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Abstract: This study deals with the singularly perturbed multi-point boundary value problem and an effective numerical method. The
method analysis singularly perturbed problem with multi-point boundary value as theoretically and experimentally. It is shown that the
presented method has first-order approximation in the discrete maximum norm. The numerical results are presented in table and graphs,
and these results come out the validity of the theoretical analysis of our method.
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1 Introduction

Consider the following second-order linear singularly perturbed multi-point boundary value problem

—eu"+b(x)u(x)=f(x), 0<x<l, (1)
u(0) =0, 2)
u(l)= iciu(s,-)—i—d, 3)

i=1

where 0 < € < 1 is a small perturbation parameter; b,d,m and c; are given constants, 0 < s; < 1,i = 1,2,...m; and
b(x) > b* >0 and f (x) are assumed to be continuous functions in [0, 1], and moreover

m
—o0 ZC,’WO (S,‘) <1,
i=1

1—e Ve b1
wo (x) = —5e Ve
l—e Ve

It is a well known fact that differential equations with a small parameter € multiplying the highest-order derivative terms
are called singularly perturbed differential equations. Standard numerical methods for solving singularly perturbed
problems are fail to give accurate results and unstable due to the perturbation parameter €. Therefore, there are some
fitted numerical methods to solve equations like these, such finite difference methods, finite element methods etc. So, we
prefer to use finite difference method for solving this problem in this paper.
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Singular perturbation problems arise in chemical-reactor theory, control theory, oceanography, fluid mechanics, quantum
mechanics, hydro mechanical problems, meteorology, electrical networks and other physical models [13,14,17,18,19,
20,21,22]. Singularly perturbed differential equations with nonlocal boundary value have been studied by many authors.
According to some references, existence and uniqueness of nonlocal problems can be seen in [1,4,22]. A finite
difference scheme on an uniform mesh for solving linear (nonlinear) singularly perturbed problem with nonlocal
condition have been found in [1,2,3,5,6,7,8,9,10,11,12,15,16].

In the above aforementioned papers, related studies to singularly perturbed problems are related only with the ordinary
cases. In addition, available studies for the numerical solution of singularly perturbed problems with multi-point
boundary conditions have not widespread yet. It can be seen in [5,10] that various difference schemes exist for
multi-point and integral boundary conditions.

In this present paper, we use finite difference method on a Shishkin mesh for the numerical solution of the nonlocal
problem (1)-(3). This method is shown uniformly convergent of first-order on Shishkin mesh, in discrete maximum
norm. Some properties of the exact solution of the problem described in (1)-(3) is investigated in Section 2. Finite
difference schemes on Shishkin mesh for the problem (1)-(3) are constructed in Section 3. The error analysis for the
difference scheme is performed in Section 4. Finally, We formulate the iterative algorithm for solving the discrete
problem and a numerical example present to find the solution of approximation in Section 5.

Henceforth, C, Cy and C; will mean positive constants independent of € and the mesh parameter.

2 Some properties of the continuous problem

Here we establish very important asymptotic properties of the exact solution of the problem (1)-(3) that will be used to
anaylze appropriate finite difference problem.

Lemma 1. If b(x) and f(x) be sufficiently smooth on interval [0,1] and

Y csi) < 1, @

i=1
where wo (x) > |w (x)] is the solution of the following problem
—ew” +b(x)w(x) =0,
w(0)=0,w(l)=1.
Then, the solution of the problem (1)-(3) satisfies the following inequalities:
HM(X)HC[OJ] < Co, (&)

where
Co= ()| +|A][wX)],

and

_ bx _b(1—x)
(e VE fe  VE )}, 0<x<1. 6)
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Proof. Let us take u (1) = A and the solution of the problem (1)-(3) as
u(x) = v () + Aw(x).
where "
d+ Y civ(s)
i=1

A= ———
1—=Y ciw(s;)
=1

and the function v (x) is the solution of the following problem
—&"+b(x)v(x) = f(x),
v(0)=0,v(1)=0.
Now, we use the maximum principle for the evaluation of the functions v (x) and w (x), and so we have

V@) < P O)+ ()57 fllcp <5 1/ lleqo,y < € @)

and
w @) < w(0)[+[w(1)] < 1. €)

Finally, from (7) and (8), we obtain
u(x)] = v ()| + [A[[w (x)] < CL + 2] < Co,
which proves (5).
Next, we will examine the inequality (6). Differentiating the Equation (1), we get the relation
—eu” (x)+b(x)u (x) = D (x), )

where

D (x) = f(x) = b (x)u(x).

