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ABSTRACT

Fitted Numerical Methods for Delay Differential Equations
Arising in Biology
E.B.M. Bashier
PhD thesis, Department of Mathematics and Applied Mathematics,

Faculty of Natural Sciences, University of the Western Cape.

This thesis deals with the design and analysis of fitted numerical methods
for some delay differential models that arise in biology. Very often such
differential equations are very complex in nature and hence the well-known
standard numerical methods seldom produce reliable numerical solutions
to these problems. Inefficiencies of these methods are mostly accumulated
due to their dependence on crude step sizes and unrealistic stability con-
ditions. This usually happens because standard numerical methods are
initially designed to solve a class of general problems without considering
the structure of any individual problems. In this thesis, issues like these
are resolved for a set of delay differential equations. Though the developed
approaches are very simplistic in nature, they could solve very complex
problems as is shown in different chapters.

The underlying idea behind the construction of most of the numerical
methods in this thesis is to incorporate some of the qualitative features of
the solution of the problems into the discrete models. Resulting methods

are termed as fitted numerical methods. These methods have high stability
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properties, acceptable (better in many cases) orders of convergence, less
computational complexities and they provide reliable solutions with less
CPU times as compared to most of the other conventional solvers. The
results obtained by these methods are comparable to those found in the
literature. The other salient feature of the proposed fitted methods is that
they are unconditionally stable for most of the problems under considera-
tion.

We have compared the performances of our fitted numerical methods
with well-known software packages, for example, the classical fourth-order
Runge-Kutta method, standard finite difference methods, dde23 (a MAT-
LAB routine) and found that our methods perform much better.

Finally, wherever appropriate, we have indicated possible extensions of

our approaches to cater for other classes of problems.

May 2009.
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Chapter 1

General Introduction

1.1 Introduction

Delay differential equations (DDEs) have a wide range of application in modelling prob-
lems in biology. Dynamics of viruses, blood cells populations, predator-prey models,
competitive and co-operative species, etc, are just to mention a few. In a model that
describes the dynamics of a virus, a delay may represent the latent period of the virus
[57]. In a model that describes the dynamics of the blood cells population, a time delay
may represent the time taken by the bone marrow to reproduce new cells to replenish
cells that have been cleared in the past [91]. A little differently in a predator-prey
model, delay can be used to represent the densities of the predator and prey at a
previous time [47].

In addition to the time, when another independent variable is considered in a DDE
model, then the resulting model is termed a delay partial differential equation (DPDE).
Like DDEs, these DPDEs also model a wide range of applications in the world of
mathematical biology. The position of the species [25], the level of maturation [123],
the age, etc, are some of the instances when it is worth considering DPDEs instead of
DDEs. Many biological models describe the diffusion of some species through DPDEs.

It is possible that the diffusion parameter is very small and hence the resulting model
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is almost a singularly perturbed delay parabolic partial differential equation. Such
examples of small diffusions can be found in Murray [110].

The DDEs arising in biology have different levels of difficulties. Some of them
have small delays [84] while others have large delays; some of them are nonlinear [29];
some of them are non-stiff while others are very stiff [65, 137, 138, 144]; some of them
are highly singularly perturbed [84, 85], and so on. In many of the above cases, the
resulting DDEs are discontinuous in nature and hence pose challenging problems when
one solves these DDEs either analytically or numerically.

Some problems with constant time delays constitute an important class of the DDE
models. On their dde23 tutorial [129], Shampine and Thompson wrote about this class
of DDEs that “Although DDEs with delay of more general form are important, this is
a large and useful class of DDEs. Indeed, Baker, Paul and Wille’ write that the lag
functions that arise most frequently in the modelling literature are constants....”.

In many of the DDE models, the time delay parameter acts as a bifurcation param-
eter. As the delay parameter passes through some critical value, a couple of complex
conjugating eigenvalues of the system cross the imaginary axis at some pure imaginary
points and stable periodic Hopf bifurcating solutions occur. Then, when the delay
parameter crosses its critical value, the real parts of these eigenvalues cross to the
positive real axis causing an equilibrium to loose its stability. However, to the best
of our knowledge to date, the issue of determining whether and when a bifurcation
occurs is not completely resolved till date. Some bifurcation analysis tools based on
novel programming tools are designed but it seems that no concrete analytical tools
are currently available.

Due to the complex nature of the governing equations, analytical investigations have
become very difficult and therefore one has to rely mostly on some numerical methods.
Many of these numerical methods for solving DDEs are based on step-by-step methods
for solving initial value problems (IVPs). Examples to these are Runge-Kutta methods
[7, 39, 130, 139], multi-step methods [60, 68] and pseudospectral methods [98].

The general deficiencies of the standard finite difference methods in solving problems
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with complex structures such as nonlinearity, stiffness, singular perturbations and high
oscillations are well-known in the literature. While explicit methods can solve such
differential equations with low computational cost, they have the drawback that their
stability regions are very small and hence severe restrictions on the time and space
step-sizes will be required in order to achieve satisfactory results. On the other-hand,
the implicit methods do have wider stability regions but the associated computational
complexities are very high, and furthermore, they cannot achieve more than one order
as compared to explicit methods that use the same number of stages [20]. However, due
to some inherent errors in the models, it becomes very expensive to retrieve the true
information because most of the numerical methods available so far fail in providing
reliable results. This is mostly due to the fact that essential qualitative features of the
solutions have not been embedded into the numerical schemes.

Our main goal in this thesis is therefore to design numerical methods which can
inherit some of the qualitative features of the solution with the hope of obtaining
results which are which are consistent to the desired dynamics as possible. Particular
problems we are focusing on include a number of delay and partial delay differential

equation models from biology, few of which are mentioned below.

1.2 Some delay differential equations (DDEs) aris-
ing in biology
In this section, we survey some DDE models that arise in biology.
Hutchinson [62] proposed a logistic delay population model of the form

N(t) = rN(t) (1 — W) : (1.2.1)

where 7 is the growth rate, K is the carrying capacity, N(t) is the size of population
at time t. The delay 7 in this model represents a maturation time (The model was

proposed originally to describe the dynamics of Daphnia population and the time delay
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represents the time taken from the eggs formation until those eggs hatch).
The Hutchinson’s model has another form that can be obtained by substituting

N(t) instead of —1 + N(¢)/K in model (1.2.1). This leads to
N(t) =rN(t —7)(1+ N(t)). (1.2.2)

Mackey and Glass [91] proposed two possible models to describe the change of
density of Hematopoietic cells in the blood that is circulating in the human body.
They assumed that the cells are lost at a rate proportional to their concentration.
After the reduction of cells, the bone marrow requires six days to release new mature
cells to replenish the deficiency. Denoting by P(t) the density of the Hematopoietic

cells at time ¢, their two models are given by

P(t) = g ]’ff(z L P, (1.2.3a)
and
Plt) = £°if£’é;_2> _P(), (1.2.3b)

where [y, €, n and ~ are constants and the delay 7 is the time taken from the reduction
of the cells until the release of the new mature cells.
Gurney et al. [53] proposed a DDE to describe the Nicolson’s blowflies model. This

model takes the form
N(t) =aN(t — 1)e M7 —dN(t), (1.2.4)

where N (t) denotes the size of the population at time ¢, a is the maximum per capita
rate of producing eggs per day, d is the death rate in the adult population, and 7 is
time taken from the birth of a member until it becomes mature.

Cooke and van den Driessche [29] proposed a model to describe the growth of a
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single species model. The model is of the form
N(t) = B(N(t — 7))N(t — 7)e"1™ — dN(t), (1.2.5)

where N(t) denotes the population of the mature individuals of the species and d; > 0
and d > 0 are the death rates of the immature and mature populations, respectively.
The time delay 7 > 0 is the maturation time. The function B(N(t — 7)) is termed
as the birth function and gives the rates by which new individuals of the species are
produced by a mature individual.

Gopalsamy et al. [48] proposed a delayed model to describe the growth of a popu-
lation with limited food source. For this model, it is assumed that the growth rate of

the population is proportional to the rate of the food supply. The model is given by

N () = rN() (KK;Z&;_T%) | (1.2.6)

where N(t) is the size of population at time ¢, r is the intrinsic growth rate of the
population, K is the carrying capacity and ¢ > 0 is a constant.

Mackey et al. [93] developed a DDE model describing the periodic oscillations of
blood cells in people infected by chronic myelogenous leukemia. Their model is a stem

cell model of the form

P(t) = —yP@t)+ B(N{#)N(t)—e BNt —7)N({t—7), (1.2.7a)
N(t) = —(B(N(t)) +8)N(t) +2e 7 B(N(t —7))N(t — ), (1.2.7b)

where P(t) is the population of the proliferating cells and N(t) is the population of
the resting Gq cells. The parameters v > 0 and § > 0 are the deaths rates of the
proliferating and resting cells. The birth function S(N(t)) is given by the formula

BV = G
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where (3, and 0 are constants.

Villasana and Radunskaya [142] presented a model describing the competition be-
tween the tumor cells and the immune system. The model consists of four DDEs.
In this model, three populations and a cycle-phase-specific drug are considered. The
three populations are the immune system, the tumor cells during the interphase and

the tumor cells during mitosis. The model is given by

T] = 2a4TM — (01] + dQ)T] — (llT[(t - 7'), (1 28&)
Ty = ayTi(t —7) — dsTay — asTagp — csTogl — ki (1 — e ¥2) T, (1.2.8b)
I =k —colTr — ey Tyl — did — k3(1 — I, (1.2.8

+ a+ (Tr + Ty)" 2 I aM ! s ‘ 4 °)
U = —yu, (1.2.8d)

with the initial data

( ) o ¢l<9)7 0 € [_770]
( ) = ¢2(€)7 NS [_7_70]
1(0) = ¢3(0), 0 € [-7,0]
(0)

= Uo,

where T7(t) denotes the population of tumor cells during interphase at time ¢, T(t) is
the population of tumor cells during mitosis at time ¢, I(t) is the population of immune
system cells at time ¢ and u(¢) is the amount of drug present at time ¢. The delay 7 is the
maturation time of the cell. The constant ay denotes the cell reproduction rate whereas
the constant a; denotes the rate at which the cells cycle. The constants ¢; and ¢y denote
the rate by which immune cells are lost by interaction with tumors cells. The constants
di, dy and d3 denote the natural death rates of the immune, immature and mature
tumor cells, respectively. The Michaelis-Menten term pI (77 + Th)" /(o + (T7 + Tar)™)
represents the nonlinear growth of the immune population due to stimulus by the tumor

cells, where the parameters p, o, and n depend on the type of tumor being considered
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and the status of the immune system. Tumor chemotherapy causes tumor cells not to
continue their cycles, hence, they die naturally during the mitosis.

Berreta and Kuang [14] developed a DDE model to describe the viral infection of
bacteria, to replicate themselves. The model consists of three compartments represent-
ing the susceptible and infected bacteria and the virus with densities S(t), I(t) and
P(t), respectively. In the absence of viruses, it has been assumed that the bacterial
population density grows according to a logistic equation with carrying capacity C
and a constant intrinsic growth rate a. In the presence of viruses, the total bacterial
population has been divided into two subclasses: the susceptible bacteria S(t) and the
virus infected bacteria I(t). The rate of infection per unit time is given by kS(t)P(t)
where £k denotes the effective per bacteria phage absorption constant rate. The infected
bacteria which are under the genetic control of virulent phages, replicate phages inside
themselves up to the death by lysis after a latency time 7. On the lysis death of an
infected bacteria (7 time units from the infection), b copies (on average) of assembled
phages are released in the solution. The constant b is termed the virus replication
factor. The death rate of the infected bacteria (which might be different to the lysis
death) is given by a constant p;. The death rate of the virus is given by a constant

pup. Using these notations and terminology, the model is given by

S = aS(t)M kS P(), (1.2.92)
I(t) = —pl(t)+kS)I(t) —e ™St —71)P(t — 1), (1.2.9b)
Plt) = B pupP(t) — ESOIE) + be TSt — )Pt — 7). (1.2.9¢)

In [148], Yoshida and Hara formulated an SIR model with density dependant birth
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and death rates in a population governed by logistic growth. The model is given by

S(t) = —% - (d+ (1- a)T]\};(t)> S(t)

+ <b - a”\;((t)> N(b), (1.2.10a)
it = % _ (d +(1-a) ”\If((t)) I() = AI(t),  (1.2.10D)
R(t) = M(t)— <d+ (1— a)%@)> R(t), (1.2.10¢)

where (3 is the effective per capita contact rate constant of infective individuals, a €
[0,1] is a convex combination constant, b and d are the natural growth and death
rates, r = b — d > 0 is the intrinsic growth rate, K > 0 is the carrying capacity of
the population, the delay parameter 7 is the latent period of the virus and A is the
recovery rate on the infected population.

Yan and Liu [147] considered an SEIR model with a constant time delay. The model

is given by
S(6) = bS(t) +bE(t) + bR(E) — uS(#) _ng% gt), (1.2.11a)
B(t) = 755\%5” . 7S<t];<?f(:)_ ™) gur _ uE(t), (1.2.11b)
ity = —ul(t) +75(t];(?£(i)_ D) it _ o1(1), (1.2.11¢)
R(t) = —uR(t)+ fal(t), (1.2.11d)

where N(t) = S(t) + E(t) + I(t) + R(t) is the total population, S(t) is the susceptible
population, E(t) is the exposed population, I(t) is the infectious population and R(t)
is the recovered population. The delay 7 represents the latent period, the constants b
and p are the birth and natural death rates, respectively; 7 is the expected number of
contacts per unit multiplied by the probability of transmission given contact and « is
the removal rate. The probability that an individual survive the whole latent period is

et7. The delayed term yS(t —7)I(t — 7)e "7 /N (t — 7) gives the number of individuals
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who survive the latent period 7 and become infectious at time ¢.

Zhang et al. [150] formulated an SIR epidemic model with incubation time and
saturated incidence rate. In their model, they assumed that susceptibles satisfy a
logistic equation and the incidence term is of saturated form with the susceptible.
They determined the threshold value Ry and showed that the dynamics of the model
is determined by this value together with the delay which represents the incubation

time length. Their model is given by

Sty = r ( — &) - ﬁil(t —7), (1.2.12a)

K 1+ aS(t)
i) = 85 fgg (= 7) = G + DI, (1.2.12b)
R(t) = ~I(t) = usR(t), (1.2.12¢)

where r > 0 is the intrinsic growth rate, K is the carrying capacity of the population,
« is the parameter that measures the inhibitory effect, v is the natural recovery rate of
the infective individuals and p; and s represent the per capita death rates of infectious
and recovered, respectively.

Busenberg and Huang [19] studied a delayed Hutchinson population model with
diffusion. The model is given by

ou  9*u
% = o2 + ku(t,z) (1 —u(t —7,2)), (1.2.13)

with initial data
U(Q,J?) = 90<97I>7 0 € [_7-7 O]
and homogeneous Dirichlet boundary conditions

u(t,0) = wu(t,m) =0,
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where ¢ > 0 and k£ > 0 are constants.
So et al. [133] studied a delay diffusive version of the Nicolson’s blowflies model.

The model is given by

ou 0%u
— = — — 1, z)e Wt=Lo) 1.2.14
5 = Con2 au(t,xz) +bu(t —1,z)e , ( )

with initial data
u(@,x) = ¢(0,x), 01,0
and homogeneous Dirichlet boundary conditions
u(t,0) = u(t,m =0,

where ¢ > 0, £ > 0, a > 0 and b > 0 are constants.
Zhou et al. [151] considered a system of two delayed diffusive partial differential
equations to describe the competition of two species u(t, ) and v(t,z) living in the

same environment. The model is given by

2

%(t, x) = %(t, x) + ru(t,z) (1 — ayu(t —7,2) — byo(t — 7,2)), (1.2.15a)
2

%(t,m) = %(t, x) + ko(t,x) (1 —agu(t — 7,2) — byv(t — 7,2)), (1.2.15b)

where 0 < z < 7 and t > 0, subject to the initial data
u(t,z) =u’(t,z), wv(t,x)="(t,x), te[-0], (1.2.16)
and Dirichlet boundary conditions

u(t,0) =u(t,m) =v(t,0) =v(t,7) =0, t > 0. (1.2.17)
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On the other hand, Li et al. [86] considered also a system of two delayed diffusive
partial differential equations to describe the dynamics (densities) of two cooperative
species living in the same community, where the existence of each one enhances the
growth of the other. Their model is given by

ou 0%u

a(tvx) = )\18.T2

ov 0%v
E(tal’) = )\2@

(t,x) +u(t,z) (r1 — aqu(t — 7,2) — bo(t — 7,2)), (1.2.18a)

(t,x) +v(t,x) (rg — agu(t — 7,2) — bov(t — 7,2)), (1.2.18b)
where 0 < z < 7 and t > 0, subject to the initial data
u(t,r) = u’(t,x), v(t,z) =2"(t,x), te€][-7,0] (1.2.19)
and Dirichlet boundary conditions
u(t,0) = u(t,m) = v(t,0) = v(t,7) =0, t > 0. (1.2.20)

The constants Ay > 0 and Ay > 0 represent the diffusivity of the two species whereas
r1 > 0 and r9 > 0 are the intrinsic growth rates of the two species.

Some other relevant models can be found in [2, 76, 110].

1.3 Literature review on some analytical and semi-

numerical methods for solving DDEs

In this section we describe some of the well-known methods (analytical as well as semi

numerical) for solving the delay differential equations.
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Method of steps:

Counsider a DDE of the form

y(t) = flt,y),y(t—7)),t€[0,T], (1.3.1)
y(0) = po(0),0 € [—T,0]. (1.3.2)

The basic idea behind the method of steps [9] is to transform the DDE model (1.3.1)-
(1.3.2) to a sequence of a finite number of ODEs through dividing the domain of the
DDE into sub-domains, in each of which the DDE is transformed into ODE. Then to
solve these ODEs starting from the first sub-domain using the given history function
(1.3.2). The solution in the first domain is used as a history for the next sub-domain,
and this process is repeated until the domain of the DDE is covered.

We will assume that 7' = K7 for some positive integer K. Then the space [0,T] =

[0, K'7] can be written as
0, 7] = UE_ [(m — 1)1, m7].
In the sub-domain [0, 7], the DDE is transformed into an IVP of the form

y(t) = f(t7 y(t)7 @O(t - 7-))’ te [07 T] (133>

y(0) = «o(0). (1.3.4)

Let ¢1(t) be the solution of the IVP (1.3.3)-(1.3.4). Then in the domain [r,27] the
DDE model (1.3.1)-(1.3.2) is transformed into the IVP

gt) = f(ty(t), et = 7)), t € [r,27], (1.3.5)
y(r) = @), (1.3.6)

which has a solution ¢y (t).
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Generally, in the sub-domain [m7, (m+ 1)7] the DDE (1.3.1)-(1.3.2) is transformed
into the IVP

y(t) = [f(t,y(t), pm(t — 7)), t € [mT, (m + 1)7], (1.3.7)

y(mt) = pma(m7), (1.3.8)

which has solution ¢,,(t).
The final solution y(¢) will be the union of the solutions ¢,,(t) form =1,..., K —1.

Method of reduction:

The method of reduction leads to two types of problems. These are
e Reduction of DDE into PDE, and
e Reduction of DDE into a system of ODEs.

Below we describe each of these methods.

Reduction of DDE into PDE:

Counsider a DDE of the form

() = f(z(t),z(t—71)),t€0,T], (1.3.9)
z(0) = ¢o(0),0 € [—T,0]. (1.3.10)

Define a function u : [0, 7] x [-7,0] — R as

u(t,0) =z(t+40), te€|0,T], 0 € [—1,0].

Due to the symmetry of z(t + 6), it is clear that

ou_ou
ot 09’
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The function u(t, ) satisfies

u(0,0) = z(0) = ¢o(0), 0 € [=7,0]

and

ou ou

%(tvo) = E(t’()) = l‘(t) = f(x(t)7§00(_7—>>7 te [OvT]

Thus solving the delay differential equation (1.3.9) with its initial data (1.3.10) is

equivalent to solving the partial differential equation

ou du
5 = %, tG[O,T],QG[_TaOL
u(0,0) = ¢o(0), 0 € [-7,0],
%@,m = f(a(D), (=), t €[0,T].

Reduction of DDE into a system of ODEs:

Consider the delay differential equation

x(t) = f(t,z(t),z(t—71), t €[0,T], (1.3.11)
z(0) = ¢o(0), 0 € [—T,0]. (1.3.12)

Let N be a positive integer and § = 7/N.
Define new variables z,,(t), m =0,..., N by

T (t) = z(t — md),

then z((t) = z(t) and zy(t) = z(t — 7).
Then

T (t) =

Tm(t + 5; — Ty (2) _ N <xm_1(t)T— xm(t)) |
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This leads to the following system of ordinary differential equations

io(t) = f(tolt) an(t), t€[0,7]
Em(t) = N(xm_l(t)_xm(t)), t € [mé,T)

-
zm(0) = @o(—md), m=0,...,N.

By solving the above system, we obtain the solution of (1.3.11)-(1.3.12).

Method using Lambert W functions:

The Lambert W function ([30, 101]) (also referred as product log function) is the
solution of the algebraic equation

qe T 2 (1.3.13)

where w and z are two complex numbers. The Lambert W function has an infinite
number of branches W,,,(z); m = 0,41, 42, ..., where Wy(2) is called the main branch,
and hence, the algebraic equation (1.3.13) has an infinite number of solutions W,,(z2).
This function has the property that it is symmetric with respect to the real axis. If
z = x is a real number, then the domain of the definition of W (x) is restricted to
[—e™1, 00), with W(—e™!) = =1, W(0) = 0 and W(e) = 1. Nowadays, this function
is even available as an in-built function in many programming languages like Maple
and Mathematica. In fact, Jarlebring stated in [70] that “Because of its availability
in software and the fair amount of applications, some argue that this (Lambert W)
function should be added to the set of elementary mathematical functions”.

The Lambert W function is related to a system of linear delay differential equations
via its characteristic equation. The spectrum of a linear delay differential equation can
be found through inverting the Lambert W function that gives the solution and then
determine the stability of the system. Many authors used the Lambert functions for

solving a system of linear delay differential equations [3, 4, 69].
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To describe the procedure, let us consider the linear DDE

§(t) = Ay(t)+ By(t —7),t €[0,T], (1.3.14)
y(@) = wo(0), 0 € [-7,0], (1.3.15)

where A and B are constants, and 7 > 0 is the delay parameter.

Plugging the solution

y(t) ="

in equation (1.3.14), we obtain the algebraic equation

1
i——— e 1.3.1
which has the solution
W (Bre 47
)\m:A+—’(L—>, m=0,41,42, ..
I

where W, (z) are the branches of the Lambert W function.
The solution of (1.3.14) with the initial data (1.3.15) is given by

- Wy (Bre A7)
t) = " A+ ——=)t), 1.3.17
y(t) m:E_OOC exp (( + = ( )
where the coefficients ¢,,, m = 0,41, ... are to be computed in such a way that the

function y(¢) is identical to the initial data ¢o(¢) on [—7,0].

Method of Laplace transformations:

The Laplace transform method ([10, 127]) provides an explicit expression of the solu-
tion and is a useful tool to study the spectral properties of a linear delay differential
equation. It transforms the delay differential equation into an algebraic equation. The

solution of the DDE is obtained by inverting the solution of the algebraic problem
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using the inverse Laplace transformation ([36]). This approach for (1.3.14)-(1.3.15) is
described as follows:

Taking the Laplace transformation on both sides of (1.3.14), we obtain

Y(s) = ©0o(0)e’™ + B ffl wo(t)estdt
(s —A)es” — B '
The poles of the function Y'(s) are given by

W (Bre=47)

T

Sm=A+ ,m=0,+1,+£2,...,

where the W,,’s are the branches of the Lambert function.
The solution of the problem (1.3.14)-(1.3.15) is obtained by inverting the transfor-

mation using the poles of Y (s). This gives

1.4 Some numerical methods and softwares for solv-
ing DDEs

Solutions of delay differential equations using Runge-Kutta methods ([21]) covers a
larger class of numerical methods that are developed for solving DDEs. Such works
include [9, 54, 64, 65, 75, 138].

