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Abstract

We extend the work on optimal control of advective direction in a reaction-
diffusion population model to a system representing two competing populations.
We investigate the choice of movement direction to benefit a population. First, the
advective direction in one of the populations in a competition model is the control.
Next, we extend the work by taking the advective directions of both populations as
controls. In both these cases the objective is to maximize a weighted combination
of the two populations while minimizing the cost involved in the species movement.
Mathematical analysis is completed to derive the optimality system and numerical
results illustrating solutions of this system are presented.

Johne’s disease is a bacterial infection caused by Mycobacterium avium subspecies
paratuberculosis (MAP). It is a chronic, progressive, and infectious disease which has
a long incubation period and probably not curable. The main problem with the
disease is the reduction of milk production in infected dairy cows. We develop a
deterministic model to describe the dynamics of the Johne’s disease in a dairy farm. In
this model we use a system of ordinary differential equations to describe the behavior
of Johne’s disease among dairy cows considering the progression of the disease and
the age structure of the cows. We analyze the behavior of the Johne’s disease by
investigating the effects of the persistence of the bacteria in the environment. Stability

and numerical results are computed.
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Chapter 1

Introduction

Mathematical modelling is a main branch in mathematics which interacts with
different disciplines. It helps to capture and understand dynamics of the situations
which would otherwise be impossible, difficult or could take a long time to observe in
reality. In biology, mathematical modelling has been used widely from microscopic
level experiments to macroscopic level experiments.

In this dissertation we consider mathematical modelling in two different areas: in
population dynamics and in disease modeling. Also, we use optimal control theory,

which is an important tool in mathematics for our studies.

1.1 Optimal control theory

Optimal control is an important tool in mathematics which can be used in many
real world applications. It helps in making decisions by maximizing or minimizing
a goal subject to dynamic equations influenced by control functions. Mainly when
there is some risk or cost involved in using the control, the objective functional can
be structured in a way to optimize our main goal while minimizing the risk or the
cost in implementing that controls in the system.

The first step in an optimal control problem is to define the variables defining

states of the system and the controls which can be used to change the states. Next, the



dynamics of these state variables and the control variables are represented in a system.
The dynamics of this system can be defined using ordinary differential equations
(ODEs), partial differential equations (PDEs), stochastic differential equations,
discrete equations, integro-difference equations or a combination of above equations
[26].  Further, we give the initial conditions and/or final conditions, boundary
conditions according to the system. Next, using the state variables and the control
variables we define the objective functional, which is usually given as an integral over
the time. Here, we use different weight parameters to show the relative importance
of the different goals versus the cost or the risk involved in implementing the controls
on the system. Hence, the optimal control problem consists of state equations with
the corresponding initial /final conditions, boundary conditions, a control set and the
objective functional.

After the formulation of the optimal control problem, the next step is to solve it
using the appropriate mathematical techniques. Here, in this introduction we briefly
explain how to solve an optimal control problem with ODEs and PDEs. Detailed
information for optimal control on ODEs can be found in [26, 38] and detailed

information for optimal control on different PDE systems can be found in [31].

1.1.1 Optimal control for ODE’s

After formulating the optimal control problem with state ODEs, controls and the
objective functional, first step is to prove the existence of a solution for the ODE
system with a given control. Next, we need to prove the existence of an optimal
control using uniformly boundedness of finite states, controls and objective values.
Then, we form the optimality system, characterize an optimal control and prove the
uniqueness of the optimal control for a sufficiently small time.

About 1950 Pontryagin and his collaborators laid the foundation for optimal
control theory for ordinary differential equations (ODEs). Pontryagin [38] introduced

the adjoint variables to attach the differential equations to the objective functional.



Here, to solve the optimal control problem we attach the state ODEs to the
objective functional using the adjoint variables [26, 38] by forming the Hamiltonian.
By Pontryagin’s [38] Maximum Principle, we maximize this Hamiltonian function
pointwise with respect to the controls of the optimal controls. We differentiate the
Hamiltonian with respect to the time and state variables and using these derivatives
we explicitly define the adjoint ODEs and characterize the optimal control. This
Adjoint system, the state ODEs and the optimal control characterization form the
optimality system. Hence, finally we prove the uniqueness for the solution of the
optimality system using some standard techniques, which gives uniqueness of the

optimal control [17].

1.1.2 Optimal control for PDE’s

To build some generalization of Pontryagin’s Maximum Principle to partial differential
equations (PDEs), but J. L. Lions [31] introduced the idea of optimal control of
PDEs. After setting up a system of PDEs with one control or many controls in an
appropriate weak solution space and an objective functional, proving existence of an
optimal control is a main step.

Before proving the existence of an optimal control, we have to show that for a given
control there exist a unique solution to the system of PDEs describing the dynamics
of the system. Next, we show that there exists an optimal control maximizing or
minimizing the objective functional and the corresponding optimal solutions for the
state PDE system [30].

After proving existence of an optimal control, next we characterize this optimal
control. In that regard we have to differentiate the objective functional with respect
to each control [31]. Since the state variables depend on the control and are involved
in the objective functional, we need to differentiate state variables with respect to
control as well. These derivatives obtained in this process are called the sensitivity

functions and they solve the linearized version of the state PDE system. The system



of adjoint PDEs is derived from the operators in the sensitivity equations. The
non-homogeneous terms in the adjoint equations are found by differentiating the
integrand of the objective functional with respect to the state variables. We use these
weak solutions for the sensitivity and the adjoint PDEs to characterize an optimal
control. The uniqueness of the optimal control is obtained by proving the uniqueness

of solutions of the optimality system [17].

1.2 Population dynamics and optimal control in
population models

The reaction of a population to resources is an important concern in ecology. Much
work has been done to analyze the population dynamics under different resource
conditions affecting the population [3, 6, 7, 8, 9, 10, 13, 16, 24]. Particularly,
to capture, and explain more realistic dynamics of the populations as well as the
persistence of species in the long run, reaction—diffusion PDEs with linear and
nonlinear growth terms are used in many studies [3, 7, 8]. The effect of the resources
on the population size is also investigated in [6, 13, 24] using reaction-diffusion models.
For these reaction-diffusion models, the movement of a population from one place to
another can occur in two different ways: random diffusion and directed movements.
The reaction of the population to the surrounding environment and its dynamics
has been studied with respect to the effects of diffusion coefficients and advection
movements [3, 7, 9, 10, 16].

In the inhomogeneous environments, it is commonly believed that the population
will move along direction of increase in the resources. With this assumption, work has
been done to analyze the existence of steady state solutions by taking the advection
term to be the gradient of the resource function [3, 9, 10].

With a different perspective, Phan et al. [16] investigated a general model

of nonlinear advection reaction-diffusion equations, to find the optimal advection



coefficient using the optimal control theory. Precisely, they studied the following

nonlinear parabolic equation:

ug — V- [,uVu—uﬁ] = u[m — f(x,t,u)], Qr

u% —uh-v = 0, St
ov
u(-,0) = uy >0, Q

where Qr = Q2 x (0,7) for T > 0, Sy = 90 x (0,T) with Q. The resource function
is represented by m(x,t), and u(z,t) is the population density. Moreover, u > 0 is
the diffusion rate, h QT — R™ is the advection direction, and f : Q7 x R — R is
a non-negative function satisfying some natural smoothness and growth conditions.
The advection direction FL(x,t) is chosen to maximize the total population while

minimizing the “cost” due to the risk of movement. Hence, by taking
U={heL*(0,T), L2(Q)") : |he| <M, Vk=12--- n}.
as the control set, they investigated the maximizer h* of the problem

J(h*) = max J(h), where J(h)= / [u(z,t) — Blh(x,t)|*]dadt.
T
The numerical results in [16] indeed indicate that the optimal control h* in some cases
approximates the spatial gradient of the resource function m(x,t).

Following the line of the research directions in [3, 9, 10, 13, 16], we move further
on this work using optimal control techniques to investigate two competing species
(25, 27, 28], and explore how the advection directions are chosen in such a way to
maximize the total population while minimizing the associated control costs. As in
[16], our cost represents the risk for the population when moving to a new location.
Our goal is to use optimal control techniques to maximize the total population over

the entire domain throughout the fixed period of time.



In Chapter 2 we consider two competing populations: one with both diffusion
and advection movements and the other only with the diffusion movement. We
investigate the choice of movement direction to benefit populations. Here, the
advective directions of one population in a competition parabolic PDE system are the
controls. The objective is to maximize a weighted combination of the two populations
while minimizing the cost involved in the species movement. Then, we discuss the
existence of state solution, and the existence of the optimal control. Further, we derive
the optimality system, characterize the optimal control, and prove the uniqueness of
this optimal control. Finally, we give some numerical results for the one dimensional
case and conclude with some discussion and conclusions. Also, we will discuss further
about the conclusions in [16] using some numerical simulations for a one population
with advection.

Next, in Chapter 3, we consider two populations with both diffusion and advection
movements. Here, we investigate given the chance for the directed movement, how
would both populations choose to move in order to maximize their total abundance
level. Again, the advective directions of the population in the competition system
were taken as the controls. The objective is to maximize a weighted combination
of the two populations while minimizing the cost involved in the movement. Hence,
first we set up the advection reaction-diffusion equations to describe the dynamics of
the two competitive species. Next, as similar to we did in Chapter 2 we discuss the
existence of state solution, and the existence, uniqueness and the characterization of
the optimal control. At the end again, we give some numerical results for the one
dimensional case and concludes the results with some discussions, conclusions, and

also some possible future research directions.

1.3 Mathematical modelling in epidemiology

Mathematical models has been developed as an important tool to understand the

dynamics, incidence, prevalence of diseases as well as to understand the control of



diseases [12, 20, 23]. While in ecology, mathematical models are used to capture the
dynamics of a certain species, in epidemiology, mathematical models can be used to
capture the dynamics of a host population due to an infection. Models of infectious
diseases can take direct and indirect paths of infection into account. Hence, in disease
modeling, the host population is categorized according the stages of the disease and
flow diagrams are used to illustrate the transition and the progress of a disease among
different compartments in the host population. Usually the dynamics of each of these
compartments are modeled by an ordinary differential equation.

The formulation of a compartment model depends on the nature and the
characteristics of the disease [23]. When the time frame for an outbreak is short, the
dynamics of the disease can be modeled without taking the population demography
into account. But, on the other hand if the disease persists for a long time, population
demography needs to be taken into account. For example, a simpler epidemic
compartment model is the SIR model, with this name of the model is based on
the stages of the disease (compartments) used in the model. Some other examples
are SEIR, SI, SIRS models. Here, S, E, I, R stands for the susceptible, exposed,
infected and recovered populations respectively. More detail on the terminologies,
and different epidemic models can be found in [12, 20, 23].

One of the important terms in an epidemiological model is the transmission term.
Here, to define the transmission we use the ‘force of infection” which is defined as
the per capita rate at which the susceptible individuals contract the infections [23].
The force of infection depends on the probability that a susceptible has contact
with an infected and the probability that the contact will result in a successful
transmission. There are two common ways to formulate the contact structure of
the susceptible individuals with the infected individuals namely, density dependent
transmission and frequency dependent transmission. The other important parameter
in an epidemiological model is the recovery rate, which calculated as the inverse of
the infectious period. This infectious period is usually calculated by the available

epidemiological data.



1.4 Modeling disease transmission through the
environment

When a pathogen cannot survive outside the host, the disease can be transmitted
from one host to another only through direct contacts (for example measles) and these
epidemiological models consider only the host—to—host transmission. But, there are
many diseases which can be transmitted through both direct and indirect routes (for
example influenza) due to bacteria and viruses which can survive in the environment
for some time. As a result, in recent studies in disease modeling, researchers are
analyzing the behavior of some diseases which can transmit through the environment.

There have been several studies modeling the effect of the environment on
transmitting infectious diseases [1, 5, 29, 41]. In some studies the pathogen in
the environment was treated as another compartment in the compartment models
[5, 29, 41] and in others they were trying to model the disease dynamics using
metapopulation models [1].

In [29], Li et al. developed a compartment model to analyze the dynamics
of influenza. They treated the pathogen as one compartment and defined the
transmission of the disease to susceptible individuals as a function of the intake
of the pathogens from the environment. Further, using their mathematical model
they studied the dependence of the frequency of the environment interaction of the
susceptible individuals on the transmission of the disease. In [5] R. Breban studied
SI models with the disease transmission through the environment. He treated the
pathogens in the environment as a compartment and he defined the environment
transmission rate as a function of pathogens in the environment. He studied the

system of ODEs:
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where S is the number of susceptible individuals, I is the number of infected
individuals, V' is the number of pathogens in the environment, 1/v is the recovery
period, 1/n is the persistence time of the pathogen, w is the shedding rate of the
pathogens by the infected individuals, 7 is the susceptible inflow, p is the natural
death rate of the individuals and p is the contact rate with the environment. Breban
analyzed the conditions needed to approximate the environment transmission as direct
transmission.

Using a different approach to consider the pathogen in the environment, in [1]
Ayescue et al. developed a mathematical model using metapopulation structure.
They studied the dynamics of the FEscherichia coli O157:H7 by considering water
troughs, feed bunks, pen floors and the cattle hosts as the habitats for the pathogen.
They described the dynamics of the bacteria in each location by using a system of

ODEs.

1.5 Modeling the dynamics of the Johne’s Disease

Johne’s disease affects the small intestine of ruminants. It is a bacterial infection
caused by Mycobacterium avium subspecies paratuberculosis (MAP). Johne’s disease
has a long incubation period and it is infectious, chronic, progressive and ultimately
leads the animal to the death due to disease. Usually MAP spreads through oral

transmission, MAP contaminated feces, water, soil, milk and colostrum and in utero



transmission was also reported [37, 40, 48]. Further, MAP can survive in the
environment for a year or more [48, 50].

In recent years, much work has been done to understand and control the Johne’s
disease [33, 34, 35, 36, 37, 40]. Mathematical modeling has been used in many of
these studies to capture the long term behavior of the disease. Some of these studies
used discrete models and some of them have used continuous models with different
biological hypotheses. Also, in some studies they have used deterministic models
and sometimes stochastic models. In some of these studies they have considered the
transmission of the disease through the environment [35, 36].

In Chapter 4 we construct a new deterministic model of Johnes disease to
understand the mechanisms of disease transmission and progression, especially to
include environment components. Here, we construct a compartment model by
considering the bacteria in the environment as a compartment. We define a sigmoidal
function to model the environmental bacterial transmission to the susceptible animals
by considering the infectious dose of MAP and the probability of getting infected by
the bacteria. To analyze the dynamics, first we considered a simplified model and
later we analyzed our original model. We analyze the stability of the disease free
equilibrium and discuss the basic reproduction number for both models. Further, we
analyze how the testing and culling as well as cleaning the environment can help with

controlling Johne’s disease in a dairy farm.

1.6 Numerical methods

To solve the optimal control problems in Chapter 2 and Chapter 3 we have used the
forward backward sweep method [21, 26]. To solve the ODE system in Chapter 4 we
have used the ODE45 function in MATLAB and the first order Euler method.
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Chapter 2

First Competition Model

2.1 Introduction

Population movement and its distribution in reaction to its surrounding environment
are important concerns in ecology. Many efforts are devoted to analyze the population
dynamics under different conditions affecting the population [3, 9, 6, 7, 8, 10, 13, 16,
24]. Particularly, to capture, and explain more realistic dynamics of the populations as
well as the persistence of species in the long run, reaction—diffusion partial differential
equations (PDEs) with linear and nonlinear growth terms have been used in many
studies [3, 7, 8]. The effect of the resources on the population size was also investigated
in [6, 13, 24] using such models. For these reaction-diffusion models, the spatial
movement of a population can occur in two different ways: random diffusion and
directed movements. The reaction of the population to the surrounding environments
depends on the choice of diffusion and advection coefficients in the model [3, 7, 9, 10,
16).

In the inhomogeneous environments, it is commonly believed that the population
will move along the direction of increasing resources. With that regard, Belgacem and
Cosner [3] investigated an advection reaction-diffusion model in which the advection

term is the gradient of the resource function. They investigated steady states solutions
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of the reaction-diffusion equations with linear and nonlinear logistic growth terms:
ur =V - [DVu — auVm(z)] + m(z)u, Q2 x (0,00)

and

uy = V - [DVu — auVm(z)] + m(z)u — cu?, Q x (0,00)

together with no flux boundary condition or Dirichlet boundary condition (lethal
boundary). In these PDEs, the coefficient m(z) for z € 2 represents the intrinsic
growth rate, and measures the availability of the resources. Moreover, u(z,t) is
the population density of the species at location x € €2 and time t > 0. They
studied the benefit to the population, [3] meaning the persistence of the population
in the long run or the existence of a unique globally attracting positive steady state
solution. An interesting observation in [3] was that the directed movement towards
better resources could be beneficial or harmful to the population depending on the
boundary conditions. In the case of no flux boundary conditions, the movement
towards better resources could be beneficial to the population, while in the lethal
boundary conditions, the movement towards better resources can be harmful if more
favorable patches are closer to the boundary. In a further investigation [10], Cosner
et al. studied the logistic reaction—diffusion models with the advection along the
environmental gradient, with the no flux boundary conditions. Different from the
results in [3], they found that even under the zero flux boundary conditions, the
movement along the resource gradient may not always be beneficial to the population.
Indeed, it turns out that the convexity of the domains plays a major role in this
situation. If the domain is not convex, moving up along the resource gradient could
be harmful to the population.

In a similar perspective as in [3], system of competing species have also been
investigated. In particular, in [9], Lou et al. studied the persistence of two populations
in a heterogeneous environment using Lotka—Volterra advection reaction—diffusion

equations. They investigated two different movement strategies for the two completive
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populations: one population only moves with random diffusion, while the other
population is allowed to have both the random diffusion, and the directed movement
along the resource gradient. A related work [10] shows that when the advection is
strong, both competing populations can stably coexist.

In an alternate but related viewpoint, optimal control techniques were used in
various work such as [13, 16, 24] to explore how different conditions such as limited
resources, growth coefficient, advection movement, and harvesting can be optimized
to be “beneficial” for populations. In particular, Ding et al. studied in [13] the
effects of resource allocation on population size of the species. They investigated
the problem in which the resource function m(z) is the control, and the population
abundance is a measurement of conservation effort. In other words, the work [13]
explores the optimum resource allocation which maximizes the total population with
the minimum cost for the resources.

In a similar framework as in [13], but different direction, Phan et al. [16] considered
a general model of nonlinear advection reaction-diffusion equation. Precisely, they

studied the following nonlinear parabolic equation:

ug — V- [uVu — uﬁ] = u[m — f(x,t,u)], Qr,

u% —uh-v = 0, Sr,
ov
u(+,0) = ug > 0, Q,

where Qr = Q x (0,T) for T' > 0, Sp = 0Q x (0,7) with Q, m(z,t) and u(z,1)
as before. Moreover, u > 0 is the diffusion rate, h QT — R"™ is the advection
direction, and f : Qr X R — R is a non-negative function satisfying some natural
smoothness and growth conditions. In their study, the advection direction h is the
control, and they seek for the optimal advection direction E(as, t) that maximizes the
total population while minimizing the “cost® due to movement. In this work, the
“cost” represents the risk of moving to a new location. The numerical results in [16]

indeed indicate that the optimal control h* in some cases approximates the spatial
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gradient of the resource function m(z,t). We will discuss this issue further in the
numerical results of Chapter 2.

Following the line of the research directions in [3, 9, 10, 13, 16], we move further on
this work using optimal control techniques to investigate two competing species[25,
27, 28], and explore how the advection directions are chosen to maximize the total
population while minimizing the costs related to the risk of movement. Our goal is to

analyze this playoff between benefits and cost using the optimal control techniques.

2.2 Problem formulation

Let © be an open bounded domain in R? with smooth boundary 95, for d € N. For
a given fixed time 0 < T < oo, we denote @) =  x (0,7), and the lateral boundary
of @, S =00 x(0,T). We denote u(x,t),v(z,t) to be the population densities of two
competing species in the spatial domain 2 with z € Q and ¢t € [0, 7).

Here, we consider the dynamics of the two populations using the following system

of PDE’s with the Robin boundary conditions:

u — dyAu—V - (hu) = ufm —ay] —buwwv  in Q

vy — doAv = v[m —agv] —bouv  in Q
dl?—i-uﬁm:o on S
1 . (2.1)
dga—n =0 on S

uw(z,0) = wo(x) >0 forae z€l

v(x,0) = vo(z) >0 forae x€Q

The first population is given the opportunity to move (advection movement) in
addition to random diffusion and the second population only has random diffusion.

We consider Robin boundary condition for the first population and Neumann
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boundary condition for the second population. Further, we assume the density
dependent growth for both species. These two populations are competing with

interaction coefficients by (z,t) and by(x, ).
We define the parameters:

dy,ds — Constant positive diffusion coefficients

ay,as — Coefficients in the density dependent growth terms
m — Known resource function, 0 < m(z,t) < Cp on Q

b1, by — Positive interaction coefficients

-

h(z,t) = (hi(z,t), ha(x,t), ..., ha(z, t)) — Advective coefficient for the first species
with i € L®(Q)*

1 — Outward normal vector on 0f)

g, vo — Initial population densities of the two populations with ug, vy € H*(£2)

We use the following spaces:
H' () — Sobolev space with [[u]lg1) = ([, [ul* dz + [, |Vul? dar;)l/2

H'(Q))* — Dual space of H'(Q)

2.3 The optimal control problem formulation

We assume the first population can choose its advective direction A to maximize its
abundance, but this advective movement may have a “cost” in terms of risk or energy.

Viewing the advective coefficient as a control, the set of all controls is

U={he(L2Q):|h] <Mfori=1,..d}
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for some known constant M > 0.

Then, for the known values of A, B, C' > 0 we seek to find heU s.t.

J(h*) = max J(h)
heU

where, J (E) is the objective functional given by,
() = / [Aut Bo— CIiP] dadi (2.2)
Q

subject to the PDE system (2.1).

Our goal is to maximize a weighted sum of the two populations over the time
while trying to minimize the total cost involved in this movement subject to the PDE
system (2.1). In this case the cost is due to the “risk” in moving the population

around by the advection as the movement to a new location may come with a risk.

2.4 Solving the optimal control problem
We first recall the definition of weak solutions for the state PDE system.
Definition (The weak solution for the state PDE system)
u,v € L2((0,T), H'(2)) N L*>°(Q) with wus,v; € L*((0,T), (HY(Q))*) and u(x,0) =
ug, v(z,0) = vy is a weak solution for (2.1) if it satisfies,
T —
/ < Uy, §Z51 >((H1)*,H1) dt +/ d1Vu : V¢1 dxdt + / uh - V¢1 dxdt
0 Q Q
= / umae, dxdt — / a1u2¢1 dxdt — / byuvgy dxdt in @, and
Q Q Q (2.3)

T
/ < U, Qg >y ) dt +/ d3Vu - Vo dxdt
0 Q

:/vmgbg dxdt—/agvz(bg dxdt—/bguvgbg dedt in Q
Q Q Q
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for a.e. x € Q and for all ¢; , ¢ € L*((0,T), H'(Q)) .

We use <, >((g1)+ 1) to denote the duality on €.
Note that we assume that u,v € L>(Q), so that the terms with u? v* and uv make

sense in L?(Q).
We give an explanation of this weak formulation.

Let ¢1 , ¢ € L*((0,T), H'(Q)) and we derive the weak formulation formally:
/ wppy dwdt — / di Augy dadt — / V- (hu)¢, dadt
Q Q Q

:/um(bl dxdt—/a1u2¢1 dxdt—/bluvgzﬁl dxdt in Q
Q Q Q

and

/Ut¢2 dxdt — / do Avy drdt
Q Q

:/vm¢2 dxdt—/a2v2<b2 dxdt—/bguszg dxdt in Q.
Q Q Q

Using integration by parts, we obtain

T
0
/ < Ut,¢1 >((H1)*,H1) dt+/ d1Vu - V¢1 dxdt — / d1¢1a—u dsdt
0 Q S n
+ / uh - V¢, dxdt — / ugblfz - dsdt
Q S

:/umgbl dmdt—/a1u2q§1 d:pdt—/bluvgbl dxdt in Q
Q Q Q

and

T
0
/ < Ut,¢2 >((H1)*,H1) dt +/ dng . VQZSQ dxdt — / d2¢2—v dsdt
0 Q s on

:/vmq§2 dxdt—/anng dxdt—/bguvgbg dxdt in Q.
Q Q Q
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Then, by

- 0
+uh-n =0 and dg—v =0 onS
an

Ou

d
187)

we get the weak formulation (2.3).

Given h € U, we denote the corresponding states as u(h), v(h).

Lemma 2.0.1. For any 0 < R < oo , |h| € L®(Q)* and ug > 0 with g(x,t) > 0 on
Q and g € L*(Q), the weak solution v € L*((0,T), H'(R)) of

w—diAu—V-(hu)+Ru = g in Q
ou

an+uﬁ-n =0 on S (2.4)

dy

u(z,0) = wup(z) >0  for v

s mon-negative on Q).

Proof. We use a similar proof as in Lemma 3.1 in [16].
Let 0 < s <T and Qs = x (0,s). For (z,t) € Qs, let w(z,t) = max{—u(z,t),0}.

Then, using w in the weak form of (2.4) we have

/utwdx+/d1Vu-dex+/uﬁ-de:z—i—/Ruwda:zO for 0<t<s.
Q Q Q Q

But, on the set {(z.t) € Q, : u(x,t) < 0} we have
U= —w,u = —wy, Vu = —Vuw .

Hence, we get

/wtwdx—l-/dl\VwP d:c—l—/wﬁ-de:c—i—/Rw2 de <0 for 0<t<s.
Q Q Q Q
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Using

[ 19(w?)
/thwdx—/ﬂ§ BT dx |

we have

1 2 —
/_a(w )da:+/d1|Vw|2 dr < —/wh-vw dx—/Rw2 dx

/wlm - V| dx+/Rw2 dx
0 Q

M/w|Vw| dx—i—R/w2 dx
Q Q

de:v+Me/ |Vwl|? dm+R/w2 dx
Q Q

IN

IN

S 4 o
using w > 0, heU and Cauchy’s inequality.

This implies

2 M
/8(w )d:v+/2d1|Vw|2 almSQR/w2 dw+—/w2dx+26M/|Vw|2 dx .
o Ot Q Q 2¢ Jo Q

Choosing

M
< —= =2 —
e_M and C R+2€,

we have

2
/de—i—/le—QeM)\Vw]Q dang/w2 dx
o Ot Q 0

implies that
0
—/wQ(x,t)dx < C/ w?(x,t) dr  forall 0<t<T.

