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Fitted operator average finite difference method
for singularly perturbed delay parabolic reaction
diffusion problems with non-local boundary

conditions

Wakjira Tolassa Gobena and Gemechis File Duressa

Abstract. This paper deals with numerical solution of singularly perturbed de-
lay parabolic reaction diffusion problem having large delay on the spatial variable
with non-local boundary condition. The solution of the problem exhibits parabolic
boundary layer on both sides of the spatial domain and interior layer is also created.
Introducing a fitting parameter into asymptotic solution and applying average finite
difference approximation, a fitted operator finite difference method is developed for
solving the problem under consideration. To treat the non-local boundary condition,
Simpson’s rule is applied. The stability and e— uniform convergence analysis has
been carried out. To validate the applicability of the scheme, numerical examples are
presented and solved for different values of the perturbation parameter € and mesh
sizes. The numerical results are tabulated in terms of maximum absolute errors and
rate of convergence and it is observed that the present method is more accurate
and shown to be second order Uniformly convergent in both direction, and it also
improves the results of the methods existing in the literature.

Keywords. Delay parabolic problem, exponentially fitted operator, singular perturbation,
non-local boundary condition

1 Introduction

Singularly perturbed delay differential equations are being used to model many practical prob-
lems in different branches of science and engineering including simulation of oil extraction from
underground reservoirs, chemical processes, fluid flows, heat and mass transfer process in com-
posite materials with small heat conduction or diffusion, control theory, population dynamics,
and neuronal variability. For example (see Driver[1], Bellen and Zennaro [2], Cannon [3], Ewing
and Ling [4], Formaggia et.al.[5] the references therein).

Singularly perturbed parabolic partial differential equations with out delay (see Bulloet.al.
[6], Kumar and Rao [7], Clavero et.al. [8], Miller et.al.[10]) and with delay (see Ansari et.al.[9],
Woldaregay et.al.[12], Kumar and Kadalbajoo [15], Singh et.al. [16], Kumar and Kumari[17],
Bashier and Patidar [18], Patidar and Sharma [19], Bansal and Sharma[20, 21], S.Kumar and
M.Kumar[22] and the references therein) have received considerable attention over the past few
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decades. The existence and uniqueness of the second order parabolic delay differential equations
with integral boundary conditions and its applications is discussed in Bahuguna and Dabas [13].
But, in recent years, singularly perturbed delay ordinary differential equations with integral
boundary conditions have been developed extensively in literature (see Amiraliyev et.al. [23],
Debela and Duressa [24, 25, 27], Sekar and Tamilselvan [26], Amiraliyev and Ylmaz [28], Kudu
and Amiraliyev [29] and the references therein). Due to the presence of the small perturbation
parameter ¢ in its leading spatial derivative term, there exist parabolic boundary layers which
are located in the neighborhood of boundary of the domain, and interior layer is formed in side
domain, where the solution changed rapidly. Since the traditional numerical methods for solving
such problem are sometimes unstable and fail to give accurate results and unexpected oscillations
occur when the parameter e — 0 Farrell et.al.[30].

Therefore, it is important to develop suitable numerical method that gives good results for
small values of the perturbation parameter where others fails to give good results and uniformly
convergent (whose accuracy does not depend on the parameter ). However, to the best of the
researchers’ knowledge, except the work in Elango et.al. [31], and Gobena and Duressa [32],
not much work has been done to solve the problem under consideration. Hence, in this paper,
fitted operator finite difference method (FOFDM) on uniform mesh is proposed to solve singular
perturbed delay parabolic differential equations with non-local boundary condition.

The present paper is organized as follows: In Section 2, description of the problem
and bounds on the solution and its derivatives are given. The discretization and techniques of
exponentially fitted finite difference scheme is described in Section 3. Uniform convergence anal-
ysis of the discrete scheme is delt in Section 4. Numerical examples and Discussion are given in
Section 5. Finally, conclusion is given in Section 6.

Notations: Throughout this paper N and M denote the number of mesh elements in
space and time direction respectively. The notation for jump in any function at a point “p”with
[x](p) = x(p™)—x(p~). Further, C is a positive constant independent of the singular perturbation
parameter € and the mesh sizes. The sup norm for a given function x defined on the domain €2
is calculated by: ||x|l, = sup(znealx(z,1)].

2 Statement of the problem

Consider the following singularly perturbed delay parabolic differential equation with non-local
boundary condition on Q@ = D x (0,7] in space-time plane, where D = (0,2),T is some fixed
positive number and I' = T UT', UT,.. where I'; = [—1,0] x [0, 7] and I, = {2} x [0, T] are the left
and the right sides of the rectangular domain 2 corresponding to x = 0 and x = 2, respectively

and I', = D = [0, 2].