Let us consider the following DDE

() = f(t,x@),z(t—7)),Vte[0,T],
1:(9) - @0(‘9)7 0 € [_7—70]7
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where T € R*, z € R and 7 is the delay parameter. The functions
f:R*—=R

and

@’ [-7,0) = R

are continuous.

If the time space [0, T] is partitioned into N subintervals through the points
to=0<ti <...<ty=T,

with Ay =t —t,, n=0,..., N—1, then a general s-stage continuous Runge-Kutta

method for solving the above problem is given by ([9])

Nt + 0hns1) = Tn + bt D b(O)f (tasr, X04y,m (tr oy — 7)), 0 €[0,1],  (14.1)

m=1
where
m l l l _
Xt =Tp + hopa Z(lmjf (i, X (thyy — 7)), m=1,....s. (1.4.2)
=1
If the step-size hy11 is less than 7, then n(¢7,; — 7) is known for all m = 1,...,s.

Gugleilmi et al. [51] implemented RADARS5 which is based on Radau ITA ([55]) for
solving stiff delay differential equations. They considered the problem

Myt) = ftyt),yt —a(t,y(t))), ..., ylt —an(t,y(t)))),

y(to) = wo, y(t) =g(t), t <to,

where M € R™? y(t) € R? and a,,(t,y(t)) <t forallm=1,...,d.
The application of the method based on Radau ITA leads to the approximation
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Yn =~ y(t,) by solving the linear system
MY =) = ha 3 amef (Y, 207 g = Y1,
=1

where Zr(nn ), that approximates y (047(7? )> =y (a (tn + Cmhn, YTSL")>>, is given by
g(cm(g)), Oégg) < tO

SOk(C“gg))» alt) e [tk tht1)-

In the above, @k (t) is a polynomial approximation of the solution y(¢) in [tg, tx41]. It is
a polynomial of degree s, that passes through the values y; and Yg(k) forall{=1,...,s.

Explicit continuous Runge-Kutta methods can be obtained by replacing equation
(1.4.2) by the equation

m—1

X3y = Ty + hng Zamgf (tf;H,XfLH,n (thH —7)), m=1,....s. (1.4.3)
=1

Explicit Runge-Kutta methods have been used by several authors for solving delay
differential equations. Some of the works in which the explicit continuous Runge-Kutta
methods are used for delay differential equations include Shampine and Thompson
[130, 131] and Paul [120].

In [130], Shampine and Thompson described the implementation of a delay differen-

tial equations solver using s-stages explicit Runge-Kutta triplet given by the equations

anrl = Tn + thrl Z bmf (tn + mhnaX;na SD (tn + thn - 7—))7 (9 € [07 1]7

m=1

where

s

X" :xn+hn+12am¢f (tn+05hn,Xﬁ,gp(tn+@hn—7')), m=1,...,s,
=1
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and

Tovo =T+ hng1 Y On(0) f (t + mhn, X2 0(tn + b — 7)), 0 € [0,1],
m=1

which approximates y(t,, + oh,), o € [0, 1].

In [95], Mahmoud studied the existence, uniqueness, stability and convergence of a
class of C2-spline collocation methods for solving delay differential equations.

On the other hand, linear multi-step methods have also been used for solving delay
differential equations.

Gan et al. [46] discussed error analysis of linear multistep methods and Runge-
Kutta methods applied to the following classes of one-parameter stiff singularly per-

turbed problems with delays. The problem they considered is given by

#(t) = [t xt), x(t =7),y(),y(t — 7)),

ey(t) = g(t,z(t),z(t —7),y(t),y(t — 1))

Huang [60] studied the stability of the linear multistep method for the nonlinear

delay differential equations:

©(t) = f(t,z(t),z(t—71)), t>0

z(t) = (), te[-70]

Verhyden et al. [141] considered the following system of linear DDEs with multiple

time delays
g(t) = Aoy(t) + > Ayt — 1)), y(t) € R",
j=1

where Ap, A; € R™™ and 7; > 0 for j = 1,...,m. Their aim was to find an efficient

computational technique for the roots of the characteristic equation of the system, so
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that the stability of the system could be determined. Their approach was based on the
discretization of the integration operator by a linear multi-step method.

The characteristic equation of the linear system above is given by

det(A — Ag — > Aje ) = 0.
j=1
Based on the fact that only a finite number of roots of the above characteristic equation
lie on the right half of the complex plane, their problem was reduced to compute the
rightmost root.
Letting h denote the length of one time step, y,, denote the value y(mh), L; = [7/h]
(where [x] means the ceil number of z) and ¢; = L; — 7/h, they approximated the

delayed terms y(t — 7;) at t = t; using Lagrange interpolating polynomials as

52
yti — 7)) = Z Ve(€)Yive-1,,

l=—51

where
52
Ej — 0

Ibg(Ej) = ! — o .

o=—s51

Then their multi-step method is given by

k k m So
S =14 (Aoyi YA w<ej>yi+e_%.) |
i=0 i=0 j=1

l=—351

where «; and 3; are the coefficients of the linear multi-step method, ss is an integer
such that A < 7,,;, /82 and s; is such that s; < sy < s1 4+ 2.
Hu et al. [59] used A-stable multi-step method for computing the numerical solution

of the following neutral delay differential equation:

gt) = fty@t),yt—71),9(t—71)), t>0

y(@) = 90(9)’ 0 € [_Ta 0)
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Ito et al. [66], constructed a spectral method to solve a linear system of delay

differential equations:

o(t) = Agx(t) + Az(t —71)+ f(t), t>0

2(0) = n, z(0) = ¢o(0), 0 €[-7,0).

Their idea was to expand the solution in each delay interval [(m — 1)7,m7| using a
truncated Legendre series. Similarly, the functions ¢g(t) and f(t) are expanded using
the truncated Legendre series. A last condition to complete the set of conditions
required for a unique solution is borrowed from the 7-method ([45]).

Mead and Zubik-Kowal [98] used pseudospectral methods ([45]) based on Chebyshev
pseudospectral spatial discretization and Jacobi waveform relaxation methods for time

integration for solving a delay parabolic partial differential equation

@ I @4_ Qy__i_ ( )
ot~ oxr " (g T Nen)

u(z,t) = folz,t), te[-7,0,,-L<x<L,

where e > 0,c € R, 70 > 0, L > 0 and 7' > 0. The function u(,; is given by

u(x7t)(7-) = U(Iﬂf + 7—)7 TEC [_T()v 0]

When € > 0, the problem becomes parabolic and in this case the boundary conditions

are given by

u(£L,t) = f5(t), t€[0,T],

whereas when ¢ = 0 and ¢ # 0, we have a hyperbolic problem and the boundary
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conditions in this case are given by

u(L,t) = f+ (ifc>0),
u(—=L,t) = f~ (ife<0),

where fy, f* are given.
In [67], Jackiwicz and Zubik-Kowal considered the use of Chebyshev spectral collo-

cation and waveform relaxation methods for nonlinear delay partial differential equa-

tions:
ou 0*u
9t~ “ox2 = = <g< >
5 S +u(z, ) (1 —u(z,t — 7)) + f(z,t), L<2z< R, t>0,
u(z,t) = g(z,t), te[-70], L<x<R,
u(—1,t) =

), t>0,

alt
u(l,t) = B(t), t=0.

Ansari et al. [1] developed a fitted mesh finite difference method for solving a sin-
gularly perturbed parabolic partial differential equation. The method uses a Shishkin
mesh on the spatial space, whereas it uses a uniform mesh for the temporal space. The
problem they considered is given by:

ou(t,z)  O%ult,z)

5% € 97 +a(t,x)u(t,z) = f(t,x) — b(x)u(t — 1, 2),

(t,2) € Q=[0,T] x [0,1],

with the initial data

u(t,x) = uo(t,z), (t,x) € [—7,0]x[0,1],
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and boundary conditions

u(t7x> = gL<t)7 (t,l’) S [O,T] X {0}7

and

u(t,z) = gr(t), (t,z) € [0,T] x {1}.

Besides the above-mentioned numerical methods, many of the existing software
for solving delay differential equations are based on Runge-Kutta methods, see for
example Corwin et al. [27], Paul [120], Shampine and Thompson [130], Shampine [131]
and Thompson and Shampine [139].

Some of the other software packages for solving delay differential equations are the
following:

Corwin et al. [27] developed the FORTRAN code DKLAG6 which is based on
embedded continuously fifth- and sixth-order Runge-Kutta methods.

The FORTRAN code Archi was developed by Paul [120] and is based on the fifth-
order Dormand and Prince explicit Runge-Kutta method with a fifth-order Hermite
interpolant.

Later on, Shampine and Thompson [130] developed the MATLAB routine dde23
which is used for solving DDEs with fixed time delays. It uses the explicit Runge-Kutta
method with Hermite interpolants.

Guglielmi et al. [51] developed the FORTRAN code RADARS for solving stiff
delay differential equations with a set of state dependent delays. The code is based on
a Radau ITA method.

In 2005, Shampine [131] developed the MATLAB routine ddesd which is used for
solving DDEs with variable time delays. This also uses the explicit Runge-Kutta
methods with variable step-sizes and cubic Hermite interpolation.

Subsequent to this, Thompson and Shampine [139] developed the FORTRAN 90
code dde_solver. 1t is based on one of the earlier FORTRAN 77 codes developed
by Thompson and his co-workers and is as convenient as the MATLAB dde23/ddesd
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routines are.

Some other relevant softwares to solve DDEs can be found in Bocharov and Ro-
manyukha [17], Enright and Hayashi [39], Karoui and Vaillancourt [75] and Paul [121].
Other works that may be useful for further studies in this area are [6, 8, 12, 16, 22, 26,
28, 37, 38, 40, 42, 44, 49, 50, 56, 71, 80, 89, 90, 92, 100, 109, 119, 126, 134, 135].

1.5 Summary of the thesis

We have organized the rest of this thesis as follows.

In Chapter 2, we develop fitted numerical methods for solving a single delay dif-
ferential equation and a system of two delay differential equations. These methods
preserve the positivity of the solution components, are convergent of first-order and
are stable. Some numerical examples are considered to show the performance of these
methods. Comparative numerical results show that our methods perform better than
the classical fourth-order Runge-Kutta method.

In Chapter 3, we design and analyze fitted numerical method for solving a two-point
BVP for a class of singularly perturbed second-order delay differential equations with a
small time delay. Numerical results obtained by this method are compared with those
found in literature.

Singularly perturbed delay parabolic partial differential equation (SPDPPDE) are
considered in Chapter 4. Based on the method of steps, we derive formulas for the
bounds on the solution and its partial derivatives. Then, we develop two fitted numer-
ical methods for solving the SPDPPDE. The first one is a fitted mesh finite difference
method, whereas the second one is a fitted operator finite difference method. We prove
that the two methods are convergent and unconditionally stable. Numerical results are
shown to confirm the theoretical estimates.

Ideas developed in Chapter 4 are extended in Chapter 5 where we develop a fit-
ted numerical method for solving a system of two delay parabolic partial differential

equations, describing the dynamics of two co-operative species. The proposed method
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is convergent and unconditionally stable. Test examples are used to show the perfor-
mance of the method and the results are compared with others found in the literature.
A system of two delay parabolic partial differential equations, describing the dynamics
of two competitive species is solved in Chapter 6.

Finally, in Chapter 7, we provide some concluding remarks and discuss the scope

for the future research.



Chapter 2

Fitted Numerical Methods for a
System of First Order Delay

Differential Equations

In this chapter, we design some positivity preserving methods (PPMs) to solve two
delay differential equation models. We prove the stability of these methods and also
show that they are convergent with order one. Three test examples have been used
to confirm the efficiency of the method. Comparisons are also made with the classical
fourth-order Runge-Kutta method and we found that our methods perform better than

it.

2.1 Introduction

Systems of first-order delay differential equations have been used to describe many
biological systems. In this chapter, our goal is to consider some population models
that fall under this category. There are some analytical investigations available in the
literature about these models, however, due to the fact that the state variables (such
variables usually describe densities, concentrations, populations sizes, etc.) must be

non-negative functions, many of the numerical methods, in particular, the standard fi-

27
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nite difference methods are found to be inappropriate. The reason being the occurrence
of erroneous solutions in the transient states. This has motivated us to construct the
fitted numerical methods that preserve the positivity of the solutions of such biological
systems.

Positivity preserving methods (PPMs) have been used by many authors for the
solutions of ordinary or systems of ordinary differential equations that are modelling
biological systems (see, e.g., [52, 103, 104, 105]). These PPMs are based on the con-
cept of non-local discrete representations of nonlinear terms ([102]), and can give high
stability properties. However, for the biological systems described by delay differential
equations, such PPMs are not yet exploited. Hence, our purpose in this chapter is to
design PPMs with high stability properties that can solve delay differential equation
models describing the dynamics of some biological systems.

We consider two models whose dynamics are described by a single delay differential
equation and a system of two delay differential equations, respectively. The first system
is due to Cooke et al. [29] and describes the dynamics of a mature population, whereas
the second model is due to Pujo-Menjouet et al. [99] and describes the dynamics of
periodic chronic myelogenous leukemia (PCML). Further details on these two models
are provided in subsequent sections.

The rest of this chapter is organized as follows. In Section 2.2, we state the two
models and give their biological interpretations. In Section 2.3, we discuss the quali-
tative behaviour of the solutions of these models. Then, we describe the construction
of the fitted methods in Section 2.4 and analyze them for convergence in Section 2.5.
In Section 2.6, we show the performance of these methods. These results are further

discussed in Section 2.7.

2.2 The DDE models

In this section, we consider two delay differential equation models. The first model

is a single delay differential equation model considered by Cooke et al. in [29]. In
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this model, it is assumed that the total population is divided into two groups: mature
and immature sub-populations. The model describes the dynamics of the mature
population only. The second model is a system of two delay differential equations
considered by Pujo-Menjouet and Mackey in [99]. It describes the dynamics of periodic

chronic myelogenous leukemia (PCML).

2.2.1 Population model with maturation delay and nonlinear

birth

Cooke et al. [29] considered a population in which an individual follows m life stages
S; i j=1,...,m after its birth before it becomes mature. The length of each life stage
S; is 7j; hence, an individual spends a life time 7 = 7 + ... 4 7,, before it becomes
mature and able to produce new members. The death rate in each stage S; before
maturation is d;. They assumed that the individuals in the different stages before
the maturation are dying with equal death rate, that is d; = d; for j = 2,...,m.
Therefore, d; gives the death rate in the immature population. The death rate in the
mature population was considered as d. They also assumed that the birth rate in the
population is proportional to the number of the mature individuals and the individuals
in the population become mature with a rate of B(N(t — 7)), where the function B
is termed as the birth rate function and is assumed to be nonlinear in the size of the

mature population N(t — 7). Then, the model that they considered is
N(t) = B(N(t — 7))N(t — 7)e~h™ —dN(t),t € [0, T], (2.2.1a)

with initial data

N(t) = po(t), for t <0. (2.2.1b)

Equation (2.2.1a) governs the growth of the adult population. The first term
B(N(t — 7))N(t — 7) in equation (2.2.1a) gives the number of newly born individ-

uals in the population whereas the second term dN(t) gives the ratio of the mature
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population individuals from which dies every day.

The birth rate function B(N(t)) is assumed to satisfy the following conditions

B(N) >0, (2.2.2)
B(N) is continuously differentiable with B(N) < 0 and (2.2.3)
B(0") > d > B(). (2.2.4)

The conditions (2.2.3) and (2.2.4) guarantee the existence of B~(t) for all B(c0) <
t < B(0").
Cooke et al. [29] considered three different formulas for the birth function B(N(t))

B(N(t)) = By(N(t)) = be*N® (2.2.5)
p . D

B(N(t)) = Ba(N(t)) = PR p,q with n > 0, and p >d, (2.2.6)

B(N(t)) = Bs(N(t)) = % +¢, with A>0and d > c¢> 0. (2.2.7)

It should be noted that the model (2.2.1) with B(N(t)) = Bi(N(t)) has been
considered in [33, 72, 112].

2.2.2 Periodic chronic myelogenous leukemia (PCML)

Chronic myelogenous leukemia (CML) is a cancer of the blood cells in which too many
white blood cells are made in the bone marrow. CML is characterized by the existence
of what is known as Philadelphia chromosome. The Philadelphia chromosome contains
the abnormal fused gene BCR-ABL which causes the production of abnormal ber-abl
tyrosine kinase [31] that transforms the bone marrow cells into abnormal leukemic cells.
The BCR-ABL fusion gene is found in over 95% of patients with CML [63]. According
to Mackey et al. ([93]) and Menjouet and Mackey ([99]), it has been noticed that (in
rare cases) chronic myelogenous leukemia behaves in periodic fashion. That is, white

blood cells, platelets and erythrocytes all oscillate with the same period. They referred
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to this case as the periodic chronic myelogenous leukemia (PCML).
To study the regulation of dynamics of the PCML, Pujo-Menjouet and Mackey

considered a stem cell model

P(t) = —yPt)+B(N@#)N(t) —e "B(N({t —7))N(t—7), (2.2.8a)
N(t) = —(B(N(t))+6)N(t) +2e " B(N(t —7))N(t — 1), (2.2.8b)

N(t) = Yo(t), (2.2.8¢)
and the initial condition
P(0) = P. (2.2.8d)

In the above model, the cells are partitioned according to their functions into one
of two phases: the proliferating phase (called Mitosis) and the resting phase Gy (called
interphase) ([41]). A cell in the proliferating phase undergoes cell division, giving two
daughter cells. The newly born cells immediately enter the resting phase, in which
they cannot divide but undergo their functions and prepare themselves for mitosis.

As far as the notations and individual terms used in the above model are concerned,
the densities of the proliferating and resting cells are denoted by P(t) and N(t), respec-
tively. Cells entering the proliferating phase either die with a rate v or divide at time
7 after the entry. The fraction of surviving cells about to leave the proliferating phase
at a time 7 earlier are given by the term e 3(N,)N, in equation (2.2.8a), whereas
the daughter cells which enter the resting phase are given by the term 2e=7"3(N, )N,
in equation (2.2.8b). The function B(N) = (,0" /(0™ + N"(t)) represents the mitotic
re-entry rate from the resting phase into the proliferation phase with a maximal rate
Bo and @ is the size of the population of resting cells at which the rate of cell movement

from the resting phase GGy into the proliferation phase is half of its maximal value (.
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The parameter n is a positive real number that controls the sensitivity of the mitotic
re-entry rate (denoted by ) to changes in the size of Gy.

In the next section, we discuss qualitative behaviours of the above two models.

2.3 Some qualitative properties

2.3.1 Qualitative properties for the population model with

maturation delay and nonlinear birth

Model (2.2.1) has a unique positive equilibrium N* = B~(de®7).

By considering

B(0%) > de™™ > B(o0), (2.3.1)

instead of (2.2.4), Cooke et al. [29] showed that this positive equilibrium is asymptot-
ically stable if the conditions (2.2.2) and (2.2.3)

dB(N)N

0 2.3.2
>0, (2.3.2)

hold.

For the particular case when B(N) = By(N) = p/(q¢ + N") with p/q > de®",
0<n<1lor B(N)= B3(N)=A/N +c with ¢ < de"™7 and positive initial functions,
the unique positive equilibrium N* = B~1(de®1™) is globally asymptotically stable for
all 7 > 0. They showed that if B(/NV) satisfies the conditions (2.2.2), (2.2.3) and (2.3.1)
but not the condition (2.3.2), then the dynamics of (2.2.1) is different from the one
obtained by letting 7 = 0.

On the other hand, in the case when B(N) = Bi(N) (= be~*") satisfies the condi-
tions (2.2.2), (2.2.3) and (2.3.1) together with the conditions a > 0, b > de®™™ and if

the initial data are positive, then it the following has been proved.

1. If b/d < ¥ *1, then the unique positive equilibrium N* = (1/a)Inb/(de®™7) is
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locally asymptotically stable independent of 7, where k* is the solution of the

system

. dy .
sinw = — cos w Ewcosw+k sinw |,

sinw — w cos w 2wd1 CoS W e
w — sin w cos w dsinw ’

2. If b/d > €1, then there exists 0 < 7% < 7** such that N* loses its stability
when 7 increases to pass through 7%, and stabilizes when 7 increases further and

pass through 7**.

The critical delays 7% and 7%* are defined by

£ 2
7' =—and 77" = —,

d d

where z1 and xo with z; < x5 are the two positive solutions of the equations

3. For small 0 < 7 < 79 where 75 = min{dillngﬂ" T }, the equilibrium N* is

globally asymptotically stable, where 7" and 7" are defined by

7 = max {7’ >0 relddT < g}

e b k41
oo, if 3 <e ,

T*, if % < eFr L

4. If d +b/e* < dy, then N* is globally asymptotically stable for all

<o ()}
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For the special case when d; = 0 with @ > 0 and b > d and initial values are positive,

it has been proven that

1. Ifb/d < €%, then N* = (1/a)In(b/d) is locally asymptotically stable, independent

of 7.

2. If b/d > €2, then there exists a 7 > 0 such that Hopf bifurcation occurs when 7

increases through 7.

3. Forsmall 0 < 7 < 79 = min{7’, 7"}, the equilibrium N* is globally asymptotically
stable.

2.3.2 Qualitative properties for the PCML model

The steady-state solution for the PCML model satisfies

NT= 0

* _ n—1 0 _ BO v
oo () o)

where * = §/(2¢77" — 1), and the steady-state re-entry rate can be positive only if

or

the delay 7 satisfies the inequality 0 < 7 < (1/7)In2.

The non-trivial steady-state exists if 7 > 0 satisfies

with § < 50.
To determine the stability of the model, Pujo-Menjouet and Mackey ([99]) used the

normalized variable x = N/0, and transformed the equation (2.2.8b) to

#(t) = —(B(x) + 0)x + Kf(z-)2- (2.3.3)
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which has the steady-state solutions

and

= (ﬂo/ﬁ* . 1)1/71.

Linearizing equation (2.3.3) around z*, letting z = x — 2* and B = B* + B*'z*, one

obtains the linear delay differential equation
2(t) = —(B+9)z(t) + kBz(t — 7). (2.3.4)

The characteristic equation corresponding to the above DDE is obtained by substitut-

ing z = € into 2.3.4. This gives the eigenvalue problem
N4 (64 B)=kBe ™. (2.3.5)

In summary:
1. if n € [0, 1], then the solution is locally stable for 0 < 7 < 7,44,
2. if n > 1, then there are two subcases

(a) if nd/(n —1) > By, then the solutions are locally stable for 7 € [0, Tnaz],

(b) if 0 <nd/(n—1) < [y and let

o = —(1/7)In((6/50)(1 + 1/(n—1)) + 1)/2,

then,

1. the solution is stable iff
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and

provided that 7 € [0, Ty4.], and
ii. if 0 < nd/(n — 1) < [y, then the solutions are locally stable for 7 €

[Tny Tmax} .

Some of these properties will be verified by the numerical methods developed in the

next section.

2.4 Construction of the numerical method

In this section we construct the numerical methods for solving the models described
in Section 2.2. There are various ways to go towards designing the fitted methods
for these models. However our goal is to design some positivity preserving numerical
methods and therefore we put more emphasis on how to tackle the nonlinear terms
in the individual models rather than looking at the particular denominator functions.
We will use the nonlocal approximation (see, [102] and [52, 114] for details) for certain
terms in these differential models.

To begin with, let M be a positive integer and partition the interval [0, T] through
the points

to=0<t; <...<typy,

Wheretj+1—tj:k::T/M;j:O,...,M—l.