Note that as u(z,0) = ug(x) >0 for 2z € Q, w(z,0) =0 for = € Q and hence,
Jo w?(x,0) dz = 0.
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By Gronwall’s inequality
/ w?(z,t)dr =0 forall 0<t<T,
Q

which implies w(z,t) = 0 for all (z,t) € Q5. Hence, we can see that « > 0 in Q.

Lemma 2.0.2. Let M > 0 be defined in the definition of the control set, and Cy =
|m|| e (@) For a given control (h1,ho) € U let u,v € L2((0,T), HH(Q)) N L=(Q) with
ug, vy € L2((0,T), (H(Q))*) be a weak solution of (2.1) with u >0, v >0 a.e. on Q.
Then, there exists constants Ky, Ko, K3, K4 depending only on M, Cy and independent
Off_i such that

HU(E)HB or.H Q) < K

e (R )|| 2((0,7),(HL Q) < Ko
() lzoryme) < Ks

lve(P) || 2o,y iy < Ky

Proof. First, consider
—diAu—V - (hu) = ulm—au]—buw in Q
8 —
dl—u—i—uhn = 0 on S

an

u(z,0) = wup(zx) >0 on Q.

Then, for any time 0 < s < T taking u € L*((0,T), H(Q)) N L>®(Q) as the test
function in the weak formulation of the above PDE with @, = Q x (0, s) gives

/ < Ug, U >y gy dt +/ diVu - Vu dedt +/ uh - Vu drdt
0 S Q9

:/ u’m dxdt—/ aju’ da:dt—/ byu?v dxdt in Q.
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The non-negativity of u, v implies

s

/ < U, U >y Yy dE +/ d1Vu - Vu dzxdt +/ uh - Vu dzdt
0 s

S/ u?m dxdt in Q.

Using

/ < Ug, U > (Y HY) :/ /utudxdt
0 0o Ja
s 18 2
:/ /—id:pdt
0 Ja2 Ot

u?(z, s)dr — u?(z,0)dx

N = N

S— S5

u?(z, s)dr — ud(z)dw

N~ N

S— S5

we begin to estimate:

1
§/u2(x,s)dx+/ d,|Vul? ddt
0 .

; 1
< / w*m dzdt — / uh - Vu dzdt + 3 / up(w)*dzx
s s Q

, 1
§/ [u*m| dmdt—i—/ ulh| - |Vul da:dt+§/uo(x)2dx
Q

s Qs

1
u|Vul dxdt+§/uo(x)2dx

SC’O/ u? dxdt + M
S Q

Qs

M 1
< CO/ u? dzdt + —/ w dzdt + Me | |Vul|® dedt + = / up()?dx
Qs de Jo, 2

Qs Q

using h € U, m € L>(Q) and Cauchy’s inequality.
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This implies

/u2(x,s)dx+/ 2d, |Vul* dxdt
Q

s

M
< 200/ u? drdt + —/ urdzdt +2eM | |Vul? dvdt + / uo () dz .
Qs 2e Jo, Q. Q

Choosing € < % and C =2C,+ % 7

/ug(a:,s)da: —l—/ (2d; — 2Me)|Vul? dzdt < C/
Q

u? d:pdt+/u0(x)2dx (2.5)
s Qs Q

implies that

/uQ(x,s)da:S C/ u? dmdt+/u0(x)2dx.
Q

s Q

By taking,

Zy(s) = /QUQ(IL’,S) dx

we have

Zu(s) < c/s Zu(t) di+ A

where A = [, uo(z)*dz = [[uo||7(q) -

By Gronwall’s Inequality, we have
Zi(s) < A(14 Cse®®) = ||u0||%2(m(1 + C'se®®)

for almost every 0 < s <T' .

Hence, by taking maximum over the time we get

2 < 2 cT )
s, [ (e ) < ol (1 + CTT)
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So, inequality (2.5) gives

/(2d1 —2Meé)|Vul? drdt < C/
Q Q

< CT Jugl[72(0) (1 + CTe) + [luol72(q

u? dxdt+/u0(x)2dx
Q

which implies [|Vu(z,t)]|72 () is bounded.
Hence, we have

lu(P) |20y, m00) < Ka
where

CT|uol|72(g) (L + CTeT) + [luollZ2 0
(2d1 - 2M€)

(K1)* = Tluo 720y (1 + CTeT) +

Similarly, we also have

[v(P)lz2or), @)y < Ks
where

2C0T w0l 22 () (1 + 2CoTeT) + |lvg |7

©
2ds

(K3)* = Tlvolf2) (1 +2CoTe* ™) +

In the system

n n

u = dy 2:(%):D + Z(hlu)x +um — ayu® —buv  in Q
i=1 i=1

vy = do Z(vx)x +om —aw® —byuv  in Q,

=1

note that all the terms in the right hand side of the u; and v; equations are either L2
functions or the derivatives of an L? function. Using the L%((0,T), H*(£2)) bounds
above, u; and v; are bounded in L?((0,7), H'(Q)*),
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2.4.1 Existence and positivity of the state solution

In order to solve the optimal control problem (2.2), first we have to show that for
a given control & € U there exists a unique weak state solution (u,v) = (u,v)(h)
to (2.1), showing the dependence on h. Further, we have to show this solution is

non-negative and bounded above.

Theorem 2.1 (Existence and positivity of a weak solution for the state PDE system).
Givenm € L>(Q), ug, vo non-negative, L=(Q) bounded and in H'(Q). Then, for each
h e U, there is a unique positive weak solution (u,v) = (u(ﬁ),v(ﬁ)) of (2.1).

Proof. To show the existence of a weak solution to the state PDE system, we use an

iterative scheme.

First to construct supersolutions of our system, consider

U, —dAU—-V-(hU) = mU on Q
dlaa—g Uh-n = 0 in 09 x (0,T) (2.6)
U(x,0) = wug(zr)>0 for z€Q
and
Vi—dyAV = mV  on Q
ana—:; — 0 in 99 x (0,T) (2.7)
V(z,0) = wo(x)>0 for 1€Q.
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Then, by Theorem 3.1 in [16], problem (2.6) has a unique weak solution U (k) and

a finite constant C'; > 0 such that

0<T(h) < C forace. (z,t) € Qx(0,T)

and problem (2.7) has a unique weak solution V (k) and a finite constant Cy > 0 such
that
0<V(h)<Cy forae. (z,t) € Qx(0,T)

where, constants C,Cy > 0 depending on M | |Q| , di , dy , ||m||z~ and the initial

conditions.

Now, define 0 < R < oo such that
R > max{—infm + 2a;sup U + by sup V, —inf m + 2aysup V + bysupU} . (2.8)
Q Q Q Q Q Q
For i = 2,3, ..., consider the following iterative system of PDE’s with u; = U and
vy =0o0n Q

Lyu; = F(ui—,v;21)  in Q
Lyv; = G(“iflavifl) in @

dlaui—i-uiﬁ-n =0 on S
on
9. (2.9)
do 87; =0 on S

ui(z,0) = wup(z) >0 for z€Q

vi(z,0) = wvo(x) >0 for x€Q.

The weak solution for (2.9) exist by the general results from [15], where,
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L2vi = (Ui)t — dgAUZ‘ —+ RUi

and
F(Ui—la Ui—l) = Mu;—1 — al(ui—1)2 — biui—1vi—1 + Ru; 4
G(ui—1,vi-1) = mu_q — a2(vi—1)2 — boui_qvi—1 + R,y .

Choosing u; = U and v; =0, then

Li(w) = mu; + Ru; = mU + RU
Ly(v1) = mwv+ Rvy =0.
Recall our super solution V satisfies Ly(V) =mV + RV .
Claim 1
0<wu;<Uand0<v; <V foralli=12,.. .
Proof. We prove this by the mathematical induction.

Note that for i =1, 0 <wu; < U and 0 < v; < V since uy = U and v; =0 .

For ¢ =2,
Liuy = F(Uh U1)
= muy — a1 (uy)? — biugvy + Ruy

=mU —ay,(U)> + RU  (since u; = U,v; = 0)

v

U(m — a,U — igfm +2a;supU + bysup V) (since (2.8))
0 Q

Z CL1U2 + b1W

>0,
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with
Ous

+u2FL-77:0 on S
an

dy

and

ug(z,0) = wup(x) >0 in Q.

Hence, by Lemma 2.0.1,

U9 Z 0

Further,

Ly(up) = mU — a,(U)* + RU
implies

Li(uy —up) = ar(U)> > 0 in Q
with
dlw—{—(ul—ug)ﬁ-n:() on S

an

and

(up —ug)(z,0) = 0 in .
Hence, again by Lemma 2.0.1 gives (u; —ug) >0 and 0<wuy, <U.

Similarly, since

Lyvy = G(ug,v)
= Mmvy — GQ(U1)2 — bgulvl + va

= 0 (since v =0),

we have

Ly(vg —v1) =0 on Q
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with

and

(va —v1)(2,0) = vo(x) >0 in Q.

Hence, again we have (v —v1) >0 and 0<wy.

Also, we have

Ly(V —wy)=mV+RV >0 on Q

with

and

(V—vy)(z,0) =0 in Q.
So, again by Lemma 2.0.1 we have, V > v, and hence get 0 < v, < V.
Now, suppose 0 < u; < U and 0< v; < V for j=1,2,....i to use induction.
Then,
Ly = F(ui,v;)

2
= mu; — ay(u;)” — biwv; + Ru;

= wj(m — ayu; — byv; + R)

> ui(m — agu; — byv; — igfm +2a;supU + bysup V)  (since (2.8))
Q Q

2 U; [a1 (QU — Ul) + bl (V — UZ)]

> 0,

by the induction hypothesis.

Again with the boundary and initial conditions, we obtain wu;,; > 0.
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Using

Li(uiy1) = F(ug,vg)

2
= mu; — a(u;)” — byuv; + Ruy,

we have
L1 (u1 — uiH) = TTLU + RU — mu; + a; (Ul)z + bluivi — Rul

= m(U — U1> + R(U — ul) “+ ay (UZ)Q + bluivi
> 0 (by the induction hypothesis)

with

dlw + (ug — uiﬂ)l_in =0 on S

on

and

(Ul—UiJrl)(.fC,O) =0 in Q.

Hence, again by Lemma 2.0.1 we have u;1q < wu; =U.
Then, by induction, we have 0<w; <U forall i=1,2,... .

Similarly we can show that 0<v; <V forall i=1,2,... .

Claim 2

The sequence {u;} is monotone decreasing and the sequence {v;} is monotone

increasing :
That is, w;4q1 <wu; and v >v; foralli=1,2,....

Proof. We prove this also by mathematical induction.
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Using
Li(uy) = muy + Ruy

and
Li(ug) = F(ug,v1)
= muy — a1(uy)? — byuyvy + Ruy
= mu; —a(uy)® + Ru;  (Since vy = 0),
we have
Ll(ul — UQ) == CL1(U1)2 Z 0
with
a — -
dIM + (ug —ug)hn =0 on S
on
and

(ug —ug)(z,0) = 0 in Q.
This implies (u; —ug) >0 giving wuy > uy .

Similarly, we have

LQ(Ul) = mu; + va =0

and

LQ(UQ) = G(Ul, Ul)
= mu; — as(v1)? — byuyvy + Ruy

= 0 (Since wv;:=0).

So, we have

Lo(vs —v) =0 in Q
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with

N vo —
@M —0 on S
an
and
(vg —v1)(2,0) =wvg(x) > 0 in Q.
Hence, we have v < vy .
Now, suppose that u; < w;_; and v; > v;_; for j = 1,2,...,% for the induction

hypothesis. Then, in )

Ll(ui) = F(Ui—lavi—l)

Ll(ui-i—l) = F(Uz‘, Uz‘)
implies
L1(Ui - Uz’+1) = F(Uz’—h Uz’—l) - F(Uh%‘) .

But, note that u; < u;—1 , v; > v;_; for j = 1,2,...,% and we picked R such that

F(u,v) is increasing in u and decreasing in v.

Hence, we have

Ll(ui — ui+1) > 0 in Q

with

and

which implies

(u; —up1) > 0 giving  u; > wpq -

Hence, by induction,

Uj4+1 Suz for all i = 1,2,... .

31



Using
L2(Ui - Uz’+1) = G(Ui—h Uz’—l) - G(Ui,%‘),

and u; < u;_y , v; > v,y for j =1,2,...,7 and the choice of R such that G(u,v) is

decreasing in u and increasing in v, we have

LQ('UZ' — Ui-l—l) < 0 on Q

with

and

Comparison results imply

(v; —vi11) <0 giving  v; < V4.

Hence, by induction we have, wv;;.1 >wv; foralli=12,....

Similarly as in Lemma 2.0.2, for some constants Ky, Ky, K3, Ky with ||u;|| e (o)

|3 || oo (@) bounds and w; > 0, v; > 0 a.e on @, for all i = 1,2, ... we have:

lws(W) 2oy < Ki
[ (ui)e(h )||L2 or,HE©Q)) < K
o (W)l r2qory ey < K
| (vs)e(h )||L2 or),H@Q)) < Ky

So, by these a priori bounds for wu;, v;, (u;);, and (v;); and by the monotone
property of {u;} and {v;} sequences, there exists u,v € L*((0,7T), H'(2)) N L*=(Q)
with ug, vy € L2((0,7T), (H*())*) with the weak convergences (on the whole sequence,
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not just on a subsequences) below:

U — u in L*((0,T), H'(Q))
(ui)e = w in L*((0,7), (H'(2))

vt = in L*((0,7),H'(Q)) (2.10)
(vi)e = vt i L((0,7),(H'(Q)))

Then, by Simon’s result [44] we have the strong convergence of the sequences {u;}

and {v;} in L?(Q) as below:

U — U in  L*Q)

v; — v in  L*Q) . (2.11)

Since there exists weak solutions to our iterative system (2.9), for the test functions
¢1 y (bg € LQ((O,T), H1<Q)), and U, U; € L2<<O, T), HI(Q)) ﬂLOO(Q) with (ui>t7 (Uz’)t €
L2((0,7), (H*())*) and u;(z,0) = ug, v;(z,0) = vy we have

T —
/ < (ui)t,¢1 >((H1)*,H1) dt +/ d1Vul : V¢1 dxdt +/ Ulh : V(bl dxdt
0 Q Q
Q
= / ui_lmgbl dxdt — / a1<ui_1)2¢1 dxdt — / blui_lvi_1¢1 dxdt
Q Q Q

+/Rui_1¢1dxdt n Q
Q (2.12)

and

T
/ < (Ui)t>¢2 >((H1)*,H1) dt —|—/ dQVUZ' . V¢2 dxdt +/ RUﬂﬁgdﬂ?dt
0 Q Q
= / Ui_1m¢2 dxdt — / ag(vi_1)2¢2 dxdt — / bgui_ﬂ)i_lqbg dxdt
Q Q Q

+/ sz-_lgbgdxdt n Q .
Q
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Since ¢y, ¢y are in L*((0,T), H'(Q)), using the weak star convergence of {(u;);} and
{(v;)¢} in L2((0,T), (H'(Q))*) we have

T T
ILHI < (ui)t>¢l > ((HY)*,HY) dt = / < Ut,¢1 > ((HY)*,HY) dt
7 oo 0 0
and
T T
lim < (vi)e, b2 >y, gy dt = / < U, Q2 >y a1y db
1 o 0 0

Since d; and dy are constants and Vu;, Vi, Vu; and Vs are in L2(Q) by the weak

convergence results of {u;} and {v;} in (2.10) we have

Q Q

1—>00
and

1—>00

lim [ doVv; - Vs dadt = / daVv - Vo dxdt .
Q Q

Similarly as {u;} and {v;} are in L2(Q), using L™ bounds on h, R and m and the

weak convergence results of {u’}, {v'} in (2.10) we have

lim [ wh V¢, dedt = / uh -V dadt
71— 00 Q Q

lim Ru;¢1 dxdt = lim Ru; 1 ¢rdxdt = / Rugq dxdt
Q

1—00 1—>00
Q Q

lim | w_ym¢; dzdt = / umaoy dxdt
1—00 Q Q

lim Rv;¢odxdt = lim Rv;_1¢podxdt = / Rvgodxdt
Q Q

1—00 i—00
Q

lim [ v,_ymey dedt = / vmey dxdt .
71— 00 Q Q
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Note that

lim [ a;(u_y)*¢1dodt — / a1u’¢y dadt
1— 00 Q Q

= lim [ aj(ui_1 —u)(ui_1 + u)py dadt

—00
Q

< anfluis+ o Y [ iyl dodt
Q

Hence, by the Holder’s inequality, strong convergences (2.11) and L* bounds on u;

we have

lim [ a;(ui_1)*¢1dedt — / a1uley dadt
1—>00 Q Q

< arlluis + ufl o lim (/ gy — uf? dxdt)1/2(/ (6|2 dadt)?
71— 00 Q Q

=0

giving

lim [ ay(ui_1)*p) dadt = / aruley dedt .
11— 00 Q Q

Similarly by the Holder’s inequality, strong convergences (2.11) and L* bounds

on v; we have

lim [ as(vi1)*¢o dodt = / a0’y dzdt .
71— 00 Q Q

Also, note that
llm blui_lvi_lqﬁl dxdt — / bluvgbl dxdt
=00 Jo Q

= lim b1 [ui_l(vi_l — ’U) + U(Ui_l — U)]le dxdt

i—00
Q

< bl [ lim/|vi_1—v\|qb1] dadt + by o] 1im/ sy — ull ] dwdt
1— 00 Q 11— 00 Q
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Hence, again by the Holder’s inequality, strong convergences (2.11) and L* bounds

on u;, v we have

lim [ byu;_qv;_1¢1 dzdt — / biuveg, dzdt

1— 00 Q Q

< by ||ty || oo lim(/ lvi_1 — vl|? dxdt)1/2(/ |p1|? dadt)?
1—00 Q Q

by fJo]l o lim (/ iy — uf? dxdt)m(/ 6|2 ddt) /2
71— 00 Q Q
=0

giving

hrn bluifl'l}i,1¢1 dxdt = / b1u1)¢1 dxdt
i=oo Jo Q

and similarly we get

lim [ bou;_1v;_1¢9 dadt = / bouvgs dxdt .
Q Q

i—00

So, by taking as ¢ — oo in (2.12), we conclude that u, v are state solutions

corresponding to control h given below:

T
/ < Uy, P1 > ((HY)*,HY) dt+/ di1Vu -V, dxdt+/uh-v¢1 dxdt
0 Q Q

:/umqbl dzdt—/aluqul d:vdt—/bluvgbl dedt in Q
Q Q Q
and

T
/ < Vg, ¢g > ((HY)*,HY) dt —|—/ dsVv - Voo dxdt
0 Q
= / vmaeo dxdt — / a0’ py drdt — / bouvpy dxdt  in Q) .
Q Q Q
Next, to show that this weak solution (with L> bounds) for (2.1) is unique suppose

there are two solutions, (u,v) and (@, o) for (2.1).
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Now, with the test functions (v — @) and (v — @) in L*((0,T), H(Q)) N L=(Q)
and Qs = Q x (0,s) for any time 0 < s < T, the weak formulation of the solutions

(u,v) and (a,v) gives

/ <y, (w— ) >y m) dt+/ d1Vu-V(u—7l)d:L’dt+/ ufz-V(u—ﬁ)dmdt
0 S

S

:/ um(u — @) dxdt —/ ayu?(u — @) dedt —/ biuv(u — @) dedt  in Q

(2.13)

S~

v, (V= D) >y gy dt + / dyVv - V(v — ) dxdt

s

<
/ m(v — ) dxdt — / agv?(v — ) dxdt — / bouv(v — v) dedt  in Q

<41

/ <ﬁt,<U— )>((H1)*,H1) dt+/ d1Vﬂ'V(u—fb)d5L’dt+/ il}_i-V(u—ﬂ)dxdt
0

E] s

= [ am(u—a) dedt — / a i (u — @) dwdt — / biav(u — a) dedt  in Qg
QS s S

(2.14)

/ < g, (V—0) >y, mry dt + / dyVU - V(v — ) dxdt
0 s

:/ om(v — 0) dadt —/ agt?(v — ) dadt —/ botiv(v — ¥) dedt  in Q

Then by taking the difference in the corresponding equations in (2.13) and (2.14),

/ < (ut — ﬂ,t), (u — ﬂ,) > ((HY)*,HY) dt + / dl‘V(U — ﬂ)|2 dxdt
0

s

(u—@)h-V(u—a) dedt

_|_

1
S— o

S

(u — @)*m dxdt — /Q ay(u? — @) (u — @) dadt — / bi(uv — uv)(u — @) dxdt

S
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and

/ < (v = 0y), (v —0) >y, )y dt —I—/ do|V (v — D) dadt
0

K]

_ /S(U—@)Qm dvdt — /Sag(qﬂ _ (v — ) dxdt—/ by (v — 0) (v — 7) dardt

Qs
in Q.

Rearranging yields

/ < (ug — ), (U — W) >y my dt+/ d, |V (u—a@)* dzdt

s

(u—a)h-V(u—a) dedt

s

(u—1a md:z:dt—/ ar(u — @) (u + @) dedt

@\Q\

1)1 [(w—a)v+ (v—"20)u)(u—a) dedt

go\

and

(V¢ = 0p), (V= D) >y, ) di +/ do|V (v — 0)* dadt

s

<
:/ v—10 mdxdt—/ az(v — 0)*(v + 0) dadt

bg [(uw—a)v+ (v—20)u)(v—0) dedt .
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Then, by the non-negativity of u, v, u and v we get

/ < (ut—'&t) (u—'&) > ((HY)*,HY) dt—i-/ dﬂV(u—ﬂ)\z dxdt

S

i)h - V(u—a) dedt

S

\Q\

O

(u — @)*m dxdt — / bi[(u — @)v + (v — 0)u|(u — @) dedt
: ! (2.15)

an

/ < (Ut - 7775); (’U — 1~}) >((H1)*,H1) dt + / d2|V(U - ’lj)|2 dxdt
0

s

< / (v —0)*m dxdt — / bo[(u — w)v + (v — 0)u|(v — v) dzdt .

But,

0

//18u—u dedt

-1 /Q (w02, ) — / (u — @)2(x, 0)dx

Q

_ %/Q(u — @)z, 5)dr — %/ﬂ(uo o) (2)2de

= %/Q(u —@)*(x, s)dx

and similarly,

S R _ 1 _
/ < (Vg = 0p), (U —=D) >mrys 5y dt = 3 /(v —0)*(z, s)dx .
0 Q

We begin to estimate in (2.15):
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1

5 /Q(u — @)2(x, s)dx + / & |V (u — @) dedt

E]

g/ (u — @)2m dxdt—/ (= @) (u — 1) dadt

_ / bal(u — @)+ (v — B)it) (u — @) dedt

s

((u—@)*m| dedt + [ |(u—@)h-V(u—1a)| dedt + / by(u — @)*|v| dadt
Qs QS S

/ bi(v —0)(u— a)|a| dedt

|(uw—a) - V(u—a)| dedt + / by (u — @)?|v| dadt
Qs s

/ bi(v —0)(u — a)|a| dedt

<C’0/ (v — @)% dedt + M

K]

< C’O/ (u — @)? dxdt—i——/ Vdzdt +eM | |V(u— )| dodt
s Qs

1

s

and

1

: /Q(v )2 (a, s)dz + / bV (0 — )| dedt

< / (v — B)2m drdt — / bol(u — )v + (v — 0)il] (v — 0) dadt

< / |(v — 0)*m| dwdt +/ bo(v — 0)?|a| dedt + / be(v — 0)(u — @)|v| dxdt
Qs s Qs

< C’O/ (v —0)? dadt + bgCl/ (v —0)? dadt + bQCg/ (u — @)? dxdt

s E]

1
+ 5()202/ (U - 17)2 dxdt

using h € U, m € L>Q, |u] < C, |v| < Cy and Cauchy’s inequalities.
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By adding these two inequalities we get

%/ﬂ(u @), s)dz + / I ()P drdt + /(v 9 (a, 5)du

S Q
+/ do|V (v — 0)|?* dwdt

M
< Co/ (u — @) dedt + P (u— ) dzdt +eM | |V(u—10)|* dodt
s € Jas Qs

1 1
+ b102/ (U - ﬂ)2 dxdt + 5[)101 / (u - ’INL)2 dxdt + 5[)101 / (U - @)2 dxdt

1
+ CO/ (v —0)? dedt + / byCy1 (v — 0)? dadt + EbgCg/ (u — @)* dadt

1 S
+ 5()202/ (U — ’l~))2 dxdt

which implies

/Q(u — @)% (x, s)dx + /

Q

—|—/ 2d,|V (v — )|* dxdt
QS

(v —0)*(x, s)dx + / (2d;, — 2eM)|V (u — @)[* dxdt

K]

M
S (200 + Z + 2b102 + b101 + bQCg) / (u - ﬂ)2dl‘dt

s

+ (200 + 2[9201 + 6101 + bgCg) / (U — ’(7)2 dzdt .

E]

M
s A= 2004‘%4‘2()1014—[)1014—[)202 and B = 200+2b202+b101+b202.
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Then,

/(u —@)*(z,5) + (v —0)*(x, s)dx + / (2d; — 2eM)|V (u — @)|* dzdt
Q s

—l—/ 2d,|V (v — )|* dxdt

<A [ (u—a)dvdt+ B/ (v —0)* dadt
Qs s

and for positive constant D > max{A, B}

/Q[(u ) 0 0 e <D [ (=) 0 ) e

Hence, by taking,

Z1(s) = /Q[(u — @)+ (v —0)?(x, s)dx

we have

0
As, D > 0 is a constant , by Gronwall’s Inequality we have for a.e. 0 < s <T
Zi(s) =0 ae..

Hence, for a.e. 0 < s < T we have

/Q[(u C @24 (v — 0))(z, $)dz = 0

which implies

giving the uniqueness of our solution to (2.1).
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2.4.2 Existence of an optimal control

In 2.1 we have showed that for a given control h € U there exists a unique weak state
solution (u,v) = (u,v)(h), showing the dependence on h. Next, we show that there
exist an optimal control * and the corresponding state solutions (u*,v*) = (u, v)(h*)

to the optimal control problem (2.2).

Theorem 2.2 (Existence of an optimal control hj‘). There exists an optimal control
h* mazimizing the functional J(h) over U.
i.€.

J(h*) = sup J(h)
heU

Proof. Note that
J(R) = / [Au + By — (J|E|2] ddt
Q

and as uniform L> bounds on u,v and i € (L)% SUDj ey J(h) is finite.

Hence, we can choose a maximizing sequence, {h"} € U such that

lim J(h") = sup J(h)

n—oo EEU
and u", v" the corresponding states.