After doing some calculation in the Equation (9), we obtain

, C _bx _b(—x) 1 _bx _b(1-x)
‘u (x)|§C+\/§(e Ve fe Ve )gc{1+\/§<e Ve Lo VE )},

(see in [8]). Eventually, we have the inequality (6). And so, the proof of Lemma 1 is completed.

3 The Establishment of difference scheme

In here, we discretize the problem (1)-(3) using a finite difference method on a piecewise uniform mesh of Shishkin type.
The Shishkin mesh is introduced for this study as follows.
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3.1 Shishkin mesh

The approximation to the solution u of the problem (1)-(3) will be computed on a Shishkin mesh. For a divisible by four
positive integer N, we divide the interval [0, 1] into the three subintervals [0, 0], [0,1 — 0] and [1 — &, 1]. In practice, we
usually has 0 < 1, and so the mesh is fine on the intervals [0, o] and [1 — 0, 1] and coarse on the interval [c, 1 — ¢]. Here
o is transition point which is called as following:

1
G:min{4,b1£1nN}. (10)

We introduce a set of the mesh points @y = {x,-}fv: 09

xj = ih), fori=0,1,2,...%;
. xi:G—i—(i—%)h(z), fori:%—&—l,...,%;
On = — W) ) fori= 3N 41, N;
1-20)  p(3) = 4o
N

)

1 2
@, Lm0 - K « y-1 e ) Nl
h +2<h +h ) G SN k=13 N < <ov

For each i > 1 we set the step-size h; = x; —x;—1,i=1,2,...,N.

3.2 Construction of the difference scheme on Shishkin mesh

We introduce an any non-uniform mesh on the interval [0, 1]
oy ={0<x;<x<..<xy_1 <1},

and

CT)NZ(DNU{X()ZO,XNZ 1}.

Before describing our numerical method, we introduce some notations for the mesh functions. We define the following
finite difference for any mesh function g; = g(x;) given on @y :

o 8&i—&i-1 o 8i+1—8&i _ 8xi T 8xi
8x,i = hi s 8xi = hi+1 ’ g;’w» - 2 )
gei— 8i+1 —&i g = 8ri — 8%i o _ hi +hiy
X,i ﬁi s SXX, 1 ﬁi s 1 ) )
18llee = 118lc0,y := Orggvlgil-

Now, we construct the difference scheme for the Equation (1). Firstly, we will integrate the Equation (1) over (x;—_1,x;+1),

Xit1 Xit1

Sifi! / Lu(x)pi(x)dx = &1 / FO@@)dx, i=1,..N, (1

Xi—1 Xi—1
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here {¢;(x)}" is the basis functions that {;(x)}Y_," has the following form

i=1

(pi(1)<x): m, Xi—1 < x < Xxj,

shy;h
2 S . . —
(Pi(x) = (P,( )('x) = ‘h%_(y)}?;}ll ) y Xi <X < Xjt1,
0, x & (Xio1,Xir1),

where y; = \/g ; (pi(l) (x) and (p-(z) (x), respectively, are the solution of the problems as:

1
78(P,/+bi(p:0, Xi—1 <x <X,
¢ (xi-1) =0, @(x)=1.
—e(p”—l—b,'(p:O, Xi < x < Xit1,

¢ (xi) =1, ¢(xit1)=0.
After doing some arrangements in the Equation (11), we have

Xit1 Xit1

&h;! f u (x)@'i(x)dx+8:bih; ! / u(x)@;(x)dx = f; +R;, (12)
Xi_1 Xi1
where
Xitr1 Xit1
Ri= & / [ (x) — b ()] () @: (x)dx + ;! / F () — £ ()] @i(x)dl, (13)
Xi—1 Xi—1
and |
Xit1 B

o = ﬁfl/(p,-(x)dx

Xi—]
Using the interpolating quadrature rules (2.1) and (2.2) from [4] with weight functions @;(x) on subintervals (x;—_1,x;+1)
from (12), we obtain the following precise relation:

lu; == —SGith)?’i—l—biui:ﬁ—‘rRi,i:17...,N, (14)

where
bih?

