj41) + £ (2,t5)
2

u(®,tj11/2) =

f(tipay2) = + 0 ((At)*)

Lemma 3.1. (The minimum principle for the semi-discrete scheme). Assume that
[LMU(x)]JJrl is the discrete operator given in (3.4) and Wit (z) is any mesh function satisfying
Wit (z) >0 on 0N and [LMW(2)7+1] <0 on Q for 0< j < M, then Wt (z) >0 on Q

Proof. This Lemma can be proven using a proof by contradiction. Therefore, let r* € Q be
any arbitrary point, such that W7+ (r*) = mingecq W/ (2). Again, suppose W/t (z) < 0. It is
clear that the set ((r*,t;41) € {(0,%;41), (1,t;41)}. Applying the concept of calculus of several-
variable functions, we obtain (¥, ) T1(r*) > 0, (¢.)*1(s*) = 0. This gives LM ¥ (r*)I*1 > 0
which contradict to the fact that LM ¥(z)7*1 < 0. Therefore, ¥/*!(z) > 0 on 2 which is our
claim. O
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. OFu(z,t _
Lemma 3.2. (The local error estimate). Suppose that ||%|| < O (x,t) € Q, k =
0,1,2. The local error estimate in temporal direction Ej 11 = Uit (z) — u(x,tj11) is given by
Ej < C(AY?
for sufficiently large constant C.
Proof. The time derivative is approximated by the fourth-order Taylor’s series expansion of the
Crank-Nicholson finite difference discretization in the temporal direction, given by:

U7t (x) — U7 (x)
At
Upon substituting Eq. (3.5) into (1.1)-(1.2), we obtain the following equation

= UM% (@) + 0((Ar)?) (3.5)

Leyu(z,tj1) = ue(w, tj41) + O((At)?)
Furthermore, considering Fj1 as the semi-discrete minimum operator, we have
LY, E(x,tj11) = O((At)*)
Then, by using Lemma 3.1, the bound of the local error is estimated as Ej;4; < C(At)? O

Lemma 3.3 (The global error estimation). The global error, G; = U’(z) — u(z,t; of the
time discretization satisfies
G+l < C(AL)?

where C' is a constant independent of €, p and At.

Proof. By using the estimation of local errors, the global error at j 4+ 1 nodal points is given as

J
Gt :Z Ee,j(At) <T
=1

—Ei+Ey+BEs+Ey+ ..+ Ej
<Ei+Ey+Es+E;+ ...+ E;

< Gi(j)(at)?

< Clz(AIf)3 = C1T(At)?, because j < 3
AY - At
< C(At)?,  where, C=CT

O

This lemma shows that the convergence of the semi-discrete scheme is order two in time.
Lemma 3.4. The semi-discrete solution U’(x) and its derivatives satisfy the following bound.
ng(.’L tj)

dzé
for 0<¢<4 andp € (0,1) is any real constant

<C (1 + Afe_p/\“" + )\ge—p/\z(l—z)) ’

Proof. This Lemma was proved in [27] O
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3.2 Spatial discretization for full-discrete scheme development
The given domain QV = [0, 1] is subdivided into N sub-intervals such that
xo=0,21 =x9+i=h,xeo=21+h,--- ay=N(h)=1
Now, the full discretized problem is

u ((Ei,tj+1) —U (xi,t
At

[LNMUTT = b, ty41/2) j)> = €Ua,a (Ti,tj41/2) +
3.6
pa(i,tjy1/2)ug (T tji1/2) (36)

= (@istyryz) w (@i tyny2) = f (2istiny2) +O (A%}

Using fitted finite difference methods the fully discrete scheme in (3.6) can be expressed as

