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Abstract This paper deals with the singularly perturbed initial value problem
for quasilinear first-order delay differential equation depending on a parame-
ter. A numerical method is constructed for this problem which involves an
appropriate piecewise-uniform meshes on each time subinterval. The differ-
ence scheme is shown to converge to the continuous solution uniformly with
respect to the perturbation parameter. Some numerical experiments illustrate
in practice the result of convergence proved theoretically.
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1 Introduction

Consider the following singularly perturbed quasilinear delay differential
problem depending on a parameter in the interval / = [0, T]:

s/ + ft,u@®),ut—r),2)=0,tel=0T], T>O0, (1.1)

u(@)=¢(t), tel, u(T)=B, (1.2)
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where I = (0. T] = U Iy, Iy ={t:rpy <t=<rp},1 < p<mandr;=sr, for
p=1

0 <s <m and Iy = [—r, 0]( for simplicity we suppose that T/r is integer; i.e.,
T =mr). 0 < e <1 is the perturbation parameter and r is a constant delay,
which is independent of ¢. ¢(f) and f(x, u, v, A) are given sufficiently smooth
functions satisfying certain regularity conditions in 7 and I x R?, respectively,
and moreover,

0
O<a§8—f§a*,

u
o < My,
ov
m; < —‘SM'I

By a solution of (1.1)-(1.2) we mean a pair {u(t), A} € C'(I) x R for which
problem (1.1)—(1.2) is satisfied. The function, u(¢), displays in general boundary
layers on the right side of each point ¢ = r; for small valuesof (0 <s <m — 1)
(see Section 2).

Multiple time scale is an important phenomenon in many physical and
biological processes. Therefore the models describing these type of processes
often appear to be singularly perturbed differential equations that share
some common feature of the relaxation oscillation. Considered in this paper
equation (1.1) has been serving as the model for many optical and biological
problems (see [4-6, 8, 10, 11, 15-22] and references therein).

In[2,3,12-14, 22, 23, 25] have been considered some approximating aspects
of first order delay differential equations. Problems with a parameter have also
been considered for many years. For a discussion of existence and uniqueness
results and for applications of parameterized equations see, [10, 15-17] and
references therein. A number of papers devoted to the approximating tech-
niques to initial and boundary value problems, see for example [1, 15, 17, 24].
But designed in the above-mentioned papers algorithms mainly focused on
the stability of numerical methods to regular cases (i.e. when the boundary
layers are absent). It is well known that standard discretization methods for
solving singular perturbation problems are unstable and fail to give accurate
results when the perturbation parameter ¢ is small. Therefore, it is important
to develop suitable numerical methods to these problem, whose accuracy does
not depend on the parameter value ¢, i.e. methods that are convergent &-
uniformly [7, 9, 26]. One of the simplest ways to derive such methods consists
of using a class of special piecewise uniform meshes (a Shishkin mesh) , (see,
e.g., [9, 26] for motivation for this type of mesh), which are constructed a
priori in function of sizes of parameter ¢, the problem data and the number
of corresponding mesh points.

In the present paper we discretize (1.1)—(1.2) using a numerical method,
which is composed of an implicit finite difference scheme on piecewise-uniform
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S-meshes on each time-subinterval. In Section 2, we state some important
properties of the exact solution. In Section 3, we describe the finite difference
discretization and introduce the piecewise uniform grid. In Section 4, we
present the error analysis for approximate solution. Uniform convergence is
proved in the discrete maximum norm. Finally, in Section 5, we formulate
the iterative algorithm for solving the discrete problem and present numerical
results which validate the theoretical analysis computationally. The technique
to construct discrete problem and error analysis for approximate solution is
similar to those in [1, 2].

Throughout the paper, C and ¢ denote generic positive constants indepen-
dent of ¢ and the mesh parameter. Some specific, fixed constants of this kind
are indicated by their subscripting.

2 The continuous problem

Here we show some properties of the solution of (1.1)—(1.2), which are needed
in later sections for the analysis of appropriate numerical solution. Let, for
any continuous function g, ||gll,, denotes a continuous maximum norm on the
corresponding interval, in particular we shall use || gl ... p = maxj g, 0<
p<m.