By the a priori estimates in Lemma 2.0.2 there exists u*,v* € L*((0,T), H*(Q2))N
L®(Q), uf,vf € L2((0,T), (H(Q))*) and h* € U such that on a subsequence

TN in  L*((0,T), H'(Q))
uy = ug in L*((0,7), (H'(2)")
" — v in  L*((0,T), H'(Q)) (2.16)
vl =y in - L*((0,7), (H'(2)")
(

hr — R in  (L*(Q))*.
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Then, again by Simon’s result [44] we have the strong convergence of the sequences

{u"} and {v"} in L?(Q x [0,T]) as below:

u" — " in L*(Q) (2.17)
v — vt in LAQ) .

So, now we have to show that h* is an optimal control and that u* = u(h_;‘) and

v* = v(h¥).

For that consider the system of state PDEs for the subsequence {h"} with the

corresponding states u(h") = u™ and v(h") = v" below:

T
/ <uy, ¢ > ((H1)*,HY) dt+/d1Vu”~Vq§1 dxdt+/u"h“~v¢1 dzdt
0 Q Q

:/u”m¢1 dxdt—/al(u")2¢1 d:cdt—/blu"v’%bl dedt in Q
Q Q Q
(2.18)

T
/ < vy, Q2 >y, dt +/ do Vo™ - Vg drxdt
0 Q

:/U”mqbg dmdt—/ag(v”)2¢2 dmdt—/bgunvnqﬁg dedt in Q.
Q Q Q

Using the above weak convergences (2.16) and the L bounds on & and m we have

T T
lim < u? — u:, ¢1 > ((HY)*, HY) dt = / < u: — u:, (;51 > ((HY)*,HY) dt =0
0

n—o0 0

lim [ d\V(u" —u")- V¢, dedt = / diV(u* —u*) -V dedt =0

lim [ (u" —u")me, dedt = /(u* —u")m¢y dedt =0
T T
lim < U? — U:, qbg > ((HY)*,HY) dt = / < "U: — U;‘, ¢2 > ((HY)*,HY) dt =0
0

n—oo 0

lim [ doV(v" —v") - Vo drdt = / AoV (v* —v*) - Voo dxdt =0
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lim [ (v" —v")mey dxdt = /(v* — v )mee dxdt =0 .

Note that

/ (u"h — u*h*) - Ve dadt

Q

= / (u"h® — u*h® + u bt — u*h) - Ve dadt (2.19)
Q

— / (u" — u*)h" - Ve, dxdt+/ w*(h* — h*) - Ve, dudt
Q Q

By the Cauchy’s inequality, the strong convergence of {u”} , V¢, being in L? and
the L bounds on {h"} the first term of (2.19) gives

lim [ (u" —u*)h" -V, dedt < lim / u™ — w*||h||V s | dadt
n—oo Q

n—oo
Q

< lim M(/ (u" — u*)Qdmdt)l/Q(/ (Ve |? dadt)'/?
Q Q

n—oo

= 0

and by the weak convergence of {h"} , V¢ being fixed in L*(Q) and {u*} being fixed
with the L* bounds, the second term in (2.19) gives

lim [ w*(h® —h*) -V, dadt =0 .

n—oo
Q

That is we have

lim [ (u"h* —u*h*) -V, dedt =0 .

n—oo
Q

Since,

lim [ ai(u™)’¢; dodt — / ay(u*)?¢y dwdt

= lim [ a[(u™)? — (u*)*] ¢ dadt
n—oo Q
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by the Holder’s inequality, L> bounds on u and strong convergences (2.17) we have

lim [ a;(u")?¢; drdt — / ay(u*)? ¢y dadt

< aq||u” + u*|| e lim (/ |u"™ — u*? dxdt)l/Q(/ o1 |? dadt)'/?
=0
giving

lim [ ay(u")?¢; dedt = / ay(u*)? ¢y dadt .
Similarly we have

lim [ as(v™)?¢y dodt = / as(v*)2 ¢y dadt .

Again, since

lim biu"v" Py drdt — / byu*v* ¢y dxdt

= lim [ byo"(u" —u")py dedt + lim [ byu*(v" —v*)py dxdt
n—oo Q

Q n—0o0

by the Holder’s inequality, L> bounds on u, v and strong convergences (2.17) we have
lim biu"v" Py dxdt — / biu* v ¢y dxdt
< by||v"| e lim (/ u™ — u*|2dmdt)1/2(/ |p1|? dadt)'/?

+ byl Tim (/ |v”—v*|2dxdt)1/2(/ 6uf? dzdt)!/2
=0
giving
lim biu"v" Py dadt = / biu*v* ¢y dxdt
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and similarly

lim bou"v" Py dxdt = / bou*v* ¢g dxdt .

Hence, as n — 0o in (2.18) we obtain

T
/ < U:a¢1 >((H1)*,H1) dt +/ d1Vu* . V¢1 dxdt +/ u*h* - V¢1 dxdt
0 Q Q@

:/u*m¢1 dxdt—/al(u*)2¢1 d:vdt—/blu*v*qbl dedt in Q
Q Q Q
(2.20)

T
/ < vy, Q2 >y dt +/ daVu* - Vg dxdt
0 Q

:/v*m¢2 dxdt—/ag(v*)Q@ dxdt—/bw*v*@ drdt in Q.
Q Q Q

As u*,v* satisfies the system of state PDEs with the control A* in (2.20), we can
conclude that (u*,v*) = (u,v)(h*).

Again using the weak convergences (2.16) in the objective functional on the

maximizing sequence {h"} and the fact that

/ (h*)? dzdt < liminf / (h")? dadt
Q n—oo Q
we get

sup J(E) = lim J(h") = lim [Au" + Bv" — C]h71|2] dxdt

< /Q [Au* + Bv* — Cyh**ﬂ dedt = J(h*) .
Since we always have
sup J(h) > J(h*) ,
heu
by (2.21) we conclude that &* is an optimal control for the problem (2.2).
[
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2.4.3 Derivation of the optimality system

The necessary conditions:

To characterize the optimal control we have to differentiate the A — J(h) map
with respect to the control . But, as u = u(h) and v = v(h), we also need to
differentiate  — (u,v)(h) map with respect to the control h. These derivatives are

called the sensitivity functions.

Lemma 2.2.1 (Finding the sensitivity PDE’s). Let h be an optimal control for the
problem (2.2) with the corresponding state solutions u = u(h) and v = v(h) and
let he be another control with the corresponding state solutions u¢ = u(ﬁ + ef) and
v* =v(h + €l) such that

he=h+el

where b+ el € U for all sufficiently small € > 0 with [ € (L*())<.

Then, for any h € U the mappings h — u(ﬁ) and h — v(ﬁ) are weakly differen-
tiable in the directional derivative sense and there exists 1y, € L*((0,T), HY())
with (Y1), (Vo) € L2((0,T), (H*())*) such that

— —

w(h + €l) — u(h)

61_1>%1+ . = ¢1 Z’fl L2(Q)
and . . ~
lim olh+el) —v(h) =1y n L2(Q)

Further, the sensitivity functions 1 and 1o satisfies
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(V1) — dy Ay — V - (hipy + Tu) =
(Va)r — d2Atpy =

Iy

d1—+¢1ﬁ'77 =

on

¢1(.§L’, 0) =
wQ(ilf, 0) =

my — 2a upy — bivy — byurpy  in Q
my — 2a2003 — byvthy — byuthy  in Q)
—ul - n on S
(2.22)
0 on S
0 for xe€Q)
0 for xe€Q).

Proof. Consider the state PDEs corresponding to the optimal control h and the PDEs

corresponding to the control he:

u — diAu —V - (Eu)

v — doAv
ou

dy— h
1677 +un-n
ov
o2
Qan
u(z,0)
v(zx,0)

= ulm—au]—buv in Q
= v[m—aw|—buv in Q
=0 on S

= 0 on S

= w(zr) >0 for z€Q

= wu(x) >0 for z €
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u§ — diAuf — V- (huS) = u[m—auf] — byuot  in Q
vy — doAvS = v [m — agv] — bouv®  in Q
dlau +ueff~n =0 on S
on
da 86::] = 0 on S
u(x,0) = w(z)>0 for z€Q
v(z,0) = wo(z)>0 for z €
Then, forming the system solved by (“:_“) and (”:_”),
) N Uit B ) RN Vi
€ € € €
B U YN s A et
€ € €
G RN Gt R '
€ € €
_GQ(U _/U)(Ue ‘I"U) . bgv(u —U) . b2ue</u — ?))
€ € €
a(zﬁ—u) € _ . .
dy—== +(u u)h-n+u5l-77 =0 on S
on €
a(ve—v)
dg 8767 =0 on S
W= 0) 0 for ze0
€
Gl >(a:,0) = for x€Q .

20

(2.23)



By using similar calculations as in Lemma 2.0.2 for system (2.23) we can show that

€

u —u

2oy < K

(u —u)y
— e um@y < K

u
(v =

V)t
—lleen.umen < K

€

v —0

l2qomme) < K

for some constants Ki, K5, K5 and K} .

Hence, there exists 1y (x,t) and q(x,t) in L2((0,T), H'(Q)) such that as ¢ — 0T

Vg 22((0.7), HYQ)

)AwQ in L*((0,T), H'(Q))

Ve i 22((0.7), (H(Q))

Ve ) 20T (HYQ)Y)

Hence, again by the Simon’s results [44], as € — 07 we have the strong convergence

of the different quotients {@} and {@} in L?(Q) given below:

— 1 in L*Q)

— 1/12 in LQ(Q) .

Then, using the weak and strong convergences above with techniques like in
Theorem 2.2, as € goes to zero in (2.23) we get the resulting system of PDEs (2.22)
satisfied by v, and 1)s.
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Next, we give the weak solution for the sensitivity PDE’s.

Definition (The weak solution for the sensitivity PDE’s)

Ui, e € L((0,T), HY(Q)) with (1), (¥2): € L*((0,T), (H'(2))*) and ¢1(z,0) =
0 = 5(z,0) is a weak solution for (2.22) if they satisfy,
T —
/ < (1/11)t,¢1 > ((HY)*,HY) dt—I—/ A1V, - Vo drdt + / Y1h - Vor dadt
0 Q Q
—/ml/)1¢1 d.det+/ 2CL1U/¢1¢1 dl‘dt+/ blvwlqﬁl dl‘dt+/ bflﬂ/)g(bl dxdt
Q Q Q Q
:—/uf- Vo, dadt
Q
and (2.24)
T
/ < (1/12)15,@52 >((H1)*,H1) dt —|—/ d2v¢2 . Vqﬁz dxdt
0 Q
— / m¢2¢2 dxdt +/ 2(12U1/12(b2 dxdt +/ szQ/Jﬂﬁg dxdt +/ bzuwg(]ﬁg dxdt
Q Q Q Q
=0
for all ¢1 ’ ¢2 S LQ((()?T)’H:[(Q))
We give an explanation of this weak formulation:
Let 61, ¢z € L2((0,T), H'(Q)).
Formally we illustrate the weak solution format:
/(wl)tqbl dxdt — / d1 APy dxdt — / V- (Ewl)(bl dxdt
Q Q Q
—/m@/)lqbl dl’dt—{—/ 2&11“/}1@51 dIdt+/ 617)1/}1@51 dIdt+/ blud}ggm dxdt
Q Q Q Q

= /(VfU)¢1 dzdt in @
Q

52



and

/(¢2)t¢2 dxdt — / do Apo e dxdt
Q Q

—/ml/}gqbg dIdt+/ 2@2U¢2¢2 dl‘dt‘i‘/ 62U¢1¢2 dl‘dt‘i‘/ bguwgng dxdt
Q Q Q Q

=0 in Q.

Using integration by parts on the d; and h terms we obtain

T
0

/ < (1), ¢1 >y 1) dt+/ diViy - Vo dadt — / d1¢1% dsdt

0 Q S n

+/¢1E-v¢1 dxdt—/wlgzﬁll;'ndsdt

Q S

—/mw1¢1 dl’dt—i—/ 2a1uw1¢1 d&?dt"—/ blvw1¢1 d&?dt"—/ bﬂl/(bg(bl dxdt
Q Q Q Q

:—/uf-wm dxdt+/u¢1f-ndsdt in Q
Q

S

and

T
0
/ < (¢2)t7¢2 >((H1)*7H1) dt +/ d2v¢2 : V¢2 dxdt — / d2¢2—a¢2 dsdt
0 Q S n

—/m’QDQQSQ dl‘dt—i—/ 2(12U’l/12¢2 dl’dt+/ bQU?/J1¢2 dl’dt+/ bQU@/J2¢2 dxdt
Q Q Q Q

=0 in @

Then, as

d1%+w1fz~n +uf-n:0 and dg% =0 on S
on on

we get the weak formulation (2.24).
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Next, we formally illustrate how to derive the adjoint system:

—(A)e = AN + B - VA — mA + 2a1udy 4 biod +bvds = A in Q
_()\Q)t — dQA)\Q — m/\2 + 2(12U>\2 + blu)\l + b2u>\2 = B in Q
o))
8_771 = 0 on S (225)
08_)7\72 = 0 on S
Mz, T) = 0 for z€Q
Xo(z,T) = 0 for x€Q.

Here, we want to find the adjoint equations such that

Sum of left hand sides of weak forms of sensitivity equations

= Sum of left hand sides of weak forms of the adjoint equations .

NOW7 by taklng >\17 >\2 € L2((07 T)v H1<Q)) with (Al)ta (>‘2)t € L2((07 T)v (HI(Q))*)
as the test functions, and using integration by parts on each left hand side term in

(2.24):

T
/ < (V1) At >(nye iy dt z/(wl)t/\l dxdt
0 Q
= —/(Al)twl d:cdt—i—/ M dadt
Q Qx{0}

+ / )\1’(,@17% dxdt
Qx{T}

= _/(Al)t¢1 dxdt,
Q

since iy =0att=0and \y =0att=1T,
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A
/ Vi - VA dodt = — / di AN, dadt + / dm@ dsdt
Q Q S a?7

A
= — / di ANy dzdt,  since N _ o on S,
Q on

T
/ < (WV2)t; A2 >((aye ) dt Z/(@Dg)t)\g dxdt
0 Q
= —/(Ag)twg dl’dt—f—/ /\2@027775 dxdt
Q Qx{0}
+/ )\ng’ﬂt dxdt
Qx{T}

= _/()\2)#% dxdt,
Q

since Yo =0att=0and \y=0att =T,

and
Oy
dQV’l/JQ : V)\Q dedt = — dQA)\QwQ dxdt + dzwg— dsdt
on
Q Q S
. O
=  — [ dyA)X)sy dzdt, since — =0 on S .
Q on

So, collecting terms gives

T
/ < <¢1)t; )\1 >((H1)*,H1) dt +/ dlvwl . V>\1 dxdt +/ wlh . V)\l dxdt
0 Q Q
—/mwl)\l dl’dt—i—/ QCLl’Uprl)\l d&?dt"—/ blvwl)\l dﬂ?dt‘i‘/ bluwg)\l dxdt
Q Q Q Q
Q Q Q

—/md)l/\l dl’dt+/ 2(1;1’1“#1)\1 dﬂfdt“—/ bl'Ulle)\l dedt+/ blUQ/JQ)\l dxdt
Q Q Q Q
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and

T
/ < (@Z)Q)t, Ao > ((HY)*,HY) dt -l—/ doVihg - V Ay dxdt
0 Q
— / m1/12>\2 dxdt +/ 2@21]1/)2/\2 dxdt +/ b2U¢1A2 dxdt +/ b2u¢2)\2 dxdt
Q Q Q Q
= —/()\2>th dxdt — / dgA)\2¢2 dzdt
Q Q

—/mwg)\g dl’dt+/ QGQ’Uwg)\Q d.fl?dt"—/ bngl)\g dl’dt—l-/ bguwg)\z dxdt .
Q Q Q Q

Hence, by collecting terms with 1 for the A\; equation and with vy for the A,

equation we get the left hand side of the adjoint equations to be

_(>\1>t — d1A>\1 + ﬁ : V)\l - m>\1 -+ 2&1’1])\1 -+ bl'U)\l -+ bQU/\Q
and

—()\Q)t — dgA)\g — m/\2 + 2(1,2’0)\2 + blu)\l + bQU,)\Q .

Note that the non-homogeneous terms on the RHS of the adjoint equations are

obtained by differentiating the integrand of the objective functional with respect to

the state variables v and v :

O(Integrand ofJ) O(Au+Bv—C|h|?)

A Zueetald o) Aaur v I )
ou ou

O(Integrand ofJ) d(Au+Bv—C|h|?)

B 9(Integrand ofJ) 9(AutBv—Clh[")
v Ov

So, with appropriate boundary and final time conditions, we get the adjoint PDE
system given in (2.25).
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2.4.4 Characterizing the optimal control h*

Theorem 2.3 (Characterizing an optimal control ﬁ*) There exists adjoint functions
A, A2 € L2(0,7), HY(Q)) with (M), (A2): € L2((0,T), (HY(Q))*) which are weak
solutions of (2.25).

Let h* € U be an optimal control for the problem (2.2) with the corresponding state
solutions u*,v* € L*((0,T), H'(Q)). Then,

hi—mm(M,max< 50 M))

fori=1,2,....d

Proof. Note that the adjoint system is linear and a weak solution exists by standard

results.

For an optimal control h* € U we compute the directional derivative of the

function J(k*) with respect to A* in the direction [ at u* and v* .
Then, as J(h*) is the maximum value for the J(k) we have

o i I+ = I()
e—0t €

<Au6—|—Bv6 — C|h* +eﬂ2> — (AU—I—BU _ C|hj‘|2>

= lim dxdt
e—0t Q €

= / (A, + Bipy — 2Ch* - 1) dadt
Q

= / Aty dadt + / By dxdt — / 2Ch* - I dxdt . (2.26)
Q Q Q
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Using the weak solution for the adjoint systems (2.25) to substitute for the first two
terms in the right hand side of (2.26)

/AMdeﬁ/B%dMLi/%ﬁﬁfmﬁ
Q Q Q
T —
= —/ < ()\l)tawl >((H1)*,H1) dt +/ d1V)\1 : le dxdt +/ h - V)\llpl dxdt
0 Q Q
— / m)\lwl dl’dt+/ 2&1@6)\1’&1 dl’dt‘i‘/ 1711))\11/11 dl’dt+/ bQU)\le dxdt
Q Q Q Q
T
—/ < ()\Q)t,wQ >((H1)*,H1) dt +/ AR V’lﬂg dxdt
0 Q

—/m)\g'lbg dl’dt+/ 2G2U>\2¢2 dIdt+/ b1u>\1w2 dIdt+/ b2u)\2w2 dxdt
Q Q Q Q

—/écﬁ.ﬂmm.
Q

Using the weak solution for the sensitivity system (2.24)

/AMdM#ﬁ/B%dmri/ﬂﬁ“fMﬁ
Q Q Q
T —
:/ < <¢1)t;)\1 >((H1)*,H1) dt +/ d1v¢1 . V>\1 dl‘dt+/ lplh . V)\l dxdt
0 Q Q
— / mwl/\l dl’dt—i—/ 2&111/(#1)\1 dQ?dt"—/ blvwl)\l dﬂ?dt‘i‘/ bluwg)\l dxdt
Q Q Q Q
T
+/ < (Qﬁg)h /\2 >((H1)*,H1) dt +/ dngg . V/\Q dxdt
0 Q

—/mwg/\g d$dt+/ 2@2U¢2)\2 dl’dt‘i‘/ bQU¢1A2 de’dt"‘/ bQUI/}Q)\Q dxdt
Q Q Q Q

-—/20%.ﬂMﬁ.
Q
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Then, again by the right hand side of (2.24)

/ Aty dadt + / By dadt — / 2Ch* - I dxdt
Q Q Q

:—/uf- Vi dxdt—/zcﬁ*-fdxdt
Q Q

= / [ (uV A +2Ch*) dzdt .
Q
Hence, for any [ we have
0>— / I (uVA + Qsz*) dxdt
Q
which implies
og/ﬁimvm+acﬁyMﬁ. (2.27)
Q
Next to characterize this optimal control h* consider (2.27) for different cases of

hifori=1,2,...d .

Case I: On the set {(x,t) : —M < h; < M}, inequality (2.27) implies that I; can

have any sign. Hence, choosing [; = 0 for ¢ # j we get

w(M)a, + 20 =0

h; = 50
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Case II: On the set {(z,t) : h; = M}, similarly (2.27) implies that {; < 0. Hence,
choosing [; = 0 for ¢ # j we get

w(M)a, +2CH: <0

w(A1)a, +20M <0

M< ———=
- 2C
hi = M = min —M,M .
2C

Case III: On the set {(z,t) : h; = —M}, again (2.27) implies that /; > 0. Hence,
choosing [; = 0 for ¢ # j we get

w(M)a, + 2CH > 0

w(At)a, +2C(=M) > 0

M > — i
M=z 2C
o o u(/\l)ifz i
h——M—maX( 50 M)

Hence, we can characterize the optimal control h* for the problem (2.2) as

h! = min (M, max (—“(Qg“ , —M)) (2.28)

fori=1,2,....d .

2.4.5 Uniqueness of the optimal control

Theorem 2.4 (Uniqueness of the optimal control). For sufficiently small T and for
cost coefficient C sufficiently large, the solution to the optimality system (2.1), (2.25)
and (2.28) is unique.
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Proof. Suppose (u,v), (A1, A2) and (%, ), (A1, \2) are two solutions to the state pde

system (2.1) and (2.25). Hence the corresponding optimal control characterizations

are
— M _ i
y m1n< ,max( 50 ))
fori=1,2,....d .
and
h_;k:min M, max —U(Al)xl,—M
2C
fore=1,2,...,d .

Consider the change of variables such that,
u = eatpv U= eatQ7 )\1 = eiatfla )\2 = eiatéé

u=e"p,

]|

at - \ —at & \ —at &
=e"q, M =e T, M=e Y,

where a > 0 to be chosen and

0, 4,D,q, 51752751752 S Lz((O,T), Hl(Q)) N LOO(Q)

with
Pty o Pes Gt (§1)1, (€2)e, (§1)1s (§2) € L2((0,T), (H'(2)))
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Then, substituting u = e*p, v = e*q in (2.1) and dividing by e* we get,

ap + p; — dyAp — V - (hp)

aq + q — daAq

0 -
d1—p +ph-n
on

do—
287]

p(z,0)

q(z,0)

plm — arpe®] — bipge™

glm — asqe®] — bypge™

0 on S

0 on S

for z €

for x € Q

in @
in @

By, substituting @ = e*p, v = e*qin (2.1) and dividing by e, we get

ap + pr — diAp — V - (hp)
aq + G — do A
87 =
d1—p +ph-n
on
oq

d, -
287}

p(x,0)

q(,0)

plm — arpe®] — bypge™

glm — asqe®] — bypge™

0 on S

0 on S
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for x € Q

in Q
in @

(2.31)
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Hence by subtracting the PDE system (2.32) from (2.31) we get

a(p— )+ (p— D) — diA(p —p) — V- (h(p— p)) = V - ((h — h)p)
=p-pm—a(p—Dp)(p+pe” —bi(p—Dp)ge™ —bi(qg — Ppe™ in Q
alq —q) + (¢ — )¢ — d2A(q — )
=(¢—q)m —as(q — @) (g + @)™ — ba(p — P)ge™ — ba(q — QJpe® in Q
dla(p(?;p)jt(p p)h -0+ p(h — i:z) n =0 on S (2.33)
oNqg—q)
doy an =0 on S

(p—p)(x,0) = 0 for z€Q
(¢g—q)(x,0) = 0 for z€Q

Substituting A\; = "¢y, A = €7 &, in (2.25) and dividing by e~ we get

a&y — (&) — 1 AG + h- V& —mé + 2a,p€e™
+b1Qf1€at + b2Qf2€at = Ae* in @
aly — (&) — daA&y — m&s + 2a2qE2e™

+b1p516at + bnggeat = Beat n Q

2.34
% =0 on S ( )
n
86—5772 =0 on S

&(x,T) = 0 for x€Q
&E(x,T) =0 for z€Q.
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Similarly by substituting A\; = e, Ay = e”%&, in (2.25) and dividing by e~

we get

— (&) + a&y — 1A + h- V& — méy + 2a,p€ e
+blq€16“t + b2q_§26“t = Aeat iIl Q
—(52)t + a&y — da A&y — méy + 2a2qE2e™

+b1pfle“t + bzﬁggeat = Be* n Q

3 2.35
%:O on S ( )
on
%—%:O on S

(e, T) = 0 for 2 €Q
(@, T) =0 for z€Q.