ARHE % (20207 + pa ' DF U = PUIT 4 22U + uaid DEUT - JUY | - .
by DUt P = i=0,1,2,-- N1, j=0,1,2,--- ,M 1
where
Ul U , Uittt i , U, —2U7 +u!
_ +1 +1/2 _ Yy i 2 _ +1 —1
R i ey v el
+1 j+1
D+Uj+1 _ U1:j+1 - Uij
x 1 hw )
and
+1 )+1 +1
274l Uij++1 —2U7 "+l i f(@iti) + f (24, t))
XU T = F/ =
x QSILQ 7 2
Again, from [30], the denominator function ¢? is given by
he ua (x;) h
2 — 2 7
2(h == —— _ — ] -1 3.8
Fueun) = 62 = 1 (e (1212 (35

Using the finite difference schemes and the value of ¢? above, Eq. (3.7) can be written in compact
form as

[LNMUY] = 67U + 68°U7 ™ + 67U + 67 UL, + 007 + 67 UL, = F) (3.9)

where, the coefficients 5%, 67, 6, 6§, ™ and 07" are
j+1 J
+ < ) 5 = < P P L
0 <2¢>(z’)2 LT > Pt <2¢>(i)2 * o ) ’ L 24(i)2

- AR A A - iod
oo (o= ke e b Ve [ e _pe o b
o2 2m 2 AL o(02  2n 2 At

4 The convergence analysis of the numerical scheme

This section analyzed uniformly stability and uniformly convergence of the developed scheme.
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Lemma 4.1. (Discrete minimum principle) Assume that [LN’MU]f+1

tor given in (5.9) and qbf“ is any mesh function satisfying (bZ'H >0 on 0QNM and [LN’Mcﬁ]
0 on QN-M for0<i<N,0<j< M, then ¢g+1 >0 on QM

is the discrete opera-
<
1

Proof. Let s and [ be indices such that ¢4 = ming; ;) oIt for ¢t € QNM . Again, assume
that ¢!t < 0. Tt is clear to see that (s,1) ¢ {1, N} x {1, M}, because ¢!+ > 0. It follows that
Pt — ol > 0and gL —¢lt] <0

41 1+1 41 l l
LNM gt <¢S“ S ¢81> + paltt ((bs“ - ¢S+1> _ gt

¢? hs
I+1 I+1 I+1 1+1 1+1 I+1
INM g4l _ P — O+ O — B 1 [P ot B Y
(rbs =€ h a(:r )h + /u’as h Cs ¢s >
e (o (#22) —1) :

which is a contradiction to the fact thatiLN M ¢>ls+1 < 0. Therefore (bl;'l > (. The indices s and [
being arbitrary, we obtain ¢! > 0 in QM. O

Lemma 4.2. (Uniform stability estimate) At any time level t;, if Hij'|r1 is any mesh function
such that H)"' = HIM =0, then

H-j+1 <

;<

1 ,
T, %%(_ILN’MHgH, for0<j< M

Theorem 4.1 (Error estimate in the spatial discretization). Let U(z;,t;+1) and Ug“ are
the exact solution and approximate solution of (1.1)-(1.2) respectively. If N and C are mesh
number and sufficiently large constant, then the following error bound holds.

LM (U(xiathrl) - Uij+1) <CN™! (4.1)
Proof. To proof and Lemma 4.2 andTheorem 4.1, see the reference in [28]. O

Combining Lemma 3.3 and Theorem 4.1, we can state the following theorem as main result
of this paper.

Theorem 4.2. (The main result) Let u(x,t) be the exact solution of (1.1)- (1.2) and U™ is
its numerical approximation obtained using (3.7). Then there exists a constant C' independent of
g, p, h and At such that

pei s U (i) < Clh+ AF) (42)

SUSAVLUS] >

Proof. This Lemma can be proved by combining Lemma 3.3 and Theorem 4.1, and it confirms
the developed method is uniformly convergent of second order in time and first order in space
directions. O
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5 Numerical implementations and discussions

To demonstrate the applicability of the proposed scheme in (3.7), two examples are provided
using MATLAB software. The maximum absolute errors and numerical rate of convergence are
calculated on the considered meshes (Shishkin mesh type, [26]) using the double mesh principle
given in [9] as follow.