2.4.1 Numerical method for the population model with mat-

uration delay and nonlinear birth

We approximate the model given by (2.2.1) with the difference method

NI+l _ NI

: — —dN* 4 B(N(t; — 7))N(t; — 7). (2.4.1)
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The difference scheme (2.4.1) can be further simplified to

NI+ kB(N(t; — 7))N(t; — 7)

N/ = =0,...,M —1. 2.4.2
1 + kd ) j Y ) ( )

Let s = 7/k, be a positive integer.

For j =0,...,s, the history term N(¢; — 7) can be evaluated from the expression

N(t; —7) = po(t; — 1), for j <s,

and the difference scheme (2.4.2) becomes

. NI+ kB(glt; = t —
Nt = (%gik;))%“ Do, s (2.4.3)

Now, the data
(to, N9, ..., (ts, N¥)

are interpolated with a cubic Hermite spline function ([128]) ¢*(t).
For j =s+1,...,M —1, when we move from ¢; to ¢;4;, the history term N(t; —7)

is evaluated from the relation
Ntj—1)=¢'(t;—71), for j<s+1,...,M—1

and we evolve the solution to the point ¢;;; using the difference scheme

N7 + kB(¢’(t; — )¢’ (t; — 7)

NIt —
1+ kd

L j=s+1,...,M—1 (2.4.4)

and then we extend the definition of ¢7(t) to the interval [t;,¢;,1] leading to a cubic

Hermite spline ¢/*1(¢) that interpolates the data

(to, N), ..., (tj41, N7T1).
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Our finite difference method for the population model with nonlinear birth and
maturation delay is then consisting of equations (2.4.3) and (2.4.4) together with the
initial data (2.2.1b).

2.4.2 Numerical method for the PCML model

We approximate equations (2.2.8a) and (2.2.8b) with the difference method

pitl _ pj
k

NI+ _ NI
k

= P L B(NT)NI — e "B(N(t; — 7))N(t; — 1), (2.4.5)

= —(B(N) + )N/ T +2e7"B(N(t; — 7))N(t; — 7).  (2.4.6)

Simplifying the above, we obtain,

PI + k(B(NI)NT — e " TB(N(t; — 7))N(t; — 7))
L+ Ky
NI+ k(2e777B(N(t; — 7)) N(t; — 7))
1+ E(B(N7) +6) '

pitl

Y

NI+l

On the interval [0, 7] the history term N(¢; — 7) can be evaluated from the history
function Jy(t) as

N(t; —7) = do(t; — 7),
and therefore, the difference method becomes

Pi 4+ E(B(NT)NT — e 77 3(9o(t; — 7))o (t; — 7))

pitt Tk : (2.4.7)
1 NV EQe T B(Wo(t; — 7)o (t; — 7))
N = 1+ k(B(NY) +6) ’ (248)
for j=0,...,s.

Let 9°(t) be the cubic Hermite spline that interpolates the data

(to, N°), ..., (ts, N¥).
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For j =s+1,...,M — 1, when we move from t; to ¢;4;, we approximate the delayed
term N (t; —7) using the cubic Hermite polynomial ¥/ (t); that is N(¢; —7) = 97 (¢t; — 7).

Then, P/*! and N7*! can respectively be approximated using

P+ k(B(NY)NY — e 3(9 (t; — 7)) (t; — 7))

pitt —
14 kv

, (2.4.9)

and

NI 4 k(2777 B9 (t; — 7))97 (t; — 7))

J+1 __
N = T+ k(3(N9) + 0) !

(2.4.10)

for j=s+1,...,M—1, and we extend the definition of ¥7(t) to the interval [t;, ;1]
and obtain ¥/ 71(¢).

2.5 Analysis of the numerical methods

In this section we prove the convergence and the stability of the numerical methods

developed in the previous section.

Convergence:

Using the Taylor expansion, we have

N(tjr1) — N(t)

’ — (=dN(t;)+ B(N(t; — 7))N(t; — 7)) = Ck + O(K?). (2.5.1)

where C' is a constant.
The local truncation error for the method (2.4.1) is given by

N(tj1) — N(t))

LTE =
k

— (=dN(t; + k) + B(N(t; —7))N(t; — 7)),
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which implies that

urg) = (M2 NG v, +n) 4 BOVE - )N - 7)

N(tjt1) — N(t)
k

IN

— (—d(N(t;) + kN()) + B(N(t; — T))N(t; — r))\

N(tj1) — N(t))
k

IN

— (=dN(t; + k) + BIN(t; = 7))N(t; — 7))

+k|dN(E)]

< Ck+ O +k[dN(€)] = O(k) = 0 as k — 0.

Stability:

Let ¢(t) be the spline function which approximates the history terms N(t; — 7) at

t =t; — 7. Then equation (2.4.2) can be written as

; 1 A k
= N Bly(t; — t; — i =0,....M—1. 2.5.2
1+kd +1+kd (90(] T))QD(] 7-)7 ] Oa 9 ( 5 )

Substituting the exact solution N (¢;) instead of N7 in equation (2.5.2), we obtain

1
1+ kd

N(tj1) = Ble(t; —7))e(t;—7), j=0,...,M -1

N .
(tj)+1+kd

Subtracting the above equation from (2.5.2), taking the absolute values on both

two sides and applying the triangle inequality, we obtain

1 k
el = (137 ) 16+ (T ) 1B = 7ot = ) = BV = )V = ),
(2.5.3)
where e; = N7 — N(t;) denotes the error at ¢t = ¢;.
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We would like to determine how e; behaves as j — oo.
For j = 0,...,s, the history terms are ¢(t; — 7) = N(¢; — 7) and hence, equation
(2.5.3) reduces to

J
el < —— el = (— ) el
1+ kd 1+ kd

For j = s+ 1,...,N — 1, we first linearize the nonlinear function B(p(t; — 7))

around N(t; — 7) as

B(p(t; —7)) = B(N(t; —7)) + ((t; =7) = N(t; = 7)) B(€) = B(N(t; —7)) + ;- B(€),

where & € [t;_s,tj41-5]-

Substituting the above equation in (2.5.3) and simplifying, we obtain

]+ o | (BON( 7)) + BOVE))[lesmal - (254)

1
. < -
€541l < 1+ kd 1+ kd

Equation (2.5.4) can be expressed as

el < (1+1kd>j ea] + <1fk:d) ‘<B<N(tj —7) +B(N(f))>) (1+1k;d)j_s'

We note in the above inequality that both d and k are positive and the two terms on
right hand side go to zero, and hence ¢; — 0, j — oo.

This proves that the method is unconditionally stable.

Remark 2.5.1 For the PCML model (2.4.7), (2.4.8), (2.4.9), (2.4.10), we see that

ILTEp| < Ck+ O(K*) +k|yP(¢)| = O(k) — 0 as k — 0,
ILTEy| < Ck+4+OK?*) +k|(B(N()) +0)N()| = O(k) — 0 as k — 0,

where £ and ( are in [t;,t; + k|. Moreover, the method is unconditionally stable.
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2.6 Numerical results

In this section we provide numerical results for the models described by equations

(2.2.1) and (2.2.8).

Example 2.6.1 Consider (2.2.1) with B(N(t)) = B1(N(t)). Then the model takes
the form

N(t) = be NNt — 7)eh™ — dN(t)

with the initial data N(t) = Jo(t) = 3.5.

We solve the model for a =d =1 and (a) dy =1, b =280, (b) d; =1, b= 20, (c)
dy =0, b=280, (d) d; =0, b =20.

Results for different values of the delay parameter 7 and the other parameters are
presented in Figure 2.6.1.

The comparative solutions with Runge-Kutta method are presented in Figure 2.6.2.

Example 2.6.2 By setting B(c(t)) = By(c(t)), di = 0, where the function ¢(t) is the
concentration of the blood cells (per mm?), one can obtain the Mackey-Glass model

([91])

() = pelt—1)
C(t) - q—i—C”(t—T) d (t)a

with the initial data c(t) = ¥o(t) = 0.5 for t € [—7,0].
We solve this model for p = 0.2, g =1, n =10 and d = 0.1.
Results for different values of the delay parameter 7 and the other parameters are

presented in Figure 2.6.3.

Example 2.6.3 Consider model (2.2.8) with § = 1.98 x 10%, § = 0.05, fy = 1.77,
Py =0.71 x 108, ¥y(t) = 6.43 x 10® for t € [~7,0] and n = 3.
Results for different values of the delay parameter 7 and the other parameters are

presented in Figure 2.6.5.

In Figure 2.6.1 we plot the solutions for the parameters values taken from [29]. In

that work, Cooke et al. used a =d =1 and (a) d; =1, b =280, (b) d; =1, b = 20,
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Figure 2.6.1: Solution for Example 2.6.1, with B = Bj, for a = d = 1 and (a)
d=1,06=80,(b)dy =1, b=20, (¢) d, =0, b=280, (d) d; =0, b= 20.

(¢)dy =0, b=280, (d) d, =0, b =20. We see from Figure 2.6.1 (a) that the solution
is stable for all the values of the delay parameter 7 € {0.2,1.0,2.4}. Figure 2.6.1 (b)
shows that the solution is stable for the delay parameters 7 = 0.2 and 7 = 2.4 whereas
it is unstable for 7 = 1. This tells us that the solution looses its stability as 7 passes
through some critical value 7 € (0.2, 1) and restores itself as the delay passes through
another critical value 7 € (1,2.4). In Figure 2.6.1 (c), we see that the solution is
stable for the delay parameters 7 = 0.2 and 7 = 1.0 whereas it is unstable for 7 = 2.4.
This tells that the solution looses its stability as 7 passes through some critical value
71 € (1,2.4). Finally, Figure 2.6.1 (d) shows that the solution is stable for the delay

parameter 7 = 0.2 whereas it is unstable for 7 = 1.0 and 7 = 2.4. This means that the
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solution looses its stability as 7 passes through some critical value 71 € (0.2, 1).

w105 Fourth-order Runge-Kutta method; =25 and k = 2 PP, =25 and k= 2
0 T T T T T T T

i)

Figure 2.6.2: Solutions for Example 2.6.1, using the classical fourth-order Runge-Kutta
method and the PPM (2.4.1), with B = B; and step-size k = 2 and for parameter values
a=d=1,b=20and d; = 0.

In Figure 2.6.2, we compare the performances of the classical fourth-order Runge-
Kutta method and the proposed PPM (2.4.1) for a step-size k = 2 with 7 = 2.5 in
[0,50]. The fourth-order Runge-Kutta method failed to solve the problem for this step-
size, whereas PPM could solve the problem and maintained the non-negative profile of
the solution.

Figure 2.6.3 shows the dynamics of the concentration of the blood cells for different
values of the delay 7. The solution is stable for 7 = 1 and periodic for 7 = 5 and
7 = 10. This means that there is a critical time delay 7 € (1,5) such that the solution
loses its asymptotic stability when it passes through the critical delay 7{. For 7 = 15
the solution is chaotic which indicates that there is another critical value 75 € (10, 15)
for which the solution loses its stability.

In Figure 2.6.4 we compare the performance of the fourth-order Runge-Kutta
method with the proposed PPM (2.4.1). The comparison is made by taking 7 = 60 and
step-size k = 24 in [0,1200]. The chosen parameter values of the model are p = 0.2,
qg=1,n=10and d = 0.1. The solution profile given by the fourth-order Runge-Kutta

method contains negative values for the blood concentration, whereas the one given by
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Figure 2.6.3: Solution for Example 2.6.2 in [0, 400] for different values of the time delay
T,forp=0.2,¢g=1,n=10and d =0.1.

our PPM is non-negative on the whole solution domain.

From Figure 2.6.5 we see that the solution of the model is stable for 7 = 1.8,2.1
and 7 = 5, whereas it is periodic for 7 = 2.4. This indicates that the solution loses its
asymptotic stability when the delay 7 passes through some critical value 77 € (2.1,2.4)
and restores it when the delay 7 passes through another critical value 75 € (2.4,5).

In Figure 2.6.6, we compare the performance of the classical fourth-order Runge-
Kutta method with the PPM (2.4.5)-(2.4.6). We fixed both the time delay 7 and
the step-size k to the value 10. We can see that the solution profile obtained by the
Runge-Kutta method has negative values whereas the solution profile obtained by the

proposed PPM is always nonnegative.
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Figure 2.6.4: Solutions for Example 2.6.2 using the fourth-order Runge-Kutta method
and the PPM (2.4.1), for 7 = 60 and step-size k = 24 in [0, 1200] where the parameters
of the model take the values p =0.2, ¢ =1, n =10 and d = 0.1.

2.7 Discussion

In this chapter, we designed positivity preserving methods (PPMs) for solving two
different biological models described by delay differential equations. These methods
are unconditionally stable and are first-order accurate.

To monitor the performance of the proposed PPMs, we chose two different routes:

Firstly, we fixed the step-size and varied the delay parameter to monitor the changes
in the qualitative behaviour of the solution, so that we could compare the results
obtained by these methods with the theoretical and other results found in the literature.
Figures 2.6.1, 2.6.3 and 2.6.5 show that the numerical results obtained by the PPMs
affirms the above statement.

Secondly, we have used moderately large step-sizes in the simulations for the three
test problems and compared the performances of the classical fourth-order Runge-
Kutta method to the proposed PPMs. In the first test example the fourth-order Runge-
Kutta method could not converge, and in the next two test examples it failed to give
non-negative solution profiles. On the other hand, the PPMs could solve the three test
problems and give non-negative solution profiles for these test problems. In fact, the

PPMs have been tested for many large time delays with large step-sizes maintaining



CHAPTER 2. FITTED NUMERICAL METHODS FOR A SYSTEM OF FIRST
ORDER DELAY DIFFERENTIAL EQUATIONS 47

i Profle ofpofferating cells .= 16

WEEREEEREENER 10

2 0 0 8000 90 m
f f
it Profle ofpofferating cells =21 ot Profle ofegtng el 1= 21

A

= SR

| I T T = = L \
0023 3 0% 848 90 0234090009 m
t f
i Profl ofpofferaing cells = 24 r Profle ofestng cells: 1= 24
fl 4 T T

i i [ S I I L |
0230 0968080 % W 1123y 09000 01M
f f

o Profle of olferatin cells £=5 o Profle ofesfng el 1=5

== T

.........................................................................

G [ [ 1 o9 1

Figure 2.6.5: Solution for Example 2.6.3, for § = 1.98 x 108, § = 0.05, 3, = 1.77,
Py =0.71 x 108, 9o(t) = 6.43 x 10® for t € [—7,0] and n = 3.
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Figure 2.6.6: Solutions for Example 2.6.3 using the classical fourth-order Runge-Kutta
method and the PPM (2.4.5)-(2.4.6) on [0, 100] with a delay and a step-size 7 = k = 10,
for § = 1.98x10%, 6 = 0.05, By = 1.77, Py = 0.71x 10%, ¥y (t) = 6.43x 108 for t € [—T, 0],
T=25and n=3.

the step-sizes to be bounded by the time delay 7. The PPMs have passed all these
tests giving non-negative bounded solutions. From these tests we can conclude that
the PPMs outperform the fourth-order Runge-Kutta method for large step-sizes and

large delays.



Chapter 3

An Efficient Fitted Operator
Method to Solve Delayed

Singularly Perturbed Differential

Difference Equation

In this chapter, we develop a fitted numerical method for solving a singularly perturbed
boundary-value problem for a second-order delay differential-difference equation. The
delay appears in the first-order derivative term. The proposed method is first-order
accurate. The results obtained are comparable with some of those available in the

literature.

3.1 Introduction

Boundary-value second-order delay differential-difference equations model many bio-
logical systems. According to Lange and Miura ([81]), BVPs involving a DDE are
satisfied by the moments of the time of first exit ([140]) of temporally homogeneous

Markov processes ([96]) governing such phenomena as the time between impulses of a

49
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nerve cell and the persistence times of populations with large random fluctuations.

Lange and Miura ([84]) stated that the determination of the expected time for the
generation of action potentials in nerve cells (see, e.g., [5, 149]) by random synaptic
inputs in the dendrites can be modelled as a first-exit time problem. They stated that
under particular circumstances the problem for the expected first exit-time y, given the
initial membrane potential x € [x1, 5], can be formulated as a general boundary-value
problem for a second-order differential-difference equation of the form

o d%y dy

— 5+ (p— x)% + Agy(z+ag) + A\y(x —ar) — (Mg + A\)y(z) = -1, (3.1.1)

where the values z = z; and x = x5 correspond to the inhibitory reversal potential
and to the threshold value of the membrane potential for action potential genera-
tion, respectively. The first-order term —xz1’ corresponds to exponential decay between
synaptic inputs whereas the undifferentiated terms correspond to excitatory and in-
hibitory synaptic inputs modelled as Poisson processes ([79]) with mean rates Ag and
A7, respectively, and produce jumps in the membrane potential of amounts ag and
—ay, which are small quantities and could depend on voltage.

The above general singularly perturbed second-order boundary value problem is
considered by Lange and Miura in [84] and studied further by Kadalbajoo et al. in [73]
and some of the references listed in [73]. Other relevant works include [81, 82, 83, 85].

The biological model stated by Lange and Miura in [84] leads us to consider a BVP

for a singularly perturbed second-order differential-difference equation ([84])

8% + a(z)y(x — 6) + b(x)y(z) = f(z), = € [0,1], (3.1.2)
y(0) = »(0), 0 € [-4,0], (3.1.3)
y(1) =~ (3.1.4)

where 7 is a real constant, 0 < ¢ < 1 is the singular perturbation parameter, the

functions a(x), b(z) and f(z) are sufficiently smooth and the initial function ¢(x) is
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continuous.

If the shift parameter § in (3.1.2) is taken to be zero (i.e., the case of no shift),
then the solution of the resulting non-delayed problem can exhibit either a left or a
right boundary layer depending on whether the function a(z) is positive or negative
in the interval [0, 1]. For very small values of the shift § > 0, the solution profile can
still maintain the existing boundary layer. Once the shift parameter starts increasing,
small oscillations start appearing in the boundary layer region. After some stage when
these oscillations grow, the boundary layer is completely destroyed and oscillations
dominate throughout the region. This particular feature makes this problem more
interesting because such change in the overall dynamics cannot be resolved by many
fitted mesh methods. We overcome this difficulty by using a fitted operator method
instead.

Lange and Miura [84] reduced the DDE (3.1.2) into a system of ODEs of the form

eyn(@) + a(a)y, (x) + 0(x)ya(2) = f(2) + a(x)(y, 1 () — Yp_1(z = 0))

and used an iterative algorithm to solve the resulting problem. Their simulations show
both boundary layer behaviour (for small shifts) and oscillatory dynamics (for large
shifts).

Patidar and Sharma ([117]) considered problem (3.1.2) with small shifts. They used
a two term Taylor expansion to approximate problem (3.1.2) through a non-delayed
singularly perturbed second-order differential equation. They separated the cases of
left and right boundary layers and constructed e-uniformly convergent fitted operator
finite difference methods for solving the approximate problem.

Rather than solving an approximate problem (the one obtained by using Taylor
expansions) as in Patidar and Sharma ([117]), we develop a numerical method that
can solve the problem (3.1.2)-(3.1.4) directly.

The rest of this chapter is organized as follows. In Section 3.2, we discuss some of

the qualitative properties of the solution of (3.1.2)-(3.1.4). The fitted operator finite



CHAPTER 3. AN EFFICIENT FITTED OPERATOR METHOD TO SOLVE
DELAYED SINGULARLY PERTURBED DIFFERENTIAL DIFFERENCE
EQUATION 52

difference method is constructed in Section 3.3. In Section 3.4, we analyze this method.
Numerical examples are presented in Section 3.5. Finally, in Section 3.6, we discuss

these numerical results.

3.2 Qualitative behaviour of the solution

In this section we review the qualitative behaviour of the solution of (3.1.2)-(3.1.4)
based on the work found in [84].

If the shift § is taken to be zero in (3.1.2)-(3.1.4), then the resulting ordinary
differential equation will have either a boundary layer at the left side (z = 0) or a
boundary layer at the right side (z = 1), depending on whether a(z) > 0 or a(z) < 0,
respectively.

Letting the delay parameter ¢ taking very small values will not affect the boundary
layer initially. Then increasing the value of o leads to the appearance of oscillations
within the boundary layer without destroying its structure. Increasing the value of §
further, oscillations (starting from the layer side) begin to dominate until the boundary
layer is destroyed completely and they simultaneously move towards the other end.
These features have been shown via some figures in [84]. Their simulations indicate
significant effects of the delay on the first-order derivative.

Some notable observations from [84] are as follows:

1. In the case of no delay (i.e., when 6 = 0) with a(x) > 0, there is a boundary layer

at x = 0, and the outer solution is given by
y(x) = 7el= MO 4 O(c),
The analytical solution in this case is then given by

y(z) =T + (¢(0) = D)e 0%/ 4 O(e),
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where I' = vele b(t)/alt)dt

2. For 0 = 7e where 7 is a positive parameter of O(1), they assumed an outer

solution of the form

y(x) = Z yj(z)e’,

as € — 0, where gy, satisfies the reduced problem obtained by setting ¢ = 0, with
boundary condition yo(1) = -, whereas the functions y;(x),j = 1,2, ... satisfy

equations of the form

ey (x) + a(z)y (x — &) + b(x)y(x) = a(x) (—D’“%yﬁ’if)(x) —y'(@),
k=1 ’

with boundary conditions

y;(1) = 0.

Using the change in the variables & = z/¢ and y(Z) = y(ex), the solution of the

transformed problem
' +a(e)y (T —7) +eb(eD)y(T) =0, 0 <7 < o0,

can be written as

@) = ui@)e,
j=1
where the smooth component 3y () satisfies the problem
o' (T) +90'(F — 7) = 0, Ho(x) =1 on [-7,0].
Integrating the above with respect to x, we obtain
J@) +y@E-7)=y0)+1=T,

assuming that a(0) = 1.
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The solution of the above problem is obtained by first applying the Laplace

transform, which yields
~ 1 r—1
Yo(s)= -4 —
() s + s(s+e7 ™)

and then one uses the inverse Laplace transform.

The transformed problem has infinite number of poles. One of the poles is s = 0

and the other poles are obtained by determining the roots of
P(s,7)=s+e " =0.

The results about the poles of P(s, 7) are summarized as follows:

(a) For 7 € (0,e71), there are two distinct real roots sy € (—oo, —e) and s; €
(—e,—1). When 7 — 07, then sy — —oo and s; — —1, whereas when

7 > 0, all the other roots occur in complex conjugate pairs with Re(s,) ~

(1/7)In(27/(4n = 3)7) as n — 0.
(b) For 7 = e !, the two negative roots coalesce at s; = —e.

(c) For 7 > e~!, the roots split into complex conjugate pairs, and at 7 = 7/2,

Re(s1) = 0.

(d) For 7 > /2, s; and §; cross the imaginary axis to the right half plane.

Then the solution obtained by the inversion of Y(s) is given by

ﬂo(i) =TI + 006505 + cles15 + Z(Cnesni + énesn%%

n=2

where

Bt 0,1
Cn = , NM=U,1,....
Sn(1+78y)

From the natures of the poles of the transformed problem, Lange and Miura [84]

concluded that
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(a) for 7 € (0,e7 1), the roots sy and s; are real and distinct, and
70(T) = T + ce*® + c1e%, T — 00, € — 0,

is an accurate numerical approximation for the boundary layer solution ().

(b) for 7 > e™!, 5o and s; are complex conjugates, and ¢y and sy are replaced

by Ci and S1.

(c) the leading order layer solution neither depends on the function b(x) nor on

the function f(x), except through T

The qualitative information described above will be useful for verification of the nu-

merical results that we obtain by the fitted method presented in next section.

3.3 Construction of the numerical method

In this section we design a fitted numerical method to solve the problem (3.1.2)-(3.1.4).
To begin with, we partition the interval [0, 1] through the points

To=0<2 <...<zNy =1,

where N is a positive integer and z,,41 — 2, = h =1/N form =0,..., N — 1.

The value of N is chosen in such a way that = sh for some positive integer s. This
will make it possible for the shift parameter ¢ to coincide with the grid point xg. This
in line with most of the works seen in the literature (see, e.g., [29, 32, 133]) for this
kind of problem where either the length of the interval is considered as the multiple of
the delay parameter or both the interval length and the delay are integer multiples of
the step-size h.