Lemma 2.1 Let
po=mi' My ([L4a M ] = 1) <1,

Then the solution {u(t),\} of the problem (1.1)—(1.2) satisfies the following
estimates

Al < Co, (2.1)
luOlloop <Cp, 1=<p=m, (22)
where
@ m—1
Co=(~- - *1M>k 1 —]M*
p=d=e {(ml (1—eXp(—a*T))+m1 T (1+e7' M) ¢ 1l00.0
a* (l +a_1M*)m—l _1
B -1 1 F ,
+m1 (1 —exp(—a*T)) Bl + <m1 + M I Flloo
P
Cp = lglloo (1 +a7"M7)" + o' Z (1+a ' M) | Fll,
(1+a~'Mp)"
M,Cy, 1<p<m,
Ol_lMT 1%+-0 =p=m

F@) =—f(0,0,0)
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and

t—r, P! t—71,_
|u/(t)|§C{1+( rppl) exp( at=rp 1)>}, tel, l<p<m, (2.3)
€

&

provided |3 f/dt| < C fort € I and |A| < Cy, |ul, |v| < Cp.

Proof We rewrite (1.1) in the form

st/ () + a(®u@) +bOu@ —r) = F@t) + rc(@), t € 1 (2.4)
with
a(t) = g—ﬁ (t, i, 1, i),
b = 8—{; (na5.7),
c(t) = —2—{ (t,ﬁ 0] i)

ii=yu, D =yv, A =yr0 <y < 1) —intermediate values.
From (2.4) we have

l t
u(t) = ¢ (0)exp —g/a(r)dr

0
t

t
+§f[F(r)—b(r)u(t—r)]exp(—é/a(n)dn) dr

0 T

t t
+§k/c(r)exp(—é/a(n)dn) dr,

0 T

from which, by setting the boundary condition u (T) = B, we get

T
B — ¢ (0)exp (—é Ja(r) dr)
0

b= T T
%fc(r)exp <—§fa(n)dn> dr
0 T

T T
LI[F@ =b@u(t—r]exp (—%fa(n)dn) dt

0 T
(2.5)

1
3

T
c(t)exp (—é fam) dn) dt
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Applying the mean value theorem for integrals, we deduce that

T T
LI[F@) =b@u(r—n]exp <—£fa(r])dn> dr
0 T

T T
éfc(r)exp (—%fa(n) dn) dr
0 T

—1
=m; (||F||oo +M; | max ||u||oo,,,> .

It then follows from (2.5) for ¢ < 1 that

A= my (1—exp (—a*T))

(¢ O+ B)+m; ! (||F||OO+M1“ Jmax ||u||oo,p) :
(2.6)
Next from (2.4), the applying the maximum principle on I, gives

letloop < [t (rper)| + @ (1B llsop Ntll oo p1 + I Fllocp + 121 el p)
< (1+ o " M}) ullag pt + @ (1 Fllos,p + 2] M),

which implies the first order difference inequality
Wy < UWp—1 + Yy,
with
wp =y, w=1+a""Mj, ¥, =a ' (|Flsp+ 1 My).
From the last inequality it follows that

p
w, < wou? + ZM‘H%-

s=1

This inequality together with (2.6) leads to (2.1), (2.2).
After establishing the uniformly boundness in ¢ of |u(f)||,and |A|, the
proof of (2.3) is almost identical to that of [2]. o

3 The difference scheme and mesh
Let @y, be any non-uniform mesh on I:

J)N0={0=[0<11 <...<[N0=T,‘[i=li—li_1}
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which contains by N mesh points at each subinterval 1,(1 < p <m):
oy, ={ti:(p—1D)N+1=<i<pN}, 1<p<m-1,
onm ={ti:(m—1)N+1<i< Ny=mN},

and consequently

m
WN, = U WN,p-
p=1

To simplify the notation we set g; = g(#;) for any function g(¢), while gV
denotes an approximation of g(¢) at ;. For any mesh function {w;} defined on
wnN, We use