ENM = max  UNM(zy, t;) — UM (29, ty;) (maximum absolute errors)
0<i,j<N,M
N,M
RocNM =log, | —gr— (rate of convergence)
2 2N,2M
Tr

Example 1. [30] We consider the following time-dependent problem

0?u ou Ou 5 5
Eﬁ—ku(lﬁ—x)%—a—u—l&n (1-2)*, (z,t)eQ=1(0,1) x (0,1]
u(z,0) =0, ze€Q,=10,1]

uw(0,t) =0, wu(l,t)=0, teQ,=][0,1]

Example 2. [4] For our second example, we consider the following time-dependent Initial Value
Boundary Problem (IVBP) of

Up — EUgy + (1 + exp(z))ug + (1 + z?z) u = 10exp (¢?) (2% — z*), (2,t) € (0,1) x (0,1]
u(x,0) =231 —x)3, z€(0,1)
w(0,t) = u(l,t) =0, te(0,1]

The exact solution of the two given problems are not known. So, we have used the developed
scheme in (3.7) to solve such problems and to investigate the applicability of our scheme. Tables
1 and 2 show the result of Example 1 by using the scheme in (3.7). From these tables, results
insure that our scheme is first order which confirms the spatial order. But, by using temporal
mesh refinement, we have improved this order to two as shown from Tables 3 and 4. Tables 6
and 7 show the numerical implementation of Example 2 using the developed scheme in (3.7),
and the results from these tables show that the linear convergence of the scheme. Using similar
technique that we did in Tables 3 and 4, we modified the linear convergence of the scheme to
quadratic convergence (see Table 8). Comparison of our scheme to existing schemes was done
in Tables 5 and 9, and from the comparison our scheme shows better accuracy than the existing
schemes. Figure 1 and Figure 2 describe the graphical result of Example 1, while Figure 2 is for
Example 2. The plotted figures exhibit that the boundary layer behavior in the solution of the
given problem. Also, the log-log plots in Figure 3 is plotted for the considered examples, and
these plots support our theoretical error estimates.
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Table 1: Maximum errors, Err?f l)M and rates of convergence, Rocé\{le using scheme

(3.7) for Example 1 with z = 272 and different values of ¢.
N — 16 32 64 128 256

el M — 8 16 32 64 128

26 Errl;M ] 3.6659¢-03  1.8261e-03  9.2406e-04 4.5617e-04  2.2918¢-04
Roc;M — | 1.0054 0.9827 1.0184 0.9931 -

28 BrriiM — | 3.7438¢-03 1.8710e-03 9.4711e-04 4.6727e-04 2.3476e-04
Roc;M — | 1.0007 0.9822 1.0193 0.9931 -

210 Errd;M — | 3.7424¢-03 1.8914e-03 9.7841e-04 4.8873e-04 2.4644e-04
Roc;M — | 0.9845 0.9509 1.0014 0.9878 -

9-12 Err;M - | 3.7399¢-03  1.8728¢-03  9.5354¢-04  4.9208¢-04  2.7039¢-04
Roc;M — | 0.9978 0.9738 0.9544 0.8639 -

9-14 Err;M | 3.7399¢-03  1.8728¢-03  9.5069¢-04  4.6984¢-04  2.3925¢-04
Roc;M — | 0.9978 0.9781 1.0168 0.9912 -

2-16 Err;M | 3.7399¢-03  1.8728¢-03  9.5069¢-04 4.6983¢-04 2.3635¢-04
Roc;M — | 0.9978 0.9781 1.0168 0.9912 -

910 Err;M | 3.7399¢-03  1.8728e-03  9.5069e-04  4.6983¢-04  2.3635¢-04
Roc;M | 0.9978 0.9781 1.0168 0.9912 -

ErrM | 3.7399¢-03 1.8728e¢-03 9.5069e-04 4.6983e-04 2.3635e-04

RociM | — 0.9978 0.9781 1.0168 0.9912 -

U(x,t)

[

U(x,t)

ot
“Q&_{‘\&g\&t\\\&

T-axis

T R

W\

Ao
R
)