Using the theory of difference equations (see, e.g., [87, 116]), the appropriate de-
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nominator function (¢?2,) in the discretization of (3.1.2)-(3.1.4) can be considered as

( E(ehaem—1>, if a,, <0,

am

he (1—e’haem>, if a,, > 0,

P2 = (3.3.1)
4 ginh? %, if a,, =0 and b,, > 0,
\ p%sinQ%, if a,, =0 and b,, < 0,
where
bTYL
(O —rs
€

At the grid points z,,, the second-order derivative term in equation (3.1.2) is ap-

proximated as
d*y
dx?

0 Ym+1 — 2ym + Ym—1

~ 2
T=Tm ¢m

Similarly, the first-order term involving delay is approximated at z,, — ¢ as

~ y(xm—i-l - 5) B y(mm - 5)
h .

Using the above approximations, we obtain the following difference method for

(3.1.2):

) B S _
6ym-i—l Ym + Ym—1 + amy(xm-i-l 5) y<xm 5)
o h

+ oY = fim, (3.3.2)

m=1,...,N —1.
Equation (3.3.2) can be further simplified to

€ 2e € Am A

¢_2ym—1 - ¢_2ym + ¢_2ym+1 + Ty(xm-i-l - 335) - Ty(mm - 375) = fms (3'3'3)
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m=1,...,N—1

For m < s, the delayed term y(x,, — §) is evaluated from the history function as

and therefore, equation (3.3.3) becomes

€ 2¢e € Am
Eym—l - %ym + %ymﬁ—l = fm - 730($m+1 - $5) - Tgp(xm - ZL’S), (334)

when m < s, whereas when m = s, we have

€ g € as g
GaYs1 b gl T“yl = fo = 0(0). (3.3.5)

Form=s+1,...,N — 1, equation (3.3.3) takes the form

€ 2e
¢—2?Jm—1 - ¢—2

€ Ay am
Ym + ¢_2ym+l + Fy(fl?mﬂ-s) - Ty(xm—S) = fzm). (3.3.6)

Our fitted operator finite difference method consists of equation (3.3.3) along with
the initial data (3.1.3) and the boundary condition (3.1.4).
Combining (3.3.4), (3.3.5) and (3.3.6), we obtain a linear system

AY = F,
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where A is the (N — 1) x (N — 1) matrix

(2 b, fj=k=m, m=1..N-1
% ifj=m-1,k=m, m=2,...,N—1
é, ifj=m, k=m-1, m=2,....N—1
Ajp =4 %, ifj=sand k=1
—am ifj=m-—s, k=m, m>s
“Tm, ifj=m-—s+1, k=m, m>s
0, otherwise.

\

The N — 1 entries of the right hand side vector F' are given by

(

f(x1) = Sy(xo) = G (w2 = 0) = p(21 = 9)), ifm=1,
fm = &2 (@(Tmy1 — ) — @(Tm — 9)) if1<m<s,
Fn =19 fs+ %0, it m=s,
Jms if s <m< N —1,
| vz if m=N-—1,

and Y denotes the vector [yi,...,yn_1]T of unknowns.
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3.4 Analysis of the numerical method

In this section we analyze the proposed fitted method. We will consider the case of large
delays that are sufficient to destroy the boundary layer. In this case, highly oscillatory
solutions will be obtained. Therefore, we assume that the solution function y(x) and
its derivatives up to order three are bounded by a constant C, which is independent
of . On the other hand, the cases of the small delays have already been analyzed by
other researchers in the past, see, e.g., [73], where due to the smallness of the delay,
the differential equation (obtained via Taylor approximations) was still a very good

approximation to the problem (3.1.2)-(3.1.4).

Convergence of the method:

The local truncation error of the method at x = x,, is given by

LTE = ¢ (y//(xm) 'y y(l‘m-i—l) e 2y;§m) + y(xm_l))

Fam (y'(xm _ gy — Ymi1 = 0) = ylam = 5)) , (3.4.1)

h

which implies that

ILTE| < e

o () — Y(@m + h) = 2y(zm) + y(@m — h) ‘

m

o — ) — Y(@ms1 — 6) — y(@m — ) ‘ '

. (3.4.2)

+| |

The first term on the right hand side of the inequality (3.4.2) can be replaced by

c (y”(xm) _ Y(@m) — 2yg§m) + y(xml))

. (y(xmﬂ) —~ 2y§;m) T yY(@m-1)  Y(@ma1) — 21/0;3771) T y(‘cml)) . (3.4.3)
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—2 _
ey () — Lme) %gﬂ+y@m” —O(h?) = 0ash— 0

Moreover, by expanding ¢2,, we see that

c ‘y(xm-i-l) — 2y(Tm) + Y(Tm_1) B Y(Tmy1) = 2y(Tm) + Y(Tm1)
h? o

c0(%)
= — —0ash—0,

< — &7
T 1+0(%)

provided that h < C'§, where C' € (0, 1] is a constant.

The second term on the right hand side of the inequality (3.4.2) satisfies

Y(&mi1 — 0) = y(Tm — 9)
h

|| | (T — &) — < |am|O(h) — 0 as h — 0.

Hence, the LTE is O(h) and it tends to zero as h — 0 and A < C6, which proves

that the method is convergent of order 1.

Remark 3.4.1 In order to accommodate all the delays, it is reasonable to choose the
step-size to be of the magnitude of 4. Hence, the condition h < C¢ for the convergence

is logically very appropriate.

Stability of the method:

The stability of the fitted method depends on the eigenvalues of the matrix A denoted
by Am, m=1,...,N —1. If forall m =1,..., N — 1, the eigenvalues of A~! denoted
by A1 satisfy

X < 1

then the method will be stable. We would like to determine the conditions on the
step-size h, under which the proposed fitted method is stable.
To do so, we make use of the Gershgorin’s disk theorem ([61]), which states that
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each eigenvalue )\, of the matrix A should lie in a Gershgorin’s disk (denoted by D,,),
which is centered at b,, — 2¢/¢? and has a radius equals to the magnitude of the
summation of the non-diagonal elements in row m. Our strategy here is to consider
cach Gershgorin’s disk D,,, and let the whole disk lies in (—oo0, —1) one time and lies
in (1,00) another time and for each of the two cases we determine the range for the
step-size h which allow the disk to lie in the corresponding region. This is done by
allowing both the left and right bounds of the disk to lie together either in (—oo, —1)
or in (1, 00).

For m = 1,...,s — 1, each Gershgorin’s disk is centered at b,, — 2¢/¢?, and has a

radius 2e/¢?,, that is

4e

Then, || < 1if [A\,| > 1 and this will happen only if both the limits of D,, are
below —1 or both are above 1.

If we solve the two inequalities

b, < -1
and
4e
b — & < —1,
we obtain
4 2
h < iVV( O ), for a,, >0
Am by, +
and
2 2
< bmarl’ for a,, <0,

where W (x) denotes the Lambert W function evaluated at x.
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On the other hand, if we solve the two inequalities

b, > 1
and
4e
b — 1,
we obtain
4 2
h < —E—W O , for a,, >0
A b, —1
and
2 )
h bmaml’ for a,, < 0.

The Gershgorin’s disk Dy is given by

4e Q541 b As+1
- y Ym h

Dy = by — —
S 8¢72n h

and again |\s| > 1 only if both the limits of D, are below —1 or both are above 1.

The solution of the inequalities

S ¢2n h
and
b+ 2 <1
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leads to

2
h < iVV da; , fora, >0
Qs b +1

and

2

2
h < bsfl’ for a, < 0,

whereas the solution of the inequalities

de As+1
by — — — 1
R
and
As+1
by, 1,
ST,
leads to
4 2
h < iVV % , for ay, >0
Qs by — 1
and

2
s

bs — 1

, for ay < 0.

Similarly, for m =s+1,..., N — 1, the Gershgorin’s disks are given by

oo () (3]

and the eigenvalues ), in this case satisfy |\,,| > 1 only if both the limits of D,, are

below —1 or both are above 1.
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By solving the inequalities

b, 4e_<am+1_a_m> <

62, h h
and
am+1 A,
bt (4252 Om)
T
we obtain
2
h < —E—W( da, ), for a,, >0
i by +1
and
2 )
h bmarl’ for a,, < 0.

On the other hand, if we solve the two inequalities

b, 45_(am+1_a_m> -1

62 h h
and
Am+1 Am
bm ( as - _> ]-7
A
we obtain
4 2
h < iVV O , for a,, >0
A, b, — 1
and

3[0

T for a,, < 0.
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The above condition on h guarantee the stability of the method. It should be noted
that due to the nature of the coefficients, none of the above conditions seem to be

severe.

3.5 Numerical results

Example 3.5.1 [84] We consider (3.1.2)-(3.1.4) with a(z) = b(z) = ¢(z) = v = 1,
f(z) =0. and e = 0.01.

Example 3.5.2 [84] We consider (3.1.2)-(3.1.4) with ¢(z) = 1, a(z) = b(z) =y = —1
and f(z) =0.

In Figure 3.5.1 we plot the solutions for Example 3.5.1 corresponding to different
values of the delay. These plots show different dynamics: left boundary layers, oscilla-
tions on the layer side and movement of the oscillations to the other side. In Figure
3.5.2 we plot the solutions for Example 3.5.2 for different values of 6. These plots also
show different behaviour for the solution of the system, including smooth and oscilla-
tory behaviour. These numerical results confirm the observations made earlier about

the qualitative behaviour of the solution.

3.6 Discussion

In this chapter, we have developed a fitted numerical method for solving a second-order
delay differential equation with a delay involved in the first-order derivative term. The
method is shown to be stable and convergent of order 1.

By applying the fitted method to Example 3.5.1 we noticed that for very small
values of the delay § (up to 6 = 0.5¢), the left boundary layer is maintained. When the
delay is more than 0.5¢ but remains below § = 1.1¢, oscillations within the boundary
layer are seen while the layer structure is still being maintained. For delays that are

greater than 1.1e, oscillations begin to dominate in the boundary layer region and
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b=05¢ 0=10¢

6=17a¢ §=20¢

Figure 3.5.1: Solution for Example 3.5.1, with a(z) = b(z) = ¢(x) = v = 1 and

f(x) = 0.
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= [

Figure 3.5.2:

f(x) = 0.

b=05¢

X
§=25¢
02 04 0b 0%
X
b=45¢
02 04 06 08
X

Solution for Example 3.5.2, ¢(x)

02 04 06 08 f

=1, a(z) = b(z) = v = —1 and
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the shape of the boundary layer is completely destroyed when the value of the delay
parameter reaches 1.5¢. At around ¢ = 1.6¢ oscillations profile is the same on the left
and right sides. After that the oscillations become weaker on the left side compared to
the right side, their magnitudes on the right side grow rapidly by increasing the value
of the delay. The profile remains like that for the rest of the values of the delay. It
should be noted that the results which we obtain by our fitted numerical method for
this example agree with those found in [84].

The solutions for Example 3.5.2 are explained in Figure 3.5.2. Again we see the
movement from very smooth profiles corresponding to very small delays to oscillatory
profiles with small oscillations to oscillatory dynamics.

The condition that the step-size must be below the singular perturbation parameter
looks very severe, but the fact that the delay and the singular perturbation parameter
are of similar order shows that this condition is reasonable. This is not surprising since
even the MATLAB dde23 solver has been designed to include the time delay d, 20 and

36 on the mesh in order for dde23 to not avoid step-sizes smaller than or equal to 9.



Chapter 4

Fitted Methods for Singularly
Perturbed Delay Parabolic Partial

Differential Equations

In this chapter, we develop reliable numerical methods for solving a class of singularly
perturbed delay parabolic partial differential equation (SPDPPDE). We consider both

fitted mesh and fitted operator numerical methods for solving these problems.

4.1 Introduction

We consider a singularly perturbed delay parabolic partial differential equation (SPDP-
PDE) of the form
ou(t,z)  Ou(t,z)

5 © 8x; +a(t,x)u(t,z) = f(t,z) — b(x)u(t — T, ), (4.1.1)

(t,2) € Q=[0,T] x [0,1],

with the initial data

u(t, z) = uo(t,x), (t,x) € [-7,0] x (0,1) (4.1.2)

69
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and boundary conditions

u(t,x) =Tp(t), (t,x) € Il (4.1.3)

and

u(t,x) = Tr(t), (t,z) € IR, (4.1.4)

where 0 < ¢ < 1 is the singular perturbation parameter and 7 > 0 is the delay
parameter. The functions a(t,x) > 0, b(t,z) > 5 >0, f(t,z), ue(t,x), I'r(t) and ['g(t)
are bounded and sufficiently smooth functions and Il and Il denote [0,7] x {0}
and [0, 7] x {1}, respectively, are the left and right boundaries of the domain Q. The
terminal time 7" > 0 is assumed to satisfy 7" = K7 where K is a positive integer,
whereas the initial function ug(t, z) is assumed to satisfy the compatibility conditions

[122):

UO(U,O) - FL(O),

UO(O, 1) = FR(O),

9u0(0.0) _ Fuo(0.0) 500y 4 £0.0),

ot Ox?
and
dup(0,1)  92ug(0, 1)

Under the above assumptions and conditions, problem (4.1.1) with the initial data
(4.1.2) and the boundary conditions (4.1.3) and (4.1.4) has a unique solution [1].

Singularly perturbed parabolic partial differential equations (SPPPDESs) model a
wide range of real life phenomena. In biology many singularly perturbed diffusive
models have been established to describe the dynamics of some biological systems.
The smallness of the diffusion parameter is found in many real life applications, see, for
example, Murray [110], in which he pointed out that in blood, haemoglobin molecules

have a diffusion coefficient of the order of 10~ ¢m?

sec™! while that for oxygen in blood
is of the order of 10 °cm?sec™!. As indicated in [1], the dynamics of the solutions of

these SPPPDEs are far different than those of the solutions of the SPDPPDEs. A lot
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of work exists regarding singularly perturbed partial differential equations (SPPDEs),
see, e.g., Cheng and Jia-qi [25], Burie et al. [18], Murray [110], Roos et al. [124] and the
references therein. However, to the best of our knowledge, except the work of Ansari
et al. [1] not much work has been done to solve SPDPPDE.

Nowadays, both fitted operator finite difference methods (FOFDMs) and fitted
mesh finite difference methods (FMFDMs) are widely being used for singularly per-
turbed problems.

The basic idea behind the FOFDMs is to replace the denominator functions of the
classical derivatives with positive functions derived in such a way that they capture
some notable properties of the governing differential equation and hence provide reliable
numerical results [116]. FOFDMs thus obtained are very stable for all the finite values
of step-sizes [114].

While FOFDMs can provide a difference operator that reflects the dynamics of
the solution on a uniform mesh, they sometimes suffer from the drawback that their
construction is not always straightforward. In fact not many FOFDMs which are
constructed for singularly perturbed two-point boundary value problems can easily be
extended for singularly perturbed PDEs. The FMFDMs on the other hand are getting
popularity because of their ease in the construction for multi-dimensional problems.
Therefore, in this chapter, we design and analyze a FMFDM for a SPDPPDE described
in (4.1.1)-(4.1.4). This problem has been solved earlier by Ansari et al. in [1]. Unlike
the work in [1], the proposed approach has better convergence properties. Moreover,
by adding some novel proofs for the a priori estimates, we strengthen the mathematical
theory related to such problems.

The rest of the chapter is organized as follows. In Section 4.2, we derive estimates
for the bounds on the solution u(t,z) and its derivatives. Section 4.3 deals with the
construction and analysis of the FMFDM whereas the same for the FOFDM is given
in Section 4.4. In Section 4.5, we illustrate the performance of these methods through
a test example. These results are discussed in Section 4.6 where we also provide some

concluding remarks and scope for future work.



CHAPTER 4. FITTED METHODS FOR SINGULARLY PERTURBED DELAY
PARABOLIC PARTIAL DIFFERENTIAL EQUATIONS 72

4.2 Qualitative properties of the solution

In this section we find estimates for the bounds on the solution u(t,z) and its partial
derivatives using the method of steps [9].

Let us assume that the function u(t, ) € C3+*45(Q) where 0 < a, 8 < 1.

Let Ty = [({ — 1)7,¢7] and let Qp =T} x (0,1) for £ =0, ..., K. Also, let uy(t, z) be

the restriction of u(¢, x) on Qy, that is,

w(t,x) = ult,v)| s pyeq,» (=1, K.
Let (I1;), and (IIg), be the sets T, x {0} and T, x {1}, respectively, and let 0, =
{(¢ —1)7} x [0,1].

In © problem (4.1.1)-(4.1.4) is transformed to a sequence of K singularly-perturbed

parabolic partial differential equations given by

Que(t,z) gazw(t, )

BN apr Faltnyudt x) = filt,w) = b(z)ur(t,x), (8) € Q, (4.2.1)

with the initial condition
w((0—1)1,2) =up1((6 = 1)7,2), 2 € [0,1] (4.2.2)

and boundary conditions

Ug(t, 0) = FL(t),t ely (423)

and

Ug(t, 1) = FR(t),t e Ty, (424)

fort=1,...,K.

The function wu, (¢, z) is given by

Uro(t,x) = ug_1(t — 7,7), for (t, ) € Q.
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In the presentation below, C, and C' will denote positive constants that are always
independent of € (and the mesh step sizes used in the later sections).

The following lemma presents bounds on the solution function wu(t, z):

Lemma 4.2.1 If the initial function uy(t,z) is bounded by a constant at t = 0, then

there exists a positive constant C' such that |u(t,z)| < C for all (t,z) € .

Proof. The solution function u(t, z) satisfies the compatibility conditions at the two

corners (0,0) and (0, 1), so does the function u, (¢, z). This guarantees that
luq (t, ) — up(0, )| < Mit,
where M; is a positive constant that is independent of . Hence,
|ug (t, )| — |up(0, )| < Jui(t,x) — ue(0, 2)| < Myt < Myt = |ui(t, )| < Ch,

where (] is a constant. This proves that u; (¢, x) is bounded by C; in ;.
In Qy, £ =2,..., K, the continuity of u(¢,z) implies that

u((0—D)1,2) = up_1 (0 — D)7, 2), = €[0,1].
Then by using a similar argument as the above, we have
lue(t,z)| < Cpy, £=1,..., K.
Let C = ngaX{Og}, (=1,...,K, then
u(t, z)] < C,

which completes the proof.
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Now, we prove that problem (4.1.1)-(4.1.4) satisfies a continuous maximum principle.

Lemma 4.2.2 (Continuous Maximum principle) Let ®(t,x) be a sufficiently smooth
function satisfying ®(t,z) > 0 on 09, then L.®(t,x) > 0 in Q implies ®(t,z) > 0 for
all (t,z) € Q.

Proof. To begin with, let us define the differential operator L. in (4.1.1) by

2

Le

9 T vt
at 683;'2 a\t,x).

First we prove that the lemma is satisfied in 2; and then we generalize the proof for
Q.

In ©Q;, we assume that the function ®(t,r) takes its minimum value at a point

(t7,27) and this minimum is negative, i.e.,

B(r5,73) = min B(t,x) <0,
(t,2)eQ

then
0(th,a1) _ 00t PO, w))

ot ox 0x?

> 0.

Hence,

L.O(t],x]) = —eD,,. (8], 1) + a(t], 27)P (1], 2]) < 0,

which is a contradiction and therefore,

®(t,x) >0 for all (¢, z) € Q.

This implies that ®(7,z) > 0.
Similarly, by using the result ®(7,z) > 0 along with ®(¢,0) > 0, ®(¢,1) > 0,t € Ty
and L. ®(t,z) > 0 € Qy we obtain

®(t,x) >0 for all (¢,z) € Qy,
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and in general, given that ®((¢ — 1)7,z) > 0 along with ®(¢,0) > 0, ®(¢,1) >0, t € Ty
and L.®(t,x) > 0 in € gives the result that

®(t,z) > 0 for all (t,z) € Q.
Proceeding in this manner, finally we get that

®(t,x) >0 for all (¢, ) € UL, Q, = Q.

The following theorem gives the bounds on the derivatives of the solution.

Theorem 4.2.1 Letb(x) € C*5([0,1]), f(t,x) € C3Fo445(Q), ug(t, z) € C3H4+8(Q),

[p, Tr e C*([0,T)) and u(t,z) € C>*(Q), where a, 5 € (0,1). Then, we have

O u(t, x)
oti0x

<C <1 et e ¢4 <e‘x/\/g + e‘“‘”ﬁ)/\/g)) : (4.2.5)

for all the integers i and j such that 0 < 2i + 5 < 6.

Proof. To find estimates for the bounds on the solution function u(t, z) and its partial
derivatives, we consider the stretched variable & = x//¢ which transforms problem
(4.1.1)-(4.1.4) into the following delayed parabolic partial differential equation

ou  0u ;s

o~ g At = [ @)l -r.) (4.2.6)

(Li) e — [0,7)x[0,1/Va,
with the initial data

At 7) = uo(t, 3), (£,7) € [-,0] x {o,i (4.2.7)

7

and boundary conditions

a(t,0) = Tp(t) (4.2.8)
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~ 1

which by the method of steps can be transformed to a sequence of K parabolic partial

differential equations of the form
oty Oupy ., _. . s s N
c_ 2 = — — 4.2.1
o o T a(t, )iy fo—b(@)t(t —7,7) (4.2.10)
~ 1
(t,fi') S Qg = Tg X |:07 $:| s

with the initial data

1
ng(t -7, £I~”) = ag_l(t — 57), (t, f) ey x |:0, %] (4.2.11)
and boundary conditions
w(t,0) =Tr(t), t €T, (4.2.12)
and
1
ug | t,— | =Tgr(t),t €T, 4.2.13
Uy < ) \/g) R( )7 4 ( )
fort=1,..., K.

As is mentioned in [107] that problem (4.2.10)-(4.2.13) defined on € is independent
of €, hence, the solution u,(t, ) and its partial derivatives with respect to both ¢ and

T must satisfy o
0" a(t, x)

Sios | < Cr (4.2.14)

for all the non-negative integers ¢ and j such that 2i+7 < 6. In terms of the upstretched
variable, (4.2.14) is reduced to

O uy(t, x)

o | S Coee ™%, 0<2i 4+ j <6, (4.2.15)
Oz
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This implies that o
O"u(t, )

< O/
otigw | = T

for all the non-negative integers ¢ and j such that 2: + 5 < 6.

The above bounds do not show the explicit dependence on the boundary layer solu-
tions. Therefore, to obtain stronger estimates for the bounds on the solution function
u(t, z) and its partial derivatives, we use the standard approaches, e.g., those given in
[106, 107] for singular perturbation problems.

We decompose the solution u(t, ) into its smooth and singular components v(t, x)

and w(t, x) respectively, that is,

u(t,z) = v(t,z) + w(t, z),

where the function v(¢, z) satisfies

%g;x) - 5%@=f(tv$)—b(fc)v(t—ﬂx), (t,z) €Q,  (4.2.16)
v(0,2) = uo(0,2), z € (0,1), (4.2.17)

and the values of the function v(t,z) at * = 0 and = = 1 are to be specified later
such that the bounds on the first two partial derivatives of v with respect to x are
independent of €. The two terms asymptotic expansion for the smooth component
u(t, ) is

v(t,x) = vo(t, x) + evy (t, ),
where the function vy (¢, x) satisfies the reduced problem

avogi, Do )~ blault — 7., (1) € (4.2.18)

vo(0,2) = we(0,2), z € (0,1), (4.2.19)
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whereas the function vy (¢, x) satisfies

ovy (L, x) PPu(t,x)
T — €T = —b(l')’ljl(t - T, [L’) —+

vi(t,z) = 0, for (t,z) € IN.