wi; = (W — wi—1) /7,

w = ||w = max wi| .
1l = W0 llocion, = max_

For the difference approximation to (1.1), we integrate (1.1) over (f;_1, t;) :

t
euz; + ! / ft, u®), u(t—r), 1 )dt =0,
ti—y

i

which yields the relation
eui; + f(t, wi,uin,A)+ R =0, 1=<i=< N, (3.1)

with the local truncation error

1
R, = —‘l,';l / (t— ti,l)%f(t, u(), u(t —r), Adt. (3.2)

ti_

As a consequence of the (3.1), we propose the following difference scheme
for approximating (1.1)-(1.2)

eul{\; + f(tu), ul \ AN) =0, 1<i< N, (3:3)

ud =¢;, —N<i<0, uy=B. (3.4)

The difference scheme (3.3)—(3.4), in order to be &- uniform convergent, we
will use the Shishkin mesh. For the even number N, the piecewise uniform
mesh wy,, divides each of the interval [r,_,, 0,] and [0}, r,] into N/2 equidis-
tant subinterval, where the transition point o,, which separates the fine and
coarse portions of the mesh is obtained by

0p =rp—1 +min {r/2, a'6,eln N}, forl<p<m-—1, (3.5)
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where 6; > 1 and 6, > 1 (2 < p < m) are some constants. Hence, if denote by
r[(,”and r[(f)the stepsizes in [r,_, 0,] and [0, r,] respectively, we have
1;1) =2 (crp — rp_]) N’l, tlgz) = Z(rp — ap) N’l, 1<p<m,

SO

ti=rp1+ (@~ (p—DN)TVi=(p-DN,...(p—1/2)N;

NPT =04 (p— 1/DNTD,i= (p— /DN + 1, ... pN
l<p=m.

In the rest of the paper we only consider this type of mesh.

4 Analysis of the scheme

To investigate the convergence of the method, note that the error functions

NV =ul —u;, 0<i< Ny, u¥ =1~ —1 are the solution of the discrete probl

8Z%+f(ti,ZlN+ui, Zi]!N‘i‘ui—N,HN"i‘)”)_f(tisui,ui—Ny)”):Ri» 1<i<Np, (41)

le:O, —N<i<0, z%:O, fortie Ip(p > 1),

where the truncation error R; is given by (3.2).

Lemma 4.1 Under the above smoothness conditions of Section 1, for the error
function R, the following estimate holds

IRlloowy.p <CN'InN, 1<p=<m.

Proof From explicit expression (3.2) for R;, on an arbitrary mesh we have

IRl < hy /(r—m)a—f f(r>+a—fu<z—r> 1<i< N

This inequality together with (2.1), (2.2), enables us to write

7
|IRi| < C{mi+ f (|'@|+ W@ =nl|)dty, 1<i=<N.
i
From here, in view of (2.3) it follows that

14
] at
IRi| < C ri+—/e‘?dz , forl <i<N
&

fiz1
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and

1 1
t—7r,_ p—1 alt-=rp_1) t—7r,_ p=2 alt-r,_1)
IR)| = C r,-—i—/—( ppl) e+ dt + (=rp-)" ﬁ :) e+ dt
& er—

)

ti—y iy

The further part of the proof is similar to that of [2]. o

Lemma 4.2 Under the above assumptions of Section 1 and Lemma 2.1, for the
pair{z, uN}, the following estimates hold

||ZN||OCNP_CZ||R||OOW, 42)

[N < ClIRIlo,wy, - (4.3)

Proof The equation (4.1) can be written as

SZ”—Flll bZ N+Czl/L + R, 1<i<Ny-—1, (44)
where
- 8_f — N . N N
= (towi+ vz uin+ vz A +yu),
b-——a—f(r wi+ vz uin+yzlyh+yulh)
i = 90 i» Ui T YZ; s Ui—-N T VZi_N> Y ),
- _8_f g N . N N
G =—0 (toui+ vz uin +yzh g r+yu®),
O<y<l.
Hence
£ hib; hic; hiR;
ZiN= Zi]zl_’_ ztzi]XN_i_ iCi MN it
e+ a;h; &+ hja; e + h;a; e+ a;h;