By subtracting (2.35) from (2.34) we get

a6 — &) — (61— &) — A& — &) +h- V(€ — &) + (h — W)VE,

=m(& — &) = 2a1(p — p)&e™ — 2a1 (& — &)pe™ — bi(g — Pére™
—bi(& = &)ge” = ba(g — &ee™ — ba(E2 — E2)ge™  in Q

a(8a — &) — (&2 — &) — daA(2 — &)

=m(& — &) — 2a2(q — o™ — 2as(2 — &)qe™ — bi(p — p)&re”

—bi(& — E)pe™ — by(p — P)&ae™ — by(&y — E)pe™  in Q

(2.36)
o6 —&)
an =0 on S
0 —&)
an =0 on S

(& —&)(x,T) = 0 for 2 €Q
(& — &) (@, T) = 0  for x€Q.
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Now, considering the weak form of the first PDE in (2.33) we get

T
a / (b — p)dadt + / < (0= P (p— ) >y dt + / 4|V (p— p)? dedt
Q 0 Q
—i—/(p—ﬁ)ﬁ-V(p—ﬁ) dxdt—i—/p(ﬁ—ﬁ)-V(p—ﬁ) dxdt
@ @ (2.37)

— / (p — p)*mdadt - / ar(p — B)2(p + p)e drdt — / bi(p — p)*gedudt
Q Q Q

- [ hla- - ppedsar in Q
Q
Using,

T 1
/ < (pe = Pr), (p = D) >y, dt = 3 /(P — p)*(z, T)dx
0 Q

and the non negativity of (p — p)?, (2.37) becomes

2 1 —\2 —\ |2
a/Q(p—p) d;z:dt+§/g(p—p) (x,T)dx—i—/QdﬂV(p—pﬂ dxdt
+/Q<p—ﬁ>ﬁ-wp—p> da:dt+/Qﬁ<ﬁ—ﬁ>-V<p—ﬁ> dudt

< / (p — p)*m dxdt — / bilg—q)(p — p)pe™dzdt in Q .
Q Q

Hence,

—\2 1 —\2 =\ |2
a/Q<p—p> dxdt+§/g<p—p> <x,T>dx+/Qd1|v<p—p>| dudt
—9)2m dxdt — | by(qg— q)(p — p)pe®drd
S/Q(p D) t /Q (=@ —-p)p t
—/<p—p>ﬁ-V<p—p> da:dt—/p@—ﬁ)-wp—p) ddt
Q Q

< / (b — p)2Im| dudt + / bil(a — @)(p — P)pledudt
Q Q

+/Q|<p—p>ﬁ-v<p—p>| dxdt+4|p<ﬁ—ﬁ>-v<p—p>| dudt
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using L°° bounds on m, l;, p,p and the Cauchy’s inequalities,

1
o [ (0= pPdudt+ 5 [ (o= pP e+ [ &V p)F dode
Q Q Q

\2 b16e*" 2 \2
<Co [ (p—p)° dedt + 5 (¢ —q@)° + (p— p)°]dadt
Q Q

1 1 - =
M [ o= 9+ V(- p)P) dodt+ 6, [ [0~ 7Y + V(- p)) dode
o 4€1 4eq

Q

we have

2

M bleleaT
< (Cy+ —
_(0+461+ 2

1
a/ (p— ﬁ)dedt + = /(p — ]5)2(:E,T)dx + (dy — Mey — 0262)/ |V (p —}3)|2 dxdt
Q Q Q

b16leaT

) /Q (p—p)* dadt + /Q (¢ — q)*dxdt (2.38)

0 [, =
+ 2 [ (h—h)? dadt .
462 Q

With similar calculations for the weak form of the second equation in (2.33) we get

1
a/(q—é)QdfcdtﬂL—/(q—fi)z(fc,T)dchr/ 2|V (q — q)|* dwdt
Q 2 Q Q

< / (¢ — @)*m dadt — / ba(q — q)(p — p)ge™dxdt  in Q
Q Q
b294€aT

<G /Q (¢ — )2 dedt + /Q (g — 9 + (p — p)’)dadt

which implies,

\2 1 —72$ xz i ’
a/Q(q_q) da:dt+2/Q(Q Q) (z,T)d +d2/Q|v<q DI dedt (2.39)

b2946aT b2946aT

< (Cy+ 20 /Q (4 — 0)? dudt + /Q (b — p)dudt
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Now, similarly by considering the weak formulation of the first PDE in (2.36) we get

a/Q(fl — 51)2dxdt + % /Q(fl — é)Q(x,O)drp + /Qd1|V(§1 — 51)|2 dxdt
+ / (& —&E)h- V(& — &) dwdt + / (& —&)(h - l_;) V&, dadt
Q Q
< /Q (6 — &)Pm dudt — /Q 2a1(p — P& — e drdt
- / bi(q — q)(& — &1)&e dudt — / ba(q — 7)(& — &)&e™ dadt
Q Q
- /6252(51 - 5)(52 — 52)qe“td:vdt in Q
which implies
a/Q(g1 — &) dxdt + % /Q(g1 —&1)*(z,0)dx +/Qd1|V(£1 — &) dadt
< /Q(’fl — &1)%m| dxdt + /QQGIKP —p)(& — &)&rle dudt
+ /Q bil(q — q)(& — &)& e dedt + /Q bal(q — 7) (&1 — &) Eole™ dadt
¥ /Q bal (€1 — &) (€2 — Eagle™ drdt
" /Q (€ — &) V(& — &)] dudt + /Q (€ — &)(h — b - V&| dadt

2(1196 BaT

<Gy /Q(fl —&1)? dwdt + /Q[(p —p)* + (& — &)?)dadt

aT aT
"y / (g — 0+ (& — &))dwdt + 2 / (g =) + (& = &)*]dadt
2 Jo Q
aT - T
P ey - P+ B2 [ (60— 607+ G ) e
Q Q

M /Q 46— &) + alV(E — &) dedr

Using standard regularity theory for the equations of &, & with k = 1,2, and the
boundedness of p, p, q, G, &1, €1, Ea, Eo, E, m, we can derive the L*>°-bounds on |V¢&;| and
|V&,|, where the bounds only depends on M, the initial data, and the coefficients of
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the system (2.1) (see for example, the proof [16, Lemma 5.2]). In above estimates

note that we have constant ;o > 0, such that |V& (z,t)] < 6y for all (z,t) € Q.

Hence, now we have

a/Q(fl — &)2dudt + % /Q(g1 )22, 0)da + (dy — Mes) /Q V(& — &) dudt

b. 0 aTl bof aTl N aTl Iz M _
< (OO+@196€GT+ 1U6€ + 2Ug€E + 2U3€ +ﬁ+ E)/(fl _51)2 dadt
3 J@

2 2 2 2
(2.40)

b106e“T bg@geaT
2 2

+ a,0ge™” / (p — p)*dxdt + (
Q

bg@ge“T
2

)A@_@th

/(52 — &) dxdt + bro (h — Z)Q dxdt .
Q 2 Jg

Similarly considering the weak form of the second equation in (2.36) we get

a/Q(§2 — &)2dwdt + % /Q(fg — &)2(z,0)dx + /Qd2|V(§2 — &) dadt
< /Q(& — &)*m dedt — /Q 2a5(q — 9) (& — &)&e™ dudt
- / bi(p — p)(& — &)™ dadt — / bip(& — &)(& — &)e™dudt

Q Q
—L@@—m@—é&w%m in Q

<G / (€ — &) dudt + asfse™ / (q -0+ (6 — &))dadt
Q Q

aTl oT
M;e /Q[(p — D) + (& — &)?|dadt + 619126 /Q[(gl Y 4 (6 — &)]dudt
OgeT _
b ;6 /Q[(p _f’)z + (& — 52)2]dxdt

68



which implies

G/Q(& — &) dzdt + % /9(52 — &)*(x,0)dx + dy /Q V(& — &)? dadt

b 0 aTl b. 6 aTl b 9 aT _
S (C() + azegeaT -+ ! 626 + ! 126 + 2 826 )/<§2 - 52)2 dl’dt
Q

b:160.e9T boB.eT
+ a298€aT/(q — q)*dxdt + ( . (;e + 2 826 )/(p — p)*dwdt
Q Q

b0 aT _
+ ! 126 /(51 - §1>2d$dt .
Q

Now, by taking (2.38) + (2.39) + (2.40) + (2.41) we get

a /Q (0= )2+ (4= 2+ (61 — &2 + (& — &)?)dadt+

: /Q[(p —p)*(@,T) + (¢ = 0 (2, T) + (& — &)*(2,0) + (& — &)*(x, 0)]dx

2
+(dy — Me — 9262>/ IV (p— p)[2 dedt + dg/ V(g — )P dudt
Q Q

+ (dy — Mes) /Q V(& — &) dadt + dy /Q V(& — &) dadt

(2.41)

(2.42)

M 61916“T b294€aT T b1966aT
< — Ocec”
_(Oo+4€1+ 5 + 5 + a10ge™ + 5
b6 aT
4 278 )/(p—ﬁ)2 dzdt
2 Q
N aT b. 0 aTl b, 0 aTl N aTl
F(Cy e e el 22se —l—a298eaT)/(q—q)2 dedt
2 2 2 2 o
b1€66aT ngge“T bg@ge“T Ql[)
9 aT ~10
+ (Co + ar0ge™ + 5 5 5 + 5
M blele“T =9
— — dxdt
+ 1o + = ) /Q (& — &) dx
b 9 aTl b 9 aTl b ‘9 aTl b 0 aTl B
+ (Co +a2986“T+ 176¢ + 171 + 278¢ + 273¢ )/(fg —52)2 dxdt
2 2 2 2 Jo
0, 010 T T\2
— 4+ — h — h)® dzxdt
) |G e
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Note that by (2.29) and (2.30) we have

—uV A aV A\ 1 -
= ( 5C -+ 201)2 ZTCQ(PVfl—PVfl)Q

— 4%72[(]) —p)V& =PV (& — &) .

i)

(h

Hence,

/(ﬁ — R)? dadt
Q

ST PAVE)+ V(&G — &))P + pVEa(p — D) (V (€ — &))]dxdt
Q

< e /Q[%(p PP BIVE P+ 0l =P VG G

03 0299 \2 0% 920964 =119
= — p)drdt + (—= — dxdt
(402 * 160264> /Q(p p)"dwdt + <402 + 102 )/Q|V(fl &) dx
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So that, (2.42) becomes

a /Q (p— D)+ (g — 9>+ (& — &) + (& — &) dwdt+

%/[(p —p)Q(x, T) + (q - Q)2($,T) + (fl - 51)2(33’ O) + (62 - 5_2>2(I7 0)]d£(1
Q

+ (dy — Mey — 9262)/ V(p— )P dudt + dQ/ V(g — ) dedt
Q Q

0 0200e, 02010 Oubobioc _
di — Men— 2 _294_210_29104/V N dedt
= Mes = 1eme e~ 1602, ~ 802~ 8C2 ) Q‘ (& = &) de

+ dg/ V(& — &)|? dadt
Q

M b1946aT bg@le“T T b1966aT
< — Oge”
< (Co+ 1o + 5 + 5 + a1bee™ + 9 (2.43)
bQ@g(ﬁaT 8293 9%&9 93810 0289910 / \2
- dxdt
T T a0 T GaCee T 802 3207, J,0 TP M

b 9 aT b 9 aT b 9 al b 9 al
4 (Co+ 2046 LA 1€ LA 6€ 4+ 2 8¢ +a2086aT>/(q_q)2 drdt
2 2 2 2 Q
b10ge®™ bobge™  byfsett 0
aT 1Y6 2U8 2U3 Y10
+ (Co + a106e™ + s T, Tt
M blﬁle“T

— —&1)? dadt
+ 1c, T )/Q(fl &)” da
blt%e“T blele“T bg@ge“T bQGgeaT

- \2

+ (Co + agége“T +

Pick €; and ey sufficiently small such that, d; — Me; — 665 > 0 and pick €3 and ¢4

3 2 2
sufficiently small and C sufficiently large such that, d; — Mez — 162?262 — 1952922 — 9822320 —

0209010€4

Further, pick I" such that

0 <T <min|[(dy — Me; — Oz¢3),

‘9% 9%0964 _ 9%010 026901064

do. (dy — Mes — _ _
2 (dy = Me 16C%, 16C%¢, 8C? sz )
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Also, by taking

_ M, 68 020, 02610 Bufobio
P e T 166,02 T 64C%0e, T 8C2 | 32072,
_ bify Dbofy bi0s  bobs
P2 = T+ 5 + a106 + 5 + 5
B bo6s 0167  b16g  bobg
pr o= STyt axbs
o 910 M
P4 = 7—’_4_63
- b196 bgeg b203 b191
ps = aifg+ 5 + 5 + 5 + 5
b0 b0 bo0 bo0
p@ _ a298+ 1Y6 1V1 + 2U8 + 2V3

2 2 2 2

(2.43) becomes

(a —Co — p1 — p2e™T) /Q(p — p)?dxdt + (a — Cy — p3e™) /Q(q — q)*dxdt

+ (a—Co — ps — pse”) /Q(fl — &) dadt + (a — Cy — pge”) /62(52 — &)*|dwdt+
; / (0 =P D)+ (- (@ T) + (6 — &) (x.0) + (& — &)*(x,0))de (24)
+ F/Q[\V(p —P)IP+ V(g = DP + V(& — &P + V(& — &)P] dudt

<0.

Now, fix a such that
a > max[(Co+ p1+ p2) , (Co+ps), (Co+ ps+ps), (Co+ ps)]
and by choosing T" very small (2.44) implies that,
p=p,q=04, =6, &=&

and hence we have



which implies the uniqueness of the optimum solution for a small time interval.

2.5 Numerical results
Numerical results for the 1-D problem

To study the numerical solutions first we consider the one dimensional problem

corresponds to problem (2.2):

up — Ay, — (hu), = u[lm —au] —bjuv on (0,L)x (0,7)
v — davy, = v[m —agv] —byuv on (0,L) x (0,7
diuz-n+uh-n = 0 for =0 or L and te€(0,7)
dovy,-n = 0 for =0 or L and te€(0,7)
uw(z,0) = wug(x)>0 for z€(0,L)
v(xz,0) = w(zr) >0 for x€(0,L)

Hence from (2.28) we have

h* = min | M, max _U()q)x, —M .
2C

For our numerical simulations, we used parameter values

d1:d2:0.2, alzagzl,A:le, C=D=05

and chose the optimal controls to satisfy

—4<h <4
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in a domain of spatial length of 5 units in 2 units of time. With our notation for the

sign of advection terms, h; being negative (positive) represents movement to right

(left).

—
//
//
///
///
i //
e i ///’/ \\\\ 1
(a) z/5 (b) sin(wz/5) (c) 62/5
Figure 2.1: Different resource functions m(z)
} 7N
NR[ //’
5.
o/
et “;‘/ R - ‘\\ g
(a) (b) (c)

Figure 2.2: Different initial conditions: (2.2a) Smaller initial population at middle,
(2.2b) Larger initial population at middle, (2.2¢) Two smaller initial populations
overlapping in the middle

We considered several cases with different resource functions, initial conditions
and competition coefficients. For resource functions, we chose m(x) = £ , sin(7z/5)
and m = %I as shown in Figure 2.1. The initial conditions are shown in Figure 2.2.
In our Figures 2.3 — 3.7, we represent u population in green, v population in red,
optimal control hy in blue and the optimal control h, in magenta.

First, to study further the results in [16], we have considered one population with
hi control under all three different resource functions in Figure 2.1 and the initial
conditions in Figures 2.2a — 2.2b. All the figures in [16] have small initial conditions,

which allowed the advection control terms to be dominated by the spatial gradient of

the resource function. As we will see, diffusion and an initial condition with a lot of
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variability may cause the populations to become more level and not to move always
toward increasing resources.
The results we obtained for the u population only without competition are given

in Figures 2.3 — 2.5.

u population

u population

(c) (d)

Figure 2.3: One population only: Population dynamics and optimal control for u
population with the resource function m = x/5 as in Figure 2.1a ; (2.3a) Optimal
control hy; with respect to the IC in Figure 2.2a , (2.3b) Population distribution of
u with respect to the IC in Figure 2.2a , (2.3¢) Optimal control h; with respect to
the IC in Figure 2.2b | (2.3d) Population distribution of u with respect to the IC in
Figure 2.2b

For the resource function given in Figure 2.1a and the initial conditions given
in Figures 2.2a , 2.2b, we obtained the optimal control (blue) and the population
distribution (green) in Figure 2.3. From Figure 2.3a, it can be seen that when the
initial population level is smaller the population tends to move towards the higher
resources with a small velocity. But, compared to Figure 2.3a, in Figure 2.3c when
the initial population level is higher they tend to use the directed movement with

larger magnitude than in Figure 2.3a to move away from the higher density areas to
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lower density areas. Still the individuals moving to the boundary where the higher
resources are located has a larger magnitude for the advection coefficient than for the

individuals who are moving towards the boundary away from better resources.

(c) (d)

Figure 2.4: One population only: Population dynamics and optimal control for
u population with the resource function m = sin(nz/5) as in Figure 2.1b ; (2.4a)
Optimal control h; with respect to the IC in Figure 2.2a , (2.4b) Population
distribution of uw with respect to the IC in Figure 2.2a , (2.4c) Optimal control h; with
respect to the IC in Figure 2.2b , (2.4d) Population distribution of u with respect to
the IC in Figure 2.2b

With the resource function (high resources in the middle) given in Figure 2.1b
and the initial conditions given in Figures 2.2a , 2.2b, the optimal control and the
population distribution are shown in Figure 2.4. When the resources are located at
the center of the domain and the initial population is low, in Figure 2.4a, we see u
tends to move towards the resources at the center from both sides with a smaller
velocity. But, in contrast to Figure 2.4a, when the initial population is higher, Figure
2.4c shows that u tends to move towards the two boundaries even though the better

resources are located at the center of the domain. Hence, it is clear that in spite
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of being at the location of better resources, when the population level is higher, the
directed movement moves towards low density areas away from the high density area

at the center.

u population

(a) (b)

Figure 2.5: One population only: Population dynamics and optimal control with a
smaller IC as in Figure 2.2a and larger resources m = 6z/5 as in Figure 2.1c ; (2.5a)
Optimal control hy, (2.5b) Population distribution of u

We ran the simulations to see how a smaller population may act in a higher
resource environment. In Figure 2.5 we have the optimal control i; and the population
distribution of u when the resource function is higher as in Figure 2.1c with the smaller
initial condition in Figure 2.2a. In Figure 2.5 simulations with higher resources, the
population grows faster in a shorter time. Hence, compared to Figure 2.3a, in Figure
2.5a, when the population level is smaller at the beginning, they tend to move towards
the resources, and once the population reaches a higher level they move towards low
density areas in spite of the location of the better resources.

Next to see the effect of diffusion coefficient on the directed movement we have
considered the higher initial condition as in Figure 2.2b with the resource functions
as in Figure 2.1a and Figure 2.1b. Here we have taken d = 2, which is a very large
diffusion coefficient. The results are given in Figures 2.6 and 2.7.

In Figure 2.6a, compared to Figure 2.3¢c we can see that when the diffusion
coefficient is higher, the population tend to move towards better resources. Due to
the higher diffusion coefficient, the initial population can level out faster and evenly

distribute over the space. Hence, the directed movement will be dominated by the
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(a) (b)

Figure 2.6: One population only with: Population dynamics and optimal control
for u population with d = 2 and the resource function m = z/5 as in Figure 2.1a ;
(2.6a) Optimal control h; with respect to the IC in Figure 2.2b , (2.6b) Population
distribution of u with respect to the IC in Figure 2.2b

resource level. Similarly, from Figure 2.7a, compared to the Figure 2.4c we can see
that at the beginning when the initial population level is higher, the individuals start
moving to level out and then start moving towards better resources at the center.
Hence, from the results in Figures 2.6 — 2.7 we can see that the population size is
important in their movement decisions. When the population has low variation in
space they tend to move towards better resources.

Thus, from the numerical simulations in Figure 2.3 — 2.7, we can see that given
the opportunity for directed movement, a population may not always move towards
the resources but their movement depends on the initial population also. Note that
this feature was not illustrated in the numerical results of [16].

Next, to see the effect when one population is given the opportunity for the
directed movement under the competition, first we have considered the resource
function as in Figure 2.1a with the initial condition as in Figure 2.2a. The results are
given under the Figure 2.8. Compared to the Figure 2.3a, we can see that under the
competition when given the opportunity to move, more u individuals tend to move
towards the better resources and some v individuals tend to move towards left, away
from resources to avoid the higher density of competing population v. Hence, we can

see that the directed movement choice also depends on the competition.
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(a) (b)

Figure 2.7: One population only with: Population dynamics and optimal control for
u population with d = 2 and the resource function m = sin(rz/5) as in Figure 2.1b
; (2.7a) Optimal control hy with respect to the IC in Figure 2.2b | (2.7b) Population
distribution of v with respect to the IC in Figure 2.2b

(c)

Figure 2.8: Dynamics of two populations and optimal control for u population with
the resource function m = z/5 as in Figure 2.1a and the initial condition as in Figure
2.2a ; (2.8a) Population distribution of u, (2.8b) Population distribution of v, (2.8¢)
Optimal control hq
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2.6 Conclusions

Optimal control results and the needed PDE estimates for controlling the advection
directions in one parabolic PDE in a system of parabolic PDEs for two competing
populations was completed to obtain existence, uniqueness and characterization of
the optimal control. Thus characterization shows the explicit dependence on the
coefficients, A and B in the objective functional.

With numerical simulations for one population only, we were able to show the
population does not always choose the advection direction to move toward increasing
resources. When the initial condition has sufficiently high variation, the movement
may be chosen to move to level the population, sometimes instead of moving toward
increasing resources. This numerical work indicates some strong relationships between
the optimal advective directions and the initial conditions and diffusion coefficients.
In the systems case, the level of the competition coefficients can also influence the
choice of movement direction.

There are various generalizations in the PDEs that could be considered. An
important feature of allowing both populations to choose advection movements will

be treated in the next chapter.
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Chapter 3

Second competition model

3.1 Introduction

In many biological scenarios, one would expect that both populations would have
direct movements. Improving the first competition model from Chapter 2, we
now discuss the dynamics of two populations, both having diffusive and advective

movements.

3.2 Problem formulation

Let © be an open bounded domain in R? with smooth boundary 9%, for d € N. For
a given fixed time 0 < T < oo, we denote @) =  x (0,7), and the lateral boundary
of @, S =00 x(0,T). We denote u(x,t),v(z,t) to be the population densities of two
competing species in the spatial domain 2 with z € Q and ¢t € [0, 7).

Here, we consider the dynamics of the two populations using the following system

of PDE’s with the Robin boundary conditions:
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w —dyAu—V - (b)) = ulm —au] —buww  in Q
vy — doAv — V- (h_;v) = v[m —agv] —buv  in Q

d1—+uhz-n:O on S

on

9 B (3.1)
do—+vhy-n =0 on S

on

u(z,0) = up(x) >0 forae z€f

v(z,0) = vo(x) >0 forae ze€Q

Now, in contrast to in Chapter 2 PDE model 2.1, both populations are given the
opportunity to move (advection movement) in addition to random diffusion and we
consider Robin boundary condition for both populations. Further, we assume the
density dependent growth for both species. These two populations are competing

with interaction coefficients by (x,t) and by(x, ).
We define the parameters:
dq,dy — Constant positive diffusion coefficients
ay,as — Coefficients in the density dependent growth terms
m — Known resource function, 0 < m(z,t) < Cy on @
b1, by — Positive interaction coefficients

ha(z,t) = ((h)i(z,t), (h)2(, 1), ..., (h1)a(z,t)) — Advective direction for the
first species with h € L®(Q)?

ha(z,t) = ((ha)i(z,1), (ha)a(, 1), ..., (ha)a(z,t)) — Advective direction for the
second species with i € L=(Q)?

1 — Outward normal vector on 0f)
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g, vo — Initial population densities of the two populations with ug, vy € H*(£2)
Similar to as in Chapter 2, to find the solutions to the problem we use the spaces
H' () — Sobolev space with [[u]lg) = ([, [ul* dz + [, |Vul? daz:)l/2 and

H'(Q))* — Dual space of H'(Q)

3.3 The optimal control problem formulation

We assume both populations can choose their advective directions h; and hs to
maximize their abundance, but this advective movements may have a “cost” in terms
of risk or energy.

Viewing the advective coefficients as controls, the set of all controls is
U = (B, 1) € ((L=(Q))% (L=(Q))Y) « |(ha)s] < My, |(ha)i] < My for i = 1,...,d}

for some known constants M7, My > 0.
Then, for given non-negative constants A, B, C, D, we seek to find (hz, h;) eU
such that

J((h, he)*) = max  J(hy,ha)
(h17h2)€U

where, J (h?, h;) is the objective functional given by,

—

T, ) = / [(Aut Bo— OIRP — DIRsP] dd (3.2)
Q
subject to the PDE system (3.1).

Our goal is to maximize a weighted sum of the two populations over the time
while trying to minimize the total cost involved in this movement subject to the PDE
system (3.1). In this case the cost is due to the “risk” in moving the two populations

around by the advection as the movement to a new location may come with a risk.
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3.4 Solving the optimal control problem
We first recall the definition of weak solutions for the state PDE system.
Definition (The weak solution for the state PDE system)

u,v € L2(0,T), HY(Q)) N L>=(Q) with us, vy € L*((0,7T), (H*(R))*) and u(x,0) =

ug, v(x,0) = vp is a weak solution for (3.1) if it satisfies,

T
/ < ut,gbl >((H1)*,H1) dt +/ d1Vu . V¢1 dxdt +/ uh1 . qul dxdt
0 Q Q

—/umqﬁl dxdt—/a1u2¢1 dxdt—/bluvqﬁl dxdt in Q
Q Q Q
and (3.3)

T
/ < U, gbg >((H1)*,H1) dt —f-/ dng . ngg dxdt +/ Uh2 . V¢2 dxdt
0 Q Q

:/Umgbg dxdt—/agv2gz§2 dxdt—/bguvgbg dxdt in @
Q Q Q

for a.e. x € Q and for all ¢1 , ¢ € L*((0,T), HY(Q)) .

As we did in Chapter 2, we can give an explanation to this weak formulation.

Lemma 3.0.1. Let My, My > 0 be defined in the definition of the control set, and
Co = ||m||pe(q)- For a given control (h1,hy) € U let u,v € L2((0,T), HY(Q))NL>(Q)
with ug,v; € L2((0,T), (HY())*) be a weak solution of (3.1) with u >0, v > 0 a.e.
on Q). Then, there exists constants K1, Ko, K3, Ky depending only on My, My, Cy and
independent ofl_i such that

Hu(ﬁmL?(OT) me) < K
Hut(ﬁ)H WHIQ)) < Ko

||U(FL)HL2(OT) mey < K3
|ve (R )||L2 on,H(@Q)) < Ky
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Proof. As in Lemma 2.0.2, taking u , v as test functions and considering the weak
formulation of (3.1) with the standard techniques and Gronwall’s inequality we can

get the above a prior estimates.

3.4.1 Existence and positivity of the state solution

In order to solve the optimal control problem (3.2), first we have to show that
for a given control (hy,hy) € U there exists a unique weak state solution (u,v) =
(u,v)(h1, hy) to (3.1), showing the dependence on hy, hy. Further, we have to show

this solution is non-negative and bounded above.

Theorem 3.1 (Existence and positivity of a weak solution for the state PDE system).
Givenm € L>(Q), ug, vo non-negative, L=(Q) bounded and in H'(Q). Then, for each
(h1, hy) € U, there is a unique positive weak solution (u,v) = (u(hy, ha),v(hy, hs)) of
(3.1).

Proof. As in the proof of Theorem 2.1, using an iterative system of PDEs, we can
show the existence and positivity of a weak solution to the state PDE system (3.1).

First to construct supersolutions of our system, consider

- —

Ut—dlAU—v<h1U) = mU on Q

dlg—g +Thy-n =0 in 9Qx(0,7) (3.4)

U(z,0) = up(z) >0 for z€Q
and

Vi—dyAV =V - (hV) = mV  on Q

df;—z +Vhy-n =0 in 0Qx (0,7) (3.5)

V(z,0) = vo(x) >0 for x €.
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Then, by Theorem 3.1 in [16], problem (3.4) has a unique weak solution U (k) and

a finite constant C'; > 0 such that

0<T)<C, foraec. (z,t)€Qx(0,T)

and problem (3.5) has a unique weak solution V (k) and a finite constant Cy > 0 such
that
0<V(h)<Cy forae. (z,t)€Qx(0,T)

where, constants Cy, Cy > 0 depending on My , My, |Q|, di, da, |m|/z~ and the

initial conditions.
Now, define 0 < R < oo such that
R > max{—inf m + 2a; sup U + by sup V, —inf m + 2aysup V + bysupU} . (3.6)
Q 9) Q Q 0 Q

For i = 2,3, ..., consider the following iterative system of PDE’s with u; = U and

v =0 on Q.