On the other hand, the singular component w(t, x) solves the problem

awgt, ) _ a% = b()w(t —7,2), (t,z) €0 (4.2.20)
w(0,z) = 0, (4.2.21)
w(t,0) = wu(t,0)=wv(t,0), (4.2.22)
w(t,1) = u(t,1)—v(t1) (4.2.23)

and is further decomposed into the left boundary layer solution wy (¢, x) and the right

boundary layer solution wg(t, z) respectively. The component w;, satisfies

%La—(:’x) - 5% = —b(x)wy(t — 7,2), (t,7) € Q, (4.2.24)
wr(t,x) = 0, for (¢,x) € [—7,0] x [0,1], (4.2.25)
wr(t,0) = T'p(t) —v(t,0), for (t,z) € [0,7] x {0}, (4.2.26)
wr(t,1) = 0, forte ([0,T] (4.2.27)

and the component wg satisfies

Owg(t, x) PPwg(t,x) _

Ra—t - g# — —b(z)wg(t — 7, 1), (t,2) € Q, (4.2.28)
wr(t,z) = 0, for (t,z) € [—7,0] x [0, 1], (4.2.29)
wg(t,0) = 0, for (¢t,z) € ([0,T], (4.2.30)
wr(t,1) = Tgr(t) —wv(t, 1), for (¢t,z) € [0,T] x {1}. (4.2.31)

We find estimates for each component that belongs to either the smooth component

v or the singular component w.
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The method of steps applied in this case, suggests that the function vy (¢, ) should
be written as a union of functions (vg)¢(, z) each defined on €, and satisfies a problem

of the form

O(vo)e(t, x)

5 = fo(t,x) — b(x)(vy)e(t — 7, ), (v0)o(0,2) = up(0,x), (t,z) € Q.

Since each function (vy), is independent of &, then for some constant Cy the following

estimate is satisfied

873 (vo),
otioxs | —

By taking C' = m?X{Cg}, ¢=1,..., K, the following estimates for the bounds on

vo(t, x) and its partial derivatives are obtained

0’5“ Vo
otioxl

X of! (4.2.32)

for all the integers ¢ and j such that 0 < 24 5 <6.
Using the above procedure and the fact that the equation in v, (¢, x) has the same

form as that for u(t, x), we obtain

Ce 3, (4.2.33)

‘ 3i+jvl

otioxI

By using the estimates (4.2.32) and (4.2.33), we prove the following lemma.

Lemma 4.2.3 The partial derivatives of v(t,x) satisfy

C (1 + 61,%) . (4.2.34)

‘ oty

otioxI

for all the integers i and j such that 0 < 2i + j < 6.

In the following two lemmas we give bounds on wy(t,z) and wg(t,z). Proof of

which follows the barrier function approach described in [13] and [77].
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Lemma 4.2.4 The partial derivatives of wy(t, x) satisfy

O Fiw I
otioxd

. (t,z) € Q. (4.2.35)

o

i -
Ce 2e

for all the integers i and j such that 0 < 2i + 7 < 6.

Proof. We transform problem (4.2.24)-(4.2.27) to a sequence of K singularly perturbed

parabolic partial differential equations of the form

W — EW = —b(x)(wr)e(t —7,2), (t,7) € Qyp, (4.2.36)
(wr)e(t,0) = TL(t) = (vo)e(t,0), for (t,x) € T, x {0}, (4.2.37)
(wr)e(t,x) = 0, for (t,x) € (Tp x {1}) U ({0} x [0,1]). (4.2.38)

In each €2, we define a barrier function
OF(t,x) = Coe V& + (wy)(t, x).
It is clear that ®F (¢, x) > 0 for all (¢, 2) € 0 and is satisfying
L2 (t,x) > 0,
for all (t,7) € Q. Then by Lemma 4.2.2, we have
®F(t,x) >0, forall (t,z) € Qy,
which implies that

[(wr)e(t, 2)] < Cre V5, (t,2) € Q.
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By taking C' = m?X{Cg}, ¢=1,..., K we obtain the estimates

lwi(t,z)] < Ce Ve, (t,x) € QL. (4.2.39)

Now the problem in wy, also satisfies a continuous maximum principle and therefore,
by using the transformation & = x/y/e for problem (4.2.36)-(4.2.38) and the same
technique that was used for finding bounds on the transformed problem (4.2.6)-(4.2.9),

we obtain
az—l—] wy,

oti0xs

5

< Clwi(t,z)| < Cete (4.2.40)

O

Lemma 4.2.5 The partial derivatives of wy(t, x) satisfy

O Fiw R
ot 0xI

11—z J—

7, (tr) €Q, (4.2.41)

< C’e_%e_

for all the integers i and j such that 0 < 2i + 5 < 6.

Proof. Analogous to the proof of Lemma 4.2.4.

From the two lemmas 4.2.4 and 4.2.5 we see that
Lemma 4.2.6 The partial derivatives of w(t,x) satisfy

O Hiw

ottozI

< et (e*% + e*%) , (to) € Q. (4.2.42)

for all the integers i and j such that 0 < 2i + j < 6.

Proof. The proof is accomplished by using the decomposition w = wy + wg and the
estimates (4.2.35) and (4.2.41).
Finally, the proof of the theorem is completed by using the estimates in Lemma

4.2.3 and 4.2.6.
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The above bounds on the solution will be used later in the analysis of the numerical

method.

4.3 A fitted mesh finite difference method

In this section we develop a numerical method for solving a singularly perturbed de-
lay parabolic partial differential equation. The proposed method consists of Crank-
Nicolson finite difference method constructed on a mesh of Shishkin type and hence
referred to as a fitted mesh finite difference method. We analyse the method for sta-
bility and convergence and found that it is unconditionally stable and converges with
order O (N{Q + N2 In? Nx) where N; and N, are the numbers of subintervals in the ¢

and x directions, respectively.

4.3.1 Construction of the method

Let N, be a positive integer and let
o = min{0.25,2y/In N, }

be the transition point. Let N7 = N,/4. To generate the Shishkin mesh we divide
each of the subintervals [0,0] and [1 — ¢,1] into N7 subintervals through the points
To, ..., xNe and Tgne, . .., Ty, , respectively, whereas the subinterval [0, 1 —o] is divided
into 2N subintervals through the points zye, ..., z3ns. The associated step-size h,, =

Tma1 — Ty 18 then given by

)
40 /N, it me{0,...,N? -1}

hm =14 2(1—20)/N,, if me{NZ,...;3NJ}

| 40/Nz, if me {3N?+1,...,N,}.
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Let N; be any positive integer and k = T'/N;. We divide the interval [0, 7] into V;
subintervals through the points ty = 0,...,tn, = T where t,,.1 = t, + k. We assume
that T' = K7 for some positive integer K and that N, is chosen in such a way that
T =ty = sk for some positive integer s.

Let QM denote {t, : n =0,...,N;}, QY denote {x,, : m = 0,...,N,}, where
N, > 4 and N denotes (N;, N,), then the fitted piecewise uniform mesh QY is given

by the following tensor product grid
QY = QN x Qf-.

Let U™ be the numerical approximation of w(t,, z,,), DFU™, D_U" and 62 be the

forward, backward and central difference operators defined as

n n

D+Un — Um+1 - Um
Py T )
Tm+1 = Tm

Un — U

Tm — Tm—1

D, U, =

and

Tm+1 — Tm—1

Furthermore, the approximations of the functions a(t,z) and f(¢,x) at a local grid
point (t,, z,,) are denoted by al, and f7, respectively, whereas the value of the function
b(x) at x,, is denoted by by,.

Our fitted mesh finite difference method (FMFDM) then consists of the Crank-
Nicolson discretization for problem (4.1.1)-(4.1.4) on the Shishkin mesh (described

above) and reads as

1 1
DU, = 5 (0203 + 82U + S (an U + ait Ut = 5 (f+ i)

(b H + b HEFY) o (4.3.1)

N | —



CHAPTER 4. FITTED METHODS FOR SINGULARLY PERTURBED DELAY
PARABOLIC PARTIAL DIFFERENTIAL EQUATIONS 84

along with the initial data

U = uo(0, 2,,) (4.3.2)
and boundary conditions
Uy =T(t,,0) (4.3.3)
and
Uy, = gr(tn, 1). (4.3.4)

The term H in (4.3.1) is called the history term and is given by

wo(tn — 7, ), if t, <7,
H" = (4.3.5)

B it t, > 7.

Expanding (4.3.1), we obtain

upth-optt o uptt-uprt up —un UR-UR
U?:’Ll+1 B UT:’LL € +1hm o hm—1 1 + 4;741771 B Rim—1 :
k 9 hm +hm—1
2
1 1
+ 5 (U + " URT) = 5 ((Fn + i) = b (H + HT)
m=1,...,N,—1; n=0,...,N—1,

which can be simplified to

£ 1 £ artt £

- Un+1 - m Un+1 - Un—i—l
T (R (k s T ) m mtl

a

€ n 1 € n . .
N hmfl(hm + hmfl)Um_l + (E B hmhm,1 B 7) Um + hm(hm + hmil)Um'f‘l
1
5 ((f + Fith) = b (Hy, + HT) (4.3.6)
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Equation (4.3.6) can further be written as a linear system of the form
1
TU™t = TRU™ + o (" + /") = bx (H" + H™) + (9" +¢"7)) . (437)

forn = 1,..., N;—1, where x denotes the componentwise multiplication of the two

vectors and T, and Ty are two tridiagonal matrices given by

€ 1 € antl 5
T, — Tvi (- - m_
L & ( T U + ) & Ty |2 )

and

Furthermore, the vector ¢" is given by

o _ [ + U Uk U | e
ho(h1 + ho) T (b, + hn,) '

The numerical solution is obtained by solving equation (4.3.7) along with equations

(4.3.2)-(4.3.5).

4.3.2 Convergence of the method

The convergence analysis presented in this section is based on some of the approaches
used in [107].

Let @7 be any mesh function on Q2 and from (4.3.1) we define the discrete operator
LY at (t,,n) as

LY®) = Doy — = (5207, + 5200 ) + % (ap, @7, + apFloptty .

€
2

We show that the following discrete maximum principle is satisfied.
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Lemma 4.3.1 Assume that ®", > 0 on the boundaries of QY. Then LY®" > 0 on

QN implies that ®" > 0 on Q.

Proof. Assume that @7 < 0 for some n, m, and its minimum denoted by ®* is
achieved at a point (f,«, T,+). Then DT®* =0 and §20* > 0.

>

Now we can choose N; big enough in order to have either ®" .1 < 0 or |(I>%

| @] and ¢207" > 0. Then

T T m*

LY¥o™. <0,

which is a contradiction. Thus ® > 0 at any mesh point (¢, z,,).
We also note that the above mesh function satisfies the stability estimate provided

in the following lemma.

Lemma 4.3.2 Let ® be any mesh function satisfying ®* = 0 on QY and a =
min{a”}, m=0,...,N, andn=0,...,N;,. Then

|07 < (1+ T) max |LY o,

L ifa=0

07| < HL max LYo |, ifa>0

Proof. Let M denotes max |LY@" |. We define a barrier function (T")F as

1+t)M+o", ifa=0
(Up)* =

m

HIA +7,  ifa>0
Since @™ =0 on 92 and M > 0 on 90, then on QY we have

(1+t)M, ifa=0 M, ifa=0

=
3

-
[V
(V4
o
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Now,
M+ LYo" ifa=0
LY (Wp)* =

WD M (a2, + amt') £ LY®7, > (1 4+ T)M + L7, ifa >0
0

Vv

on Q.

Using the discrete maximum principle, we have (\IJ%)i > 0 on QY. The proof is
then completed by noticing that 0 <¢ < T

Now, we find an error estimate in approximating the exact solution w(t,,z,,) by
the numerical solution U, using the FMFDM. To simplify the notations, we denote
the quantity f(t,,xm) — b, H by G and the values of a mesh function ® at the
boundaries of by ®(92)). That is,

DONN) = B(ty, 2), (tn,zm) € OQY.

We decompose the numerical solution U into its smooth and singular components
V and W respectively, that is,
U=V+W,

where the smooth component V' satisfies

L.Vy == (Gr+Gr), vV (09)) = v (69))

N | —

and the singular component W satisfies

LWy =0, W (0Q)) =u(09)) —v (09)).
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The error at the point (t,,x,,) is then given by
U(tp, Tm) — U = 0(ty, Tm) — Vi + w(ty, ) — W
which by the triangle inequality implies that
[u(tn, Tm) — U] = |0(tn, xm) — V2| 4+ |w(tn, Tm) — W . (4.3.8)
Thus,

LéV(VTQ - U(tmxm))

= LYV — LVv({tn; om)

= L o) St 1)

2
1 - )
_ = mn mn G D+ JRiE RSl
O20(tn, Tm) + 020(tps1, Tm) 02
+€ ( 5 - axQU(tnamm>>
1 n n+1 Nt72
= 2 (Gm + G ) D (eVaattt (&, Tm) + (a0) 10 (§, ) + frat(§, Tm))
5@2@”(%,{), fr,=corxz,=1—0
+

2, —hmhmi1+h2, .
—g-ml o Vggae (tn, ¢), otherwise




CHAPTER 4. FITTED METHODS FOR SINGULARLY PERTURBED DELAY
PARABOLIC PARTIAL DIFFERENTIAL EQUATIONS 89

which implies that

ILY (V2 = v(ty, zm))| (439)

N;?

< 5 (€ |Vawtee| + |asee] |v] + [a(tn, Tp) | |vee] + | fite]) (€5 Tm)
(|| o (1, C)] fom=oorzn=1-0

+
| ¢ hfn—hmhrgﬁhzﬂﬂ |Vzzze(tn, )|  otherwise,
(¢ [hmtss |1y (1)), if 2 = 0 0r o =10

<
| ¢ h%—hmh;n;ﬁh?wl |Vszwa(tn, C)| otherwise,
( C(N24+N;'InN,), ifa,=cora,=1-0¢

. (4.3.10)
\ C ( N7+ N;Q) ) otherwise.

Defining a barrier function
Oltnsm) = C (N2 0(wn) + (141N + 1N,

where
z o<z <o
g

O(x) =4 1, fo<z<l—-o0o

= 1 <z<1

. o’

and applying the discrete maximum principle (Lemma 4.3.2), we have

C(Nt_2+N;21n2NI), ife,,=corx,=1—o0
Vi = v(tn, 2| < (4.3.11)
C (N2 +N;?), otherwise.



CHAPTER 4. FITTED METHODS FOR SINGULARLY PERTURBED DELAY
PARABOLIC PARTIAL DIFFERENTIAL EQUATIONS 90

On the otherhand, the singular component W is decomposed into its left boundary

solution Wy, and right boundary solution Wg, that is,
W =Wr 4+ Wg
and hence the error can be written as
W5 —w(ty, xm) = (Wr)n — wr(ty, xm) + (Wr)r — wr(tn, Tm).

We estimate the errors (Wp)r — wi(tn, xy) and (Wg)2 — wgr(t,, x.,), separately. We

have

LI((W)y, — wr(tn, 7))

O2wr(tn, Tm) + 02w (tpy1, Tm) 02
+& ( 9 - a$2wL(tn;$m))

N2

- 12 ((wL)mrttt + (awL)ttt) (57 xm)

ettt ()t ). ifam =0 orzn=1-0

B2 . —hoh B2 .
—g—mtl ?QMﬁ (W) o (Ens €), Otherwise.

By taking the absolute values of the two sides, applying the triangle inequality,
using the estimates of the bounds on wy from Lemma 4.2.4 and simplifying further,

we obtain

LY (W), = wi b, )] < € (N2 4 (N I N,))
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Finally, applying Lemma 4.3.2, we obtain
(W)™ — wy (b, 2m)| < C (N;2 + (NI N$)2> . (4.3.12)
Similarly, we can prove that
(W)™ — wi(tn, )] < C (N;2 +(N'In Nx)Q) . (4.3.13)

Combining equation (4.3.8) and equations (4.3.11)-(4.3.13), we have the following

theorem.

Theorem 4.3.1 The FMFDM (4.3.1)-(4.5.4) is convergent with the order O(N; % +
N;2In® N,) in the sense that

_[n < -2 —21.,2 .
0221 X lu(tn, m) — Uyl < C(N; =+ N, “In" N,)

where U is the numerical solution obtained by the FMFDM (4.3.1)-(4.5.4) and N is

the total number of subintervals taken in either directions.

In the next section we develop a fitted operator finite difference method for solving

the problem under consideration.

4.4 A fitted operator finite difference method

This method is constructed by replacing the classical differential operator with a fitted
operator based on Crank-Nicolson’s discretization. The proposed method is analyzed
for stability and convergence and it is found that this method is unconditionally stable
and is convergent with order O(k? + h?), where k and h are respectively the time and

space step-sizes.
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4.4.1 Construction of method

We partition the domain Q = [0,T] x [0,1] through the grid points (¢,,z,,) where
t, = nAt, x,, = mAx; At =k =T/N;, A =h=1/N;; n=0,...,N;, m=0,...,N,
and N; and N, are the total number of subintervals in time and spatial directions
respectively. Assume that N; has been chosen such that 7 = sAt = sk where s is any
positive integer.

We discretize the SPDPPDE (4.1.1)-(4.1.4) by the fitted Crank-Nicolson’s scheme

which reads as

Upt —Up e Uty =203 4 Ups + U =200 +UR

m m

K 2 O (4.4.1)
b(l’m)G_T n n+1
(f(tny xm) + f(tn—l—la xm)) e (Hm + Hm ) 3

DN | —

where

Ur = Tp(t,), n=0,..., N, (4.4.2)
Ui . = Taty), n=0,...,N, (4.4.3)

and H denotes the delayed term wu(t, — 7) which is evaluated as

O(t, —7,xy), ift, <7, m=0,...,N,
" = (4.4.4)

Un—s, ift,>7, m=0,...,N,.

The function ¢?, in (4.4.1) above is called the denominator function ([102]) and it
replaces the classical denominator h? with a function of h and €. A suitable expression

for this function for the problem under consideration is

2 .. pmh
(k) = — sinh 21 4.4.5
n(h) = = sinh 22 (1.45)

where p,, = \/b(x)e " /e m=0,...,N,.
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Method (4.4.1)-(4.4.3) can be written as a linear system of the form

1 1
TLU"H = TRUn + 5 (Fn + Fn+1) + 5 (g" + g"“) s (446)
where v* = [U{, ..., U} _4]" and T}, and T are tri-diagonal matrices whose entries are
given by
(
_2¢+7 itn=m-—1
m+1
=+ = ifn=m
Tr(nym) = (4.4.7)
—ﬁ, ifn=m+1
\ 0, otherwise,
and
.
2&;7 ifn=m-—1
m—+1
1 € if _
5 E’ ITn=m
Tr(n,m) = (4.4.8)
ﬁ, ifn=m+1
0, otherwise,

forallm=1,... N,—1.
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The entries of the vectors ¢ and F* are given by

ﬁ%Ué, ifm=0

g =<0, if1<m<N,—3

— Uk, ifm=N,—2

2
\ 207N,

and

Fl=[ff—bxHE, o f  —bxHY ]

where x denotes the componentwise multiplication of the components of vectors b and
P

Method consisting of (4.4.1)-(4.4.4) is termed as the fitted operator finite differ-
ence method (FOFDM). The numerical solution with this method is then obtained by

solving the linear system (4.4.6) for all the levels n = 1,2,...  N;.

4.4.2 Analysis of the numerical method

In this section we discuss the consistency and stability of the proposed method which
will then imply the convergence through the equivalence theorem of Lax [108, 125].
Consistency

The local truncation error (LTE) at the grid point (¢,, x,,) is given by

ek? ek? h?
LTE = 1 Ugttea (&, Tm) + 12 Jur (& Tm) — 5Eumm(tm <)
1 1
+3 (h_ B ¢—2) (Unar = 205 + Up oy + Uty = 20551 + U (44.9)

where £ € [t,,t, + k] and ¢ € [z, — h, x, + h).
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From (4.2.5) we have
[z (t )] < € (1 +e4e 4! (e—m/ﬁ n 6(1_35)/\/5)) ‘

Thus the first term on the right hand side of (4.4.9) satisfies

ek? k2C
_Euttta)aj(f,xm> < E (5 4262 4 (e—w/ﬁ + e(l—z)/\/g>>
< Ok —0ask—0. (4.4.10)

Since the function f(¢,z) and its partial derivatives with respect to both ¢ and z
are assumed to be continuous, &7 f/dt'a’ is bounded by a constant M for all i >0

and j > 0. Therefore, the second term on the right hand side of (4.4.9) satisfies

Rl
= —— < MK —0as k0. (4.4.11)

ck?
Efttt(ga Tm)

<

Also, from (4.2.5), we have
[Urzza(t, 7)] < C (1 +e+el 472 (e_””/\/‘E + e(l—x)/\/g>)

yielding that the second term on the right hand side of (4.4.9) is bounded by

h? B2

€75 Uaaea (tn, )| < Cp <25 +e? 4t <e_””/‘/g + e(l_x)/‘ﬁ» .

12 12

Then, using Lemma 4.2 of [115] on the exponential behaviour of the solution, we

have

e Uaaaa(t, )| < 5 (26 +¢%) <Ch* = 0as h — 0. (4.4.12)

h? ‘ Ch?

Furthermore, we have

4 2 2
¢3n=—2sinh2M:h2 (1+(M) +> = h? (1+O<h—)>,
Pz, 2 2 €
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we find
4 2
e (i - i) - O’ /fe) - o) (4.4.13)
2702 ) TR+ (k)22 4 ) (Lt (omh/2)% +..)

and we conclude that the fourth term on the right hand side of (4.4.9) tends to 0 as
h — 0.
Combining all the above information, we conclude that [LTE| — 0 as k — 0 and h —

0 which proves the consistency of the method.

Stability

We use the matrix method [132] to analyze the stability of our method.

We rewrite the linear system (4.4.6) as

TLUn+1 — TRUn + % (fn + fn+1 _ (bn*Hn +bn+1*Hn+1)) T (gn +gn+1)

= TrU"+ % (B FrEy), (4.4.14)

where F" = f* —b"x H" 4+ ¢g".

Let v = [u(tn, 1), ..., u(t,, xn,1)]" and let e® = U™ —v" be the difference between
the approximate and exact solutions at level n.

If we insert the exact solution instead of the numerical solution in equation (4.4.6),

we obtain an equation of the form
1
Tyt = Tro™ + 3 (F"+ F"). (4.4.15)

Multiplying both equations (4.4.14) and (4.4.15) by k and subtracting the latter

from the former, we obtain the linear system
/ n+1 /I on k n n+1
Tpe = Tpe" =5 (G"+ G, (4.4.16)

where 7] = kT, T, = kT and G" = —0" x H" + g".
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Since the two matrices 1] and T}, are strictly diagonally dominant matrices, there-
fore, by Levy-Desplanques theorem [61, 145], they are nonsingular. By Gershgorin’s
disk theorem ([61]), each eigenvalue A, of the matrix 77} should lie in one of the Ger-
shgorin’s disks Dfm <1 + %, %) Hence, all the eigenvalues of the matrix 77 lie in

fozl D¢™ yielding that A, > 1 for allm =1,2,..., N,—1.

We rearrange all the eigenvalues of 7} such that
O< A <. S)\szl'

Similarly, we find that all the eigenvalues pi,,; m = 1,..., un,1 of Ty lie in the

union of the Gershgorin disks
Ml 6 2ke 2ke
UDe (155 )
m=1 2 m

It is obvious that each eigenvalue p,, of T}, satisfies 0 < p,, < 1. If we rearrange
the eigenvalues of T}, such that p; < p,, for j < m, then, the eigenvalues of the two

matrices T} and T}, satisfy the relation
O<m<...Spuya <1< A< < Ay
Let B =T, ' and A = BT}, then the solution of system (4.4.16) can be written as

6nJrl — A (en+g(bn*(Hn _v7T_L) +bn+1* (Hn+1 _U¢+1))) ’

k
= Ae"+ §B (b” *x (H™ —v™) + 0" % (H"Jrl — vf“)) . (4.4.17)

We would like to show that the defect vector e which propagates over time, does
not increase indefinitely. To this end, we note that the eigenvalues of A which are given
BY Y = fan/ A satisfy 0 < 4, < 1 while the eigenvalues of B = T"~" (which are given
by v = 1/\;,)) also satisfy the relation 0 < v,, < 1forallm=1,..., N, —1.
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Since A is nonsingular (as neither of its eigenvalues 7, is zero), it has a complete
set of linearly independent eigenvectors ¢, corresponding to the eigenvalues ~,,, m =
1,...,N,—1. Then, the set w,, is a basis for RV, Also, B has a complete set of linearly
independent eigenvectors ,,, m = 1,..., N, —1 corresponding to the eigenvalues v,
which form a basis for RV=1,

Using the two different bases ¢,, and 1,,, the vector € can have two different

representations of the forms

N1 1
e’ = Z Wi Pm = Z OB, (4.4.18)
m=1 m=1
where w,, and J,, are constants, m =1,..., N,—1.