Solving the first-order difference equation with respect to z and setting the
initial condition z)’ = 0, we get

hib 2N L ke ‘. R
ZZZV:Z — kNG, k+MNZ X0 k+2k—:in—k,

kle—i—ha &+ hray k=18+ha
where
1 , k=1,
OQik=1 o .
! 1_[ JIW,OSICEZ—I
j=k+1
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For i = N, taking into consideration that z} = 0, we have

N hkbkzljcv—N N hkRk
- kzl ethiag On-k — kg:l et+hiag On-k

uh =

N h
K Ck
]; e+hay QN*k

Now, since ¢+a;7; > 0(1 <i < Ny), by analogy with the proof of Lemma 2.1,
we can obtain

N -1
1N < m <I|Rlloo,a,N0 +M; | max IIZIIOO,N,p) (4.5)

Next, the applying discrete maximum principle for the difference operator
Unzi= ez + a;izi, (p — )N < i < pN, to (4.4) yields

1zloop < |zp=1] & (1610 p 2l p1 + I Rllsop + [V ] el p)
<(T+a "M Izl pot + o (IR0, + [V M),
therefore
P

1zloop <@ > (140" M) 7 (IR, + [u¥| My). 1< p<m. (46)

s=1
From (4.5) and (4.6) we easily obtain (4.2)—(4.3).

Combining the previous lemmas gives us the following convergence result.
]

Theorem 4.3 Let {u(t), )} be the solution of (1.1)~(2.2) and {u}, AN} the solu-
tion of (3.3)—(3.4). Then the following estimates hold

WN =i <CN'InN,

||uN—u||oo®N <CN'InN, 1 <p<m.
SON,p

5 Numerical results

In this section, we present some numerical experiments in order to illustrate
the method described above.
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We solve the nonlinear problem (3.3)-(3.4) using the following quasi-
linearization technique:

-1 -1 -1 -
B — u(Nno*f) 'ON() + f(T’ B’ u(Nno*])V’ )‘(n 1)>

)\(”) — )L(ﬂ—l) _ (
af (n—1) _
R (T’ B, UNy-N> A U)

’

(n—1) m\ —1 -1
n (1) (”i - ”i—l) pp T+ f(li, u U u M’”)
A a of n-1) _ (n) 1
2 ("0 w20 ) 4 p;

i=1,2,..,Np;n=1,2,..

)

w” =g, —N<i<O0,
where p; = h;/e 1@, uﬁo) given.
Consider the test problem

1
su/+2u—e_”+t2+K+tanh(X+x)+Eu(t—1)=O, 0<t<?2

u@® =1, —1<t<0, u2) =0.

In the computations in this section we take « = 2.The initial guess in
the iteration process is taken as u” =1 —x?, 1@ = —0.4 and the stopping
criterion is

max ul(") — u?"il)‘ <1077, ‘)L(”) — A("_1)| <1077,
1

The exact solution of our test problem is not available. Therefore we use the
double mesh principle to estimate the errors and compute the experimental
rates of convergence in our computed solution, i.e. we compare the computed
solution with the solution on a mesh that is twice as fine (see [1, 9]). The error
estimates obtained in this way are denoted by

e, N,p __ &N ~e,2N _
e p_max|u —u ’,p_1,2,

WN,p
eN _ |y N _ 52N
€, = )‘s - )”s ’
where 182N A2V } is the approximate solution on a mesh which contains the

mesh points of the original mesh #; € wy, and also the mesh midpoints ¢,
(ti+t41)/2,i=0,1,..., Ngo— 1.
The convergence rates are

rENP = 1n (NP fef2NP) [ 1n2

i+3 =

for u, and

rN =1n (ei’N/ei’2N) /In2
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Table 1 Errors ei’N , computed e-uniform errors eflv and convergence rates rflv for6; =1 onwpy |