2
Lou(z,t) = (gt — 6% + a(x,t))u(:c,t) +b(x, t)u(x — 1,t) = f(x,t), (z,t) € Q (2.1)

subject to initial and boundary conditions

u('r’t) = (z)l(x’t)’ (x7t) el u(a:,t) = ¢b(xat)’ (Jf,t) €Ty,

Ku(x,t) = u(2,t) — sjg(x)u(:c,t)dx = ¢, (z,t) €Ty, (2:2)
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D x [0,T] and £,0 < ¢ < 1 is given constant, a(z,t),b(x,t), f(x,t) on Q
v(x,t) on T' are sufficiently smooth, bounded functions that satisfy
a(,

t)y>a>0, bx,t)<B<0, a+B>0, onf. (2.3)

2
Further, g(z) is non-negative function and monotonic with 1 — [ g(z)dz > 0.
0

The problem (2.1)-(2.2) can be re-written as,

Lou(z,t) = F(x,t), (2.4)
where
Lycu(z,t) = (2 - 58 > +a(z,t) Ju(z,t), (x,t) € Q,
L.ou(z,t) = ,
Ly cu(z,t) = % - E% +a(x,t) Ju(z, t) + bz, t)u(z — 1,t), (x,t) € Qa,
(2.5)
| flxt) = bz, t)pi(x — 1,t), (x,t) € (0,1) x [0,7],
Fla,t) = { ), (o) € (L2) % 0,77, (26)
with boundary conditions
u(z,t) = ¢i(x,t), (x,t) €Ty, ulx,t) = gp(x,t), (z,t) € Ty,
w(17,t) = u(17,t), ux(17,t) = us(17,¢), 2.7)
Ku(z,t) = u(2,t) — Eofg(x)u(x,t)dx = ¢p(, 1), (z,t) € T,

where

O = (O» 1] X [OaT]a Oy = (1a2) X [OvT]v O = Q1 U Qy.

In this paper, we analyze fitted finite-difference numerical method on uniform mesh for the
numerical solution of the problem (2.1)-(2.3). Uniform convergence is proved in the discrete
maximum norm. Finally, we formulate the algorithm for solving the discrete problem and give
the illustrative numerical results.

2.1 Bounds on the Solution and Its Derivatives

The existence and uniqueness of a solution for problem (2.5)-(2.7) can be established by assuming
that the data are Hdlder continuous and imposing appropriate compatibility conditions at the
corner points (0,0), (2,0), (—1,0) and (1,0) (see Ladyzhenskaya et.al.[11]), using the assumptions
of sufficiently smoothness of ¢;(x,t), ¢.(x,t) and ¢p(x,t).

The required compatibility conditions are

¢5(0,0) = ¢1(0,0), ¢5(2,0) = ¢(2,0). (2.8)
and
{ FHo0 = <5 00 + al0.0004(0.0) + b(0.0)6(~L0) = /(0.0) 29)
¢T|(2 0) — €22 2.0y + a(2,0)h5(2,0) +b(2,0)¢b(170) = f(2,0),

so that the data matches at the corner points. The following theorem gives sufficient conditions
for the existence of a unique solution of the problem (2.5)-(2.7).
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Theorem 2.1. For
a(x,t),b(z,t), f(z,t) € CPAID(Q), ¢y, 6. € CHP/D([0,T]), ¢ € CEHAITA/(Ty) B € (0,1).

Then, the problem (2.5)-(2.7) has a unique solution u(x,t) € CCHPLIEB/2)(Q) . In particular,
when the compatibility conditions (2.8) and (2.9) are not satisfied, a unique standard solution
still exists but is not differentiable on all of 0N2.

Proof. One may refer Ladyzhenskaya et.al.[11]. O

The reduced problem corresponding to singularly perturbed delay parabolic PDE (2.5)-(2.7)
is given as
{ auo + a(x t)uO + b( aﬂd’l(x - Lt) = f(xat)v (l’,t) € Qla (2 10)
uo(x t) = ¢pp(z,1), (z,t) € Tp. '
{ %o 4 gz, thug + b(z, huo(z — 1,t) = f(a,t), (z,t) € Qa,
uo(w,t) = Gp(x.1), (x,1) € Ty
As ug(x,t) need not satisfy up(0,t) = u(0,t) and ug(2,t) = u(2,t), the solution u(x,t) exhibits

boundary layers at = 0 and x = 2. Further, as uo(17,¢) need not be equal to ug(17,t), the
solution u(z,t) exhibits interior layers at « = 1.

(2.11)

Lemma 2.1. The solution u(z,t) of (2.5)-(2.7) satisfies the estimate

lu(z,t) — ¢p(x,0)| < Ct, (x,t) €Q (2.12)
where C is a constant independent of .

Proof. The result follows from the compatibility condition. The detailed proof in Rooset.al.
[33]. O

The differential operator for the problem under consideration is given by L. = gt 58‘9—; +a.

Lemma 2.2. Continuous maximum principle. Let ¢(z,t) € U* = CO(Q)nCHO(Q) N
CEU(Q) U ) such that $(0,1) > 0,9(x,0) > 0,K¢(2,t) > 0,Lyp(w,t) > 0,%(x,1) €
>

Ql,Lz,si/J(x,t) > O,V(l’,t) € Q27 and W}m](lat) - ¢m(1+7t) - "/)m(liat) < 0 th6n7 l/f(xat)
0,V(x,t) € Q.

Proof. Define a test function
, (@) € (0,
(z,t) € (1

s(ac,t)z{ el

Note that s(x,t) > 0,V(x,t) € Q, Ls(z,t) > 0,V(z,t) € (21UQs), s(0,t) > 0, s(z,0) > 0, Ks(2,t) >
0, and [s;](1,t) < 0. Let
P(z,t)

S0 s (x,t) € Q).