Llui = F(ui_l,’l}i_1> in Q

Lov; = G(ui—la Uz’—l) in @

dl%%—uihﬁl-n =0 on S

on

P (3.7)
dy— +vihy-n =0 on S

an

ui(z,0) = wo(z) >0 for z€Q

vi(,0) = wvo(x) >0 for z €

86



The weak solution for (3.7) exist by the general results from [15]. where,

Liu; = (Uz)t —d1Au; — V- (f:luz) + Ru;
Lov; = (v3)¢ — doAv; — V- (h_;vz) + Ru;

and

Fui—1,vi1) = mu;_; — al(ui—1)2 — biu;—1v;1 + Ru;

G(Uzel, Uifl) = M1 — CLQ(Uifl)Z — bottj—1v;—1 + Rv;—4 .
Choosing u; = U and v; = 0 , then

Li(w) = mu + Ru; = mU + RU

Ly(vy) = mwvy+ Rvy =0.
Recall our super solution V' satisfies

Claim 1
0<u; <Uand 0<wv; <V foralli=1,2,... .

Proof. We can prove this using mathematical induction and Lemma 2.0.1.

Claim 2

The sequence {u;} is monotone decreasing and the sequence {v;} is monotone
increasing :

Ujt1 S U; and Vi1 Z (5 for all i = 1,2, oo .
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Proof. Again, we can prove this using mathematical induction, Lemma 2.0.1 and the
choice of R such that F'(u,v) is increasing in u and decreasing in v and G(u,v) is
decreasing in u and increasing in v for (u,v) € [0, ||Us|| re(@)] % [0, [|[Villz=(q)] as in

(3.6).

Now, similarly as in Lemma 2.0.2, for some constants K, Ko, K3, K; with

il @) 5 [|villzoo(@) bounds and u; > 0, v; > 0 a.e on @ we have:

lws(W) 2oy < Ki
[ (wi)e(h )||L2 or,HE©Q)) < K
v (W)l r2qory oy < K
| (v )e(h )||L2 or),H@Q)) < Ky

foralle=1,2,....

So, by these a priori bounds for wu;, v;, (u;);, and (v;); and by the monotone
property of {u;} and {v;} sequences, there exists u,v € L*((0,T), H'(Q)) N L=(Q)
with ug, vy € L2((0,7T), (H*())*) with the weak convergences (on the whole sequence,

not just on a subsequences) below:

Uy — u in  L*((0,T7), H'(Q))
(ui)e = w in - L*((0,7), (H'(2)))

vt in  L*(0,T7), H(Q)) (3.8)
(vi)e = v in L*((0,7), (H'(2))
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Then, by Simon’s result [44] we have the strong convergence of the sequences {u;}

and {v;} in L?(Q) as below:

u —u in L*Q) (39)
v —v in L*Q) .

Since there exists weak solutions to our iterative system (3.7), for the test functions
¢1, ¢o € L*((0,T), H'(R)), and w;, v; € L*((0,T), H'(Q))NL=(Q) with (u;), (v); €
L2((0,T), (H(2))*) and u;(z,0) = ug, v;(z,0) = vy we have

T
/ < (Ui)t,¢1 >((H1)*,H1) dt +/ d1Vu, : v¢1 dxdt + / Uz‘hl : ngl dxdt
0 Q Q

+ / Ru;b, dedt
Q
:/Uilm¢1 dmdt—/al(ui1)2¢1 dxdt—/bluilvilgzﬁl dxdt
Q Q Q
+/RU11¢1d$dt in Q
Q
and (3.10)

T
/ < (Ui)t,qbg >((H1)*,H1) dt +/ dQVUZ' . v¢2 dxdt +/ Uz'hg . ngg dxdt
0 Q Q

+ / Rvi ¢2 dzdt
Q

:/’Uz‘lm(bg d$dt—/a2(vil)2¢2 dwdt—/bguilvil@ dxdt
Q Q Q

+/ R’Ui_1¢2d]}dt in Q .
Q

Since ¢y, ¢y are in L?((0,T), H'(Q)), using the weak star convergence of {(u;);} and
{(vi)e} in L*((0,7), (H'(2))*) we have

T T
lim < (w;)g, P1 >y dt = / < Ug, @1 >y Hy db
0

1—00 0
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and

T T
lim < (vi)e, @2 > 1y mry dt = / < g, @2 >((HY)+,HY) dE .
0

1—00 0

Since d; and dy are constants and Vu;, V¢, Vu; and Vs are in L?(Q) by the weak

convergence results of {u;} and {v;} in (3.8) we have

lim [ diVu;- Vo dedt = / d1Vu -V, dedt
Q Q

1—00

and

lim [ doVo; - Vs dedt = / dsVv - Vo dadt .
Q Q

11— 00

Similarly as {u;} and {v;} are in L2(Q), using L* bounds on &, R and m and the

weak convergence results of {u’}, {v'} in (3.8) we have

lim | why -V, dedt = / uhy - Vi ddt
1—00 Q Q

1—00 1—00

lim Ru;¢1 dxdt = lim Ru;_1¢prdxdt = / Rugy dxdt
Q Q Q

lim [ w,—ymo; dedt = / umaoy dxdt
1—00 Q Q

lim [ wvihe - Vo drdt = / vhy - Vb dadt

71— 00 Q Q

1—00 1—00

lim Rv;¢odxdt = lim Rv; _1¢podxdt = / Rugpodxdt
Q Q Q

lim [ v;i_ymaey dxdt = / vmaeo dxdt .
1— 00 Q Q
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Note that

lim [ a;(u_y)*¢1dodt — / a1u’¢y dadt
1— 00 Q Q

= lim [ aj(ui_1 —u)(ui_1 + u)py dadt
71— 00 Q
< ay g + ul| g lim / i1 — ul ] ddt
1— 00 Q

Hence, by the Holder’s inequality, strong convergences (3.9) and L* bounds on u; we
have

lim [ a;(ui_y)*¢1dedt — / a1ul¢y dadt

71— 00 Q Q

< arllui s + uf| o lim (/ gy — uf? dxdt)1/2(/ 62 dadt)?
71— 00 Q Q

=0

giving

lim [ ay(ui_1)*¢) dadt = / arul¢y dedt .
11— 00 Q Q

Similarly by the Holder’s inequality, strong convergences (3.9) and L* bounds on
v; we have

lim [ asg(vi_1)*¢o dodt = / a0’y dxdt .
1—00 Q Q
Also, note that

lim [ byu;_qv;_1¢1 dzdt — / biuvpy dxdt
71— 00 Q Q

= hm b1 [ui_l(vi_l — ’U) + U(Ui_l — U)]¢1 dxdt
1— 00 Q

S b1||ui_1||Loo hm / |Ui—1 — ’U||§b1| dlEdt—f— b1||U||Loo hm / |’LLZ‘_1 — U||¢1| dl’dt
i—00 Q i—00 Q
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Hence, again by the Holder’s inequality, strong convergences (3.9) and L* bounds on

u;, v we have

lim [ byu;_qv;_1¢1 dzdt — / biuveg, dxdt
1— 00 Q Q
S b1||u7;_1||Loo hm (/ |Ui—1 — ’U|2 dl’dt)l/2(/ |¢1|2 dl’dt)l/z
11— 00 Q Q
bl lim( [ fuess = uf dode) ([ [ou] dode)
71— 00 Q Q
=0

giving

hrn bluifl'l}i,1¢1 dxdt = / b1u1)¢1 dxdt
i=oo Jo Q

and similarly we get

i—00

lim [ bou;_1v;_1¢9 dadt = / bouvs dxdt .
Q Q

So, by taking as ¢ — oo in (3.10), we conclude that u, v are state solutions

corresponding to control h given below:

T
/ < Ut,¢1 >((H1)*,H1) dt —|—/ d1Vu : v¢1 dxdt + / Uhl : V¢1 dxdt
0 Q Q

:/um¢1 d:vdt—/alu2¢1 dxdt—/bluvgbl dxdt in Q
Q Q Q

and

T
/ < Uy, ¢2 >((H1)*,H1) dt +/ dQV’U : V¢2 dxdt +/ th : v¢2 dxdt
0 Q Q

:/vm¢2 dazdt—/a2v2¢2 dzdt—/bwv@ dxdt in Q.
Q Q Q

Next, to show that this weak solution (with L bounds) for (3.1) is unique suppose

there are two solutions, (u,v) and (@, o) for (3.1).

92



Now, with the test functions (v — @) and (v — @) in L*((0,T), H(Q)) N L=(Q)
and Qs = Q x (0, s) for any time 0 < s < T, by considering the weak formulation of

the solutions (u,v) and (4, ?) and then by taking the difference in the corresponding

equations in (), we have

/ < (ut - ’[Lt) (u - ’[L) >((H1)*,H1) dt + / dl‘V(U - fb)|2 dxdt

s

V(u—a) dedt

@\

E]

(u—1a mdxdt—/ ay(u? — @*)(u — @) dxdt—/ bi(uv — uv)(u — a) drdt

s

@\

and

/ < ’Ut — Ut — 1~)) > ((HY)*,HY) dt + / dg’V(U — @)’2 dxdt
0

S

(v—10)hy - V(v —70) dedt

S

Q\e\»

E]

(v —0)*m dxdt — / az(v* — %) (v — 0) dwdt — / by(uv — u0)(v — ) dxdt

s

Rearranging yields and then, by the non-negativity of u, v, © and v we get

/ < (ug — ), (U — @) >y m11) dt+/ d, |V (u — @) dedt
/ V(u— @) dxdt

s

O

o (u — @)*m dxdt—/sbl[(u—ﬂ)v—i—(U—ﬁ)ﬂ](u—ﬂ) dxdt

aln

(3.11)

s

< (Ut — @t>, (U — ’17) > ((HY)*,HY) dt +/ d2|V(U — ﬁ)|2 dxdt
0

E]

+

Q\e\

(v—"0)hy - V(v —70) dedt

s

< [ (v—"9)*m dzdt — /Q bo[(u — @)v + (v — 0)u|(v — ) dadt .

S

93



Since,

s 1
| = ) = @) >y dt = 5 [ (0= 2P (o s)d
0 Q

s 1
/ < (vp = Tp), (V= D) >y ) dt = 5/(@ —0)*(z, s)dw
0 Q

and using h € U, m € L*Q, |u| < (4, |v| < Cy and Cauchy’s inequalities in (3.11)we

get:

5 = 0P s+ [ o= i)

M
< Cg/ (u—a)? dedt + -— | (u—@)*dedt + e, M [ |V (u—a@)|]* dodt
. der Jo, Q,

1 1

and

5 =Pt [ b=

M
< Co/ (v—10) drdt + — [ (v—10)°dadt +eM | |V(v—10)]? dadt
s 462 Qs Qs

1 1
+ bQCl/ (U - 13)2 dxdt + 5()202/ (u - "EL)2 dxdt + 5[)202/ ('U - 13)2 dxdt

£ s

Hence, by adding these two inequalities and picking

d d
61§MI ; 62§M2 , A= A(e,Cy,C1,Cy,b1,by) and B = B(Cy, Cy, Cy, b1, D)
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we get,

/(u —@)?(z,5) + (v —0)*(x, s)dx + / (2d; — 26, M) |V (u — @)|? dwdt
Q s

+/ (2dy — 26, M) |V (v — 9)|? dxdt

<A [ (u—a)dedt+ B/ (v —0)? dadt
Qs s

and for positive constant D > max{A, B}

/Q[(u ) 0 0 e <D [ =) 0 0

Hence, by taking,

Zy(s) = /Q[(u — @)+ (v —0)?(x, s)dx

we have

0
As, D > 0 is a constant , by Gronwall’s Inequality we have for a.e. 0 < s <T
Zi(s) =0 ae..

Hence, for a.e. 0 < s < T we have

/Q[(u C @24 (v — ) (z, $)dz = 0

which implies

giving the uniqueness of our solution to (3.1).
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3.4.2 Existence of an optimal control

From Theorem (3.1) we can see that for a given control (hy,hy) € U there exists a
unique weak state solution (u, v) = (u, v)(hy, hs), showing the dependence on (hy, hy).
Next, we show that there exist an optimal control (h_i, h_;)* and the corresponding

state solutions (u*,v*) = (u,v)((hy, h2)*) to the optimal control problem (3.2).

Theorem 3.2 (Existence of an optimal control (hy, h)*). There ezists an optimal
control (h:, h;)* mazimizing the functional J(hz, h;) over U.
i.€.

J(hl,hg)* = sup J(hl,hg) .
(h1,ha)eU

Proof. Similar to the proof of Theorem 2.2 we can prove the Theorem 3.2 as given

below:

Note that
J(hy, hy) = / [Au + Bu— C|hi|? — D|hy?| dadt
Q

and as uniform L> bounds on u, v and hy, hy € (L)Y, SUPj oy J(h) is finite.

Hence, we can choose a maximizing sequence, {(h:, hg)”} € U such that

lim J(hy, ho)” = sup  J(hy, hy)

oo (h1,ha)EU

and u", v" the corresponding states.

By the a priori estimates in Lemma 3.0.1 there exists u*,v* € L*((0,T), H(Q))N
L>(Q), ur,vf € L*((0,T), (H'(Q))*) and (h1, hy) € U such that on a subsequence
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Wbt i (L(Q)°

u" — u* in  L*((0,T), H'(Q))
u = Uy in L*((0,7), (H'(2)))
" — v in  L*(0,T), H(Q)) (3.12)
vt = vy in L*((0,7), (H'(2))
(
(

hy — ke in  (L2(Q))* .

Then, by Simon’s result [44] we have the strong convergence of the sequences {u"}

and {v"} in L*(Q2 x [0,T]) as below:

u" —u*  in L*(Q) (3.13)
vt =0t in LA(Q).

So, now we have to show that (hy, hy)* is an optimal control and that u* = w((hy, ha)*)
and v* = v((hy, ha)*).
For that consider the system of state PDEs for the subsequence { (hz, hg)"} with the
corresponding states u((hy, h)") = u™ and v((h1, ha)™) = v" below:
T —
/ <ul', 1 >y di+ / V" -V, dudt + / A
0 Q Q@

:/u"quﬁl dxdt—/al(u”)2¢1 dxdt—/blu”v”gbl drdt in Q
Q Q Q
(3.14)

T
/ <, ¢2 > ((HY)*,HY) dt +/ do Vo™ - Vo dxdt +/ v"hy - Vg dadt
0 Q Q

:/v”m¢2 d:cdt—/ag(v")Q@ dxdt—/bw"v"@ dedt in Q.
Q Q Q
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Using the above weak convergences (3.12) and the L*™ bounds on hi,hy and m we

have
T T
h_)m < U? — U:, ¢1 > ((HY)*,HY) dt = / < U;k — uf, ¢1 > ((HY)*,HY) dt=0
lim [ &;V(u" —u*) -V, dedt = / iV (u* —u*) -V, dedt =0
lim [ (u" —u")mey dedt = /(u* —u*)m¢, drdt =0
T T
h_)m < UZL — U:, ¢2 > ((HY)*,HY) dt = / < U: — U:, ¢2 > ((HY)*,HY) dt =0
lim [ daV(v" —v") - Vo dadt = / doV (v* —v*) - Vg dxdt =0
lim [ (v" —v")mes dzdt = /(v* — v )maeq dxdt =0 .
Note that

/ (u"hi — w*hs) - Ve dadt

Q

= / (u"h? — B 4+ u R — uhY) - Vi dadt (3.15)
Q

= / (u" — w)h? - Vo dadt + / w* (b — h¥) - Vo dadt.
Q Q

By the Cauchy’s inequality, the strong convergence of {u_ﬁ} , V¢ being in L? and
the L> bounds on {h}} the first term of (3.15) gives

lim [ (u" —u*)h? -V, dedt < 1im/|u"—u*|\h7;|yv¢1|dxdt
Q

n—oo n—oo
Q

< Tim M( / (" — u*)2dadt) / Ve |? dudt)?
Q Q

n—oo

= 0
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and by the weak convergence of {h"} , V¢ being fixed in L?(Q) and {u*} being fixed
with the L* bounds, the second term in (3.15) gives

lim [ w*(h? — h) -V, dudt =0 .

n—oo Q
That is we have

lim [ (u"h? —u*h?) -V, dadt =0

n—oo
Q

and similarly we have

lim [ (0"h} —v*h) - Ve, dedt =0 .

n—oo Q
Since,

lim [ ai(u™)’¢; dodt — / ay (u*)?¢y dwdt

= lim [ a[(u")? — (u*)*]¢y1 dadt
n—o0 Q

by the Holder’s inequality, L> bounds on u and strong convergences (3.13) we have

lim [ ai(u")’¢; drdt — / ay (u*)?¢y dadt

< aq||u” 4+ u*|| = lim (/ lu"™ — u*|? dxdt)1/2(/ o1 |? dadt)'/?
=0

giving

lim [ ay(u")?¢; dedt = / ay(u*)? ¢y dadt .

Similarly we have

lim [ as(v™)?¢y dodt = / as(v*)? ¢y dadt .
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Again, since

lim biu"v" Py dadt — / byu*v* ¢y dxdt

= lim [ bpo"(u" —u*)¢y dedt + lim [ byu*(v" — v*)¢py dxdt

by the Holder’s inequality, L> bounds on u, v and strong convergences (3.13) we have

lim biu"v" Py dxdt — / biu*v* ¢y dxdt

< by[|o"|| g lim (/ o —u*|2dxdt)1/2(/ (6|2 dandt)?
+ byl Tim (/ \v”—v*|2dxdt)1/2(/ 6|2 dwde) /2
=0
giving

lim biu"v" P dxdt = / byu*v* ¢y dxdt
Q

n—oo
Q

and similarly

lim bou"v" Py dxdt = / bou*v* ¢g drxdt .
Q

n—oo
Q

Hence, as n — oo in (3.14) we obtain

T
/ < uf,¢1 > ((H)*,HY) dt +/ d1Vu* - Vo d:cdt+/ u*h’l‘ -V dxdt
0 Q Q

:/u*mq§1 dxdt—/al(u*)Qqﬁl dxdt—/bw*v*@ drdt in Q
Q Q Q
(3.16)

T
/ < U:, gbg >((H1)*,H1) dt —|—/ dng* . ngg dxdt +/ U*h§ . ngg dxdt
0 Q Q
= / v Moy drdt — / ag(v*)2 ¢y dadt — / bou*v ¢y dxdt  in Q.
Q Q Q
and as u*,v* satisfies the system of state PDEs with the control (A1, hy)* in (3.16),
we can conclude that (u*, v*) = (u,v)((hy, h2)*).
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Again using the weak convergences (3.12) in the objective functional on the

maximizing sequence {(h1,h2)"} and the fact that

n—oo

/( 4’{)2 dzxdt < lim inf/(fﬁf)Q dxdt
Q Q
and

n—oo

/ (h3)? dadt < liminf / (h2)? dxdt
Q Q
we get
sup  J(hy, hy) = lim J((hy, ho)")
(h_i,h_é)EU n—o0

— lim [Au” + Bo" — C|hh|? — D]h7g|2] ddt
n—oo Q

(3.17)
< / [Au* + Bv* — C|h¥)? — D|h§|2} dxdt
Q

= J((h1,ha)") -

Since we always have

— — — —

sup J(hl,hg) Z J((hl,hg)*) y

by (3.17) we conclude that (hy, hy)* is an optimal control for the problem (3.2).

3.4.3 Derivation of the optimality system

The necessary conditions:
To characterize the optimal control we have to differentiate the (h_;,h_;) —
J(hz,hg) map with respect to the controls hy and ho. But, as u = u(h:,hg) and

v = v(hy, hy), we also need to differentiate (y, ha) — (u, v)(h1, ha) map with respect

to the controls h; and hz These derivatives are called the sensitivity functions.
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Lemma 3.2.1 (Finding the sensitivity PDE’s). Let (hy,ho) be an optimal control
for the problem (3.2) with the corresponding state solutions u = u(hz, h;) and v =
v(hy, hy) and let (hi, ha)¢ be another control with the corresponding state solutions

ut = u(h_i + el:, hy + el;) and v°¢ = v(h; + el:, hy + el;) such that

—

(h1, ha)< = (hy + €ly, by + €ls)

where (hi,hy) + e(li,lz) € U for all sufficiently small ¢ > 0 with (I1,l3) €
(=), (L)),

Then, for any (h:,hg) € U the mappings (h:,h}) — u(h:,h;) and (hﬂl,h;) —
v(h_i, h;) are weakly differentiable in the directional derivative sense and there exists

1,9 € L2((0,T), H'(Q)) with (1), (2): € L*((0,T), (H*(2))*) such that

111’11 U(hl + Ell, hg + Elg) — U(hl, hg) _ wl in LZ(Q)

e—0t €

and . o . L
lim v(hy + €ly, ho + €ly) — v(hq, ho)

e—0t €

Further, the sensitivity functions 1 and s satisfy

(1) — diApy — V- (hatpy + lu) = mapy — 2ayugpy — bivgyy — byuay — in Q
(1a)r — doAtpy — V - (h;@/fz + l;U) = My — 2a305 — bavihy — byuhy in Q

Iy

i by = —uli-non S

&Z (3.18)
dQ—Q—I—@/)ghQ-n = —vly-n on S

an

P(z,0) = 0 for x€Q
Po(x,0) = 0 for z€Q.
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Proof. Similar to the proof of Lemma 2.2.1, by considering the state PDEs corre-
sponding to the optimal control (hﬁl, hg), the control (h:, hﬁg)E and then forming the

system solves by @ @, we get:

Y

(u —u)y (uf

_dlA—_w_v.h:u_v.l:uf
€ €
= m(u ) —al(u _u)(u6+u)—blv—(u i) —bluE(U —v) in Q
€ € € €
(,U _U)t_d2A<v _v)_Vh_;O) _U) —V'lgﬂe
€ €
:m(v —v) —aQ(v _U)(ve—l—v)—bgv—(u i) —bguE(v —v) in Q
€ € € €
o (3.19)
o= (u —u) - o
dy <+ hy-n+uly-n =0 on §
an
QM € _ . .
da < +(u u>h2'77‘|—u€l2'7’] =0 on S
an
(u _u)(x,()) =0 for x €9
€
(v _U)(x,()) =0 for x €.
€

For (3.19), using Cauchy’s inequality and the Gronwall’s inequality with similar

techniques used for the proof of Lemma 2.0.2 we can show that

u* — uc

I 20y < KY
(v —uc)
I 2oy ey < Ky

v —0f

I 20y < K3
(v —v)
HfHLQ((O,T),(Hl(Q))*) < K

for some constants K, K}, K} and K} .
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Hence, there exists ¥ (z,t) and 19(z,t) in L*((0,T), H(Q2)) such that as ¢ — 0

wlhateluhetcb) Zvlhle) Ly r201). (@)

€
v(hy + €ly, ha + €ly) — v(hy, ha)

€

=4y in L*((0,T),H' (D)

and

((hy + €l1, ha + €ly) — u(hy, ha))e
€

((hy + €y, by + €lo) — v(hy, ha))e R
€

(Y1) in L2((0,7), (H'(2))")

(¢2)t n LQ((07T>’ (HI(Q))*) :

Hence, again by the Simon’s results [44], as ¢ — 0% we have the strong convergence

of the different quotients {(UT_U)} and {@} in L?(Q) given below:

—

u(Ry + eli, ho + ely) — u(hy, ho)
€

— ¢ in LQ(Q)

v(hy + €y, by + €ly) — u(hy, ha)
€

— 77[)2 n L2<Q) .

Then, using the above convergences with techniques as in the proof of Theorem 2.2,

as € goes to zero in (3.19) we get the resulting PDEs (3.18) satisfied by ; and 1)s.
O

Definition (The weak solution for the sensitivity PDE’ )

i, € L2((0,T), HY(Q)) with (1), (v2): € L2((0,T), (H'(Q))") and 4y (x,0) =
0 = ¢9(x,0) is a weak solution for (3.18) if it satisfies,
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T
/ < (@Z}l)taﬁbl >((H1)*,H1) dt —f-/ d1V¢1 . ngl d!Edt+/ @Z)lhl . qul dxdt
0 Q Q
—/mwlgbl dl?dt+/ 2(111,“#19251 dlEdt+/ blvwlqﬁl dlEdt+/ bl?ll/)ggbl dxdt
Q Q Q Q
:—/UQV%dmt
Q
and (3.20)
T —
/ < (¢2>t, ¢2 >((H1)*,H1) dt —|—/ d2v¢2 . ngg dxdt +/ @/)th . qug dxdt
0 Q Q
— / mlpggbg dxdt +/ 2(12U1/J2¢2 dxdt +/ bQUI/qubg dxdt +/ b2u¢2¢2 dxdt
Q Q Q Q

:—/M;V@mm
Q

for all ¢1 ) ¢2 € LQ((()?T)aHl(Q)) :

Here again we can give an explanation of this weak formulation as we did for the

weak formulation of (2.24).

Next, we want to find the adjoint equations such that

Sum of left hand sides of weak forms of sensitivity equations

= Sum of left hand sides of weak forms of the adjoint equations

and we can derive this adjoint system given below in the same way as we did in (2.25).
The non-homogeneous terms on the RHS of the adjoint equations are obtained by
differentiating the integrand of the objective functional with respect to the state

variables v and v.
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The adjoint system:

—(A): — diAXN + By - VAL — mAL + 2a1udy + biods +bovdy = A in Q
_<)\2)t — dQA)\Q -+ h; : V)\Q — m>\2 -+ 2&2@)\2 + b1U)\1 -+ bQU/)\Q =B in Q

oM

a— =0 on S

& (3.21)
% =0 on S

on

Mz, T) = 0 for z€Q
Xo(z,T) = 0 for x€Q.

3.4.4 Characterizing the optimal control h*

Theorem 3.3 (Characterizing an optimal control H*) There exists adjoint functions
A, A € L2(0,7), HY()) with (M), (A2): € L*((0,T), (HY(Q))*) which are weak
solutions of (3.21).