0

{0

Figure 1: Numerical results of Example 1 using scheme (3.7) (a) for N = M = 64,
=22 p=23and (b)for N=M =64,e=2"2 =1

6 Conclusion of the Study

In this work, we have formulated a fitted operator finite difference method (FOFDM) for
solving singularly perturbed partial differential equations with two perturbation parameters. A
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Table 2: Maximum errors, Erré\,j ,’LM and rates of convergence, ROCNM using scheme

(3.7) for Example 1 with e = 1073 and different values of p.
N — 16 32 64 128 256

wl M — 8 16 32 64 128

20 Err;M ] 3.8894¢-04 5.4676e-05 1.3382¢-05 3.1627¢-06 7.0143¢-07
Roc;M | 2.8306 2.0306 2.0811 2.1728

272 Err;M | 3.3064¢-03  1.6808e-03 8.2753e-04 4.1419e-04  2.0490e-04
Roc;M — | 0.9761 1.0223 0.9985 1.0154 -

94 Errd;M — | 3.2956e-03 1.6376e-03 8.1657¢-04 4.1055e-04 2.0407¢-04
Roc;M — | 1.0090 1.0039 0.9920 1.0085 -

26 Errd;M | 3.2919¢-03 1.6359e-03 8.1575¢-04 4.0737e-04  2.0356¢-04
Roc;M — | 1.0088 1.0039 1.0018 1.0009 §

2-8 Err;M | 3.2909¢-03  1.6354e-03 8.1552¢-04  4.0725¢-04  2.0350e-04
Roc;M — | 1.0088 1.0039 1.0018 1.0009 -

2-10 ErriM | 3.29060-03 1.6353¢-03 8.1547¢-04 4.0722¢-04  2.0349¢-04
Roc;M — | 1.0088 1.0039 1.0018 1.0009 §

9-30 Err;M 1 3.7399¢-03  1.8728e-03  9.5069¢-04  4.6983¢-04  2.3635¢-04
Roc;M 1.0088 1.0039 1.0018 1.0009 -

Errl;M ] - 3.7399¢-03 1.8728¢-03 9.5069¢-04 4.6983¢-04 2.3635¢-04

Roc;M | — 1.0088 1.0039 1.0018 1.0009 -

ool
N'l,’l
A
\ \\s‘: R
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Figure 2: Numerical results of Example 1 using scheme (3.7) (a) for N = M = 64,

e=1=pand (b) for N =128 M = 64,6 = 1,y = 2740

uniform mesh has been considered in both space and time directions while we discretized the
given domain. The discretization used the Crank-Nicolson method for time variable and non-
standard finite difference method (NSFDM) for space variable. The proposed numerical method
is uniformly convergent independent of both the perturbation parameters, € and u. The scheme
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Table 3: Maximum errors, Err?f l)M and rates of convergence, Rocé\{le using scheme
(3.7) for Example 1 with z = 1073 and different values of e.
N — 16 32 64 128
el M — 8 32 128 512
10° Errl;M = | 3.7154e-04  5.1172e-05  1.2743e-05  3.1831e-06
Roc;M — | 2.8601 2.0056 2.0012 -
102 Errd;M = | 31715602 7.4881e-03  1.8460e-03  4.5989¢-04
RocM — | 2.0825 2.0202 2.0050 -
1074 Errd;M — | 3.6848e-02  8.7688¢-03  2.1682e-03  5.4171e-04
Roc;M — | 2.0711 2.0159 2.0009 -
1076 ErriM | 3.6921e-02  8.8083¢-03  2.1882¢-03  5.5165¢-04
RocM — | 2.0675 2.0091 1.9879 -
10°8 Errd;M = | 3.6921e-02  8.8083e-03  2.1882¢-03  5.5165¢-04
Roct;M — | 2.0675 2.0091 1.9879 -
10710 ErriM | 3.6921e-02  8.8083¢-03  2.1882¢-03  5.5165¢-04
Roc;M — | 2.0675 2.0091 1.9879 -
10720 | BrrlpM — | 3.6921e-02  8.8083¢-03  2.1882¢-03  5.5165e-04
Roc;M — | 2.0675 2.0091 1.9879 -
ErrlsM | o 3.6921e-02  8.8083¢-03  2.1882¢-03  5.5165e-04
RocliM | — 2.0675 2.0091 1.9879 -
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0.012
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0.008