Then, there exists (xg,t0) €  such that ¥ (xg,t0) + d15(z0,t0) = 0 and Y(z,t) + 615(z,t) >
0,V(x,t) € Q. Therefore, the function (¢ + d5) attains its minimum at (x,t) = (z¢, o). suppose
the theorem does not hold true, then §; > 0.

Case (i): (zo,t0) = (0,t0)

(2.13)

0000 |

+ 1
+ 2) (0,7,

SIS

)

01 = max{—
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0 < (¢4 018)(0,t9) = 9(0,t0) + 618(0,t0) = 0. It is a contradiction.

Case (ii): (wo,t0) € U

0< L175(’l/)+(515)(170,t0) = (¢+515)t($o,to) *5(7/1+515)Im(1'0,to)+a(£130,t0)(’ll)+615)(170,t0) < 0.
It is a contradiction.

Case (iii): (xo,%0) = (1,10)

0 < [(¢ +615) (1, t0) = [](1,t0) + 01[s'](1,t0) < 0. It is a contradiction.

Case (iv): (zg,t0) € Qo

0< L275(’L/) + 515)(1’0, to) = (’l/) + 515),5(1’0, to) — E(?/J + 515)9”(:170, to) + CL(I(), to)(d) + 518)(.%0, to) +
b(xo,t0) (¥ + 18) (o — 1,%9) < 0. It is a contradiction.

Case (v): (zo,to) = (2,10)

2
0 < K+ 615)(2,t0) = (¥ + 615)(2,t0) — € [ g(x) (¥ + d18)(x, t)dz < 0. It is a contradiction.
0
Hence, the proof of the theorem. O
An immediate consequence of the maximum principle is the following stability result.

Lemma 2.3. Stability Result. Let u(z,t) be a solution of the problem (2.5)-(2.7), then

o} (z,1) € Q.

lullg < Cmaz{lullp, , [lullp, , o [ el
Proof. It can be easily proved using the maximum principle Lemma (2.2) and the barrier functions
OF (z,t) = CMs(z,t) + u(z, t), (z,t) € Q,

where M = maz{|ullp, , (v, , s |lLeullg. } and s(x, ) is the test functions as in Lemma
(2.2). O

Theorem 2.2. Let a(x,t),b(x,t), f(z,t) € CCHALIEB/2(Q) ¢, € C2P/2([0,T)),

¢, € CEH2([0,T)), ¢y, € C’(‘Hﬁl’%ﬁl/2 (Ty), 51 € (0,1). Assume that the compatibility condi-
tions are fulfilled. Then, the problem (2.5)-(2.7) has a unique solution u(x,t) and u € C4+F1:2+61/2)(Q).
Furthermore, the derivatives of the solution u satisfy:

H Oz, t)

e HngW, Vi,j € Z >0 such that 0 <i+2j <4,

where the constant C is independent of ¢.

Proof. One may refer Elango et.al.[31] for the details. O

Theorem 2.3. Let the data a(z,t),b(z,t), f(x,t) € CUTALZHR/2(Q) ¢ ¢, €
CGB/2)([0,T)), gy € COEHA3+5/2)(Ty), 31 € (0,1). Assume that the compatibility conditions are
satisfied. Then, we have

Hliti)y, )
|| <o 2 2.14
(i+5) —i/2 —x/\/e
0 @1({6,t) < C’s_l 26_ K (x,t) € O, (2.15)
Oz ot Ce=i/2e==D/VE  (z.t) € Qy,
Aty Ce™i2e~(-0)/VE (1. 1) € Q, (2.16)
axlatﬂ Ce™i2e=R=2)/VE | (2.1) € Qy, .

where the constant C' is independent of e,Vi,j € Z >0, 0<i+ 25 <4.
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Proof. One may refer Elango et.al.[31] for the details. O

Theorem 2.4. The partial derivative of w(zx,t) satisfy

o[ CemiP(emmIVE g em(mm/VE), (2,1) €S, (2.17)
CE_i/2(6_(x_1)/\/E + +e_(2_3;)/\/5)7 (1‘7 t) € QQ’ '

Ali+i)
H Oz'ots

Vi, j € Z >0, such that i + 25 € [0,4].

Proof. The proof of the theorem is completed by using the estimates of (2.15),(2.16) and the
decomposition w = w; + w,.. O

3 Formulation of the method

For small values of ¢, the boundary value problem (2.1), (2.2) exhibits strong boundary layer at
x = 0,2 and interior layer at x = 1 and cannot, in general, be solved analytically because of the
dependence of a(z,t) and b(z,t) on the space-time plane (x,t). Let N and M be positive integers
different from one, and these integers may or may not be equal. Then, discretize the solution
domain  with uniform step length h and At in space and time direction respectively. Hence,
the interval [0,2] is portioned into N, and M equal sub-intervals correspondingly. Also, each
nodal points satisfies 0 = xg, 1, e TN = 1,x%+1, v,y = 2, and 0 = tg,tq,...,tpr = 2. Thus,
the nodal points in the solution domain are points of the form (x;,t;) using the mesh generation

2 2
T = 0L N, = AL At= o j=0,1,. M. (3.1)

If we consider, the interval ; = (0,1) x [0,T] then we will obtain the following equation

JCi:ih, h=

(aat - 588,752 + a(xvt)>u($vt) = f(x7t) - b(x7t)¢l(x - 17t)7 (:E,t) € (07 1) X [OvT]v (3 2)
u(z,t) = ¢i(x,t), (2, t) €Ty, w(l™,t) = u(1r,t), u(17,t) = u,(17,¢).
Now, the domain [0, 1] is discretized into 4 equal number of subintervals, each of length h.