Let (h_;, h_;)* € U be an optimal control for the problem (3.2) with the corresponding
state solutions u*,v* € L*((0,T), H(Q)). Then,

= i (3 228,31,

. v(A2)a;
(he)f = min (MQ, mazx (——(212)) , —MQ))
fori=1,2,...,d

Proof. Note that the adjoint system is linear and a weak solution exists by standard
results.
For an optimal control (h:, h_;)* € U we compute the directional derivative of the

function J((hy, ha)*) with respect to (A1, ho)* in the directions (11, 15) at u* and v* .
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Then, as J(hy, hy)* is the maximum value for the J(hy, hy) we have

J((hy, )™ + €l I3)) — J((hn, Iy)*)

0> lim
e—0t €
(Auf + Bv — C|hy + el — Dlhy" + ez;’|2)
- (Au + Bo— Ol ]2 - D|h;*|2)
= lim / dxdt
e—0t €
QT

— — % -

- / (A + By — 2Chy -1} — 2Dhy - 1) dadt
Q

= / Ay dadt + / By dadt — / 2Ch, -1; dadt — / 2Dhy - Iy dedt  (3.22)
Q Q Q Q

Using the adjoint systems (3.21) to substitute for the first two terms in the right hand
side of (3.22)

/ Ay dwdt + / By dadt — / 20hy - Iy dzdt — / 2Dhy - Iy dzdt
Q Q Q Q
T —
= —/ < ()‘1>t7w1 >((H1)*,H1) dt—l-/ d1V)\1 : le dxdt +/ hl : V)\lwl dxdt
0 Q Q
—/m)\lwl dxdt—i—/ 2a1uN Yy dazdt+/ bivAY da:dt—i—/ bav A1)y dxdt
Q Q Q Q
T
- / < (/\2>t7w2 >((H1)*,H1) dt +/ dQV)\Q : V’lbg dxdt +/ hg : V)\Q’po dxdt
0 Q Q

—/m)\gwg dl’dt—i—/ 2@2@)\ng dl’dt‘i‘/ bl'LL)\lwg dl’dt‘i‘/ bQ'U/)\QwQ dxdt
Q Q Q Q

— / o0Chy -1y dedt — / 9Dhy - Iy dxdt
Q Q
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Using the sensitivity system (3.20)

/ Aty dwdt + / By dadt — / 20hy -1y dzdt — / 2Dhy - Iy dzdt
Q Q Q Q
T —
:/ < (wl)ta)\l > ((HY)*,HY) dt +/ dlvwl -V dzdt + / wlhl -V A dxdt
0 Q Q
—/mgbl)q d$dt~|—/ 2a1 Ut A\ d:rdt+/ biv A dxdt+/ biua N1 dxdt
Q Q Q Q
T
+/ < (wz)t,)\g >((H1)*,H1) dt +/ dszz . V)\Q dxdt +/ wghz . V)\Q dxdt
0 Q Q

—/mwg)\g d$dt+/ 2612’()17D2)\2 dfﬂdt"—/ bngl)\g dl’dt+/ bguwQ)\Q dxdt
Q Q Q Q

- / oCh, - 1; dedt — / 9Dhy - Iy dxdt
Q Q

- / uly -V dadt — / vly - Vg drdt — / oChy - 1; dedt — / 9Dhy - Iy dxdt
Q Q Q Q

= / Iy (uV AL 4+ 2CK) — I - (Vs + 2Dhy ) dadt
Q

=— /Q (i1, 13) - (uV A + 2Chy vV As + 2Dhy ) ddt
Hence, for any (l:, l;) we have

0>— /Q (i1, 1) - (uV A1 + 2Chy vV Ay + 2Dhy ) dwdt
which implies

0< / (i1, 13) - (uV A1 + 2Chy vV Ao + 2Dhy ) dadt (3.23)
Q

Next to characterize this optimal control (hy,hy)* consider (3.23) for different

cases of (hy)f, (he)f fori=1,2,....d .
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Case I: On the set {(x,t): —M; < (h1); < M}, inequality (3.23) implies

({1); can have any sign and choosing (l1); = 0;i # j and I, =0 we get

U(Ar)e;, +2C()7 = 0

(hl)f = -

Case II: On the set {(z,t): (hy); = M}, similarly (3.23) implies
(I); <0 and choosing (Iy); = 0;i # j and I = 0 we get

u()e, +20(h); < 0
< _ Az
M= 2C
. u(A1) g,
(h1)f = min (— (25) ,M1> )

Case III: On the set {(z,t) : (h1); = —M;}, again inequality (3.23) implies
(l1); > 0 and choosing (l1); = 0;i # j and I = 0 we have

w(A)g, +2C(h)f > 0
w(A)g, +2C(=M;) > 0
M, < u(;é,)zz
(h1); = max (_U(é\_gu’ —M1> .

Case IV: On the set {(z,t): —Msy < (h2); < My}, inequality (3.23) implies

(l3); can have any sign and choosing (l2); = 0;7 # j and l; = 0 implies

v(A2)s, +2D(h2); = 0

(o) = 202

2D
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Case V: On the set {(z,t) : (h2); = My}, (3.23) implies
(I); < 0 and choosing (Iy); = 0;i # j and [ = 0 we get

IN

v(A2)a, + 2D(he); 0

’U()\Q);vi + 2DM2

IN

0

U()\2>$i
2D

. v(/\Q)ﬂﬁi
mln(— 5D ,M2>.

M,

IA

(ha);

Case VI: On the set {(z,t) : (hy); = —M,}, similarly inequality (3.23) implies
(I2); > 0 and choosing (l3); = 0;i # j and I; = 0 we have

v(A1)a; +2D(hy); > 0
V(A)e, +2D(=My) > 0
M, < U(;\;))ml
(he); = max <_U<5\12))% )y 2)

Hence, we can characterize the optimal control (hy, hs)* for the problem (3.2) as

(h)f = min (Ml, max <—“(;10>”” , —Ml))

o = i (s (0231

(3.24)

fori=1,2,....d .
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3.4.5 Uniqueness of the optimal control

Theorem 3.4 (Uniqueness of the optimal control). For sufficiently small T, and
for cost coefficients C' and D sufficiently large, the solution to the optimality system
(3.1), (3.21) and (3.24) is unique.

Proof. Similar to the proof of Theorem 2.4, we can prove Theorem 3.4 as given below:

Suppose (u, v), (A1, A2) and (@, D), (A1, A2) are two solutions to the state pde system

(3.1) and (3.21). Hence the corresponding optimal control characterizations are

(h1) = min <M1, max (—“(Qg , —M1>>

(3.25)
_ v(A2),
(h2)f = min (MQ, max (—%, —M2>)
fori=1,2,...,d .
and
(h_l);k = min <M1, max (—u(;\—gxi, —M1>>
e (3.26)
- , U(A2),
(he)F = min <M2, max (—%, —M2>>
fori=1,2,....d .

Consider the change of variables such that,

where a > 0 to be chosen and

paQaﬁa q_7 glanaél?éQ € L2((07T)7 H1<Q)) N LOO(Q)
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with
Pes s s G (€0)1, (&2)1, (§1)e, (&2)e € LP((0,T), (H'(2))*)

Then, by substituting u = e*p, v = e*q and @ = e*p, v = g in (3.1) and

then subtracting the corresponding two systems of equations we get,

alp =)+ (p = P) = diAp = p) = V - (hi(p = p)) = V - (b1 — h)p)

= (p—p)m —ar(p = p)(p+Dp)e” = bi(p — p)ge” — bi(g — @pe” in Q
alg = @)+ (a = D — &A= @) = V- (ha(g = @) = V- ((hy = h2)3)

= (¢ —@m —azx(g — Q)(qg + e = ba(p — P)ge” — ba(q — Ppe™  in Q

a - - N =
d (panp)+(p_p)h1.77+p(hl_h1)-77 =0 on S (3.27)

d(q—q)
on

do +(q—Qhy-n+qhy—hy)-p =0 on S

(p—p)(z,0) = 0 for z€Q

(¢q—q)(x,0) = 0 for 2€Q
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Then, by substituting \; = e~%&;, Ay = e %& and A = e &, Ay = e &, in

(3.21) and subtracting the corresponding systems of equations we get,

alér — &) — (6 — &) — hAE — &) + by - V(& — &) + (hy — h)VE

= m(& — &) — 2a1(p — P)&e™ + 2a1 (& — &1)pe®™ — bi(q — Q)&
—bi(& — &)ge™ — ba(q — D&e™ — by(& — &)ge®  in Q,

albs — &) — (62— &) — b A(E — &) + iy - V(Ea — &) + (hy — ha) VE,

= m(& — &) — 2a2(q — 7)Se™ — 2a2(& — &)ge™ — bi(p — P)&re™

—bi(& — &)pe™ = ba(p — P)&ae™ — ba(&r — E)pe™  in Q, (3.28)
(élan fl) -0 on S
(52877 52) -0 on S

(&1 - &) (2, T) = 0 for x€Q
(& — &) (2, T) = 0  for x€Q .

Note that by (3.25) and (3.26) we have

(gt = (CA Ty,
= V6~ PVE)?
= 2l - PVE — V(G - &) (3.29)
and
(s~ 1) = 75l — Ve — 19(6 — &)

By using standard regularity theory for the equations of &, & with k = 1,2, and
the boundedness of p,p, q, @, &1, &1, &, o, 51, ﬁg,m, we can derive the L*°-bounds on
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|V&| and |VE,|, where the bounds only depends on M, Ma, the initial data, and the
coeflicients of the system (3.1) [16, Lemma 5.2].

Then, by the standard estimation techniques, L* bounds on
0.5, .7, &1, &1, €, Ea, by, ha, m , L bounds on |V (2, t)] and |VE (z,t)| for all (z,t) €
@, Cauchy’s inequality and Holder’s inequality on the first and second PDEs in (3.27),
(3.28) and (3.29) we get

(4= Co— pr — pacT) / (b — p)dadt
Q

+(a=Co - ps— pae™) /Q (¢ — )*dudt
+ (a— Co— ps — pee””) /Q(fl — &) dadt
+ (CL - C() — P7r — pg@aT) /Q(§2 - 52)2dl'dt (330>
+ % / [(p - ]5)2(:L‘,T) + (q - q_)Q(x’ T) + (él - 5_1)2('%7 0) + (52 - 5_2)2('1;’ 0)]d:)3
Q
[ IV0 =P + 190~ D + 96~ &) + 196~ &)F) de

<0.

where, I', p1, p2, p3, pa, P5, Pe, pr and pg depending on the L> bounds of
b, ]57 q, Q7 517 gl) 627 527 h_i, h_éa m, ‘vél (.CE, t)’ ) ’v51 (:U7 t)‘ and Sufﬁciently large cost coef-

ficients C' and D values .

Now, fixing a such that

a >maz[(Co + p1 + p2) » (Co+ps+pa), (Co+ps+ps) . (Co+ pr+ps)]

and by choosing T very small (3.30) implies that,

pP=0,q=7,&=&,&=6&
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and hence we have

U:ﬂ,U:@, Alle, )\2:):2

which implies the uniqueness of the optimum solution for a small time interval.

3.5 Numerical results
Numerical results for the 1-D problem

To study the numerical solutions first we have considered the one dimensional

problem corresponds to problem (3.2):
up — dytg, — (hu), = um —ayu] —bjuv  on  (0,L) x (0,7)
vy — dovzy — (hov), = v[m — agv] —bouv  on (0,L) x (0,T)

diuy -v+uhy-v =0 for =0 or L and te€(0,7)
(3.31)
dovy -v+uhy-v =0 for =0 or L and te (0,7)

u(z,0) = wuo(z) >0 for x€(0,L)

v(z,0) = vo(x) >0 for z€(0,L)

Hence from (3.24) we have

: Atz
hi = min (Ml, max (_U(2611) , —]\/[1)>

. v(A2)p
hs = min <M2,max (—%, —M2>) )

For our numerical simulations, we used parameter values

d1:d2:0.2, CL1:CL2:1,A:B:1, C=D=05
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and chose the optimal controls to satisfy

—4§h1§4and —4§h2§4

in a domain of spatial length of 5 units in 2 units of time. With our notation for the

sign of advection terms, h; being negative (positive) represents movement to right

(left).

(a) z/5 (b) sin(mwx/5)

Figure 3.1: Different resource functions m(x)

(a) (b)

Figure 3.2: Different initial conditions: (3.2a) Smaller initial population at middle,
(3.2b) Two smaller initial populations overlapping in the middle

Similar to what we did in Chapter 2, we considered several cases with different
resource functions, initial conditions and competition coefficients. For resource
functions, we chose m(z) = £, sin(rz/5) and m = % as shown in Figure 3.1.
The initial conditions are shown in Figure 3.2. In our Figures 3.3 — 3.7, we represent
u population in green, v population in red, optimal control A; in blue and the optimal
control hy, in magenta.

From the numerical results in Figure 2.3 — 2.5 in Chapter 2, we can see that when

the population level is higher at some location, their directed movement may also be
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affected by diffusion. For this reason to show the competition effect separate from
the diffusion effect, in Figures 3.3 — 3.7 we have used smaller initial conditions as in
Figure 3.2a , 3.2b in our numerical simulations for the competition system (3.31).
Using the initial conditions given in Figure 3.2a, with the resource functions given
in Figure 3.1a, 3.1b, the numerical simulation results are in Figures 3.3 — 3.4. Here,
in both figures we have taken b; = by = 4 and the both populations were taken to be

with the same initial condition.

(a) (b)

Figure 3.3: Two populations with competition: Population dynamics and optimal
control with a smaller IC as in Figure 3.2a and the resource function m = x/5 as
given in Figure 3.1a ; (3.3a) Optimal control hy, (3.3b) Population distribution of u

Figure 3.3 gives the optimal control h; and the population distribution of v when
the resources are at one boundary as in Figure 3.1a and the initial populations levels
are smaller and located at the center of the spatial domain as in Figure 3.2a. As
we have taken the same parameter values and the initial conditions for the two
populations both u and v populations react in the same way and optimal control
hs is as same as the optimal control h; in Figure 3.3a and the population distribution
of v is as same as the population distribution of v in Figure 3.3b. In Figure 3.3a
compared to the Figure 2.3a, we can see that when there is a competition in spite
of the smaller population abundance level both populations tend to move away from
each competing population’s high density areas. Yet the individuals closer to the
higher resources move a little faster toward resources than the individuals moving

toward the other direction.
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(a) (b)

Figure 3.4: Two populations with competition: Population dynamics and optimal
control with a smaller IC as in Figure 3.2a and the resource function m = sin(wz/5)
as given in Figure 3.1b ; (3.4a) Optimal control hy, (3.4b) Population distribution of
u

In Figure 3.4 we give the optimal control h; and the population distribution of
u over (Q when the resources are located at the center of the domain as in Figure
3.1b and the initial populations levels are smaller and located at the center of the
spatial domain as in Figure 3.2a. Again, we need to show only one population. The
population moves in an opposite way in Figure 3.4a as compared with Figure 2.4a.
In spite of the smaller population level, both populations tend to move away from
each other but not towards the resources.

Further, to see the dynamics of two competing populations, we have run the
numerical simulations with the initial condition in Figure 3.2b with the resource
functions in Figure 3.1a, 3.1b. In Figure 3.5 we have the two optimal controls and
the population distributions of the two populations over () when the resources are
higher at one boundary as in Figure 3.1a and the initial populations levels are smaller
and are overlapping only at the center of the spatial domain as in Figure 3.2b. From
the results we can see the two populations (green, red) tend to move towards the two
opposite boundaries to move away from each other.

In Figure 3.6 we give the two optimal controls and the population distributions of
the two populations over () when the resources are higher at the center as in Figure

3.1b and the initial populations levels are smaller and are overlapping only at the
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(a) (b)

v population

(c) (d)

Figure 3.5: Two populations with competition: Population dynamics and optimal
control with a smaller IC as in Figure 3.2b and the resource function m = z/5 as
given in Figure 3.1a ; (3.5a) Optimal control hy, (3.5b) Population distribution of u,
(3.5¢) Optimal control hg, (3.5d) Population distribution of v

center of the spatial domain as in Figure 3.2b. Again, similar to Figure 3.5, we can
see the two populations tend to move towards the two opposite boundaries to move
away from each other and not towards the better resources.

Hence, from the numerical results in Figures 3.3 — 3.6 we can see that when there
is a high competition (b = by = 4), in spite of the smaller population abundance
level and the favorable resource location, they tend to move away from each other.
But, this reaction could depend on the competition coefficients b; and by and we need

further analysis to see any relationship.

To see how each population will react when they have different competition
coefficients, in Figure 3.7, we have taken the competition coefficients to be b; = 4
and b, = 0.5 and considered the population dynamics and the optimal controls with

a smaller initial condition in Figure 3.2a and resources in Figure 3.1b. Note that here
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u population

(a) (b)

(c) (d)

Figure 3.6: Two populations with competition: Population dynamics and optimal
control with a smaller IC as in Figure 3.2b and the resource function m = sin(wz/5)
as given in Figure 3.1b ; (3.6a) Optimal control hy, (3.6b) Population distribution of
u, (3.6¢) Optimal control he, (3.6d) Population distribution of v

again we take initial populations to be the same for both v and v. Compared to the
results in Figure 3.4, in Figure 3.7 we see that when the competition coefficients are
different two populations move in different ways. From Figure 3.7a we can see that
u population (green) tend to move towards the two boundaries to move away from v
population (red). But, in contrast to Figure 3.7a, in Figure 3.7c we can see that v
population tends to move towards the center, with better resources.

Hence, from the numerical results in Figure 3.7 we can see that the directed

movements of the competing populations can also depend on the competition rates.
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(c) (d)

Figure 3.7: Two populations with different competition rates: Population dynamics
and optimal control with a smaller IC as in Figure 3.2a and the resource function
m = sin(mx/5) as given in Figure 3.1b and by =4 , by = 0.5 ; (3.7a) Optimal control
hy, (3.7b) Population distribution of u, (3.7c¢) Optimal control hs, (3.7d) Population
distribution of v

3.6 Conclusions

Optimal control analysis for controlling the advection directions in a parabolic PDE
systems for competing populations was completed to obtain existence, uniqueness and
characterization of the optimal control. The characterization involving the adjoint
functions shows the explicit dependence on the coefficients, A, B,C and D, in the
objective functional.

With numerical simulations, we were able to show the competing population
does not always choose the advection direction to move toward increasing resources.
When the initial condition has a sufficiently high population with some variation,
the movement may be chosen to move to level each population, sometimes instead

of moving toward increasing resources and avoiding competing population. With the
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use of almost flat initial conditions, the level of the competition coefficients can also
influence the choice of movement direction.

This numerical work indicates some interesting relationships between the optimal
advective directions and the initial conditions, diffusion effects, competition rates, and
resources; further work to study these relationship is warranted. The features of these
PDEs and the corresponding numerical simulations need to be generalized for further
investigation. Having variable diffusion, growth and competition rates will also have
an impact on the optimal controls. The parameters A, B in the objective functional
could be functions to force different choices on the populations. It would also be
interesting to do some simulations in two space dimensions. Population interactions
besides competition may also be considered. In our future work, we expect to continue

this investigation with more generality.
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Chapter 4

Johne’s Disease problem

4.1 Introduction

Johne’s disease is a bacterial infection caused by Mycobacterium avium subspecies
paratuberculosis (MAP). It is a chronic, progressive, and infectious disease which has a
long incubation period. It affects the small intestine of ruminants and ultimately leads
to the death of the animal. Usually MAP spreads through fecal-oral transmission,
MAP contaminated feces, water, soil, milk and colostrum [37, 40, 48]. In utero
transmission was also reported [48].

MAP is a bacterium with a very slow growth rate. MAP is resistent to the heat
and cold and hence, it can survive outside in the environment for a year or longer
[48, 50]. But, in nature, MAP needs a host cell to grow and it extracts the iron from
the host cells. Hence, MAP cannot replicate outside a host in the environment. [48§]

Johne’s disease is important to study as its economic impact on the dairy industry
and its possible connection to the human disease, Crohn’s disease. MAP had been
estimated to be present in about 68% of US dairy operations [47]. The main problem
of Johne’s disease to the dairy industry is the reduction in milk production and the
premature culling of the infected animals. This causes about $200 million to $250

million annual loss in the productivity of the dairy industry [47]. Although, Johne’s
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disease is curable by antibiotics, the treatment is not economically feasible to dairy
farmers. Further most importantly there is a controversy that the MAP could be be
a cause for the Crohn’s disease [42, 45, 46].

An important way of controlling Johne’s disease is through proper management of
animals in the farm [48]. The use of antibiotics has not been successful in controlling
the disease [48]. There are two main ways to diagnosis Johne’s disease. One is by
testing for the bacteria (MAP) and the other is by testing for the antibodies. In the
first method of testing, the fecal oral samples collected from the animals or from the
surrounding environment is tested, and due to the slow growth of the MAP these
tests could take about two months for the results. In the second method of testing,
either blood or milk is tested for the antibodies and the results can be collected much
faster than in the first case. ELISA (enzyme-linked immunosorbent assays) is an
antibody test which is widely used for Johne’s disease [48]. But, recently Eda and
his collaborates have developed a test called EVELISA (ELISA using ethanol extract
of MAP) with better sensitivity [37, 43] than the standard ELISA test. Culling the
animals with positive test results has been studied as a control of the Johne’s disease
in dairy farms. In [32], it is shown that with proper farm management, the culling the
high shedding animals can be used to control the disease. Further, it showed that for
better results the testing has to be done more frequently than once a year to identify
the high shedders.

As the Johne’s disease has a long incubation period, mathematical models can do a
great deal of work to understand the dynamics of the disease and to predict the effect
of different control strategies before implementing and collecting the data in the field.
In that regard, much work has been done on modeling the dynamics of the Johne’s
disease. In a review paper Marce et al. [33] described eight existing epidemiological
models describing the within-herd MAP transmission in dairy farms. Out of those
models, four models were discrete-time stochastic models, one was a discrete-time
deterministic model and three were continuous-time deterministic models. Some

of these models considered the horizontal transmission. But only one, Humpry et
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al.,[22] considered the ingestion of feces through the environment in their discrete-time
stochastic model investigating the dynamics of the Johne’s disease in a suckler-beef
herd.

In [35], Marce et al. developed a stochastic model including both the vertical
transmission and the horizontal transmission through the ingestion of colostrum,
milk or feces in the environment, and they also considered the possibility of calf—
to—calf disease transmission. Here, they studied the dynamics of MAP when no
control measures are implemented. For their model they divided the calves in
to six categories as susceptible, resistant, transiently infectious, latently infected,
subclinically infected and clinically infected. Further, they considered several
contaminated environments for each cow category, the environment of the whole farm
and the outdoor environment of calves when they graze.

Then, in [36] Marce et al. studied the effect of the contact structure of animals
in a continually infected dairy farm on the transmission of MAP using the stochastic
model developed in [35].

In [46], Massaro et al. developed a discrete mathematical model to describe the
dynamics of the Johne’s disease in a dairy farm. Here they have considered the
contact structure of the animals in the farm and categorize the animal compartments
according to the stage of the disease as well as the age. In their work, they studied
the cost effectiveness of using the EVELISA testing.

Recently, Robins et al. [40] developed an agent based model to study the dynamics
of the Johne’s disease in an dairy farm. Here, they implicitly incorporated the the
effect of the bacteria in the environment. Further, they have studied the effect of

different disease transmission routes on the prevalence of the disease in the system.
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4.2 Problem formulation

4.2.1 Formulation of the main model

In our study we developed a continuous deterministic model to describe the dynamics
of the Johne’s disease in a dairy farm. Here, we analyze the dynamics of the
Johne’s disease prevalence by taking the environmental persistence of the bacteria into
account.In this model we use a system of ordinary differential equations to describe
the behavior of Johne’s disease among dairy cows considering the progression of the
disease and the age structure of the cows. Here we categorize the cows into three
age groups as 0 - 2 months as calves, 2 - 24 months as heifers and above 24 months
as adults, similar to our previous papers [37, 40]. Then, we further divide these age
categories according to the stage of the disease as explained later.

Here, only the female cows are taken into account and male newborn calves would
be removed from the dairy farm. In common dairy farm management, the cows are
grouped in different locations according to the age and the milk production. Shortly
after the birth the calves are moved into individual hutches and the heifers and adults
are kept at separate locations. Usually the adult cows can be in four different locations
(housing) as pasture, pregnancy pen, lactation barn and maternity barn. But, in our
model for simplicity we consider one location for all the adult cows.

We assume that the calves born to susceptible and exposed adults to be not
infected with MAP at the birth. But, soon after the birth, some calves born to
susceptible or exposed adults can be infected with the MAP in the adult’s environment
(direct contact or from MAP in environment). Also, we assume that some calves
born to infected adults can be infected in-utero (vertical transmission) and some
will born without the infection. Further, the susceptible calves can be infected
by the MAP contaminated colostrum and milk. Hence, we subdivided the calves

into two categories as susceptible and exposed. We did not consider the calves
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progressing stages, as the calves are kept in individual hutches and MAP shed into
the environment does not contribute to the MAP transmission.

As we assume the heifers can only progress in disease to the level of low shedding,
the heifers are sub-divided into three categories as susceptible, exposed and low
shedding. Since, there are low shedding animals among heifers, the heifer group
housing is considered to have bacteria in that environment (called environment 1 in
the model). As a result susceptible heifers not only get infected by direct interaction
with low shedding heifers but also by the bacteria in their housing environment.

In the adult category, infected adults can further progress in disease to the level of
high shedding. Thus, the adults were subdivided into four categories as susceptible,
exposed, low shedding and high shedding. Also, due to the low shedding and high
shedding adults, their barns were considered to be contaminated with the bacteria
(called environment 2 in the model). Hence, the susceptible adults can be infected
due to the direct interaction with low shedding and high shedding cows and also due
to the interaction with the environment. In a dairy system, testing and culling can
be used to control the Johne’s disease [32]. In common management the cows are
tested for the Johne’s disease once or twice a year and if the cows are tested positive
as a high shedder they are likely removed from the system.

With all the above assumptions and the two environments, we use a system of 11
ordinary differential equations to describe the dynamics of the Johne’s disease in a
dairy farm. In our system we do not consider a category for resistant animals. We
assume that the units of time are per day.

Here, we assumed the same birth rates for the susceptible and exposed adults and
a different birth rate for the infected adults. Also, we assume two different vertical
transmission rates for low shedding and high shedding animals. Further, different
death rates are used for each category and we assume that the culled animals are
replaced by susceptible heifers. Also, we use different infection rates for the calves
due to the colostrum and milk from low shedders and high shedders. Further, we use

different contact rates for the susceptible heifers with the low shedding heifers and for
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the susceptible adults with the low shedding adults and high shedding adults. In the
two environments we assumed the same death rate for the bacteria in the environment
1 and environment 2 and three different values for the rates at which the bacteria
is added to the corresponding environment from low shedding heifers, low shedding
adults and high shedding adults. Further, we assumed two different values for the
probability of getting infected from the bacteria in the environment for the calves and
for the heifers and adults.

In this study our main goal is to analyse the role of the environments in disease
transmission and to analyze the effect of cleaning the environment in controlling the
disease. Due to the infrequent testing and low diagnostic test sensitivity, later we

wish to add these features as a control into our ODE system.