0.006
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0.004
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¥

Figure 3: Numerical results of Example 2 using scheme (3.7) (a) for N = 128 = M
,e=p=2"2and (b) for N=128 = M,e = p =212

is shown to be first order in space and second order in time theoretically. But, we have improved
this order in to second order in both variables as shown in Tables 3, 4 and 8 of section 5. To
confirm the theoretical convergence results and to demonstrate the applicability of the proposed
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Table 4: Maximum errors, Erré\j F’LM and rates of convergence, RocéY;LM using scheme
(3.7) for Example 1 with x4 = 1073 and different values of y.
N — 16 32 64 128
el M — 8 32 128 512
102 Errl;M — | 3.6681e-02  8.7863¢-03  2.3760e-03  5.6170e-04
Rocl;M — | 2.0617 1.8867 2.0807 -
1074 Errl;M — | 3.6290e-02  8.6223¢-03  2.1288¢-03  5.3056e-04
RocM — | 2.0734 2.0180 2.0045 -
106 Errl;M — | 3.6288¢-02  8.6218¢-03  2.1287¢-03  5.3053¢-04
RocliM — | 2.0734 2.0180 2.0045 -
108 ErrM | 3.6288¢-02  8.6218¢-03  2.1287e-03  5.3053¢-04
RocM — | 2.0734 2.0180 2.0045 -
10710 Errl;M — | 3.6288¢-02  8.6218¢-03  2.1287¢-03  5.3053¢-04
RoclM — | 2.0734 2.0180 2.0045 -
10720 Err;M - | 3.6288¢-02  8.6218¢-03  2.1287¢-03  5.3053¢-04
RocM — | 2.0734 2.0180 2.0045 -
ErrlM | S 3.6288¢-02  8.6218¢-03  2.1287¢-03  5.3053¢-04
RocM | — 2.0734 2.0180 2.0045 -

Table 5: Comparison of Errl;M of our scheme in (3.7) with an existing schemes in [30]
using Example 1

p=10"%2 (N =M) — 16 32 64 128 256 |
¢ | Proposed method
272 3.5408e-03 1.4406e-03 7.2367e-04 3.6274e-04 1.8160e-04
276 7.6891e-03 3.5741e-03 1.6758e-03 8.3861e-04 4.1005e-04
278 8.8804e-03 4.8270e-03 2.3954e-03 1.1960e-03 5.9488e-04
scheme in [30]
272 7.10e-3 3.11e-3 1.44e-3 6.89e-4 3.37e-4
276 1.95e-2 7.29e-3 2.91e-3 1.27e-3 5.89e-4
278 3.21e-2 1.31e-2 4.91e-3 1.92e-3 8.19e-4