Let 0 = L0 L1,y TN = 1, be the points such that z; = ih, i = 0,1,...,% and Vt; =
jAt, j = 0,1,...,M. For the discretization, we apply a exponentially fitted operator finite
difference method (FOFDM).

From (3.2) we have
(8 - 56—; + a(x,t))u(m,t) = F(z,t), (z,t) € (0,1)x[0,T], (3.3)

where F(z,t) = f(x,t) — b(z, t)1(xz — 1,1).
To formulate the method, let us consider singularly perturbed homogeneous differential
equation of the form:

uw(0) = ¢y(0), w(17) =u(1), u' (1) =u (17). (3.4)

whose analytical solution is

{su” (2) + a(z)u(z) =0, =€ (0,1),

u(z) = Cexp(+ @x), (3.5)
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where C' is an arbitrary constant to be determined from the boundary conditions. Considering h
is reasonably small and evaluating the result in (3.5) at each nodal points z; € [0, 1] gives

u; = u(ih) = Cexp(v/al(w;)ip). (3.6)
similarly, we have
{UM = Cexp(y/alw:)ip) exp(+/a(x:)p). 57

u;—1 = Cexp(y/alr)ip) exp(—/a(z)p),

where p = %

. . "N .
Consider a uniform grid Q; = {z;}¥, and denote h = z;,1 — ;. For any mesh function v;,
define the following difference operators

Vi1 — U _ Vi — Vi1 _ Vi1 — 205 + v
Dty =" Dy=——"" D'D v ="+ R

h h h?

To handle the effect of the perturbation parameter,we multiply artificial viscosity (exponentially
fitting factor o(p) )on the diffusive term of the problem. Introducing an exponentially fitting
factor o(p) in (3.4), and applying the central finite difference scheme (3.8) gives:

—ea(p)DT D™ u(z;) + a(xi)u(x;) = 0. (3.9)

(3.8)

Evaluating the limit of (3.6) and (3.7) at each nodal points z; € [0, 1], we obtain:

lim u; = Cexp(y/a(zi)ip),

5
Lim ity = Cexp(y/a(z:)ip) exp(y/a(zi)p), (3.10)
lim u;—1 = Cexp(y/a(x;)ip) exp(—+/a(x;)p).
h—0

Now, for small values of h from (3.9) and (3.10) we get:

a(x;) }IL% U;

U(p) - lim (’LLZ'+1 — 2’LL1 + Uifl)
h—0

_ pra(@;) (3.11)
exp(y/a(z;)p) — 2+ exp(—+/a(i)p)

) n(857))

Assume that @ denote partition of [0, 2] into N subintervals such that 0 = xp < 21 < ... <znx =
land 1 < Ty <Ty 4o <. <ZTy= 2, with @; = ih, i = 0(1)N and Vt; = jA¢t, j = 0(1)

2
Case 1: Consider (2.4) on the domain ©; = (0,1) x [0, 7] which is given by:

0 0?
Ly cu(z,t) = <8t €53 + a(x,t))u(x,t) = f(z,t) — bz, t)P(x — 1,1). (3.12)
Introducing fitting parameter o(p) into (3.12) and re-write it at the nodal point (z;,¢;, 1) as:
1 i+d 2 it3 i1 o1 i1 i+1
L175uz+2 = aué L eo(p) 75z ’ —|—a5+2u5+2 - ff*z - bg+2¢l(xi_%,tj+%),
N,M
V(witj1) €000, (3.13)

U(Iho) = ¢b($i,0), Zq S (Oa 1)7 U(O,tj_,'_%) = ¢l(07tj+%)a
u(177tj+%) = u(1+7tj+%)7 ux(liatj-‘,—%) = ux(1+7tj+%)'
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1
it3
Ou;, 2

To get the finite difference approximation for —4—, we considered the Taylor’s series expansion:

AR gauf% (A2 9232 (AP 0Pl (Apt ol

J+1 3
i = . eee .14
Ui i 2 ot 8 o2 8 o 384 o (3.14)
and
i gtt Atouan2 o]t gttt (ant oty 3.15)
P 2 ot 8 o2 48 O3 384 Ot '

Subtracting (3.15) from (3.14), gives the second-order finite difference approximation:

oultr Uity
ot At

+7, (3.16)

_an? ottt
P

Considering all terms of (3.13) except the derivative with respect to time variable, at the
average of j*" and (j + 1)*" time level, we obtain:

where the truncation term 7

o . 4
T 1 hl el LM Ut LM Ul
_Eo(p) 6;‘2 + a; 2“? 2 _ fz] 2 4 bg 2¢l(xi7%,tj+%) _ e 5 e,z ’ (3.17)
where ) , )
. vl —2Uui +Ud
L{\{s,mUij = —Eo(p) = h22 - + agUzj - fzj + bg¢l<xi—%7tj) + T2,
, Uil _oyitt L it . , , ,
1 1 1 1 1 1 1 «
Lie Ul = —eo(p) = ————— +a] U/ = {7 40 du iy i) + 73,
2 a4, 3J 2 a4, j+1
for the trunction terms 7 = —W({’Q)h %;é ,and 75 = —50(1’)2)h 8;,34