- vhi\
485’12 (T)

If we neglect R; in the Equation (14), we can suggest the following difference scheme for the problem (1)-(3):

0; 5)

lyi = _eeiyﬁ\,i—i_biyi:fia izly"'aN7 (16)
yo=0, (17)

m
yN: Zcini (XM)+d, (18)

i=1

where xy, is the mesh point nearest to s;, and 6; is given by (15).

© 2021 BISKA Bilisim Technology


www.ntmsci.com

(_/
200 BISKA D.Arslan: An effective approximation for singularly perturbed problem

4 Uniform error estimates

In this part, we will investigate the convergence of the method for the problem (1) and (3). We will give the error function
zi=Yyi—u;, i =0,1,....N, where z; is the solution of the discrete problem

*geiz)aji‘i’bizi:Ri, i=1,...,N, 19)
720 =0, (20

m
N =Y CiaN;, 21)

i=1

where R; and 6; are defined by (13) and (15), respectively.

Lemma 2. Let z; be the solution (19)-(21) and
m
Y ciza(si) #1.
i=1

Then the estimate
< CIRl|c gy - (22)

[12l]<o,

holds.

Proof. Let z(x) = 71 (x) + Azz (x) be the solution of the discrete problem (19)-(21), where z; (x) and z, (x) are the solution
of the following problems, respectively:

—€0izi+bizi=R;, i=1,...,N,

2 (0) :Oa <1 (1) :Oa

and
—€0izg,; +bizi=0,i=1,...,N,

2(0)=0,2(1) =1,

where "
d—+ Z CiZ1 (S,')
)., — lr:nl

1= X ez (si)

1

)

1=Y ciza(si) #0.
i=1
According to the maximum principle for z; (x) and z1 (x), we have the following evaluations:
21 ()] < Jz1 ()] + a1 (1) 457 |[Rlle o < CIRlle gy - (23)

and
|z2 ()] < |22 (0)|+]z2 (1)] < L. (24)
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Next, we have from (23) and (24)
()] < lzt )]+ 4] 22 ()] <572 [[R]l o gy + 2] < IR oy »

which proves Lemma 2.

Lemma 3. Under the assumptions of section 1 and Lemma 2 the solution of the problem (1)-(3) satisfies the following
estimates for the remainder term R; :
IR|l... 5, < CN~'InN. (25)

Proof. The reminder term R; can be rewritten with (2) and using mean value theorem as

Xi1 Xiy1
|Rl‘| S&,ﬁ:l /Ch,-Co(pi(x)dx—i—S,-h;l /Chi(Pi(x)dXSChi.

Xi—1 Xi—1

Now, we will evaluate R; for the intervals [0, 0], [0,1 — o] and [1 — 7, 1], respectively.
In the first case, for § > b~'elnn = o and the interval [0, 0] :

4Co _4b~'elnN N
Ri|<chnh <220 <22 EMN oy, i=1,.., 0 1.
N N 4
In the second case, for 7 > b~ 'elnn = o and the interval [0, 1 — o] :
2C(1-20) 2C(1-2b"'elnN) _ . N 3N
Ri| <Cch® = = <CN'IN,  i=— 41,20 1.
| l‘— N N — ni, l 4+ ’ ’ 4
In the third case, for % > b~ !elnn = o and the interval [1 — o, 1] :
4Co _4b~'elnN 3N
R <ch® =250 <22 EMN - oy, i= 20 41, LLN.
N N 4

and then, we evaluate R; for i = % and i = %N, respectively:

‘R% <Ch=Ch'Y) = C4oN~" <4CN~'b~'elnN < CN~'InN,

and
<Ch=Ch» =2C(1-2b""elnN)N"' <CN'InN.

=

-

+

According to all these situations, we have
IRi| <Ch; <CN~'InN.

This completes the proof of Lemma 3.

We can state the convergence result of this study the following Theorem 4.

Theorem 1. Let u (x) be the solution of the problem (1)-(3) and y; be the solution of the difference scheme (16)-(18). Then,
the following uniform error estimate satisfies

Iy =l g, <CN"'InN.