scheme, we have implemented two tested examples and results have been provided and presented
in tables and graphs. The numerical examples and the graphical results confirm the theoretical
analyses and findings. In our study, we focused on a two-parameter time-dependent problem in
one spatial dimension. However, future research can explore similar problems in higher spatial
dimensions.
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Table 6: Maximum errors, Erré\,[ ;LM and rates of convergence, RocgjLM using scheme
(3.7) for Example 2 with = 1072 and different values of e.
N — 32 64 128 256 512
el M — 8 16 32 64 128
102 Errl;M [ 4.8396e-03  2.4330e-03 1.2184¢-03 6.0984¢-04  3.0505¢-04
Roc;M — | 0.9922 0.9977 0.9985 0.9994 .
10~4 ErrM 5 | 4.8440e-03  2.4340e-03  1.2186e-03  6.0991e-04  3.0506¢-04
Roc;M — | 0.9929 0.9981 0.9986 0.9995 -
1076 | BrrliM — | 4.8440e-03 2.4340e-03 1.2186e-03  6.0990e-04 3.0506e-04
Roc;M — | 0.9929 0.9981 0.9986 0.9995 -
108 ErrM 5 | 4.8440e-03  2.4340e-03  1.2186e-03  6.0990e-04 3.0506¢-04
Roc;M — | 0.9929 0.9981 0.9986 0.9995 -
10710 | BErrlM 5 | 4.8440e-03  2.4340e-03  1.2186¢-03  6.0990e-04  3.0506e-04
RociM — | 0.9929 0.9981 0.9986 0.9995 -
10740 | Bl M 4.8440e-03 2.4340e-03 1.2186e-03 6.0990e-04 3.0506e-04
Roc;M — | 0.9929 0.9981 0.9986 0.9995 -
ErrM | 4.8440e-03 2.4340e-03 1.2186e-03 6.0990e-04 3.0506e-04
Roc;M | — 0.9929 0.9981 0.9986 0.9995 -
v oim-tz)zth)-z ° oi(m}:wl) .
%1072 —*—E=2'3,u=2'm %1072 —*—£=10'2,u=10'1° |
g 1072 é 1073
10 . 10 .
H 10t 102 10° H 10t 1,32 103
Figure 4: Log-Log plots of (a) Example 1 and (b) Example 2
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Table 7: Maximum errors, Errs,ﬁM and rates of convergence, Rocz,, using scheme
(3.7) for Example 2 with e = 1072 and different values of p.
N — 32 64 128 256 512
wl M — 8 16 32 64 128
1072 | Errl)M — | 4.8396e-03 2.4330e-03 1.2184e-03  6.0984e-04  3.0505¢-04
Roc;M — | 0.9922 0.9977 0.9985 0.9994 -
1074 | ErrlM | 4.8396e-03  2.4329e-03  1.2183e-03  6.0983¢-04  3.0505¢-04
Roc;M — | 0.9922 0.9978 0.9984 0.9994 -
1076 | BrrliM — | 4.8396e-03 2.4329¢-03 1.2183¢-03  6.0983¢-04  3.0505¢-04
Roc;M — | 0.9922 0.9978 0.9984 0.9994 -
1078 | ErrlM | 4.8396e-03  2.4329e-03  1.2183¢-03  6.0983¢-04  3.0505¢-04
Roc;M — | 0.9922 0.9978 0.9984 0.9994 -
10710 | BrrliM — | 4.8396e-03  2.4329¢-03 1.2183¢-03  6.0983¢-04  3.0505¢-04
Roc;M — | 0.9922 0.9978 0.9984 0.9994 -
1074 | BrrlM | 4.8396e-03 2.4329e-03 1.2183¢-03  6.0983e-04  3.0505¢-04
Roc;M — | 0.9922 0.9978 0.9984 0.9994 -
ErlM | 4.8396e-03 2.4329¢-03 1.2183e-03  6.0983¢-04 3.0505¢-04
RociM | — 0.9922 0.9978 0.9984 0.9994 -
Table 8: Maximum errors, Erré\f ,;M and rates of convergence, Rocng using scheme
(3.7) for Example 2 with z = 1073 and different values of ¢.
N — 32 64 128 256
el M — 16 64 256 1024
104 ErrliM — | 6.2804e-02  1.6164e-02  4.0679¢-03  1.0188¢-03
Roc;M — | 1.9581 1.9904 1.9974 -
106 ErrdiM = | 6.2807e-02  1.6165e-02  4.0682e-03  1.0189¢-03
Roc;M — | 1.9581 1.9904 1.9974 -
108 Errl;M = | 6.2807e-02  1.6165¢-02  4.0682¢-03  1.0189¢-03
RocM — | 1.9581 1.9904 1.9974 -
10720 | ErrliM — | 6.2807e-02  1.6165e-02  4.0682e-03  1.0189¢-03
RocliM — | 1.9581 1.9904 1.9974 -
ErrM ] S 6.2807¢-02  1.6165¢-02  4.0682e-03  1.0189¢-03
RociM | — 1.9581 1.9904 1.9974 -
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