Substituting (3.16) and (3.17) into (3.13) gives, for i = 1,2,..., % and j =0,1,..., M:

J+1 j+1 j+1 j p i
— co(p) UL =207 + U/ + @ I~ co(p) Ul —2U! + U], i
h2 ) (2 h2 11 (318)

2 . . S .
+ E(Ufﬂ U = f 4 =0 du(aty) = bl (i ) + T

where 73 = — (12 + 75 + 271).
This scheme can be re-written as three-term recurrence relation in terms of the spatial direction
and two-term recurrence relation interms of the temporal direction as:

LMyt = pU it Uit | Uil — it (3.19)
where,
G+ €o(p)  Grny o G+ oc0(p) | 2 J+1
T - h2 =T y Tic =2 h2 +E+ai )

n o _ ol 4 Ul 9
il ——— —alU] + U] =0 iy ty00)

i1 il .
Rg - fzj + fzj +€O’(p) hQ [ At

— i,y ).
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Case 2: Consider (2.4) on the domain Qy = (1,2) x [0, 7] which is given by:
52

Lo cu(z,t) = (gt —€53 + a(x, )>u(x7t) +b(z, t)u(x — 1,t) = f(x,t). (3.20)

Using the same procedure for the spatial discretization (3.20) by applying the exponential fitting
factor (3.11), for i = & + 1,4 +2,..., N — 1 and j = 1(1)M, the fully discrete scheme becomes

i+d J+
J+2 _ ou, 2 2 2

Lol ™ = 257 o) 2
u(z;,0) = ¢p(24,0), z; € (1,2),
u(1_7tj+%) = u(1+7tj+%)= um(1_7tj+%) = uz(1+7tj+%)'

i+3 J+3 +3 J+3 +3 N,M
+a] Ul b 2uf7;=fj 2 V(@i t 1) €Qy

(3.21)
In explicit form, the scheme is rewritten as
Lé\f,eMUij-i-l = b§+1U,g+1 (J+1)U]+1 +r(”1)U”1 + (Hl)Uzjﬂl _ R]“ (3.22)
where
Uz"rl = U(xi—%7t]+1)’ k= 1(1)% —1
+1 ca(p) _ G+1 j+1 o(p) , 2 j+1
z(J_ ):_ 12 z(i- )7 ﬂ(g )_2 12 +Kt+]

Ur, -2 +UL, 2
il SR ! - U} + U = WL
Case 3: For i = N, (Simpson’s rule) Suppose g(x)u(x,t) is a function defined on the interval
[0,2] and let (z;,t;) be a uniform partition with step length h. The composite Simpson’s rule
approximates the integral of g(z)u(z,t) by

RI™ ="+ 1] +eo(p)

2 N-1
h
| stonute. s =3l 0)u(0.t,0) + 9D ty) +2 3 glanulonty, )
" =t (3.23)
Ty Zg($2i71)u($2i71, tiy)-
=1
Substituting (3.23) in to (2.2) gives:
eh
KM (et ) = t03) = G |000.t50) + 922ty )
N-1 N (3.24)
2¢eh 4eh
-3 g(@2i)u(zai tj 1) — 3 Zg(aj%—l)u(x%—htj-i-%) = o
i=1 =1

Since u(0,t;) = ¢1(0,t;) and u(0,t;41) = ¢1(0,tj41), from (2.2), this equation can be re-written
as follows:

ach & 2¢h N2 ch
L 9o (w1, i) — = > glagiul@ei, tio) + (1 - 3g(z)) u(2,t41)
i=1 =1
N N-1
ch 4eh 25h
= S0Ou0.t41) = =5 3 glena)ulzaionnts) + 5 3 gleaulea )
i=1 i=1
ch ch
_ (1 _ 39(2)>u(2,tj) + gg(o)u(oatj) = ¢7"

(3.25)
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Therefore, on the given domain Q = D x [0,7] = [0, 2] x [0, 7], the basic schemes to solve (2.1)-
(2.2) are the schemes given in (3.19),(3.22) and (3.25) which gives N x N system of algebraic
equations.

4 Uniform Convergence Analysis

In this section, we need to show the discrete scheme in (3.19),(3.22) and (3.25) satisfy the discrete
maximum principle, uniform stability estimates, and uniform convergence.

Lemma 4.1. Discrete maximum principle. Assume that

N
4 Ag 4 a
Zgz 1+ gz+gz+1hi:p<1

3

i=1

and a mesh function U satisfies W(xo,t;) > 0,V (xi,to) > 0, KNMU(zp,t5) >0,
LMW (x4, t5) > 0,Y(@y, t5) € M LéVEM\I/(:rZ, t;) > 0,¥(xi,t;) € QM and
[Dm]‘ll(x%,tj) = D} ¥(xyy2,t5) — Dy \I/($N/2, ) < 0 then, prove that \Il(xz, i) >0,

V((Ei, tj) S §N7M

Proof. Define a test function S(z;,t;)as

1 z; N
oy s, () €7
Sm%){ D (ant) € Q) o

Note that S(z;,¢;) > 0, Y(wi, t;) € @, LNMS (2, t5) > 0, V(@i t;) € (QVMUQYM), Sz, t;) >

0, S(x;,t0) >0, KNMS(ZZ?N, ;) >0, and [D x}S(z%,tj)<0.