Susceptible births Exposed births
Sc * Ec
Hse HEe
L3
L K ¥ 9 \
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J45h MER Hin
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Figure 4.1: Flow diagram of the transition of Johnes disease

The flow diagram of our model of the Johne’s disease is given in Figure 4.1.
In Figure 4.1, the horizontal arrows represent the progression in disease stages
and the vertical arrows represent the age transmission. The horizontal dashed

arrows represent the sources that the amount of bacteria in the environment 1 and
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environment 2 has added to the environment 1 and environment 2. Further, the
curved dashed arrows indicate that the bacteria in the environment 1 and 2 interact

with the susceptible animals.Our compartments and parameters are listed below:

S. = Number of susceptible calves

Sp = Number of susceptible heifers

S, = Number of susceptible adults

E. = Number of exposed calves

E), = Number of exposed heifers

E, = Number of exposed adults

Ly, = Number of low shedding heifers

L, = Number of low shedding adults

H, = Number of high shedding adults

B; = Amount of bacteria (MAP) in the environment 1 (Scaled in 10®)
By = Amount of bacteria (MAP) in the environment 2 (Scaled in 10%)

b = Birth rate of calves from susceptible and exposed adults
by, = Birth rate of calves from low-shedding adults

by, = Birth rate of calves from high-shedding adults

is., = Death rate of susceptible calves

s, = Death rate of susceptible heifers

is, = Death rate of susceptible adults

e, = Death rate of exposed calves

i, = Death rate of exposed heifers

e, = Death rate of exposed adults

iz, = Death rate of low shedding heifers

i1, = Death rate of low shedding adults

i, = Death rate of high shedding adults

up, = Decay rate of bacteria (MAP) in the heifers environment

g, = Decay rate of bacteria (MAP) in the adults environment

129



0 = Culling rate of high-shedding adults

vy, = Probability of getting infected through vertical transmission from
low-shedding adults

vy = Probability of getting infected through vertical transmission from
high-shedding adults

a; = Transfer rate from calves to heifers due to age progression

as = Transfer rate from heifers to adults due to age progression

d,; = Transfer rate from exposed heifers to low shedding heifers

do = Transfer rate from exposed adults to low shedding adults

d3 = Transfer rate from low shedding adults to high shedding adults

(1 = Transmission rate for susceptible calves due to the colostrum and milk from
low shedding adults

B> = Transmission rate for susceptible calves due to the colostrum and milk from
high shedding adults

~v1 = Transmission rate for susceptible heifers due to direct contact with
low-shedding heifers

~v» = Transmission rate for susceptible adults due to direct contact with
low-shedding adults

~v3 = Transmission rate for susceptible adults due to direct contact with

high-shedding adults

A1 = Rate at which the bacteria is added to the heifers environment from the
low-shedding heifers

Ay = Rate at which the bacteria is added to the adults environment from the
low-shedding adults

A3 = Rate at which the bacteria is added to the adults environment from the

high-shedding adults

The bacteria MAP enters the environment mainly from the feces of the shedding

cows. The low shedding cows shed less MAP (1-50 MAP /gram of feces)[39] compared
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to the MAP shed by high shedding cows (100-10,000,000 MAP /gram of feces)[49]. In
average a cow produces about 29.5 kg of feces per day [18].

To define the transmission of the Johne’s disease due to the bacteria in the
environment we need a function with a threshold level before its transition to
maximum. Thus, to find our infection terms with B; and B, we use the function

given below with a threshold effect

_B

fB= (1.1

1+ Kye ®1
In (4.1), B is the total amount of bacteria taken by an animal and K; and K5
are two constants representing the effect of the infectious nature of bacteria. More
precisely, K reflects the heterogeneity of infectiousness in the bacteria population

and K, reflects the infecting ability of the bacteria.
To transmit MAP, there is an infection dose at 10,000 MAP [19]. So, ingesting a

lower level of MAP may not result in transmission. Hence, first, we figure out K7,

and K5 values to capture this infectiousness of the MAP.

1(B) wiht respect to B when K2=50 fixed and K1 changing
T G T T T

=T =T T
k1=0
/ k=5
(118 . k=100 [
f k1=200
f k1=500
| ki=1000
L / —— k1=5000 [
—— ki= 10000

0T

06

f(B)
T

04

03

0.2

01H 3

Figure 4.2: F(B) for different K; values with a fixed K, value (K5 = 50)
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f(B) wiht respect to B when K1=100 fixed and K2 changing
T T

P
> e T T T

o < | 1 |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
B value

Figure 4.3: F(B) for different K, values with a fixed K; value (K; = 100)

Figure 4.2 shows how the f(B) function changes with respect to B and K; with
a fixed Ky value. From the Figure 4.2 we can see that K changes the slope, shape
and the threshold value of the function.

Figure 4.3 shows how the f(B) function changes with respect to B and K, with a
fixed K7 value. We can see that Ky changes the threshold value of the function and
does not affect the slope of the graph.

Hence, for our problem, we have picked K; = 1000 and K, = 100 such that
f£(10000) = 1 and f(5000) ~ 0.5, since ingesting 10000 MAP bacteria is very likely
to result in an infection [19]. The graph of the F(B) function with K; = 1000 and
Ky =100 is given in Figure 4.4.

In our ODE model, we take By and B, to represent the total amount of MAP in the
heifers environment and the adults environment. Now, that B represents the amount
of bacteria taken by an animal, we use a scaling factor C' to reflect that the animal

consumes only a proportion of bacteria in the environment such that B = B; x C.

To calculate this proportion of bacteria taken by an animal (C'), here we assumes

that the bacteria is evenly distributed in the feces and the surrounding environment.
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f(B) with respect to B when K1=1000 and K2 =100
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Figure 4.4: F(B) with K; = 1000 and K, = 100

Since feces are the main route for MAP to enter and survive in the surrounding
environment, in our calculations, the proportion of bacteria taken by and animal per
day is approximated by the proportion of the feces taken by an animal per day.

We approximate the amount of new feces enter the environment each day by
assuming 800 heifers and 1000 adults in the farm. We calculate the total amount of
new feces in the environment 1 and environment 2 per day as below. Here we take in

average a cow produces about 29.5 kg of feces per day [18]

Total amount of new feces in the environment 1 per day = 800 x 29.5 x 10%mg
= 2.36 x 10"%myg
Total amount of new feces in the environment 2 per day = 1000 x 29.5 x 10%ng

= 2.95 x 10"%mg

We assume that a cow will take about 1 mg of feces per day. Hence the proportion

of feces taken by an animal per day (Cr) for two environments can be calculated as
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given below. Here, we approximate the proportion of the feces taken by an animal

per day, by the proportion of the new feces taken by an animal per day (Cp).

For environment 1:
1

I 11
ClF— 2.36X1010 4.23 x 10
For environment 2:
1
=~ =3 1071
Cor = 595510~ 239 x 10

Hence, for simplicity, we average C;r and Cyr and use Cr = 3.8 x 107! for both
environments.

In our numerical simulations we scale B; and B, in ten millions (10®). Hence,
to adjust for the By, By units in 10%, the Cr above gives C' = 0.0038 in our F(B;)
function for the model.

Next to represent that the calves are more vulnerable to disease than the heifers
and adults we use some parameters p,ry, s to represent the probability of getting
infected by the MAP in the environment for calves heifers and adults respectively,

with p > r; =nry

p = Probability of new born susceptible calves getting infected by the MAP in the
adult environment

r1 = Probability of susceptible heifers getting infected by the MAP in the heifers
environment

ro = Probability of susceptible adults getting infected by the MAP in the adult

environment .
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We describe the dynamics of the system with above assumptions using the

following system of ODEs.

ByC
ds. 1—e &
7 = b(Sa + Ea)(l — pmﬁ) + bL,l(l — VL)La + bHa(l — VH)Ha
+ Koe ©1
— Cllsc — 615(;[/(1 — ﬂzScHa — MSCSC
_ByC
dE, 1l—e &
dt - b(Sa + Ea)p—BQC + bLaVLLa + bHaVHHa + BIScLa + /BQSCHQ
1 + ng_Tl
- CL1EC - ,chEc
ds 1 —e ®
— e Kq
d_'[,‘h = alSc + 5Ha — ’ylSth — Tlsh—Blc — GQSh — FLShSh
1 —+ KQG_Tl
dE —H
1—e 51
d_th = a B + 1 Sply + 1iShv———55 — @By — diEy — g, B
14+ Kye &1
dLy,
- diEy, — as Ly — pr, L,
ds P
_ K
dta - GQSh - ’YQSaLa - 73SaHa - T2Sa,6—;20 - MSaSa
14+ Kye K1
dE R
a 1- K1
o as By + 728, Lg + 73SaH, + 7”2Saﬁ —dyby — pp, B
1 + K2€ K
dL,
= apLp +dyEy — d3Ly — pir, La
dt
dH
2 =dsL, — H,—-90H,
i 3 K,
dB;
i = MLy — pp, B
dB
d_t2 = /\QLa + >\3Ha - ILLBQBQ .
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b

p

We explain the terms in the model below.

b(S, + E.)
bLa(l — l/L)La

Number of calves born to susceptible and exposed adults

Number of susceptible calves born to low shedding adults

v Labr, Number of exposed calves born to low shedding adults
(vertical transmission)
u, (1 —vy)H, Number of susceptible calves born to high shedding adults
vy H,by, Number of exposed calves born to high shedding adults
(vertical transmission)
£1S.L, Number of susceptible calves become exposed calves due to the
colostrum and milk from low shedding adults
B2S.H, Number of susceptible calves become exposed calves due to the
colostrum and milk from high shedding adults
Y1Sp Ly, Number of susceptible heifers become exposed heifers due to
direct interactions with low shedding heifers
Yo SaLa Number of susceptible adults become exposed adults due to
direct interactions with low shedding adults
v3S.H, Number of susceptible adults become exposed adults due to
direct interactions with high shedding adults
1-— eiBKLIC
——————5;50(5 + E,) — From the calves born to susceptible and exposed
1+ Kee X1
adults the number of calves become exposed due to
e the bacteria in the adults environment.
_BiC
r1Sh L-e K; = — Number of susceptible heifers become exposed heifers
1+ Kee X1

due to the bacteria in the environment 1
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T2Sa

aflEc

asSh

CLQEh

as Ly,

di Ep

d3La

MSCSC

MEC EC

:u‘ShSh

ByC

1 _ K
6—;20 — Number of susceptible adults become exposed adults
1+ Koe &1

due to the bacteria in the environment 2

Number of susceptible calves progress to susceptible heifers due to age
progression

Number of exposed calves progress to exposed heifers due to age
progression

Number of susceptible heifers progress to susceptible adults due to age
progression

Number of exposed heifers progress to exposed adults due to age
progression

Number of low shedding heifers progress to low shedding adults due to
age progression

Number of exposed heifers become low shedding heifers due to disease
progression

Number of exposed adults become low shedding adults due to disease
progression

Number of low shedding adults become high shedding adults due to
disease progression

Number of susceptible calves remove from the class due to natural
death

Number of exposed calves remove from the class due to natural death
Number of susceptible heifers remove from the class due to natural

death
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MEhEh

ter, L

/“’LSaSa

/"LEa ECL

ILLLG, La

MHaHa

0H,
)\1Lh

AL,

pB, B

e

Number of exposed heifers remove from the class due to natural death
Number of low shedding heifers remove from the class due to natural
death

Number of susceptible adults remove from the class due to natural
death

Number of exposed adults remove from the class due to natural death
Number of low shedding adults remove from the class due to natural
death

Number of high shedding adults remove from the class due to natural
death

Culled number of high shedding adults

Amount of MAP added to the environment 1 from the low shedding
heifers

Amount of MAP added to the environment 2 from the low shedding
adults

Amount of MAP added to the environment 2 from the high shedding
adults

Amount of MAP removed from the environment 1 due to natural decay
of the bacteria
Amount of MAP removed from the environment 2 due to natural decay

of the bacteria .

4.2.2 Formulation of the simplified model

Before analyzing the above model in section 4.2, first we consider a simplified model

with one environment compartment for stability analysis. In this simplified version
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we divide the cows into only two categories according to the age; we take 1-2 months
old animals as calves and the animals above 2 months as adults. Further, we combine
both low and high shedders as one shedders compartment and consider only the
adult environment for the disease transmission through the environment and the
environment gets the bacteria (MAP) from the feces of the shedding cows.

Similarly as in the complete model, the effect of the MAP in the environment is

described by

1 _ BeC

— e Kq

f(B€> = — B.C
1+ KQ@ K1

with the same interpretation and values for the constants K, Ky and C.

Susceptible Exposedbirths
birthsl l
st * £
e HEc
a
L v g
Replacements K
— " sa *  Ea L -1 ] s i P
TE=) HEa un/l
&

Figure 4.5: Flow diagram of the transition of Johne’s disease in the simplified case

The flow diagram of the Johne’s disease in the simplified model is displayed
in Figure 4.5. Similarly as in Figure 4.1, in Figure 4.5, the horizontal arrows
represent the progression in disease stages and the vertical arrows represent the age
transmission. The horizontal dashed arrows represent the sources that the amount of
bacteria has added to the environment. Further, the curved dashed arrows indicate

that the bacteria in the environment interact with the susceptible adults.
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We list the compartments and parameters in our simplified model:

S. = Number of susceptible calves
S, = Number of susceptible adults
E. = Number of exposed calves
E, = Number of exposed adults
H = Number of shedding adults

B. = Amount of bacteria (MAP) in the environment

b = Birth rate of calves from susceptible and exposed adults

by = Birth rate of calves from shedding adults

is, = Death rate of susceptible calves

is, = Death rate of susceptible adults

e, = Death rate of exposed calves

e, = Death rate of exposed adults

1y = Death rate of shedding adults

g, = Death rate of the bacteria in the environment

a; = Transfer rate from calves to adults due to age progression

d = Transfer rate from exposed to shedding

vy = Probability of getting infected through vertical transmission from shedding
adults

B = Contact rate of H with Sc (For the colostrum and milk)

~v = Contact rate of susceptible adults with shedding adults

p = Probability of new born susceptible calves getting infected by the MAP in the
adult environment

r = Probability of susceptible adults getting infected by the MAP in the
environment

A = Rate at which the bacteria is added to the environment from the shedding
adults

0 = Culling rate of shedding cows
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K; = 1000 — reflects the heterogeneity of infectiousness in the bacteria
population

K, = 100 — reflects the infecting ability of the bacteria (representing threshold)

C = 0.0038 — a scaling factor to reflect that the animal picks only a proportion

of feces in the environment

We describe the dynamics of the simplified model using the following system of

ODEs.

ds. 1 —e
¢ = b(Su+ E)(1 = p————5=) +bu(1 —vi)H — 1S — pis, S. = BS.H
1 + KQB K
dE P
c —€ 1
dt = b(Sa—f_Ea)pﬁ+bHVHH+BScH_a'1Ec_MECEc
14+ Kye £
ds |-
_ K]
=t = @S+ 0H — S, H = rSy————5= — is S,
1+ K2€ K1
dE - H
_ K
2 = CLlEC -+ "}/SCLH -+ T’Sae—Bec — ,uEaEa — dEa

dt 1+ ng_ K1

dH

— = dFE, — pgH — 0H

dt HH
dB.

= AH — up_ B.
dt HB.
Again we explain the terms in the model.
b(S, + E,) — Total number of calves born to susceptible and exposed adults
by(l —vyg)H — Total number of susceptible calves born to shedding adults
vgbgyH — Number of exposed calves born to shedding adults
(vertical transmission)
B8S.H — Number of susceptible calves become exposed calves due to the

colostrum and milk from shedding adults
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vS.H — Number of susceptible adults become exposed adults due to

direct interactions with shedding adults

_BeC
TSQL_K;EC — Number of susceptible adults become exposed adults
1+ Kqe &1
e due to the bacteria in the adults environment
p%b(é’a + E,) — From the calves born to susceptible and exposed
1+ Kye 1
adults the number of calves become exposed due to
the bacteria in the adults environment
a1S. — Number of susceptible calves progress to susceptible adults due to age
progression
a1 E. — Number of exposed calves progress to exposed adults due to age
progression
dE, — Number of exposed adults become shedding adults due to disease
progression
is.S. — Number of susceptible calves remove from the class due to natural
death
we. . — Number of exposed calves remove from the class due to natural death
ts,Se — Number of susceptible adults remove from the class due to natural
death
e, E, — Number of exposed adults remove from the class due to natural death
wgH — Number of shedding adults remove from the class due to natural
death

0H — Culled number of shedding adults
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AH — Amount of MAP added to the environment from the shedding
adults
e, Be — Amount of MAP removed from the environment due to natural decay

of the bacteria .

4.2.3 Stability of the disease free equilibrium of the simpli-

fied dynamic system
To use the next generation matrix method [2, 4, 11, 12, 14], we use the ODEs for

the infected classes and the noninfected classes separately. The equations for infected

classes are:

BeC
dFE. 1—e &
= b(Sa + Ea)p—BEC + bHVHH + 5SCH — alEc — ,UECEC
dt 1 =+ ng_Tl
dE 1 e H
_ K,
2 = CllEc -+ ’)/SaH + TSae—BcC — ,LLEaEa — dEa
dt 1 + ng_Tl
dH
— = dE, — ugH — 6H
dt 201
dB
© = \H - B,
dt KB,

and the equations for uninfected classes are:

dS. 1-— 6_31?10
= b(Su+ E)(l —p———52=) tbu(l —ve)H — a1S; — ps.Se — BSH
dt 1+ Kye ®1
(4.2)
ds l—e 1
* = S, +6H —vS,H — T‘SGL;EC — s, Sq - (4.3)
dt 1+ Kee &
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Disease free equilibrium (DFE):

Disease free equilibrium is the equilibrium point where the disease does not exist in
the system. Hence, at the disease free equilibrium we have £, = E, = H = B, = 0.

By setting
dEc_dEa_ﬂ_@_dSc_dSa_o
dt dt  dt dt dt  dt

we find the conditions for DFE to exist.
Hence, equation (4.2) implies bS, = (a1 + pg,)Sc and we obtain

Sa o &1+:U“Sc
S. b

Similarly, equation (4.3) implies a;(S.) = wus,S, and

Sa a

Sc Hs, '

Thus, for a DFE to exist, we assume

a1+/LSC _ & (44)
b fs, '

which means the rate of calves leaving the calves compartment per birth rate to be
equal to the rate of adults entering the adults environment per death rate of adults.
Further, by (4.4), we have

s s,
(b— pus,)

a =

Hence, further we assume b > pg, .

Thus, we have our DFE,

b_
Xo = (0, 0,0, 0, S S = (0,0, 0, 0, %S;, S5
Se
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We analyze the stability of the DFE using the next generation matrix method
[4, 11, 12, 14] as explained below.

Consider 2, = f;(z) where i =1,...6 and x = (E,, E,, H, B., S, S,) with
filz) = Fi(z) = Vi(z) = Fi(x) — (Vi (z) = V{(2)) with

F;(z) = Rate of appearance of new infections in compartment ¢
Vi (z) = Rate of transfer of individuals into compartment 4 by all other means
V. (z) = Rate of transfer of individuals out of compartment i by all other means.

Hence, for the above system of equations, we have

_ _Bo -
(S + E )pw +bHVHH+5S H

1+Koe K1

_ BeC

l—e XK1

vS.H +1rS,———F=

1+Kqe K1
F — 0
0
0
0

and
alEc + MECEC
MEaEa + dEa - alEc
,uHH ‘|‘ 5H — dEa
V = g, Be — NH
_BeC
a1Se + s, Se + BSH — b(Ss + E,)(1 — p=—5—+) —bg(1 —vyg)H
1+Kqe K1
_BeC
VSoH + 18, =5 + pg,Sa — a1 S, — 6H
1+Kse K1
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We denote

JF;

F pr—
[8xj

(Xo)]

and V = |

ov;
833 j

where 7, x; are for the infected classes. Hence we have

and

_BeC
1—e K1
BeC

1+Koe Ki

(Xo) =
a, + HE,

0

0

0

0

¥Sa

7S,
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0

(Xo)]

BeC
1—e K1
_B.C
1+che K
_BeC
0 (1—6 K1 )
a HB _ BeC
© \14Kze K1
0
0
bSapC
K (14+K3)
rS,C
K1(1+K2)
0
A
0
0
0
KB,




Next, taking the inverse of V' we get

1

@iz 0 0 0
ai 1
1 @) @am,) @iz 0 0
V7T (Xo) = ard d 1 0
(ar+pp)(d+iE, ) (HH+O) (d+1E, ) (HH0) (pE+9)
ard\ X A 1
| (artpee)(dtue,)(pa+0)us.  (dtup)(pat+o)us.  (pat+d)us.  HBe |
Hence, we get the next generation matrix
(A B C D]
EFE F G H
FVH(Xy) = 4.5
FVH) = | (4.5)
0 0 0 O
where,
4 = a1d(bgvy + BSY) a;dbpAS;C
(a1 + pe)(d + pe,) (e +0)  Ki(1+ K)(a1 + pp,)(d + pe, ) (pa + 0)ps,
B d(bHVH + 65’;) dbp)\S;C
(d+ pe)(un +6)  Ki(14+ K2)(d+ pp,)(pm + 0) s,
o (v +8SY) bpS;C
(pm +0) Ki(1+ Ko)(pm + 6)ps,
D - bpS:C
1B K1 (1 + K>)
B - a,dvy S} n a,drAS;C
(a1 + pe)(d + pe,) (e +0)  Ki(1+ K)(a1 + pp,)(d + pe, ) (pa + 0)ps,
o dvSk drAS:C

(d + pe,)(pm +0)

Ki(1+ K)(d + pg, ) (g + 0)up,
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vS* rASIC

G +
(g +0)  Ki(1+ Ka)(pm + 0)up,

rS:C
pp K1 (1+ Ky)

H =

Next, we calculate the eigenvalues of (F'V~1)(X,). From

A-\N B ¢ D
E F-X G H

det =0
0 0 -2 0
0 0 0 -
we obtain
N[(A=X)(F—-))—BE] =0
and

N[\ — (A4 F)A+ (AF — BE)] = 0

with the eigenvalues

A+ F)+\/(A+ F)>—4(AF — BE
A= 0, A =0, /\3,)\4=(+) Vi +2) ( )

But, from the terms in the matrix (4.5), we have AF — BE = 0 and

a1d(bgvy + BSY) a1dbp\S:C

A+ F = +
(ar + pe)(d+ pe,)(pr +6)  Ki(1+ Ko)(ay + pp,)(d+ pe,) (kg + ) ps,

dvS? . drAS:C
(d+ pe,)(pg +0)  Ki(1+ Ko)(d+ pg,)(m +0)up,

> 0
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Hence, the eigenvalues of (FV~1)(Xj) are:

)\1 - 0
)\2 - 0
)\3 - 0
s, = a1d(byvy + BSY) N a1dbp\S:C
Y (e )+ ) (e +0) T KA (U+ Ka) (a1 + o, ) (d + s, ) (i + 0) s,
dvS: drAS:C

(At pm) (£ 0) | Ea(L+ Ko)(d+ i) Gt + i,

Thus, the spectral radius of F'V ™! gives the basic reproduction number

e adbavg+6S) a1dbpAS:C
" (a1 + pe)(d + pe) (e +0) | K (14 K)(ay +MEC)(d+MEa)(MH+5)/~LBe(4 6)
dyS: drA\S:C '

T ) +0) | Ka(1+ Ka)(d+ ) (it + )i,

where S, S refers to the disease free equilibrium.

Hence, by using the results from [14], in (4.8) if Ry < 1, then the DFE is locally
stable and if Ry > 1, then the DFE is unstable.

Recall that the basic reproduction number Ry is the average number of new cases
of an infection caused by one typical infected individual during its entire infectious
period in a completely susceptible population. Here in (4.8), it shows that the
Ry of the simplified model is the expected number of secondary infections in FE.
compartment produced by individuals initially in £. compartment plus the expected
number of secondary infections in F, compartment produced by individuals initially in
E, compartment. Further, the terms in Ry expression shows all possible transmission

routes as shown below.
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ad(bgvy + BS})
(a+ pe)(d+ pg,)(pa +90)

Calf infection from the
vertical transmission and
drinking colostrum and milk

adbpAS,C — Calf infection from the

Ki(1+ Ks)(a+ pp)(d + pe,) (im + 0)ps

bacteria in the adults environment
dvS;
(d+ pe,)(pu +0)

— Adults infection from the
direct interactions with the

shedding adults
drAS:C

— Adults infection from the
Ki(1+ Ko)(d+ pg,) (e +0)pus

bacteria in the adults environment .

To include a continuous bacterial removal term we can modify the simplified ODE

system.

ds.
dt

dE,
dt

dS,
dt

dE,
dt

dH
dt

dB,
dt

BeC
l—e &
b(Sa + Ea)(1 — pe—BeC) + by (1 —vy)H — a1 S, — s, Se — BSH
1 + ngi K1
_ BeC
l—e &1
b(‘sa + Ea)p—Bec + bHVHH + ﬂScH - alEc - /’LECEC
1+ Kee &
_ BeC
l1—e &
a1Se +0H — S H — 1Sy ————55 — 15,5
1+ Kye %1 (4.7)
_ BeC
l—e &
a B +vSeH +1rSq——575 — pp,Fo — dE,
1 + ng_Tl

dE, — yuuH — 6H

AH — pp,B. — RB,
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where R is the environmental bacteria removal rate and RB, is the amount of bacteria
removed per day from the environment.

Then, the reproduction number Ry corresponding to system (4.7) is as given below.

R, — ard(bpvy + BSY)
°7 (ar + pe)(d + pg,) (pa + )
N a,dbpA\S;C (4.8)
Ki(1+ Ky)(ar + pp)(d + pg,) (g +6)(up, + R)
dvS* drAS*C

+
(d+pe)(pa +0)  Ki(1+ K)(d + pp,) (pm +0) (s, + R)
where S, S refers to the disease free equilibrium.

Note that, in the terms of Ry, the culling rate of the high shedders and the bacteria
removal term appear in the denominator. Hence, we can assume that by increasing
the culling rate of the high shedders and cleaning the bacteria from the environment

can reduce the Ry value.

4.2.4 Stability of the disease free equilibrium of the main

model

Similarly as in subsection 4.2.3, we use the next generation matrix method [2, 4, 11,

12, 14] to analyze the stability of the disease free equilibrium for the bigger model.