© 2021 BISKA Bilisim Technology


www.ntmsci.com

(_/
2 BISKA D.Arslan: An effective approximation for singularly perturbed problem

5 Algorithm and numerical results

Here an effective algorithm has been given for the solution of the difference scheme (16)-(18) and numerical results have
also been displayed in table and graphs.

(a) We give the algorithm for the solution of the difference scheme (16)-(18):

89[ 289i 891' .
- b: ) v; P Yy = —f i=1..N—1
<ﬁihi>yl : <hihi+1 + l> yl+ <hihi+1>yl+] ﬁ; l ’ ) 5

:L@’Bi: £6; = 2€6;
hih; hihiy hihiy

Ai +bi7

a =0, B =0, o =0, ﬁ%H = M1,

aw =0, Bov = pa, dsv =0, Bov ) = pi3,

B; _ F+AB
0% +1 =0, ﬁ%ﬂ = H4, Qig ) = A’ Bit1 = C—ha’ ' L..,N—1,
") = gy Bisr, i=N—1,..,2,1
Yi =01y +Bivy, i= ey 2, 1.
(b) We examine the following problem to see how the method works:
—eu” (x) +u(x) = —cos? (mx) — 2em* cos (2mx), 0 <x <1,

w(0)=0, u(1)=0.03u(0.9)+0.2u(0.1) +0.51(0.2) +0.094 (0.5) + d,

where 1

0.4415¢ Ve
d=01924 2

1+e Ve

We have the exact solution of this problem as

() e (47)
N I +exp (—ﬁ)

The corresponding €— uniform convergence rates are computed using the formula

—cos? (mx).

u(x)

PN _ In (eN/eZN)

The error estimates are denoted by

N = m?"efsvv egl = ”y*u“wa,@]v'

6 Conclusion

In this study, we have offered an effective finite difference method for solving second-order linear singularly perturbed
multi-point boundary value problem. The method has display uniform convergence with respect to the perturbation

© 2021 BISKA Bilisim Technology
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Table 1: The computed maximum pointwise errors ¢V and rates of convergence p"

€ N=20 N =40 N =280 N =160 N=320 N=640 N =1280
27% 0.021418 0.006108 0.002110 0.0010691 0.000537 0.000269 0.000135

1.81 1.53 0.98 0.99 0.99 0.99 1.01

275 0.043843  0.021665 0.011007 0.005546  0.002741 0.001317  0.000614
1.01 0.97 0.98 1.01 1.05 1.09 1.15

276 0.058022 0.027151 0.014254 0.007787  0.004269 0.002315 0.001237
1.09 0.92 0.87 0.86 0.88 0.90 0.92

277 0.071795 0.029787 0.014522 0.008021  0.004490 0.002520 0.001403
1.26 1.03 0.85 0.83 0.83 0.84 0.83

278 0.096957 0.033896 0.014905 0.007592  0.004166 0.002377 0.001323
1.51 1.18 0.97 0.86 0.81 0.84 0.83

eV 0.096957 0.033896 0.014905 0.008021 0.004490  0.002520 0.001403

pN 1.51 1.18 0.97 0.83 0.83 0.84 0.83

Q o

LAl
™

o
=
||||I||E‘|
.-""-"l:l
:l-l
\_\ri‘:
G_
t
A
"o
llh_n
I:lu

. \ /.-" \ .;_.

Fig. 2: Exact solution distribution for N =40, e =274, ... 278,

© 2021 BISKA Bilisim Technology


www.ntmsci.com

24 BISKA D.Arslan: An effective approximation for singularly perturbed problem

:

Fig. 3: Error distribution for N =20, e =24 =273 =279,

parameter €. Also, the method is first order convergent in the discrete maximum norm. Numerical example shows that
recommended method has a good approximation characteristic as: in table and graphics, when N takes increasing values,
it is seen that the convergence rate of the smooth convergence speed p" is first order. The exact solution and approximate
solution curves are almost identical as shown in Figure 1. In Figure 2, as € values decrease, the graph approaches more
towards the coordinate axes in the boundary layer region around x = 0 and x = 1. In Figure 3, the errors in these regions
are maximum because of the irregularity caused by the sudden and rapid change of solution in the boundary layer region
around x = 0 and x = 1 for different values €. Thus, numerical results prove that the proposed scheme is working very
well.
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