Let
t _
(= max{ i ty) (zy,t5) € QN’M}.
S(wi, t;)
Then, there exists (x,,tx) € "™ such that V(@ tse) +CS (s, ts) = 0 and U (zy,t5)+CS (x4, t5) >
0,V(xi, t;) € [ Therefore, the function attains its minimum at (x,t) = (x4, ). suppose the
theorem does not hold true, then ¢ > 0.
Case (i): (x*, «) = (o, t ) 0< (\I/+CS)(xo, «) = 0. It is a contradiction
Case (ii): (z.,t.) € QM 0 < LYM(W 4 ¢S) (24, t.) <0, Tt is a contradiction.
Case (iii): (x4, ts) = (x%,t*), 0 < [ (U + CS)]%( «) < 0. Tt is a contradiction.
Case (iv): (z,,t,) € Q)™M 0 < L2,s (U 4 (S) (x4, tx) <0. It is a contradiction.
Case (v): (24,t:) = (2N, 1)

0 <KNM(W 4 ¢S)(xn,t.)
=(V + ¢S) (N, )

Zgz 1(\IJ+<S)($1 17 )+4gz(\I’+CS)($za )+gz+1(‘1’+C5)($z+1, )h <0
i=1 3
It is a contradiction. Hence, the proof of the theorem. O

Now, we will prove the uniform stability analysis of the discrete problem.
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Lemma 4.2. Let ¥ be any mesh function then,

H\IJHEN,M SC’max{H\IIHF;v,M,||\I'||Fév,M, ||KN’M\II|F1V’M7 max HLéVM\I,H}

(wit;)e(Q)N-M

Proof. Tt can be easily proved using maximum principle Lemma (4.1) and the barrier functions

@i(ﬂfi,t]’) = EMS(xi,tj) i\I/(xi,tj), (xi,tj) GQN’M, (42)
where
M =max { [T, @[] pov.ar , | KM 0] max [|[EXME[| b (2,t5) e Q7Y
R P gy (eynear 178 ey ’
and S(x;,t;)is the test function as in Lemma (4.1). O

Theorem 4.1. Let u be the solution to problem in (2.5)-(2.7) and U be the solution to discrete
problem in (3.19),(3.22) and (3.25). Then, the overall error bound satisfies the following

sup  max [Ulwit) — uleity)| < OB+ (A1), (4.3)

0<e<1 1<i<N;0<j<M
where C'is a constant independent of ¢, h and At.

Proof. The solution Uij of (3.19) for i = 1,2, ..., % and 7 =0,1,..., M is decomposed into smooth
and singular components analogous to continuous problem (See Elango et.al. [31]). Thus,

Ul =V + W/, (4.4)
where a smooth component V;j is the solution of the following problem
N,M ,j j N,M

Ly VP =R, (zit;) €0y,

‘/7;J :d)O(Iivtj)v (l‘wt]) erl 7,
and the singular component WZJ must satisfy

L?{’EMWZJ = 0, (.’Ei, tj) € QiV’M,

W) =0, (ait;) ey, (4.6)

le = UZJ — Vi]7 (IEi,tj) S FlN’M.

Hence, the error can be written in the form
Ul — = (VF — )+ (77 — ).
To estimate the error for the regular component, using (3.13) and (3.18), we have:

N, M /v ,j i i+1 i+ N,M
LYMWV? =)y =f"7 ) *ou(w,_y tir) = Ly vl

l,e 7 7 i
Jt+3 2, 7+3
_ 8vi § —50(;))8 Ui ? +aj+%vj+%
ot ox? ‘ ‘
. . i1 iyl i L
'UJ+1 — ’Uq—i_2 — 2UJ-+2 +'U?j2 i+1 j+1 (47)
. i i i+1 7 i—1 Jt+s5 J+35
At EO'(p) hz +a’i vi )
Jts
:‘%z‘ i i

. . . i1 s 1 i1
A A B G B TR At
T O woanlll ey vl Bk 12 '
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By Taylor’s series expansion, we have

Ufill 2U]+1+,U7+1 82vj+1 n2 84v3+1 h4 Bﬁvarl

] h? - 8;82 + 127 9z2 360 0ab + (4 8)

M_a%f h230+h46v+ .
h? - 0x? 12 Oz* 360 Oz6

Y ARNERY R WAS (At)? AR
R LS i 49
] ot 24 o (4.9)

Using (4.8)-(4.9) into (4.7), we get

LM gy — SO (9Tl (A2 gl
Le g v 24 ozt Oxt 24 ot3

Since the value o(p) > 0, from the above equation we have

LM (v = o]l <

24 oxr? Ozt
< C(h* + (At)?),

’ (4.10)

_50(p)h2 vl +84v3 n (At)? 83v5+%‘
24 o3 |

where, C' is independent of h and At.
Next, we prove singular component error estimate. To decompose W into W; and W,

VVl(IZ) )_O (Ilatj) EQiV,M’
Wz(ﬂim 1) = di(inty) —vo(zinty), (zi,t;) € TN,
Wl(mzv j) - 07 (mzv ]) € F{)V’M U F1]‘\[)Ma

and
L ’MWT(JU“ )—0 (i tj) € QNM

,8

W (z4,t5) = (xi,t5) € FNM
W, (2i,t;) = o, (i,t;) € rNM T
The error of the singular component is equivalent to

W —w= W, —w)+ (W, —w,).