We consider (4.4.16) in two separate intervals, namely [0,7] and (7,7]. In [0, 7]
where n < s, the history terms H" are evaluated exactly from the given history function

6(t, z). Therefore, the difference H"T' — ¢! vanishes and hence (4.4.17) reduces to
e" = Ae" !, (4.4.19)

Iterations on equation (4.4.19) imply

N1
e’ = At = Z WinY" Prm- (4.4.20)
m=1

On the other hand, in (7,7, where n is strictly greater than s, the history term
H™ is equal to U"* and equation (4.4.16) takes the form

k
e" = Ae" ! + §B (0" % e b ket (4.4.21)

Using (4.4.17) and (4.4.20) we can prove by mathematical induction that equation
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(4.4.21) can be expressed as

e = Ame + g S (AR (5 5 BT 4+ B« BY)) (4.4.22)

j=1
Further simplifications to equation (4.4.22) lead to

Ng—1

" = Z(wm'YnLPm)

m=1

m=1

n—s Nl
+ g ; AR (Z O (V)™ (0" % 0y + (V) 7 % 19m)>

and finally we obtain

N1 n—s
e = mz::l (wm7" + (g ; (dm =3 Bm7m> (Um)? 7"_S_j>> Oms (4.4.23)
where @, and 3, are constants. It should be noted that in equation (4.4.23), each
basis vector 1, is written as a linear combination of the basis vectors ¢,,.
Now, since 0 < 7,, < 1 and 0 < v, < 1, we have v, - 0, m =1,...,N,—1 as
n — oo, and 24" — 0, m=1,...,N,—1 as n — oc.
Hence, we conclude that

e" — 0 as n — oo.

This proves that the proposed FOFDM is unconditionally stable.
Using (4.4.10)-(4.4.13) and the Lax equivalence theorem [108, 125], we have the

following main result:

Theorem 4.4.1 The FOFDM (4.4.1)-(4.4.4) is convergent of order O(k* + h?) in the
sense that

_ n < 2 2
Oi‘jgllgm%%_l’“(t”’xm) Un| < C(k"+ h7),

where U is the numerical solution obtained by this method and N is the total number

of subintervals taken in either direction.
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4.5 Numerical results

In this section we provide numerical results obtained by the fitted mesh and the fitted
operator methods. We also compare these results with those obtained by applying
the Crank-Nicolson’s method on a uniform mesh throughout the region. The latter is

referred to as a standard finite difference method (SFDM).

Example 4.5.1 Consider

Qullz) _ Dulbn) _ 1 ((aye - o) et - (aay/z 4 &) e (+0-0049)

—2¢ tu(t—1,2), (t,r) €10,2] x [0,1],
with the initial data
u(t,z) = (24 22)(e” VO L o~ EHA=D/VEY (1 1) e [—7,0] x [0, 1],
and boundary conditions
u(t,0) = et4+eYVE te0,2]
and
w(t1) = ;(et bt UVE) £ e (0,2).

The exact solution of the above problem is

u(t,z) = (2 + a:2) <e_(t+x/‘ﬁ) + e_(H(l_x)/‘ﬁ)) )

By taking N; =N, = N, the maximum errors (denoted by Ey.) at all grid points are

evaluated using the formula

o 7
En. = OSng’%L}%N |u(tn, xm) — U2
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We tabulate the errors

EN = Imax EN .
0<e<1

The errors obtained by applying the SFDM, FMFDM and FOFDM are presented in
tables 4.5.1, 4.5.2 and 4.5.4. The acronym SFDM in the caption of Table 4.5.1 stands
for the standard finite difference method which is defined by (4.3.1)-(4.3.4) by setting
o = 0.25 or by replacing ¢?, in (4.4.1) with A%

The numerical rates of convergence are computed using the formula [35]:

ri =1 =108y (BN, o/ Ean,e), 1=1,2,---

whereas those of uniform convergence are computed using

Ry :=logy (En/EzN) -

These convergence rates of the FMFDM and FOFDM are presented in tables 4.5.3 and
4.5.5, respectively.
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Table 4.5.1: Maximum Errors obtained by SFDM for Example 4.5.1 using N, = N; = N

€ N=64 | N=128 | N =256 | N =512 | N =1024 | N = 2048

1 6.64E-06 | 1.66E-06 | 4.15E-07 | 1.04E-07 | 2.59E-08 | 6.40E-09
1072 | 4.64E-04 | 1.16E-04 | 2.91E-05 | 7.26E-06 | 1.82E-06 | 4.54E-07
107 | 3.09E-02 | 9.10E-03 | 2.48E-03 | 6.25E-04 | 1.57E-04 | 3.93E-05
107 | 4.28E-03 | 1.63E-02 | 4.05E-02 | 3.83E-02 | 1.42E-02 | 3.76E-03
1078 | 4.31E-05 | 1.72E-04 | 6.89E-04 | 2.76E-03 | 1.08E-02 | 3.30E-02
10719 | 4.31E-07 | 1.72E-06 | 6.90E-06 | 2.76E-05 | 1.10E-04 | 4.41E-04
10712 | 4.31E-09 | 1.72E-08 | 6.90E-08 | 2.76E-07 | 1.10E-06 | 4.42E-06
1071 | 4.31E-11 | 1.72E-10 | 6.90E-10 | 2.76E-09 | 1.10E-08 | 4.42E-08
10716 | 4.31E-12 | 1.72E-11 | 6.90E-11 | 2.76E-10 | 1.10E-09 | 4.42E-10

Table 4.5.2: Maximum Errors obtained by FMFDM for Example 4.5.1 using N, = Ny = N

€ N=64 | N=128 | N =256 | N =512 | N =1024 | N = 2048
1 6.64e-06 | 1.66e-06 | 4.15e-07 | 1.04e-07 | 2.59e-08 | 6.44e-09
1071 | 7.00e-05 | 1.75e-05 | 4.38¢-06 | 1.09¢-06 | 2.74e-07 | 6.84e-08
1073 | 4.08¢-03 | 1.04e-03 | 2.61e-04 | 6.53e-05 | 1.63e-05 | 4.08¢-06
107% | 4.34e-03 | 1.49¢-03 | 4.92¢-04 | 1.56e-04 | 4.82e-05 1.46e-05
107° | 4.28e-03 | 1.47e-03 | 4.85e-04 | 1.54e-04 | 4.76e-05 1.44e-05
1076 | 4.26e-03 | 1.47e-03 | 4.83e-04 | 1.53e-04 | 4.74e-05 1.43e-05
1077 | 4.25e-03 | 1.47e-03 | 4.82e-04 | 1.53e-04 | 4.73e-05 1.43e-05
1078 | 4.25e-03 | 1.46e-03 | 4.82e-04 | 1.53e-04 | 4.73e-05 1.43e-05
10712 | 4.25e-03 | 1.46e-03 | 4.82e-04 | 1.53e-04 | 4.73e-05 1.43e-05
10713 | 4.25e-03 | 1.46e-03 | 4.82e-04 | 1.53e-04 | 4.73e-05 1.43e-05
10716 | 4.25¢-03 | 1.46e-03 | 4.82e-04 | 1.53e-04 | 4.73e-05 1.43e-05
En | 4.25e-03 | 1.46e-03 | 4.82e-04 | 1.53e-04 | 4.73e-05 1.43e-05
Table 4.5.3: Rates of Convergence obtained by FMFDM for Example 4.5.1 using N, = N; = N =
2 i =6(1)10

e 1 T T3 T4 s

1 2.00 2.00 2.00 2.00 2.01

1071 | 2.00 2.00 2.00 2.00 2.00

1073 | 1.98 1.99 2.00 2.00 2.00

107 | 1.564 1.60 1.66 1.69 1.72

107° | 1.564 1.60 1.66 1.69 1.72

107 | 1.54 1.60 1.66 1.69 1.73

1077 | 1.54 160 1.66 1.69 1.73

1078 | 1.564 1.60 1.66 1.69 1.73

1072 1154 160 1.66 1.69 1.73

1073 1154 160 1.66 1.69 1.73

1071 1154 160 1.66 1.69 1.73

Ry [ 154 1.60 166 1.69 1.73
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Table 4.5.4:

Maximum Errors obtained by FOFDM for Example 4.5.1 using N, = Ny = N

3

N =38

N =16

N =32

N =64

N =128

N =256

1
1071
1072
107*
1074
107°
1077
1078
10—10
10—12
10713
10714
10—15

1.02e-03
9.14e-03
5.82¢-02
1.58e-01
1.63e-01
1.63e-01
1.63e-01
1.63e-01
1.63e-01
1.63e-01
1.63e-01
1.63e-01
1.63e-01

8.85e-05
8.52e-04
5.50e-03
3.41e-02
4.23e-02
4.11e-02
4.11e-02
4.11e-02
4.11e-02
4.11e-02
4.11e-02
4.11e-02
4.11e-02

1.33e-05
1.25e-04
8.12e-04
6.33e-03
1.77e-02
1.04e-02
1.03e-02
1.03e-02
1.03e-02
1.03e-02
1.03e-02
1.03e-02
1.03e-02

2.81e-06
2.57e-05
1.68e-04
1.31e-03
9.18e-03
6.28e-03
2.57e-03
2.57e-03
2.57e-03
2.57e-03
2.57e-03
2.57e-03
2.57e-03

6.73e-07
6.08e-06
3.98¢e-05
3.10e-04
2.56e-03
1.05e-02
6.42e-04
6.42e-04
6.42e-04
6.42e-04
6.42e-04
6.42e-04
6.42e-04

1.66e-07
1.50e-06
9.82e-06
7.67e-05
6.82e-04
5.77e-03
1.75e-04
1.61e-04
1.61e-04
1.61e-04
1.61e-04
1.61e-04
1.61e-04

En

1.63e-01

4.11e-02

1.03e-02

2.57e-03

6.42e-04

1.61e-04

Table 4.5.5: Rates of Convergence obtained by FOFDM for Example 4.5.1 using N, = Ny = N =

2t i =3(1)8

£ ™

T2

T3

T4

Ts

1 3.52
1071 | 3.42
1072 | 3.40
1073 | 2.21
1074 | 1.94
1075 | 1.99
1077 | 1.99
1078 | 1.99
107191 1.99
107121 1.99
10713 1 1.99
1071 | 1.99
1071% 1 1.99

2,741 2.24
2,77 | 2.28
2.76 | 2.27
243 | 2.28
1.26 | 0.95
1.98 1 0.73
2.00 | 2.00
2.00 | 2.00
2.00 | 2.00
2.00 | 2.00
2.00 | 2.00
2.00 | 2.00
2.00 | 2.00

2.06
2.08
2.08
2.08
1.84
-0.74
2.00
2.00
2.00
2.00
2.00
2.00
2.00

2.02
2.02
2.02
2.01
1.91
0.86
1.87
2.00
2.00
2.00
2.00
2.00
2.00

Ry | 1.99

2.00 | 2.00

2.00

2.00
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4.6 Discussion

In this chapter we constructed two fitted numerical methods, namely, fitted mesh and
fitted operator finite difference methods, for solving a class of singularly perturbed
delay parabolic partial differential equations. Both of these methods are based on
the Crank-Nicolson’s discretization. These methods are analyzed for stability and
convergence.

The FMFDM is unconditionally stable and converges with order O(N,>4+N_21n* N,)
and which is an improvement over the estimate presented in Ansari et al. [1] for the
very same problem. These improved results can be seen from the results presented in
tables 4.5.2-4.5.3. For the sake of comparison, the results obtained by the corresponding
standard finite difference method (the Crank-Nicolson’s method on a uniform mesh)
are presented in Table 4.5.1.

The FOFDM converges appropriately, is unconditionally stable and is converging
with the order O(N; 2 + N;2). The method is robust with respect to the singular
perturbation parameter (see Table 4.5.4). Moreover, the numerical results presented

in Table 4.5.5 justify the theoretical estimates given in Theorem 4.4.1.



Chapter 5

A Fitted Numerical Method for a
Delayed Model of Two

Co-operating Species

In this chapter we consider a system of two coupled partial delay differential equations
(PDDEs) describing the dynamics of two co-operative species. The original system
is reduced to a system of ordinary delay differential equations (DDEs) obtained by
applying the method of lines. Then we construct a fitted operator finite difference
method (FOFDM) to solve this resulting system. The model considered in this chapter
is very sensitive to small changes in the parameters associated with it. Depending on
the values of these parameters, the solution can be stable, periodic and/or aperiodic.
Such behaviour of the solution is exploited via the proposed FOFDM. This FOFDM is
analyzed for convergence and it is seen that this method is unconditionally stable and
has accuracy of O(k+h?), where k and h denote time and space step-sizes, respectively.
Some numerical results confirming theoretical observations are also presented. These

results are comparable with those obtained in the literature.
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5.1 Introduction

We consider the following system of two coupled PDDEs describing the dynamics of

two co-operative species with densities u(¢, z) and v(¢, z):

ou 9*u

E(t, x) = /\1@(75, z) + ku(t,z) (ry — apu(t — 7,2) + appv(t — 7,2)) (5.1.1)
D) = %Tot) + (e, ) (12 + aarult = 7.2) — aaav(t - 70)) (5.12)
@t , ) = 231}2 , L RU(1,X) (T2 a1 T, T a92U T, T i

where 0 < z < 7 and ¢ > 0, subject to the initial data
u(t,r) = u’(t,z), v(t,r) =t x), te[-r0], (5.1.3)
and Dirichlet boundary conditions
u(t,0) = u(t,m) =v(t,0) =ov(t,m) =0, t > 0. (5.1.4)

The constants A\; > 0 and Ay > 0 in the above represent the diffusivity of the two
species whereas the constants r; > 0 and ry > 0 are the growth rates of these species.
The coefficients aj1, a2, as1, aze and k are positive constants. Finally, 7 (> 0) is a time
delay parameter.

Many biological phenomena can be described by diffusion equations such as the
system above. Some examples include the dynamics of a single species in time and
space [151], the spread of an advantageous gene in a population [110], the competition
between the gray and red squirrels in Britain which led to the decline and subsequent
disappearance of the red squirrels [111], the spread of powdery mildew disease caused
by the fungus Uncinula necator over the grapevines [34], the modified Lotka-Volterra
system with logistic growth of the prey and with both predator and prey dispersing by
diffusion [111].

The literature on the use of diffusive delay differential equations for modelling

biological systems is very rich, see for example [94, 113, 142] and the references therein.
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When a time delay is involved, it indicates the non-immediate effect of some factor that
inhibits the dynamics of the model, for instance, in a predator-prey model, the density
of the prey is affected by hunting mature prey members that happened some time in
the past. Also, in a model that describes the spread of an epidemic disease, a virus or
a bacterium takes some time before it becomes mature and will be able to attack some
organism. In a biological system, delay models are more realistic for describing the
dynamics of the various parts of the system than the ordinary differential equations.
Under the assumption that the two species have the same diffusivity (i.e., A\ =
Ay = A) and same growth rates (i.e., 7y = ro = r), Li et. al [86] used a transformation

of variables to reduce the system (5.1.1)-(5.1.2) to the form

) 0
a—?(t, x) = Aa—;(t, )+ ku(t, ) (1 — u(t — 7, 2) + av(t — 7,2)),  (5.1.5)
0 02
(9_:(t’ r) = )\8—52-(15, z)+ ro(t,x) (1 +ayu(t —1,2) —v(t —T1,2)), (5.1.6)

with t > 0, 0 < & < m and subject to the initial data (5.1.3) and the boundary
conditions (5.1.4).

In this chapter, we design a new fitted operator finite difference method (FOFDM)
which is constructed for a system of DDEs obtained by applying the method of lines
[58, 97] to the system of PDDEs. These FOFDMs, which are based on the philosophy
of non-standard finite difference methods of Mickens [105, 114], are widely used for
singularly perturbed two-point boundary value problems. See for instance [116, 117,
118]. However, their extensions for coupled PDEs whose solutions possess oscillatory
dynamics, have not been seen in the literature.

The rest of this chapter is organized as follows. In Section 5.2, we discuss the
existence and stability of equilibria for the model under consideration. Section 5.3
deals with the construction of the fitted operator finite difference method which is
analyzed for convergence in Section 5.4. Illustrative numerical results are presented in

Section 5.5. Finally, we discuss these results in Section 5.6.
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5.2 Existence and stability of equilibria

In many of the delay differential equation models, the time delay 7 acts as a bifurcation
parameter. As the delay 7 passes through some critical value 7*, a couple of complex
conjugating eigenvalues of the system cross the imaginary axis at some pure imaginary
points and stable periodic Hopf bifurcating solutions occur. Then when 7 > 7*, the
real parts of these eigenvalues cross to the positive real axis causing the solution to lose
its stability. We look at these features of the solution via the existence and stability of
a positive equilibrium following the works in [19, 86, 151].
Any equilibrium solution for problem (5.1.5)-(5.1.6) must solve the system

% + Rulz)(t = u(@) +anv(z)) = 0,
(5.2.1)
v
e + Fv(z)(1 + anu(r) —v(x)) = 0,
with
u(0) = u(m) = v(0) = v(7) = 0, (5.2.2)

where the parameter & corresponds to the ratio x/A\.

It is obvious that the trivial solution (0, 0) satisfies (5.2.1)-(5.2.2) and it also satisfies
(5.1.5)-(5.1.6). If & < 1, the trivial solution (0, 0) is asymptotically stable and it is the
only global attractor for all non-negative solutions. Therefore, the increase in the time
delay 7 do not have an effect on the stability of the trivial equilibria. On the other
hand, when £ > 1 the trivial solution is unstable. The question arising at this stage
is what will happen if £ becomes greater than 1 while the time delay 7 is strictly
positive. In the following two subsections we show that when < > 1 while 7 > 0, a

positive equilibrium (Uz(x), Vz(x)) will bifurcate from the trivial solution at & = 1.
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Existence of equilibria

Let D? denote the differential operator -, and N(D? 4 1) and R(D? 4 1) denote the

null and range spaces of the differential operator D? + 1 respectively, then
L0, 7] = N(D? + 1) ® R(D? + 1),

where

N(D? + 1) = span{sinz}

and
R(D*+1) = {y(z) € L*[0,7] : <sinx, y(z)>= /Oﬂ(sinx)y(x)dx = 0}.

Assume that the pair of functions (Uz(x), Vi(x)) is an equilibrium solution of the

system (5.1.3)-(5.1.5) and that they can be expressed as

Us(z) = ag(k—1)(sinz+ (k — 1)&) (5.2.3)
and

Var) = Beli—1) (sing + (7 — i) (5.2.4)

where &z, 1z € R(D? + 1) and oz and 3z are real numbers.
Using (5.2.1) along with equations (5.2.3)-(5.2.4), we obtain

(D* + 1)& +sinz + (& — 1)& — & ((azsinz + (F — 1)&)°

—a1a0:(sinz + (F — 1)&)(sinx + (R — 1)nz)) =0 (5.2.5)
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and

(D*+ 1)z +sinx + ( — 1)nz — & (—asiaz(sine + (& — 1)&)

(sinz + (F — 1)nz) — Ba(sinz + (k — 1)n)*) = 0. (5.2.6)
For k =1, we get
1 1
PPN e R I -1
1-— 12021 1—- a12a21

provided that aisa0; < 1 where

e -
[ fo sinzdx 3
o = 7 =3
T sin®rdr 8

and hence, according to Li et al. [86] the unique solution of system (5.2.5)-(5.2.6) is
then given by

1 2 * * *
51:771:§sin$+(g— g )cosx+%0032m+%. (5.2.7)

For the general & > 1, the following theorem is proved in [151]:

Theorem 5.2.1 There is a constant K* and a continuously differentiable mapping

/% - (6/‘%; ﬁl‘%a O, 6&)

from [1,k*] — H?> x H> Xx R x R such that equations (5.2.5) and (5.2.6) hold and

<sinz, &> =<sinz,nz; > = 0.

Finally, the existence of the positive equilibrium (Uz, V;) follows from the existence

and uniqueness of the couple (&z,7z) in the interval (1, 7&*].
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Stability of the equilibria
To study the stability of the positive equilibrium (Uz, V;), let 0 < & < &£* and consider

the linearized version of the system (5.1.5)-(5.1.6) around this equilibrium, i.e.,

—Ug algUg u(t—T)

d
dt v(t) anVi  —Vi v(t —7)

where u(t) = u(t,-) and v(t) = v(t,-).
By writing
Y(t) = [u(t),v(t)]", Yo(t) = [u(t,-),v"(t, )]",

A(R) = (D? + k)1,

- Ui a12Uz
B(k) = :
an Vi —Vi

the stability of (Uz, Vi) is determined through solving the eigenvalue problem

and

[A(R) + RB(R)e ™ — AL] Y = 0. (5.2.9)

An infinitesimal generator A, (%) of the semi-group ([136]) induced by the solutions
of the linearized system (5.2.8) is defined by

AL (R)Yo(t) = dYo(t)/dt, t € [7,0],

with

D(A(R) ={" € C: % € C,v°(0) € H?, v _ AL (R)v°(0) + EB(&)v°(—7)}.
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When & > 1 the stability of the equilibrium (Uz, V) is determined by the eigenvalues
of A,(%) which depend continuously on 7. For 7 = 0 all the eigenvalues of A, have
negative real parts. By increasing the time delay 7, the eigenvalues of A.(kK) may
move towards the positive real part of the complex plane and the problem is then to
find whether there exists a delay 7* for which A,«(%) has a pure imaginary eigenvalue
A = iv. However, A = iv is a pure imaginary eigenvalue of A, (&) if and only if the
equation

[A(R) + kB(R)e ™ —ivL,] Y = 0, (5.2.10)

is solvable for the pair v > 0 and 6 € [0, 27]. Then equation (5.2.10) is satisfied for all
T, = (0 +2nm) /v, n=0,1,...

It has been proved in [19] that if the triplet (v, 6,Y") solves the eigenvalue problem
(5.2.9) with Y # 0 and & € (1, £*], then ¢ = v/(k — 1) is uniformly bounded and

Y = [sinz + (& — 1)y(2), (a +ib)sinz + (& — 1)6(2)]7,

where y(z) and 0(z) are two smooth functions such that < sinz,y(z) > = 0 and
<sinz,d(z)> = 0.

Zhou et al. [151] proved that solving the eigenvalue problem (5.2.9) is equivalent
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to solve the following system of equations:

g1(7,6,0,0,a,0) = (D*+1)y+ (1 —ip)sinz + (& — 1)7] + &(—ax(sinz + (& — 1)&)
Fapfi(sing + (& — 1)gz))(sinz + (7 — 1)7)
+ie Pagsing + (& — 1)&](—(sinz + (& — 1))
tais((a+ib)sinz + (& — 1)5)),

92(7,0,0,0,a,) = (D*+1)d+ (1 —ip)[(a+1ib)sinz + (& — 1)d]
ti(amos(sing + (R — 1)&) — B(sinz + (& — D)nz))
((a+ib)sinz + (& — 1)8) + ke Bi[sinz + (& — 1)nz]
(a1 (sinz + (& = 1)7) = ((a + i) sinz + (& — 1)4)), (5.2.11)

g3(7v,0,0,0,a,b) = Re <sinz,y>=0,

= Re<sinz,0>=0,

( )
94(7,0,0,0,a,b) = Im <sinz,y>=0,
95(7,90,0,0,a,b)

( )

g6(v,0,0,0,a,b) = Im <sinz,d>= 0.