e N =64 N =128 N =256 N =512 N = 1024

22 0.0112059 0.0056744 0.0028555 0.00143237 0.00071735
0.98 0.99 0.99 0.99

24 0.0226994 0.0135156 0.0078274 0.00443734 0.00247624
0.75 0.79 0.82 0.84

276 00226994 0.0135156 0.0078274 0.00443734 0.00247624
0.75 0.79 0.82 0.84

28 00226994 0.0135156 0.0078274 0.00443734 0.00247624
0.75 0.79 0.82 0.84

2710 0.0226994 0.0135156 0.0078274 0.00443734 0.00247624
0.75 0.79 0.82 0.84

212 0.0226994 0.0135156 0.0078274 0.00443734 0.00247624
0.75 0.79 0.82 0.84

214 00226994 0.0135156 0.0078274 0.00443734 0.00247624
0.75 0.79 0.82 0.84

2716 0.0226994 0.0135156 0.0078274 0.00443734 0.00247624
0.75 0.79 0.82 0.84

eN 0.0226994 0.0135156 0.0078274 0.00443734 0.00247624

ry 0.75 0.79 0.82 0.84

for A. Approximations to the e-uniform rates of convergence are estimated
from

N,p _ & N,p
e, =maxe,; ",

N _ e, N
e, —mgaxex .

Table 2 Errors ef;N , computed e-uniform errors el’,V and convergence rates r,’)’ for 6, =1,0, =

1.001 on WN 2

& N =64 N =128 N =256 N =512 N =1024

272 0.0095512 0.0041911 0.0027603 0.0017692 0.0005193
0.78 0.82 0.92 0.95

2—4 0.0096645 0.0058090 0.0034149 0.0019899 0.0011661
0.73 0.77 0.78 0.77

26 0.0101590 0.0058090 0.0034149 0.0019899 0.0011661
0.80 0.77 0.78 0.77

28 0.0096644 0.0058090 0.0034149 0.0019899 0.0011661
0.73 0.77 0.78 0.77

210 0.0096644 0.0058090 0.0034149 0.0019899 0.0011661
0.73 0.77 0.78 0.77

212 0.0096644 0.0058090 0.0034149 0.0019899 0.0011661
0.73 0.77 0.78 0.77

2-14 0.0096644 0.0058090 0.0034149 0.0019899 0.0011661
0.73 0.77 0.78 0.77

2-16 0.0096644 0.0096644 0.0034149 0.0019899 0.0011661
0.73 0.77 0.78 0.77

e,ﬂV 0.0101590 0.0058090 0.0034149 0.0019899 0.0011661

r{,v 0.73 0.77 0.78 0.77
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Table 3 Errors ei’N , computed e-uniform errors eﬁv and convergence rates r{v for 6, =1,60, =
1.001 on wy,

N =64 N =128 N =256 N =512 N = 1024

272 0.0184354 0.0109542 0.0095513 0.0041912 0.0027604
0.75 0.78 0.83 0.92

2-4 0.0222332 0.0138783 0.0086071 0.0054929 0.0031385
0.68 0.69 0.75 0.81

26 0.0222332 0.0138806 0.0086145 0.0055013 0.0031443
0.68 0.69 0.75 0.81

2-8 0.0222314 0.0138807 0.0086141 0.0055010 0.0031443
0.68 0.69 0.75 0.81

2-10 0.0222315 0.0138806 0.0086141 0.0055010 0.0031443
0.68 0.69 0.75 0.81

212 0.0222314 0.0138806 0.0086141 0.0055010 0.0031443
0.68 0.69 0.75 0.81

2714 0.0222314 0.0138807 0.0086141 0.0055010 0.0031443
0.68 0.69 0.75 0.81

2-16 0.0222315 0.0138807 0.0086141 0.0055010 0.0031443
0.68 0.69 0.75 0.81

el 0.0222332 0.0138807 0.0095513 0.0055013 0.0031443

rN 0.68 0.69 0.75 0.81

The corresponding e-uniform convergence rates are

r‘]:”” =In (eiv’p/eiN’”) /1n2,

rY =In(e)/er") /In2.

The resulting errors eV and the corresponding numbers e for particular
values of ¢, N, are listed in the Tables 1, 2, and 3. It can be observed that they
are essentially in agreement with the theoretical analysis described above.

Open Access This article is distributed under the terms of the Creative Commons Attribution
Noncommercial License which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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