The errors (W; — w;) and (W,. — w,.), associated respectively with the boundary layers on I'; and
T, , and can be estimated separately using (3.13) and (3.18), we obtain:

<

_ ca(p)h? [ *wlt . *w! (At)? 83wf+%
24 Ox? Ox? 24 ot
< O(R* + (At)?).

LM (W] = w)

3

(4.11)

Therefore,from (4.10) and (4.11), we have

LM U] - ]

o = I1LYM (V7 = o]l e H| LM (W — w)| | < C(0% + (A1)?),

and
HLfsM(U; — H‘” < max|LYM (U] —ul)| < C(h* + (At)?).

Hence, the required estimate.
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Remark 1. A similar analysis for convergence may be carried out for the finite difference scheme
(3.21) fori=L% + 1,5 +2,.,N—1and j=1(1)M.

The error bound at the right boundary ¢ = NV is estimated as follows.

KN’M(U — ’U,)(.Il',tj) :KN’MU(.’Bi,tj) — KN’M’U,(’JJi,tj)
:¢r - KN7Mu(xi7tj)
:Ku(x“tj) — KN’MU(Ii,tj)

TN

=u(x;,t;) — /g(m)u(m,t)da: — u(x;, t;)

h;

xo
N
n Z gi—1u(zi—1,t5) + 4giu(xs, t5) + gipru(@izr, ty)
=1 3

:gou(fﬂo, tj) +4gru(zy,t;) + gou(wa, t))

3 hy + ...
gn1u(zn_1,t5) +4gnu(ey, ty) + gnpru(zn g, b))
+ 3 hn
T TN
- /g(a:)u(x, t)dx — ... — / g(x)u(z,t)dx,
xo TN-—-1
|[KNM(U = w) ey, ti)| <Ce(hfu” (v, t511)) + - + (hju” (v, t41))
< Ce(h} + ...+ hy) < Ch?
where ;1 <y, <x;, fori=1,2,...,N.
The discrete problem satisfy the following bound
|KN’M(U — u)(xi,tjﬂ)f < Ch2
Using Lemma 4.2, we get the result
U (i, tj41) = u(zi tj41)| < Ch, (4.12)
where C' is a constant independent of ¢, N and M. O

5 Numerical Examples and Discussion

In this section, two model examples are considered to illustrate the proposed scheme discussed
above. The exact solutions of the considered examples are not known. Therefore, double mesh
principle is used to estimate the errors and compute the numerical rate of convergence to the
computed solution. The double mesh formula to determine maximum absolute error (EN-At) is

defined as follows
2N,At/2
EéV’At = max U;me -U; ;" /
i,j Ly L7

where Ui’]\;’m denotes the numerical solution obtained by using N and At mesh points and
A2

i denotes the numerical solution at 2N and % mesh points.
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For any value of mesh points N and At , the numerical e-uniform (parameter uniform) error

estimate by using
EN,At

= max fEéV’At| .
The rate of convergence of the scheme is calculated by the formula
Tév’m = IOgQ(EéVAt) - Ing(EazN’At/z)
and e- uniform rate of convergence is calculated by:
FNAE 1Og2(EN,At) _ log2(E2N,At/2).

The numerical results are presented for the value of the perturbation parameter ¢ € {1071°,1079,...,1076}.

Example 1. From [31] consider the problem

(8875 -5 +5)u<x7t> —ula = 1,8) = ", (2,1) € (0,2) x (0,2,

subject to initial and boundary conditions
u(z,t) =0,¥(x,t) €Ty, w(z,t) =0,V(z,t) €Ty
2
Ku(2,t) =u(2,t) — e [ Su(z,t)de = 0,Y(z,t) € T,.
0

Example 2. From [31] consider the problem

((’?t - 5% —|—5>u(m,t) —zu(z — 1,t) =1, (z,t) € (0,2) x (0,2],

subject to initial and boundary conditions
u(z,t) =0,V¥(x,t) € Iy, u(z,t) = sin(nz),¥(x,t) € Ty

Ku(2,t) = u(2,t) — ¢ [ gu(z, t)de = 0,Y(z,t) € T,.

Ct—w

From Table (1) and (2), it can be observed that the computed maximum point wise errors
EN:AL after a certain value of e = 1076 (for both problems) are stable, and uniformly convergent.
To observe the changes in the boundary layer width with respect to ¢ , and to show the physical
behavior of the solution, the surface plots of the numerical solution Figure (1) have been plotted.
From the figures, for small € close to zero twin boundary layers at z = 0 and « = 2 further an
interior layer at x = 1 can be seen from the solution. The numerical solutions obtained by the
present method have been log-log plotted for singular perturbation parameter ranging from 106
to 10719 in Figure (2) to indicate the maximum absolute errors decrease as the number of the
mesh points increases and maximum absolute errors increases as the perturbation parameters
decreases. This is one of the main results to be shown in this paper.

6 Conclusion

This study introduces Exponential fitted finite difference method (EFFDM) for solving singularly
perturbed delay parabolic differential equations with non-local boundary condition. The behavior
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Table 1: Maximum absolute errors EaN A obtained by the proposed scheme for Example
(1), at different values of N and At.