We state the following result from [86], proved in [151]:

Theorem 5.2.2 If 0 < i*—1 < 1, then there is a continuously differentiable mapping
K — (Y&, 0%, 0, 0%, az, bz) from [1,7*] to (H*)? x (R)* such that v, = (1 — )&, 6 =
(1=0)a1&1, 01 = 7/2, a1 = (1+a12)/(14+as), by = 0 and 01 = 1 and (vz, 9%, 0z, 0%, az, bz)
solves problem (5.2.11) for k € [1,k*] with & being the unique solution of the system
(5.2.5)-(5.2.6) given by equation (5.2.7).

Li et al. [86] concluded that the positive equilibrium (Uz, Vi) is asymptotically
stable for 7 < 7z, and unstable for 7 > 7;,. Moreover, the bifurcating solutions which
occur from the Hopf bifurcation point 7 = 73, are stable while those occurring from
the Hopf bifurcation points 7 =7z, n =1,2,... are unstable.

In summary,

o If © < 1, then the zero solution is stable and is the only global attractor of all
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non-negative solutions.

e If & > 1, a unique positive equilibrium (Uz, V;) bifurcates from # = 1 and (u,v) =

(0,0) while the zero solution is unstable.

e For each fixed 0 < K — 1 <« 1 there exists a sequence {7z,}>°, such that the
positive equilibrium (Uz, V) is asymptotically stable if 0 < 7 < 75, and unstable

if 7> 73,

e A Hopf bifurcation will occur as the delay 7 increasingly passes through each

point 7%, n=1,2,....

5.3 Construction of the numerical method

In this section, we describe the construction of the fitted numerical method for solving
the system (5.1.5)-(5.1.6) with the initial data (5.1.3) and boundary conditions (5.1.4)
respectively. Following the method of lines, we find an approximation to the derivatives
of the functions u(t,x) and v(¢,x) with respect to the spatial variable z by algebraic
quantities in order to transform the two PDDEs into a system of DDEs.

Because of the similarities between the two PDEs in u(t,x) and v(t,z) we will
describe the method for the equation in u(¢,z). The equation in v(t,z) is dealt with
similarly.

Let N, be a positive integer and discretize the interval [0, ] by the points
To=0<2 <22 < ... < 2N, =T,

where h = Zpy1 — Ty = 7/Ny; m=0,1,..., N,. Let Uy, (t) = u(t, ).

We approximate the second order spatial derivative by

82’& Um+1 — 2Um + Um—l
_(tu xm) ~ )
¢2

5 (5.3.1)
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where
2 . pmh
Om = Gm(K, A\ h) = p—msmT
and
Pm =\ K/

It is obvious that ¢,, — h as h — 0. The function ¢?, in equation (5.3.1) is conven-
tionally termed as a denominator function [102]. It can be constructed by using the
theory of difference equations.

Equation (5.1.5) with the initial data (5.1.3) and boundary conditions (5.1.4) then
take the form

Us(t) = 0= Uy, (1), (5.3.2)
dUn(®) _ U1 =2Un + Un
e ¢*(h)

+65Un () (1 = up(t = 7) + arpvy,(t — 7)), m=1,...,N,—1, (5.3.3)
with the initial data
U (0) = u°(0,2,,), 0 € [-7,0); m=1,...,N,—1, (5.3.4)

where wu,,(t) is the exact value u(t, z,,).
Now let N; be a positive integer and k = T/ N; where 0 < t < T.

Discretizing the time interval [0, 7] through the points
O=ty<t; < ---<tNt:T>

where

tn+1_tn:k7 n:O,l,...,<Nt—1).
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We approximate the time derivative at ¢, by

AU, (t,) N untt —gn
dt -~ k)

(5.3.5)
where (k) = (exp(kk) — 1)/k. Again we see that (k) — k as k — 0.
Combining (5.3.2), (5.3.3) and (5.3.5), we obtain

Upt' = Un _\ Unth =205 + Upty

— HU;;(l — (Hu)?n + CL12(HU)%) (5.3.6)

Y(k) ¢z ()
where
(Hu)?n ~ 'LL(tn —— xm)
and

(Hv)ﬂ & ’U(tn - T, xm)7

m=1,...,N,—1, n=0,..., N, — 1 are the history functions corresponding to the
equations in u and v.

Equation (5.3.6) can further be simplified as

1 2 1
— iU“+1 + ( —A) untt iU?”1 = (— + k(1 — (H,)" + a12(Hv)g)> ur.

¢2 m—1 E + §b2 Q52 m+1 — ¢
(5.3.7)
Equation (5.3.7) can be written as a tridiagonal system
1
TLUn+1 = EU;; + KUZ(l — (Hu)% + alg(Hv)%), (538)

where m=1,...,N,—1, n=0,..., N, — 1 and

TL—Tri< A1 2 /\).

AR

On the interval [0, 7] the delayed arguments t,, — 7 belong to [—7, 0], and therefore
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the delayed variable
(Hy)r =~ up(t, — )

m

is evaluated directly from the history functions u’(¢, z) as

(H,)2 = u’(ty — 7, 20), (5.3.9)

m

and equation (5.3.8) takes the form

1

TvLUWrH_1 - ¢

UP + kUM (1 —u(t, — T, 2m) + a100°(t, — 7, 2)). (5.3.10)

Let s be the largest integer such that ¢, < 7. By using equation (5.3.10) we can

compute U]} for 1 <n < s. At this stage, we interpolate the data
(tO'/ U’V?L)’ (tb ng)v ChiP (tsa U’riz)?

using an interpolating cubic Hermite spline ¢,,(t). Then U} = ¢(t,,x,,) for all n =
0,1,...,sand m=1,2,..., N, —1.

Forn=s+1,s+2,...,N;—1, when we move from level n to level n + 1 we extend
the definitions of the cubic Hermite spline ¢,,(t) to the point (¢, + k, U"™). Then the
history terms (H, )" can be approximated by the functions ¢,,(t, — 7) for n > s, that

is,

and equation (5.3.8) becomes of the form
1
TLUn+1 = EUZ; + KU;,LL(]. - (p(tn - T) + a1219(tn - T)), (5311)

where

@(tn - T) = [(Hu)T’ s (HU)R@—I]T
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and 9 is the set of cubic Hermite splines that interpolates the data (t,,V,").

ny m

Proceeding in a similar manner for the equation in v, we have

1
TV = SV V(L aan(Ha)y, = (L)), (5.3.12)
where
VOt — T, Tm) ta < T
(Hv)nm =
O (b — 7) t, >T
along with

Vo(t) = 0 = Vi (5.3.13)

Our FOFDM is then consists of equations (5.3.8)-(5.3.12) along with (5.3.2) and
(5.3.13).
This method is analyzed for convergence in next section whereas the corresponding

numerical results are presented in Section 5.5.

5.4 Analysis of convergence

As usual with most of the classical convergence finite difference methods, the conver-

gence for the proposed FOFDM is proved via consistency and stability.

Consistency of the numerical method

We assume that the function u(¢, ) and its partial derivatives with respect to both ¢
and z are smooth and satisfy

O iu(t, z)

—— <(C; Vi,j> 4.1
8#1‘3 = 07 VZ,j - 07 (5 )

where C' is a constant that is independent of the time and space step-sizes.

The local truncation error (LTE) for the discrete equations in w in the FOFDM
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(5.3.10) and (5.3.11) is given by

n+l _ ., n n+1 — 9l n+1
(LTE), = (ut(tn,xm) - W) “A (u _ Um 2’; i “m+1) . (5.4.2)

The first term on the right hand side of equation (5.4.2) satisfies

us —
ut(tnyxm) - T
( ) utt — N uttt — oyt —
= |Ut\ln, Tm) — -
¢ k k Y
P et 1 B Lt N a1
u ns Lm) —
= t k k w
k k(S +52+..)
<Z b NI LUl € € [tnyt
=9 ’utt(gax )l i %]c T (um um)? 5 [ ) +1]
ko kk(S+ =40
< -C+ 2% ut — ") (using (5.4.1
< 50+ L ) (sing (5.4.)
—0ask— 0. (5.4.3)

The second term on the right-hand side of equation (5.4.2) satisfies

(U
ux:v(tnaxm) - (uxa: — L ¢2

ul o —2u? +ul
uxx(tna$m) o ( m—1 m m—i-l)

n+l 2u771n+1 + uwrln—trll) ‘

<
= 72

n _ 9,mn n n+l n+1 n+1
‘ (um—l 2um + um—l—l o U1 2um + um—l—l
h2 ¢2

2

o) |23 (/2 60+

=12 1= (ph/2)2/6 + ...
n 2 (| (p/2)?/3 = h*(p/2)*/60 + ... -

< EC—Fh ( T (oh 226+ . D + kC (using (5.4.1)),

—0ash—0and k — 0, (5.4.4)

’ + k |umct<€7 mm)’ )

where z,, 1 < ( < Z,,41 in the third last inequality above.
The results that we obtained in equations (5.4.3) and (5.4.4) prove that LTE — 0

as k — 0 and h — 0. Similarly, we can see that the LTE for the equation in v tends
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to 0, as h — 0 and k — 0. This proves the consistency of our FOFDM.

Stability of the numerical method

In this section we apply the von Neumann analysis to prove the stability of our method.
Plugging the solution

n imh
U = w,e™",

where i = v/—1 in equation (5.3.8), we obtain

1 27 1 imh —imh 1 n n
((E—FE) _E (6 +e )) Wp41 — (E—Fli(l—UT,m—l—an‘/T’m)) Wy, (545)
From equation (5.4.5), the amplification factor ¢ is given by

1

=+ k(1= (H,) + as (Hy),
¢=* 1 4\ 2 mh ' (5:4.6)
w13 Bl

We notice that both the quantities in the numerator and denominator in the right-hand

side of equation (5.4.6) are positive, hence the amplification factor ¢ satisfies

<1,
if
1 1 4 mh
— 1—(H,) H)') < — 4+ —gin? —. 5.4.7
¢+'€( (Hu)p, + az( )m)_¢+¢3nsm ) (5.4.7)
Simplifying the inequality (5.4.7) we obtain
K 4 . ,mh 4
X (1 — (HU)Z’L + a12<Hv)zl) S —2m Sll’l2 T S % (548)

From the discussion in Section 2, we see that the ratio & = § can not exceed x* which

is always less than 2. This implies that the left hand side of inequality (5.4.8) is always

less than 2. On the other hand, we see that the right hand side of inequality (5.4.8) is

4
d) ?VL

which is much greater than 2. Hence, the amplification factor ¢ is always less than
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1 and therefore, the proposed FOFDM is unconditionally stable.
Using the Lax-Richtmyer theory [108, 125], we have the following theorem

Theorem 5.4.1 The FOFDM given by (5.5.11)-(5.5.12) along with (5.3.2) and (5.5.13)
is convergent of order O(k + h?) in the sense that

m,n<N—1

p— n _ n 2
max{lggggN_l{!u(tn,xm) Uml},1< max  {|v(t,, Tm) Vm|}} < C(k + h?),

where U and V' are the numerical solutions obtained by this FOFDM and N 1is the total

number of subintervals taken in either directions.

5.5 Numerical results

To see the performance of the proposed FOFDM, we consider the following example.

Example 5.5.1 [86] Consider problem (5.1.5)-(5.1.6) with a;p = 0.5, ag; = 0.8, A
takes values in [0.0085,0.0105] U [0.999,1.0105], x € {0.01,1.01}, 7 € {1,20,100,170}
and T' € {100,800, 2500, 4500}. The initial data is taken as

0
w(@, ) =v(f,z) =0.1 (1+ —) sinz,0 € [-7,0,0<z <7, t>0
T
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t-axis ¥-axis t-auis -axis

Figure 5.5.1:  Profile of u(t,x) for A =  Figure 5.5.2: Profile of v(t,z) for A =

0.0085, %k = 0.01,7 = 1 and T = 100 0.0085, 5 = 0.01,7 = 1 and T = 100

t-axis ¥-axis tais ¥-axis

Figure 5.5.3:  Profile of u(t,z) for A =  Figure 5.5.4: Profile of v(t,z) for A =

0.0087,% = 0.01,7 =1 and T = 100 0.0087,%x = 0.01,7 =1 and T = 100

¥-axig t-axis *-axis

t-axis

Figure 5.5.5:  Profile of u(t,z) for A =  Figure 5.5.6:  Profile of v(t,z) for A =

0.0105,x = 0.01,7 =1 and T" = 100 0.0105,x = 0.01,7 =1 and T" = 100
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t-axis #-axis t-axis ¥-axis

Figure 5.5.7:  Profile of u(t,z) for A =  Figure 5.5.8: Profile of v(t,z) for A =
0.0097, 5 = 0.01,7 = 20 and T = 800 0.0097, 5 = 0.01,7 = 20 and T = 800

t-axis #-axis tanis *-axis

Figure 5.5.9:  Profile of u(t,z) for A =  Figure 5.5.10: . Profile of v(t,z) for A =
0.0098, 5 = 0.01,7 = 20 and T = 800 0.0098, 5 = 0.01,7 = 20 and T = 800

t-axis

F-axis t-axis *-axis

Figure 5.5.11: . Profile of u(t,z) for A =  Figure 5.5.12: . Profile of v(t,z) for A =
0.0099, k = 0.01,7 = 20 and 7" = 800 0.0099, k = 0.01,7 = 20 and 7" = 800
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t-axis ¥-axig t-axis *-axis

Figure 5.5.13: . Profile of u(t,z) for A =  Figure 5.5.14: . Profile of v(t,z) for A =
0.0105,x = 0.01,7 = 20 and 7" = 800 0.0105,x = 0.01,7 = 20 and 7" = 800

1]
2500

t-axis #-axis t-axis ua H-axis

Figure 5.5.15: . Profile of u(t,z) for A =  Figure 5.5.16: . Profile of v(t,z) for A =
0.999, k = 1.01,7 = 100 and 7" = 2500 0.999, k = 1.01,7 = 100 and 7" = 2500

t-anis H-AKIE taxis

*-axis

Figure 5.5.17: . Profile of u(t,z) for A =  Figure 5.5.18: . Profile of v(t,z) for A =
1.000, x = 1.01, 7 = 100 and 7" = 2500 1.000, x = 1.01, 7 = 100 and 7" = 2500
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t-akis ¥-axig tanis *-axis

Figure 5.5.19: . Profile of u(t,z) for A =  Figure 5.5.20: . Profile of v(t,z) for A =
1.005, x = 1.01, 7 = 100 and 7" = 2500 1.005, x = 1.01, 7 = 100 and 7" = 2500

¥-axig t-axis *-axis

Figure 5.5.21: . Profile of u(t,z) for A =  Figure 5.5.22: . Profile of v(t,z) for A =
1.0105,k = 1.01,7 = 100 and T" = 2500 1.0105,k = 1.01,7 = 100 and 7" = 2500

wit, ®)

¥-auis

t-axis *-axis t-axis

Figure 5.5.23: . Profile of u(t,z) for A =  Figure 5.5.24: . Profile of v(t,z) for A =
1.003,x = 1.01,7 = 170 and T = 4500 1.003,x = 1.01,7 = 170 and T" = 4500
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*-axis

Figure 5.5.25: . Profile of u(t,z) for A =  Figure 5.5.26: . Profile of v(t,z) for A =
1.005, k = 1.01,7 = 170 and T = 4500 1.005, k = 1.01,7 = 170 and T = 4500

Figure 5.5.27: . Profile of u(t,x) for A =  Figure 5.5.28: . Profile of v(t,z) for A\ =
1.007, k = 1.01,7 = 170 and T = 4500 1.007, k = 1.01,7 = 170 and T = 4500

t-axis ¥-axig t-anis ¥-axlg

Figure 5.5.29: . Profile of u(t,z) for A\ =  Figure 5.5.30: . Profile of v(t,z) for A =
1.0105,x = 1.01,7 = 170 and T" = 4500 1.0105,k = 1.01,7 = 170 and T" = 4500
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5.6 Discussion

In this chapter we have designed and analyzed a fitted operator finite difference method
(FOFDM) for a coupled system of two partial delay differential equations. Using the
method of lines, this problem is transformed into a system of ordinary delay differential
equations which are then solved with the proposed FOFDM. This FOFDM is analyzed
for convergence and we found that this method is of order 1 with respect to time- and
is of order 2 with respect to space-discretizations.

In our test example, we considered many scenarios for the selection of the param-
eters £ and A such that the ratio s/ remains close to one. The results are presented
in figures 5.5.1-5.5.30. We have noticed that when x/\ < 1, the solutions do always
tend to the unique stable trivial attractor (0,0) (See figures 5.5.5, 5.5.6, 5.5.13, 5.5.14,
5.5.21, 5.5.22, 5.5.29 and 5.5.30). When the ratio /A passes unity, a stable or a sta-
ble periodic solution bifurcates from /A = 1 (See figures 5.5.3, 5.5.4, 5.5.11, 5.5.12,
5.5.19, 5.5.20, 5.5.25, 5.5.26, 5.5.27 and 5.5.28). When we continue increasing the ratio
k /A unstable periodic solutions bifurcate from x/\ = 1 as seen in figures 5.5.9, 5.5.10,
5.5.17 and 5.5.18. Finally, by increasing the ratio x/\, unstable aperiodic solutions
appear as seen in figures 5.5.1,5.5.2 5.5.7, 5.5.8, 5.5.15, 5.5.16, 5.5.23 and 5.5.24. This
confirms the theoretical results.

The results which we have obtained by fixing the value of the time delay 7 = 100
show that the model is very sensitive to change in values of the parameters. Changes
in the ratio k/A from 0.99951 passing by 1.01 and 1.005 to 1.01101 have shown four
different scenarios about the behaviour of the positive equilibrium. A similar situation
is seen for 7 = 170, where changes in the ratio k/\ from 0.99951 to 1.007 have shown
four different stability scenarios for the positive equailibrium. These scenarios are the
trivial equilibrium (0, 0), a stable positive equilibrium, a periodic positive equilibrium
and aperiodic positive equilibrium. This again confirms the theoretical results.

In summary, from the results that we have obtained by our simulations, we conclude

that for a fixed 7 > 7., > 0 if
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e the ratio /) is less than or equal to 1 then the solution tends to the trivial

attractor (0,0) and the solution is stable and no positive equilibrium exists.

e the ratio k/\ is greater than 1 then there is a positive equilibrium and a positive
real number x1 € (1,x*) such that if 1 < k/A < k1 then the positive equilibrium

solution is stable, and if K/ € (K1, kK*] then it is unstable, periodic or aperiodic.

Hence, these results that we have obtained by our FOFDM confirm the theory for
the existence and stability of the positive equilibrium when 7 > 0 and /A > 1.
Moreover, our results are comparable to those obtained in [86] in which the authors
solved problem (5.1.5)-(5.1.6) using the method of steps (where one transforms the
DPDE into a system of ordinary PDEs) and the MATLAB PDE toolbox for 7 = 20, 100
and 170 and T" = 200, 2500 and 4500. Their simulations show that the solution is stable
for k/A = 0.98 and tends to the trivial attractor (0, 0), when they took /A as 1.01 and
7 = 100, a bifurcating periodic stable solution is noticed and finally when they took
7 =170 and x/X = 1.01 they obtained an unstable Hopf bifurcating solution.
Another remarkable fact is that we have tested the MATLAB dde23 solver for
solving the transformed system of DDEs and the dde23 could solve the problem for the
delay 7 = 20 and T" = 800 but it failed to solve the system for 7 = 100 and 7 = 170 on
the domains [0, 7] with 7" = 2500 and 7" = 4500. The dde23 solved the problem using
12371 grid points and took 70.02 seconds to compute the solution. On the other-hand,
our FOFDM solved the same problem using 3000 grid points and took 2.95 seconds to
compute the solution. It is worth mentioning here that basically our method is able
to produce a reliable solution to the problem with fewer grid points and in fairly less

CPU time compared to other in-built solvers.



Chapter 6

A Fitted Numerical Method for a
Delayed Model of Two Competitive

Species

In the previous chapter, we considered a delayed model of two co-operative species. In
this chapter, we consider such a model for two competitive species. It is given by a
system of two coupled partial delay differential equations (PDDEs). We construct a
fitted operator finite difference method (FOFDM) to solve this system. This FOFDM
is analyzed for convergence and it is seen that this method is unconditionally stable and
has the accuracy of O(k + h?), where k and h denote time and space step-sizes, respec-
tively. Some numerical results confirming theoretical observations are also presented.

These results are comparable with those obtained in the literature.

6.1 Introduction

Competition between two or more species is a natural phenomenon which appears
widely in biological and ecological systems. As per Vries et al. [143], populations are
influenced by changes in the weather, a limited food supply, competition for resources

such as nutrients and space, territoriality, predation, diseases, etc. Some examples

129
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include: the competition between the immune system and tumor cells, in which the
immune system responds to the tumor cells through the macrophages which absorb
and destroy the tumor cells and send signals to activate the helper T cells, whereas
those helper T cells mark the tumor cells and send signals to the killer T cells [11];
the competition between two species on a common pool of resources, in which each
one of the two species produces a toxic substance against the existing other species
[23]; the competition between the grey and red squirrels in Britain where it had been
noticed that the release of the American grey squirrels from various sites in Britain
led to the disappearance of the red squirrels after a few years [111]; the competition
between two predators on one prey [74], ete. Such phenomena are modelled by partial
delay differential equations (PDDESs), in which the delay might be the time until some
action is taken by one species against the other or the non-immediate effect of that
action on the other species.

Many mathematical models were established to describe the competition between
two or more species, (see for example [15, 24, 78, 111, 146], [151]). Some of these
models consider the spatial spread of the species whereas others do not.

In this chapter, we consider a system of two coupled PDDESs describing the dynamics

of two competitive species [151] having densities u(¢, z) and v(t, ) given by

ou 0*u
E(t’ xr) = @(t, z) + ku(t,z) (1 — ayu(t — 7,2) — byo(t — 7,2)), (6.1.1)
v 0*v
E(t’ ) = w(t, z) + ku(t,x) (1 — agu(t — 7,2) — bov(t — 7,2)), (6.1.2)

where 0 < z < 7 and ¢ > 0, subject to the initial data
u(t,r) = u’(t,z), v(t,x)=1"(t2x), te[-r0], (6.1.3)
and Dirichlet boundary conditions

u(t,0) = u(t,m) =v(t,0) =v(t,m) =0, t > 0. (6.1.4)
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The coefficients aq, by, as, by and Kk are positive constants. Finally, the positive
parameter 7 represents delay in the maturation time.

In this chapter, we design a fitted operator finite difference method (FOFDM) to
solve the above system of PDDEs.

The rest of this chapter is organized as follows. In Section 6.2, we discuss the
existence and stability of equilibria for the model under consideration. Section 6.3
deals with the construction of the fitted operator finite difference method which is
analyzed for convergence in Section 6.4. Illustrative numerical results are presented in

Section 6.5. Finally, we discuss these results and draw some conclusions in Section 6.6.

6.2 Existence and stability of equilibria

In this section we retrieve some of the results about the existence and Hopf bifurcation
of a positive equilibrium, following the work in [151].

The trivial solution (0,0) satisfies (6.1.1)-(6.1.2). For x < 1 this trivial solution is
asymptotically stable and it is the only global attractor for all non-negative solutions.
The question arises about the qualitative behaviour of the model for x > 1. Hence,
the main consideration of Zhou et al. in [151] was to study the existence and stability
of non-trivial steady state spatial solutions (Uy(x), Vi (z)) # (0,0) and to determine
whether increases in the time delay 7 can destabilize the steady state and lead to the
occurrence of periodic solutions. To discuss this further, we note that an equilibrium

solution for problem (6.1.1)-(6.1.2) should solve the system

% + ru(@)(1 = aru(z) — bo(z)) = 0,

(6.2.1)
d*v
— + ru(z)(1 — agu(z) — bov(z)) = 0,

with
u(0) = u(m) = v(0) =v(w) =0, (6.2.2)
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where k is restricted to some neighbourhood of 1.