£ N=16 N=32 N=64 N=128 N=256 N=512
} At=%  At=% A=Y At=% A=% At=9%
1076 2.5580e-04 6.7641e-05 1.7419e-05 4.4217e-06 1.1140e-06 2.7958e-07
1077 2.5580e-04 6.7641e-05 1.7419e-05 4.4217e-06 1.1140e-06 2.7958e-07
1078 2.5580e-04 6.7641e-05 1.7419e-05 4.4217e-06 1.1140e-06 2.7958e-07
1079 2.5580e-04 6.7641e-05 1.7419e-05 4.4217e-06 1.1140e-06 2.7958¢-07
10710 2.5580e-04 6.7641e-05 1.7419e-05 4.4217e-06 1.1140e-06 2.7958e-07
ENAL 25580004 6.7641e-05 1.7419e-05 4.4217e-06 1.1140e-06  2.7958e-07
At 1.9190 1.9572 1.9780 1.9889 1.9944 -

Table 2: Comparison of - uniform error (EV'2*) and e- uniform rate of convergence

(rNAt) of our method and result in [31, 32] for Example 1.

e N=16 N=32 N=64 N=128  N=256  N=512
} At=%  At=% At=% At=% At=% At=9%
Proposed

method

ENA 2.5580e-04 6.7641e-05 1.7419e-05 4.4217e-06 1.1140e-06 2.7958e-07
At 1.9190 1.9572 1.9780 1.9889 1.9944 -
Result

in [32]

ENA 3.5045e-03  2.0026e-03 1.0723e-03 5.5505e-04 2.8241e-04 1.4245e-04
At 0.80733 0.90117 0.95002 0.97483 0.98734 -
Result

in [31]

EN:At 2.0615e-02 1.2534e-02 6.9738e-03 3.6873e-03 1.8972e-03 9.6241e-04
At 0.71783 0.84584 0.91937 0.95873 0.97912 -
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Table 3: Maximum absolute errors Eév A obtained by the proposed scheme for Example

(2), at different values of N and At.

€ N=16 N=32 N=64 N=128 N=256 N=512
__ 0.1 _ 0.1 _ 0.1 _ 0.1 _ 0.1 _ 0.1
! At=0L  At=0 Ar=0 Ar=0 Ar=01 Ar=01
1076 2.5266¢-03 6.3220e-04 1.5808¢-04 3.95000-05 9.8764c-06 2.4690¢-06
1077 2.5266¢-03 6.32200-04 1.5808¢-04 3.95000-05 9.8764c-06  2.4690c-06
107®  2.5266¢-03 6.3220e-04 1.5808¢-04 3.9500e-05 9.8764¢-06 2.4690¢-06
1079 2.5266¢-03 6.3220c-04 1.5808¢-04 3.95000-05 9.8764c-06  2.4690c-06
10710 2.5266¢-03 6.3220e-04 1.5808¢-04 3.95000-05 9.8764¢-06  2.4690¢-06
ENAL 252660-03  6.32200-04 1.5808¢-04 3.95000-05 9.8764¢-06 2.4690¢-06
PNAE 19987 1.9997 2.0007 1.9998 2.0001 -

Table 4: Comparison of e- uniform error (EV2*) and e- uniform rate of convergence

(rNAt) of our method and result in [31, 32] for Example 2.

e N=16 N=32 N=64 N=128  N=256  N=512
! At=5%  At=% At=% A=Y At=% Ai=%
Proposed

method

ENA 2.5266e-03  6.3220e-04 1.5808e-04 3.9500e-05 9.8764e-06 2.4690e-06
At 1.9987 1.9997 2.0007 1.9998 2.0001 -
Result

in [32]

ENA 2.9520e-02  1.5980e-02 8.3421e-03 4.2681e-03 2.1581e-03 1.0853e-03
At 0.88543 0.93778 0.96682 0.98383 0.99180 -
Result

in [31]

EN:At 1.8765e-01 1.4776e-01 9.7571e-02 5.7092e-02 3.1057e-02 1.6222¢-02
At 0.34479 0.59873 0.77316 0.87837 0.93697 -
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Mumerical Solution Ul t)

Murmnerical Solution Ufsx,t)

Figure 1: Surface plot of the Numerical Solution at N, M = 64 with boundary layer
formation when ¢ = 10710 for Example (1) and (2) respectively
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Figure 2: Log-Log scale plot of the maximum error for Example (1) and Example (2) for
different values of € respectively
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of the analytic solution of the problem is studied and shown that it satisfies the continuous
stability estimate and the derivatives of the solution are also bounded. Introducing fitted operator
in the diffusive term, the numerical scheme is developed on uniform mesh for the problem under
consideration. The stability and convergence of the proposed scheme are analyzed. Two model
examples have been considered to validate the applicability of the scheme by taking different
values for the perturbation parameter € and mesh points. The computational results are presented
in terms of tables (see Tables (1) and (3)) and figures (see Figure (1) and (2)) and compared with
the results of the previously developed numerical methods existing in the literature Tables (2)
and (4). Further, the uniformly convergence of the method is shown by the log-log plot of the e-
uniform error in Figure (2), it also improves the results of the methods existing in the literature.
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