Existence of equilibria

Let D? denote the differential operator 25, and N'(D? 4 1) and R(D? + 1) denote the

d$2 b

null and range spaces of the differential operator D? + 1 respectively, then
L?[0,7] = N(D* +1) @ R(D* + 1),

where

N(D? + 1) = span{sinz}

and
R(D? + 1) = {y(z) € L?*[0, 7] : <sinz,y(z)>= /Oﬂ(sinx)y(x)da: =0}.
The domain of the operator D? + 1 denoted by D(D? + 1) is given by
D(D*+1) = {y € L*(0,7) : y(0) = y(m) = 0} .

Assume that the pair of functions (Uy(x), V. (z)) is an equilibrium solution of the

system (6.1.1)-(6.1.3) with

Udz) = alk—1)(sinz + (5 — 1)) (6.2.3)
and

Ve(x) = B(rs—1)(sinz + (k — )y), (6.2.4)

where £, € R(D? + 1) and a and §3 are real numbers.
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Using (6.2.1) along with equations (6.2.3)-(6.2.4), one obtains

(D*+1)¢+sinz + (k— 1) — & (e (asinz + (k — 1)§)?

+byB(sinz + (k — 1)€)(sinz + (k — 1)) =0 (6.2.5)
and

(D* +1)n+sinz + (k — 1)n — & (aga(sinz + (k — 1)€)

(sinz + (k — 1)n) + baf(sinz + (k — 1)n)*) = 0. (6.2.6)

For k =1, we get

o by — by x Q1 — Q2
o= ——— and 1 = «

a by — ashy a1by — a2bl’

provided that a;by — asby; # 0 where

i .

f sin?zdr 3

o = Jo S TAr 3
T .

IN sin® xdr 8

and hence, £&; = n; are the solutions to the boundary value problem
(D* + 1)y +sinz —a*sin*z =0, 0 <z <, y(0) =y(r) =0, (6.2.7)

with < y,sinz >= 0.

For the general case k > 1 (which also includes the above case k = 1 also), it has been
proven in [151] that there is a constant x* and a continuously differentiable mapping
Kk — (&, Br, O, i) from [1, k%] — H? x H?> x R x R such that equations (6.2.5) and
(6.2.6) hold and

<sinz, &, > =<sinz,n,> = 0.

The existence of the positive equilibrium (U, V,;) then follows from the existence

and uniqueness of the couple (&, n,) in the interval (1, K*].
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Stability of the equilibria

To study the stability of the positive equilibrium (U, V,), let 1 < k < k* and consider

the linearized version of the system (6.1.1)-(6.1.2) around this equilibrium, i.e.,

o [u(t,x) o? u(t, x)
— = —+ k)
ot v(t,x) (8x2 i > v(t, x)

—a U, —bU, u(t — 7, 7)
+r , (6.2.8)
—asV,, —bV, v(t —T1,x)

u@2)\ _ [u’(0,2) 9e[r0 (6.2.9)
v(6, ) 19(0, )
w,0) [ (et ™ 1 (6.2.10)
’U(t,O) U<t7ﬂ-)

where [5 is the 2 x 2 identity matrix.

By writing u(t) = u(t,-), v(t) = v(t,-) and letting
Y<t) = [U(t),U(t)]T, Y()(t) = [uo(tv ')7U0(t7 ')]Ta

A(k) = (D? + k) I

and

U, a2U;
B(’%) = )
a?lvn _VH

the stability of (U, V,) is determined through solving the eigenvalue problem
[A(k) + kB(k)e ™ — AL] Y = 0. (6.2.11)

An infinitesimal generator A, (k) of a compact semi-group ([136]) and the stability
of the equilibrium (U, V,) is determined by the eigenvalues of A, (k) which depend

continuously on 7. For 7 = 0 all the eigenvalues of A, have negative real parts. By
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increasing the time delay 7 the eigenvalues of A, (k) may move towards the positive
real part of the complex plane and the problem is then to determine whether there
exists a delay 7* for which A,«(k) has a pure imaginary eigenvalue A = iv. However,

A = iv is a pure imaginary eigenvalue of A, (k) if and only if the equation
[A(k) + kB(k)e ™ —ivL,] Y =0, (6.2.12)

is solvable for the pair ¥ > 0 and 6 € [0, 27]. Then, (6.2.12) is satisfied for all

_0+2n7r
N v

,n=0,1,....

Tn

It has been proved in [151] that if the triplet (v, 0,Y") solves the eigenvalue problem
(6.2.11) with Y # 0 and € (1, k"], then 0 = v/(k — 1) is uniformly bounded and

Y = [sinz + (k — 1)y(z), (a + ib) sinz + (k — 1)d(z)]%,
where v(z) and §(x) are two smooth functions such that
<sinz,y(z)> =0

and

<sinz,d(xz)> = 0.

Zhou et al. [151] proved that solving the eigenvalue problem (6.2.11) is equivalent
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to solve the following system of equations:

91(77 57 0, 6), a, b)
92<77 57 0, 6), a, b)

g3 7757 9707a7b

( )
94(7, 0, 0,0, a,b)
95(7: 6, 0,0,a,b)

( )

e 7757 Q,Q,a,b

(D? + 1)y + (1 —ig)[sinz + (k — 1)y] + k(—ara.(sinz + (k — 1)&)
+b1Bx(sinz + (k — 1)n,))(sinz + (k — 1)7)

e P fsing + (8 — 1)&](ay(sina 4 (k — 1))

+bi((a + ib)sinz + (k — 1)5)),

(D*+1)5 + (1 —ig)[(a +ib)sinx + (k — 1)d]

—k(aga(sing + (k — 1)&) + bofe(sine + (K — 1)nx))

((a +ib)sinz + (k — 1)8) — ke B [sina + (k — 1)n,]

(as(sinz + (k= 1)) + ba((a + ib) sinz + (k — 1)5)), (6.2.13)
Re <sinx,y>= 0,

Im <sinz,v>=10,

Re <sinx, 6 >= 0,

Im <sinz,d>=0.

Finally, the authors in [151] proved that for each x € (1, x*], Hopf bifurcation occurs

as the delay increasingly passes through 7, and there exists a 09 > 0 such that for

each 7 € (Tky, Tk, + do] system (6.1.1)-(6.1.2) has a periodic solution (UZ(x), V] (x))
near (Uy(z), Vi(x)) with a period 27 /v,.

In summary,

o If Kk < 1, then the zero solution is stable and is the only global attractor of all

non-negative solutions.

e If k > 1, a unique positive equilibrium (Uy, V) bifurcates from x = 1 and (u,v) =

(0,0) while the zero solution is unstable.

e For each fixed 0 < k — 1 < 1 there exists a sequence {7, }>2, such that the

positive equilibrium (Uy, V) is asymptotically stable if 0 < 7 < 7,,, and periodic

if 7> 7.
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e A Hopf bifurcation will occur as the delay 7 increasingly passes through each

point 7., n=1,2,....

The above information will be useful in designing a dynamically consistent numerical

method in the next section.

6.3 Construction of the numerical method

In this section, we describe the construction of the fitted numerical method for solving
the system (6.1.1)-(6.1.2) with the initial data (6.1.3) and boundary conditions (6.1.4).

Following the method of lines, we determine an approximation to the derivatives of
the functions u(t, z) and v(t,z) with respect to the spatial variable z. By doing so, we
transform the two PDDEs into a system of DDEs.

Because of the similarities between the two PDEs in u(t,x) and v(t,z) we will
describe the method for the equation in u(t,z). The equation in v(t,z) is dealt with
similarity.

Let N, be a positive integer. Discretize the interval [0, 7] through the points

To=0<2 <22 < ... < 2N, =T,

where h = z,,01 — vy, = 7/Ny; m=0,1,..., N,.
Let U,,(t) be used to denote u(t, x,,).

We approximate the second order spatial derivative by

J*u Upi1 — 20, +U,,—
ozt om) = *+l " L (6.3.1)
where
2
Gm = Gm(K, A\ h) = —Sm%
and
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It is obvious that ¢,, — h as h — 0. The function ¢?, in equation (6.3.1) is conven-
tionally termed as a denominator function ([102]). It can be constructed by using the
theory of difference equations (See, e.g., [88, 102, 114]).

Let N; be a positive integer and k = T'/N, where 0 < t < T. Discretizing the time

interval [0, 7] through the points
0:t0<t1<...<tNt:T
where
tn+1 - tn = k, n — O, 1, ey (Nt—l)
We approximate the time derivative at t,, by

dUn(t,)  Ur+l—yn
L o 6.3.2

where

U =(k) = (exp(rk) —1)/k.

Again we see that (k) — k as k — 0.

Combining the formulae for the spatial and time derivatives, we obtain

Ut = Up AU;:;ll — 20 + UMY
»(k) O (h)
—kUN (1 — a1 (Hy)p, — bi(Hy),) (6.3.3)
Uy = 0="Uy, (6.3.4)
where
(Hu):;z ~ u(tn - T, l’m)
and

(Hy)y = vty — 7, 2m),

m=1,...,N,—1, n=0,..., N, — 1 are the history functions corresponding to the
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equations in u and v.

Equation (6.3.3) can further be simplified as

A 12X A 1
___WH+< _JUmh_—wﬁz(—+Mrwumm—m@mm)W-

m— -+ m m
on " \v @l o Y
(6.3.5)
Equation (6.3.5) can be written as a tridiagonal system given by
1
TLU = EU;;; + KU1 — ay (H,)" — by (H)), (6.3.6)

where m=1,...,N,—1, n=0,..., N, — 1 and

P NI WTP )\ A
TL:TI‘1< )

— T — _|_ —
b v 9n o
On the interval [0, 7] the delayed arguments ¢, — 7 belong to [—7, 0], and therefore
the delayed variable
(Hu)p & Um(tn = 7)

m

is evaluated directly from the history functions u°(¢, x) as

(Hu)::z = uo(tn -7, Im)a (637)
and equation (6.3.6) becomes
1
U™ = EU” + kU™ (1 — ayu(t, — 7, 2m) — b10°(t, — 7, 2)). (6.3.8)

Let s be the largest integer such that t;, < 7. By using equation (6.3.8) we can

compute U]’ for 1 <n <s. Up to this stage, we interpolate the data

(t07 UO )7 (tla Urln,)> R (tS’ U’riz)

m

using an interpolating cubic Hermite spline ¢,,(t). Then U = ¢(t,,x,) for all n =
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0,1,...,sand m=1,2,..., N, —1.

Forn=s+1,s+2,..., N;—1, when we move from level n to level n + 1 we extend
the definitions of the cubic Hermite spline ¢, () to the point (¢, + k, U™™). Then the
history terms (H,)", can be approximated by the functions ¢,,(t, — 7) for n > s. That

is,

and equation (6.3.6) becomes
1
T, U™ = EU” + kU1 —ayp(ty, — 7) — 019(t, — 7)), (6.3.9)
where

pltn —7) = [(H)T, - (H)xa]

and 9 is the set of cubic Hermite splines that interpolate the data (¢,, V,?).

ny m

Proceeding in the similar manner for the equation in v, we have

1
fnvﬁl:Evm+mmu—aﬂHw"—@uﬂW% (6.3.10)
where
VO(t, —7) t, <71
(H,)" =
Wty —7) tn>T
along with

Vo(t) =0 = Vy,. (6.3.11)

Our FOFDM is then consists of equations (6.3.6)-(6.3.10) along with (6.3.4) and
(6.3.11).
This method is analyzed for convergence in next section and the corresponding

numerical results are presented in Section 6.5.
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6.4 Analysis of convergence

The convergence for the proposed FOFDM is proved via consistency and stability.

Consistency of the numerical method

We assume that the function u(¢, ) and its partial derivatives with respect to both ¢
and z are smooth and satisfy

O iu(t, z)

— <C;Vi,7>0 6.4.1
Otini = ) ) =Y, ( )

where C' is a constant that is independent of the time and space step-sizes.
The local truncation error (LTE) for the discrete equations in w in the FOFDM
(6.3.8) and (6.3.9) is given by

1 +1 n+1
i utt — 2yt 4y
m ] m—1 m m+1
(LTE), = (ut(tn,xm) s il ) Wl g
m

3 ) . (6.4.2)

The first term on the right hand side of equation (6.4.2) satisfies

n+l1 _ ., n

u u

(b, T) — %

() T —w w —w

- U’t TL?‘rm kj k ¢

< utay o |
Ug(ty, Tn) — —

— t m k: k ¢
k k(L4240

< . 2 6 n+l . n € [t,, tn

=9 |utt(€ax )| + 1+ H_Qk; + .. (um um)7 € [ ) +1]
k. kk(4+E4 00

< —C+ 26 u™ M — ™) (using (6.4.1

<50+ g ) (wing (64.1)

—0as k— 0. (6.4.3)
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The second term on the right-hand side of equation (6.4.2) satisfies

n+l n+1 n+1

¢ Uy —1 2um + um+1
uwa:( ns xm) - Ugz — )
¢

ul . —2u +u?
uxa:(tn;l'm) o ( m—1 m m+1)

<
= 72

n . n n n+l n+1 n+1
‘ (um—l 2um + um—l—l o U1 2um + um—l—l
h2 ¢2

2

<l O [LLL2LLS —PH 2V /0

1—(ph/2)?/6+ ...
n 2 (| (p/2)?/3 — h*(p/2)*/60 + ... -

< EC+h ( T (oh 226+ .. D + kC (using (6.4.1)),
—0ash—0and k — 0, (6.4.4)

’ + k |ux1’t<§7 $m)| )

where z,,_1 < ( < Z,,41 in the third last inequality above.

The results that we obtained in equations (6.4.3) and (6.4.4) prove that LTE — 0
as k — 0 and h — 0. Similarly, the LTE for the equation in v tends to 0, as h — 0
and k — 0. This proves the consistency of our FOFDM.

Stability of the numerical method

In this section we apply the von Neumann stability analysis to prove the stability of
our method.
Plugging

n o __ imh
Uy = wpe™,

in equation (6.3.6) where i = /—1, we obtain

(+8)- b (tost-atn )

(6.4.5)
From equation (6.4.5), the amplification factor ¢ is given by
1
5 el = a(Hy)n b (Ho)p,
¢=2 it . (6.4.6)

1 AN o3 m
¢ g S
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We notice that both the quantities in the numerator and denominator in the right-hand

side of equation (6.4.6) are positive. Hence the amplification factor ¢ satisfies
5] <1

if

% + k(1 —ai(H,)p —bi(Hy)l) < — 4+ —sin m_h (6.4.7)

Simplifying the inequality (6.4.7) we obtain

K (1 - al(Hu)nm — bl(Hv)Zw) S 9 (648)

From the discussion in Section 6.2, we see that x can not exceed k* which is always
less than 2. This implies that the left hand side of the inequality (6.4.8) is always less
than 2. On the other hand, we see that the right hand side of the inequality (6.4.8)
is 4/¢2, which is much greater than 2. Hence, the amplification factor ¢ is always less
than 1 and therefore, the proposed FOFDM is unconditionally stable.

Hence, using the Lax-Richtmyer theory [108, 125], we have the following theorem.

Theorem 6.4.1 The FOFDM given by (6.5.9)-(6.5.10) along with (6.3.4) and (6.5.11)
is convergent of order O(k + h?) in the sense that

max{ max  {|u(t,,zm) — Url}, | Inax {Jv(tn, xm) — V,Z|}} < C(k + h?),

1<m,n<N—-1 m,n<N—1

where U and V' are the numerical solutions obtained by this FOFDM and N is the total

number of subintervals taken in either directions.

6.5 Numerical results

To see the performance of the proposed FOFDM, we consider the following example.
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Example 6.5.1 Consider problem (6.1.1)-(6.1.2) with a; = 1, by = 0.5, ay = 0.8,
by =1, k €]0.95,1.9], 7 € {10,20,50} and 7" = 500. The initial data is taken as

u(@,z) =v(0,x) =0.1 (1—|— Q) sinz,f € [-7,0,,0 <z <m, t>0.
T
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Figure 6.5.1:  Profile of u(t,z) for k =  Figure 6.5.2: Profile of v(t,z) for &
1.25 and 7 =10 1.25 and 7 =10

Figure 6.5.3:  Profile of u(t,z) for k =  Figure 6.5.4: Profile of v(t,z) for &
1.15and 7 =10 1.15and 7 =10

- T A T T e

Figure 6.5.5:  Profile of u(t,z) for k =  Figure 6.5.6: Profile of v(t,z) for &
1.05 and 7 =10 1.05 and 7 =10
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[E3 b

Figure 6.5.7:  Profile of u(t,z) for k =  Figure 6.5.8: Profile of v(t,z) for k =
0.95 and 7 = 10 0.95 and 7 =10

Figure 6.5.9:  Profile of u(t,z) for k =  Figure 6.5.10: . Profile of v(t,z) for kK =
1.1 and 7 =20 1.1 and 7 =20

L
H
e
0

Figure 6.5.11: . Profile of u(t,z) for k =  Figure 6.5.12: . Profile of v(t,z) for k =
1.075 and 7 = 20 1.075 and 7 = 20
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Figure 6.5.13: . Profile of u(t,z) for k =  Figure 6.5.14: . Profile of v(t,z) for kK =
1.05 and 7 =20 1.05 and 7 =20

£

Figure 6.5.15: . Profile of u(t,z) for k =  Figure 6.5.16: . Profile of v(t,z) for kK =
1.0 and 7 = 20 1.0 and 7 =20

Figure 6.5.17: . Profile of u(t,z) for k =  Figure 6.5.18: . Profile of v(t,z) for k =
1.06 and 7 = 50 1.06 and 7 = 50
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s

Figure 6.5.19: . Profile of u(t,z) for k =  Figure 6.5.20: . Profile of v(t,z) for kK =
1.04 and 7 =50 1.04 and 7 =50

11111

Figure 6.5.21: . Profile of u(t,z) for k =  Figure 6.5.22: . Profile of v(t,z) for k =
1.02 and 7 =50 1.02 and 7 =50

s

}]

]

Figure 6.5.23: . Profile of u(t,z) for k =  Figure 6.5.24: . Profile of v(t,z) for k =
1.0 and 7 = 50 1.0 and 7 = 50
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6.6 Discussion

In this chapter, we have designed a fitted operator finite difference method (FOFDM)
for a competition model that is described by a system of two coupled partial delay
differential equations. This FOFDM is analyzed for convergence and we found that
this method is of order O(k + h?) where k and h are the step-sizes in the time and
space directions, respectively.

In our test example, we considered many scenarios for the selection of the parameter
 such that it remains close to unity. The results are presented in figures 6.5.1-6.5.24.

By taking x = 0.95 and 1.0, only the trivial solution is obtained as ¢ increases (both
the two species will extinct). This can be viewed in figures 6.5.7, 6.5.8, 6.5.15, 6.5.16,
6.5.23 and 6.5.24. By increasing r slightly to values above 1.0 (k = 1.02 and 1.05),
we have noticed the appearance of stable positive equilibrium (both the two species
will exist). This can be seen in figures 6.5.5, 6.5.6, 6.5.3, 6.5.4, 6.5.13, 6.5.14, 6.5.11,
6.5.12, 6.5.21 and 6.5.22. By increasing the value of k (k = 1.25,1.1,1.04 and 1.06), we
obtained periodic solutions as can be seen in figures 6.5.1, 6.5.2, 6.5.9, 6.5.10, 6.5.19,
6.5.20, 6.5.17 and 6.5.18.

We found that our results do agree with the theory about the existence of a positive
equilibrium for 7 > 0 and x > 1, where different behaviour of the system, ranging
from the trivial zero attractor, passing a stable positive equilibrium and ending with a
periodic equilibrium are obtained.

From the results that we have obtained with our simulations, we conclude that for

a fixed 7 > 7,, > 0, if

e « is less than or equal to 1 then the solution tends to the trivial attractor (0,0)

and the solution is stable and no positive equilibrium exists.

e x is greater than 1 then there is a positive equilibrium and a positive real number
k1 € (1,k*) such that if 1 < k < k; then the positive equilibrium solution is

stable, and if k € (K1, k*] then the positive equilibrium is periodic.
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Hence, the results that we have obtained confirm the theory about the existence and
stability of the positive equilibrium.

The clear difference between the qualitative behaviour of the solutions of the com-
petition model under consideration and the co-operative model by Li et al. [86] is that
in the co-operative model, chaotic behaviour of the solution can be obtained for some
values of the parameter k, whereas no aperiodic behaviour can be obtained for the
competition model. The theories about the qualitative behaviour for the two models
confirm these results. By looking at the simulations in [86] and our simulations here,
one can notice the agreement between our numerical simulations and the theoretical

results for the two different models.



Chapter 7

Concluding Remarks and Future

Directions

In this thesis, we considered different classes of delay differential equation (DDE) mod-
els having biological applications. These biological models include a single delay dif-
ferential equation model, a system of delay differential equations, a boundary value
problem of a singularly perturbed second-order delay differential equation, a singularly
perturbed delay parabolic partial differential equation and a system of delay parabolic
partial differential equations. For each class of these DDEs, we have designed and
analyzed fitted numerical methods. To the best of our knowledge we have not seen any
numerical methods in the literature for some of the models considered in this thesis,
and therefore, our quantitative work is a new contribution to the numerical world for
these problems. Moreover, these numerical methods are very robust.

In Chapter 2, we considered two systems of delay differential equations modelling
the dynamics of a mature population and the periodic chronic myelogenous leukemia.
The fitted numerical methods (PPMs) that we have designed are of relatively low order,
but that is the best that one could do at this stage. Currently, we are busy investigating
how we can improve the order of convergence of these PPMs. Our future plans for these

problems include the construction of direct higher order numerical methods.

151
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In Chapter 3, we developed a fitted numerical method for solving a singularly
perturbed second-order delay differential equation. The numerical method developed
in that chapter discretizes the original problem without using Taylor expansions as is
done in the literature in the past. In this way, we could say that this was the direct
method to solve original problems. The proposed approach is very simplistic in nature
and hence we can easily extend it to solve higher order problems in this class.

Chapter 4 dealt with singularly perturbed delay parabolic partial differential equa-
tions. While the theoretical estimates that we have designed add the mathematical
theory about these problems, the numerical methods designed there were extremely
robust and easily adaptable to more complex problems. To the best of our knowledge,
the order of convergence which we achieved by applying the fitted mesh and fitted
operator finite difference methods for the singularly perturbed delay parabolic partial
differential equations in that chapter has not been achieved by anyone in the literature
to date. A further improvement on our own results obtained by the fitted mesh method
can be made if we use the proposed method on a mesh of Bakhvalov type rather than
a mesh of Shishkin type. We are currently investigating this aspect.

The problems considered in chapters 5 and 6 describe the dynamics of two co-
operative and competitive species have oscillatory solutions. The theories about the
qualitative behaviour of the solutions of the two models are different. In the co-
operative model stable, periodic and chaotic behaviour can be seen for the solution,
while only stable and periodic solutions can be obtained for the competitive model. (It
is to be noted that in Chapter 5, we have considered the case when both diffusion coeffi-
cients A\; and Ay are the same. However, our approach can be extended for the general
cases (for instance problem (5.1.1)-(5.1.2)) where A\; # Ay with necessary modifica-
tions.) Due to the oscillatory nature of the solutions, the fitted mesh methods cannot
be designed for such problems and hence we have developed only the fitted operator
numerical methods there. These numerical methods are already very competitive but

we are still planning to improve them further in near future.
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Finally, it should be noted that almost all the numerical methods that we have
developed for different problems in this thesis are comparable with (and in some cases
better than) the well-known DDE solvers, like MATLAB dde23. Moreover, some of
these methods developed in this thesis can be extended to solve other classes of prob-
lems, for instance, delay problems in higher dimensions, multiple state-dependent delay

problems; etc.
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