The equations for infected classes are:

By C
dE, 1—e *r
dt = b(‘sa + Ea)p—BQC + bLaVLLa + bHaVHHa + /BIScLa + BQScHa
1+ ng_Tl
- alEc — NECEC
dE -
l1—e &1
d—h = arBe + Sl + 1Sy ————55 — a2bp — diEp — pp, B
¢ 14+ Kqe K1
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dL
—t — dyEy, — asLy, — pug, L,

dt
dE 1 e ®r
_ K
dta = axEp + 7250 Lo + 73S, Ha + Tzsae—BQC —doEy — g, Eq
1+ Koe &1
dL,
7l asLyp + dyEq — d3Lg — piz, La
dH,
= dsL, — H,—0H,
di 3 KH,
dB;
— =ML, — B
a 1ln — B, D1
dB
—2 = NLo+ MsH, — p,Bs .
dt
The equations for uninfected classes are:
_ B¢
dS. 1—e &
dt = b(Sa + Ea)(l - p—M) + bLa(l - VL)LQ + bHa(l - VH>Ha
1 =+ KQG_ K
—a1S. — P1ScLy — P2S.Hy — IUSCSC (49)
ds R
1—e ©
d_th = 1S + 0Hy — 1S Ly — riSh————5 — a25h — 115, Sh (4.10)
14+ Kye ®1
ds 1o R
a —e K
dt = GQSh - ’}/ZSaLa - VBSaHa - T2Saﬁ - /’[/SaSa : (411>
1 —|— KQ@ K

Disease free equilibrium:

Let X, = Disease Free Equilibrium (DFE). At the DFE we have

E.=FE,=Lp=E,=L,=H,=DB1=D8B,=0

dB, _ dLg _ dB; _ dS. _ dSy _ dSa _ (

dt dt dt dt dt — dt — dt ~ dt

dH, __ dBi1

dE. __ dEj dLy
_ t
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From (4.9) we have

.S +
b(S,) = (a1 + ps,)S. giving 5 = %.
From (4.10) we have
S as +
a1(S.) = (az+ ps,)Sn giving 5, = 2a—MSh.
1
From (4.11) we have
.. Sh us
Sp) = S, - = =
az(Sn) = ps,Sa giving S .
Hence, we need
ay + [s. | A2 + [s, \ s,
( ) =) (=) =1,

b aq (05}
which implies

(a1 + ps,)(az + ps, ) (ps,) = baay .

Hence, we have

XO = (Oa 07 Oa 07 Oa 07 Oa 07 5:7 S;;’ SZ)

b
~(0,0,0,0,0,0, 0 0 —— g Hegr gry
ap + s, as

Analyzing the stability of the DFE using the next generation matrix:

Our system can be written as:

o' = fi(x) = Fi(z) = Vi(x) = Fi(z) — (Vi (2) = V(2))

]

with

F;(x) = Rate of appearance of new infections in compartment 4.

Vi (z) = Rate of transfer of individuals into compartment i by all other means.
V. (z) = Rate of transfer of individuals out of compartment i by all other means.
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Then,

F. ‘
0 “(Xo)] and V' = [8VZ

F p—
[891:]- &%’j

(Xo)] 5

where we only use ¢, z; for the infected classes.

Hence, for the above system of equations,

and

b(Sa + Bu)pf(Bs) + broviLa + bu,vi Ho + $1SeLa + BoS.H, |
Y1ShLp + 115K f(Bh)
0
Y2SaLa + v3SaH, + 125, f (B2)
0

o o o o o o
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arEe + pip Ee
as By + di By + pg, B — a1 B
as Ly + pip, Ly, — di By,
dy By + pp, By — a2 By,
dsL, + pip, Lo — agLy — doE,
pr,Hy +0H, —dsL,
vV = s By — M\ Ly (4.13)
pB,Ba — AaLy — A3H,

alsc + BIScLa + BQScHa + MSCSC
—b(Sa + Eo)(1 = pf(B2)) — b, (1 —v) Ly — b, (1 —vy)H,

Y1ShLy + 11Shf(B1) + a2Sh + ps, S — a1S. — 6H,

IYQSaLa + ’73SaHa + TQSaf(BQ) + ,uSaSa - a2Sh

where,
_Bc
l—e &
f(B1)) = ——5¢
14+ Kye ™
and
_ByC
l—e &
f(B)) = ———%5 -
1+K2€ K
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0 0 0 bpf(B2) br,vr+piSe bu,vu + B2Se 0 b(Sa + EJ)p %BBJ))
0 0 7S 0 0 0 ﬁ&%ﬁﬁ” 0
00 0 0 0 0 0 ;
00 0 0 Y25 Y3Sa 0 oS, %]f;))
00 0 0 0 0 0 .
00 0 0 0 0 0 .
00 0 0 0 0 0 .
00 0 0 0 0 0 .
Note that
_Bc  ByC
o0(f(Bh)) o (1+Ky) e & d(f(By)) B (14 K,) e T
N BioN2 N BoC N 2
aBl K <1 + K2€7K71> aBQ K (1 4 K2€7K71>
and at X
o(f(B C (f(B
fBy =0, 2UB) ¢ (B
0B, K (1+K,) 0By

and we have

156




00 0 0 bovtBS
0 0 1S 0 0
00 0 o0 0
00 0 0 7S
FX) =100 o o 0
00 0 0 0
00 0 0 0
00 0 0 0

We denote by

0 00
00 S
0 00
0 00
F(Xo) =
0 00
0 00
0 00
0 00
where,
P =br,vp + 5S;
Q = by, vy + 325,
B bS:pC
K (1 + Ky)
S =S,
and
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bu, v + 525 0
0wt
0 0
Y35, 0
0 0
0 0
0 0
0 0
0P Q0 R|
00 0 T O
0 0 0 O O
ouUu Vv o w
00 0 0 O
00 0 O O
0 0 0 0 O
00 0 0 O |
S50
Ki(1+ Ky)
U =15,
V=35,
roSEC
A ey

bS*pC
K1 (1+K32)

roSEC

K1 (1+K32)




ay + pig, 0 0 0 0 0 0 0
—a;  ag+di+ up, 0 0 0 0 0 0
0 —d, as + fir, 0 0 0 0 0
0 —ay 0 dy + pp, 0 0 0 0
0 0 —ay —dy  ds+pr, 0 0 0
0 0 0 0 —ds  pg,+8 0 0
0 0 —\ 0 0 0 pg, O
|0 0 0 0 —\s X3 0 g, |
Hence, we get
VUX,) =
R 0 0 0 0 0 0 0 |
A m 0 0 0 0 0 0
B C @y O 0 0 0 0
D E 0 G 0 0 0 0 (4.14)
F G H I G O 0 0
J K L M N m 0 0
P Q R 0 0 0 (u;) 0
S T U 1% 1474 X 0 @) |
where,
A = a1
(a1 + pp.)(az + di + pig,)
B — aid;

(a1 + pp,)(az +diy + pg, )(az + pr,)
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dy

(a2 +dy + pg, ) (a2 + pr,)
a1as

(ay + pe.)(ag + di + pg, ) (d2 + pg,)
a2

(ay+dy + pg,)(d2 + pg,)
ayay (di(dy + pg,) + do(az + pg,))

(a1 + pg,)(az + di + pg,) (a2 + pp,)(d2 + pg, ) (ds + pr,)
ag (dy(dy + pig,) + da(ag + iz, ))

(az +dy + pg, )(az + pr, ) (de + pg, ) (ds + pr,)
a2

(ag + pr, )(ds + pr,)
dsy

(d2 + pm,)(ds + pir,)
a1a2d3 (d1<d2 + ME‘a) + dQ(ag + ,MLh))

(a1 + pg,)(ag + di + pg,)(ag + pr, ) (de + pe,)(ds + pr, ) (pa, +96)
a2d3 <d1<d2 + MEa) + dQ(CLQ -+ ,LLLh))

(ag +di + pp,)(ag + pup, )(do + pig, ) (ds + pr, ) (pa, +9)
a2d3

(ag + pr, )(ds + pr, ) (e, +6)
dods

(do + pg,)(ds + pir, ) (pm, +6)
ds

(ds + pr, ) (i, +0)
aydi A\

(a1 + pg.) (a2 + di + pg,)(az + pr,) B,
di M\

(ag +di + pp,)(az + pir, ) 1B,
A
(ag + pr, ) s,
a1a9 (dl(dg + ,UEa) + dg(ag + /LLh)) ()\Q(MHG + (5) + dg)\g)

(a1 + pg,)(az + di + pg, ) (a2 + pr, ) (d2 + pe,)(ds + pr,) (Ba, + 0)pB,
ap (di(da + pg,) +da(ag + pr,)) (Ae(pem, +90) + dshs)

(ag 4+ dy + pg, )(ag + pr, ) (d2 + pg,)(ds + pr, ) (pm, +0) 1B,
CLQ()\Q(/LHG + 5) + d3)\3>

(az + pur, )(ds + pir, ) (pm, + 0)ps,
dg()\Q(/LHa + 5) + dg)\g)

(do + pp,)(ds + pr, ) (pr, +6) 1B,
()\Q(IUHG + (5) + dg)\g)

(ds + pir,)(pm, + 0) s,
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As

X = — 5
(/’I’Ha + 5)/’632

Hence, we obtain the next generation matrix

T o
~
-
o
SHCS
SHES!

(FV1)(Xo) = (4.15)

where,

aag (di(dz + pg,) + dolaz + pr, ) (br,ve + B1S;)
(a1 + pe,)(az + dy + pp, ) (a2 + (i, ) (de + pi, ) (ds + i1,
aagds (di(ds + pg,) + da(as + pr,)) (ba,ve + B2SY)
(a1 + pg.)(az + di + pg,)(az + pr,)(do + pe,)(ds + pr,) (pa, +0)
aray (di(da + pg,) + da(az + pr,)) (Ma(pm, +60) + dsAs)bS;pC

+
(a1 + pp.)(az + di + pg, ) (a2 + pr, ) (do + pp, ) (ds + pr, ) (i, +6) e, Ki(1 + K»)

~ag (di(dy + pg,) + da(as + pr,)) (br,ve + B1SE)
(a2 +di + p, ) (a2 + pr, ) (da + ps, ) (ds + pi,)
agds (di(ds + pg,) + da(ag + pr,)) (br,va + B257)
(a2 + di + pm, ) (a2 + pr, ) (de + pg,)(ds + pr,) (1w, +6)
as (di(dz + pg,) + da(az + pu,)) (Ae(pn, + 6) + dsAs)bSipC
(

(ag +di + pp,)(az + pur, ) (do + pg, ) (ds + pr, ) (pm, + 0) s, K1 (14 Ks)
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_ as(bp,vp + B1S}) axds (b, v + B2S))
(ag + pr, )(ds + pr,)  (ag + pr, )(ds + pr, ) (1, +0)
CLQ()\Q(,MHa + 5) + d3)\3)bS;pC
+
(a2 + pr, )(ds + po,) (o, + 0)pp, K1 (1 + K>)

da(br,vr + £15) dods3 (b, vy + B2S7)
(dy+ pp,)(ds + pr,)  (do+ pe,)(ds + pr,) (pm, + 0)
dy( Mo (purr, + 0) + dshs)bS:pC
(da + pp,)(ds + pip, ) (pa, + 0) s, K1 (1 4 Ko)

E :(bLaVL + 515:) dg(bHal/H + 525:) ()\g(MHa + 5) + dgkg)bS;pC
(ds + pr,) (ds + pr,)(pm, +6)  (ds+ pr,)(pn, +0)ps, Ki(1 + Ko)
(b, v + B2SY) AsbS;pC
(Hm, +9) (m, +0) g, K1 (1 + K)
G- bSipC

(1B,) K1 (1 + K3)

ardi 1.5},

(ar + pg,)(az + diy + pg, ) (az + p,)
aldl)\lrlshC

+
(a1 + p.)(az + di + pg, ) (a2 + pr, ) s, K1 (1 + K3)

d1’Y1SZ d1)\17‘15720
_l’_
(az +di + pp,) (a2 + pr,) (a2 +di + pp,) (a2 + pr, ) s, K (1 + Ko)

’ylS;; X )\1’/“15;20
(ag +pr,)  (ag+ pr,)ps Ki(1+ Ks)

. 7“18;;0
,U/BlKl(l + Kg)
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R =

S:

ayayy2S; (dy(dy + pp,) +da(az + pr,))

(a1 + pe.)(az + dy + pg, ) (a2 + pr, ) (de + pg, ) (ds + pr,)
. a1a3d33 Sy (di(dz + pg,) + da(az + pir, )
(a1 + pp.) (a2 + di + pp, ) (a2 + pr, ) (dz + e, ) (ds + po,) (1, +96)
a1azr9S,C (di(ds + pp,) + da(ag + pr,)) Na(pm, +90) + dsAs)

+
(ay + pe.)(az + dy + pg, )(az + pr, ) (de + pe, ) (ds + po,) (pw, +6) s, Ki(1 + Ky)

a2 Sy (di(dy + pg,) + da(as + pg,))

(a2 +di + pg, ) (a2 + pir, ) (d2 + pg, ) (ds + pir,)
n azdsy3S, (di(d2 + pig,) + da(az + pir,))
(a2 + di + pg, ) (a2 + pr,)(ds + pg,)(ds + pr, ) (Hm, +0)
(IQTQS;C (dl(dg + ,UEa) + dg(ag + ,ULh)) ()\Q(MHa + 5) + d3)\3)
(a2 +dy + pg, ) (a2 + pr,)(de + pp,)(ds + pr, ) (pm, +6) e, Ki(1+ Ks)

az725, asdzy3 S

+
(ag + pr,)(ds +pr,) (a2 + pr, ) (ds + pr, ) (fm, +0)
CLQTQS;C(AQ(IU/H(I + (5) + d3/\3)
_l’_
(ag + pr, )(ds + pr, ) (pr, + 0) i, K1 (1 + Ka)

dZ’VQS; dgdg’)/gsz

+
(do + pp,)(ds + pr,)  (do+ pg,)(ds + pr, ) (pm, + 6)
dQTQS;C(/\Q(MHa + 5) + d3)\3)
(do + pe,)(ds + p, ) (e, + 0)pp, K (1 + K)

_|_

")/QS; dg’}/gsz TgSéC()\Q(IUHa + 5) + dg)\g)

(ds+pr,)  (ds+pr,)(pw, +6)  (ds+ pr,)(pw, +6) s, Ki(1 + Ky)

735’2 /\37“2320

(e, +0)  (tm, +0)p, Ki(1+ K»)

TQS;C

(13,) K1 (1 4 K3)
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The next generation matrix (4.15) has 3 nonzero eigenvalues and it is too
complicated to calculate the dominant eigenvalue, which would give the reproduction
number (Rg) explicitly. Hence, later we calculate Ry using specific values for the

variables and the parameters.

4.3 Numerical results

For the numerical simulations we have used the following initial values and parameter
values given below.

As seen in Tables 4.1 and 4.2, we used the same initial values for the total number
of calves, heifers, adults and same initial prevalence for the infected animals as in
[40]. The birth rates, death rates, vertical transmission rates, disease progression
rates were calculated using the parameter values in [40]. The contact rates (5, and
Po were calculated using the parameter values in [37, 40]. Parameters related to
the environmental transmission were decided on the knowledge of farm practice as

described in section 4.2.

Table 4.1: Initial number of animals in each compartment

Susceptible Exposed Low-shedding High-shedding

Calves 130 70 0 0
Heifers 520 248 32 0
Adults 650 250 80 20

Table 4.2: Initial prevalence of the disease in the system

Susceptible Exposed Low-shedding High-shedding

Calves 65% 35% 0% 0%
Heifers 65% 31% 4% 0%
Adults 65% 25% 8% 2%
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Amount of initial MAP in the two environments
By = 0.2 x 108
By =590 x 108

The parameter values we have used in the numerical simulations are given below:

Birth rates
b=br, = by, = 0.00127

Death rates

is, = g, = 0.00028

ws, = pg, = pr, = 0.000063

ps, = Mg, = ML, = Hm, = 0.0012
wp, = g, = 0.0027

Vertical transmission rates

Vi = 0 vy = 0.22

Age transfer rates

a; = 0.0168 ap = 0.00151

Disease progression rates

dy =0.0014 dy = 0.0014 ds = 0.00078

Contact rates
f1=0.0014 By =0.001066
v1 = 0.0000024 5 = 0.0000012  ~3 = 0.0000018

p=03 r=0.06 ry=0.06
A1 =0.007 Ay =0.007 A3 =295

First to see the dynamics of the disease with no testing or culling we have taken

= () in the numerical simulations given in Figures 4.6 — 4.8 and Table 4.3.
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Figure 4.6: Dynamics of the animals in each compartment with no testing or culling

The dynamics of the total animals in each class with no testing or culling is
given in the Figure 4.6. From the numerical results, we can see that the population
approaches an equilibrium. With no testing or culling, in 1000 days, the number of
susceptible cows approach zero and in 2000 days, susceptible calves and heifers also
are at very low level. At the end of 10 years there will be only one susceptible calf
and 8 susceptible heifers in the system. On the other hand, diseased animals increase
over time and at the end of 10 years there will be 395 low shedding heifers, 489 low
shedding adults and 313 high shedding adults.

The dynamics of the total animals in each disease class with no culling is given in
Figure 4.7. It is clear that over time the total susceptible animals are very low and
the total exposed, low shedding and high shedding animals increase in the system.
At the end of 10 years there will be only 9 susceptible animals left in the system.
There will be about 785 exposed animals, 884 low shedding animals and 313 animals.
Hence, only 0.45 % of the total animals will be uninfected with the Johne’s disease

in the system at the end of 10 years.
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Figure 4.7: Dynamics of the total animals in each disease class with no testing or
culling
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Figure 4.8: Number of exposed cows from the bacteria in the environment when
p=0.3,r71 = 0.06, 75 = 0.06 with no testing or culling
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The number of exposed cows from the bacteria in the environment when p =
0.3,7, = 0.06,r, = 0.06 without testing or culling is given in the Figure 4.8. It
can be seen that at the end of 10 years, about 840 animals get infected from the
bacteria in the environment. Hence, the bacteria surviving in the environment is also

an important route in Johne’s disease transmission.

Table 4.3: Prevalence of the disease at the end of 10 years without testing or culling

Susceptible Exposed Low-shedding High-shedding

Calves 1% 99% 0% 0%
Heifers 1% 52% 47% 0%
Adults 0% 25% 46% 29%

With no testing or culling, the prevalence of the disease at the end of 10 years
is given in Table 4.3. Compared to Table 4.2, it is clear that over 10 years the
disease prevalence reaches a very higher value. Starting with 35% of exposed calves,
at the end of 10 years, 99% of the calves will be exposed. Starting with 31% exposed
heifers, at the end of 10 years, there will be 52% exposed heifers. The exposed adults
prevalence at the end of 10 years will be as same as the initial prevalence of the
exposed adults. The low shedding heifers goes from 4% to 47% at the end of 10
years. Starting from 8% low shedding adults, they become 46% of the total adults.
Starting from 2%, there will be 29% of high shedding adults among total adults, after
10 years.

Next to see the dynamics of the disease in the system with testing and culling,
we first have considered the continuous daily culling with 6 = 0.01 corresponding
to continuous testing. The numerical results are given in Figures 4.9 — 4.11. Later
we improve this by considering more realistic discrete testing and culling and the
numerical results are given in Figures 4.12— 4.14 and the Table 4.4.

The dynamics of the total animals in each class with continuous culling ¢ = 0.01
is given in the Figures 4.9. Over time, the population approaches an equilibrium.

Compared to Figure 4.6, here we can see that it takes more time for the susceptible
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Figure 4.9: Dynamics of the animals in each compartment with continuous culling

adults to reach a low level, yet they do not reach zero and there will be 60 susceptible
adults in the system. Due to the continuous culling, at the end of 10 years there will
be only 36 high shedders and the culled high shedders are replaced by the susceptible
heifers. Hence with continuous culling there will be 154 susceptible heifers at the the
end of 10 years. There will be more exposed adults in this case than with the no
culling situation. But, the susceptible calves, exposed calves, exposed heifers and low
shedding heifers shows similar dynamics in both cases. But, it takes a longer time for
the low shedding adults to reach its equilibrium value than in the no culling case.

The dynamics of the total animals in each disease class with continuous culling is
given in Figure 4.10. Even with continuous testing and culling, the total susceptible
animals still decrease over the time and diseased animals increase. But, at the end of
10 years still there will be about 215 susceptible animals in the system. Compared
to the no culling case, this is good improvement.

The number of exposed cows from the bacteria in the environment when p =
0.3, = 0.06, 7, = 0.06 is given in the Figure 4.11. This graph shows that over 10

years about 469 animals get infected through the bacteria in the environment.

168



1400 r T T T T T T

Total Susceptibles
Total Exposed

Total Low shedders
Total High shedders

1200

1000

BOD S T ——

600

400

200

D I 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000

Time (in days)

Figure 4.10: Dynamics of the total animals in each disease class with continuous
culling
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Figure 4.11: Number of exposed cows from the bacteria in the environment when
p=0.3,7r1 =0.06,ry = 0.06 with continuous culling
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Figure 4.12: Dynamics of the animals in each compartment with discrete culling

Next, to simulate more realistic dynamics in a dairy farm we run numerical
simulations with discrete culling. Here, we assume the testing occurs once a year and
depending on the sensitivity of the test, some proportion of animals with positive test
results are removed from the system. From [43], the sensitivity of the EVELISA test
is 97.1%. Hence, for an approximation we remove 90% of the high shedders at the
end of each year and add that number of animals into the susceptible heifers, and
then the ODE simulation is restarted. The simulation results are given in Figures
4.12-4.14.

The dynamics of the animals in each compartment with discrete culling is given
in the Figure 4.12. With more realistic discrete culling, we can see that over the time
the population approaches an equilibrium. Compared to Figure 4.6, with discrete
culling, it takes more time for the susceptible adults to approach a low number,
and the susceptible adults do not approach zero and they will approach about 11,
approximately in 2000 days. But, with no culling, susceptible adults become zero in
about 1000 days. With discrete annual culling, but just before testing and culling at
the end of 10th year, there will be about 129 high shedders. This is a better case
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Figure 4.13: Dynamics of the total animals in each disease class with discrete culling
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Figure 4.14: Number of exposed cows from the bacteria in the environment with
discrete culling when p = 0.3,r; = 0.06, 7, = 0.06
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compared to having 313 high shedders at the end of 10 years in the no culling case.
The removed high shedders are replaced by the susceptible heifers, and just before
this new replacements at the end of the 10th year, there will be about 87 susceptible
heifers in the system. Compared to having only 8 susceptible heifers in the system
with no culling, discrete culling gives good improvement. Also, with the discrete
culling, the equilibrium level of the exposed adults over the time is higher than the
equilibrium level of the exposed adults in the no culling case. But, similar to the case
with continuous culling, the susceptible calves, exposed calves, exposed heifers and
low shedding heifers shows similar dynamics as in no culling case. But, it takes a
longer time for the low shedding adults to reach its equilibrium value than in the no
culling case. Further, here we can clearly see that the decrease in high shedders and
the corresponding increase in susceptible heifers.

The dynamics of the total animals in each disease class with discrete culling is
given in the Figure 4.13. Over the time even with annual testing and culling, we can
see that the total susceptible animals decrease and the infected animals increase. At
the end of 10 years, just before testing and culling and the new replacements, there will
be about 99 susceptible animals left in the system. There will be about 823 exposed
animals, 907 low shedding animals and 129 high shedding animals. Hence, with the
annual testing and culling, about 5.05 % of the total animals will be uninfected with
the Johne’s disease in the system at the end of 10 years. This is about 11% increase

in the susceptible animals from no culling case.

Table 4.4: Prevalence of the disease at the end of 10 years with annual culling

Susceptible Exposed Low-shedding High—shedding

Calves 1% 99% 0% 0%
Heifers 20% 42% 38% 0%
Adults 1% 37% 60% 2%

With the annual testing and culling, the number of exposed cows from the bacteria

in the environment when p = 0.3,7; = 0.06,7y, = 0.06 is given in the Figure 4.14.
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From this figure we can see that even with annual testing and culling, still about 840
animals get infected from the bacteria in the environment.

With discrete culling, the prevalence of the disease at the end of 10 years is given
in Table 4.4. Compared to Table 4.2, from Table 4.4, it is clear that over 10 years
even with testing and culling, the disease prevalence reaches a higher value. Starting
with 35% exposed calves, at the end of 10 years, 99% of the calves will be exposed.
Starting with 31% exposed heifers, at the end of 10 years there will be 42% exposed
heifers. Starting with 25% exposed adults, at the end of 10 years there will be about
37% of exposed adults. The low shedding heifers go from 4% to 38% in 10 years.
Starting from 8% low shedding adults, they become 60% among total adults. The
high shedding adults stay 2% of the total adults. But, compared to the results in
Table 4.3 for the no culling case, discrete culling decreases the prevalence of the
exposed heifers, low shedding heifers and high shedding adults. Further the discrete
testing and culling increases the uninfected heifers and adults in the system compared

to the no culling case.

Table 4.5: Comparison of the number of animals in each compartment at the end
of 10 years without culling and with annual culling

Compartment Without culling With annual testing & culling

Se 1 1

E. 78 71
Sh 8 204
Ey, 444 429
Ly, 395 384
Sa 0 11
£, 263 323
L, 489 523
H, 313 13
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Figure 4.15: Dynamics of the bacteria in the two environments with no culling
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The effect of culling is given in the Table 4.5. From Table 4.5 we can see that
testing and culling can increase the susceptible animals in each susceptible animal
compartment and reduce the infected animals in the all diseased compartments except
exposed adults and low shedding adults. At the end of 10 years after the annual
testing and culling, there will be 216 susceptible animals, 823 exposed animals, 907
low shedding animals and 13 high shedding animals. Hence, about 11.03% of the
total animals will be uninfected at the end of the 10 years. Hence, it is clear that
with annual testing and culling, one can reduce the prevalence of the diseased animals
in the system and increase the uninfected animals in the system by about 25%.

From Figures 4.8, 4.11 and 4.14, it is clear that over the time of 10 years many
animals can be infected due to the bacteria in the surrounding environment. Hence,
more studies should be conducted to understand the disease transmission through the
bacteria in the environment and to estimate better values for the parameters related

to the environmental transmission of MAP.

The dynamics of the bacteria in the two environments without and with culling
is give in Figures 4.15 and 4.16 respectively.

From Figure 4.15, we can see that over the 10 years, with no testing or culling
MAP in the heifers environment reaches an equilibrium of 1 x 10'*. Further, the MAP
in the adults environment reaches about 3.4 x 10 at the end of 10 years. From Figure
4.16, we can see that with annual testing and culling of the high shedders, MAP in
the heifers environment reaches an equilibrium about 1 x 10'*. Further, the MAP
in the adults environment reaches about 9.2 x 10'3 at the end of 10 years. Hence,
compared to the Figure 4.15, from Figure 4.16 we see that the annual removal of the
90% of high shedders reduces the total MAP in the adults environment.

Hence, using the numerical simulation results given in Figures 4.6 — 4.16 and
Tables 4.3 — 4.5 we can see that annual testing and culling can reduce the prevalence

of the Johne’s disease in the system.
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Next, using the parameter values in the model, we calculate Rq corresponding to
the next generation matrix (4.15) using S} = 650, our initial value for S,. With no
culling (6 = 0),

Ry = 21.5081

and with the continuous culling (6 = 0.01),

Ry = 14.2318.

Hence, we can see that using testing and culling we can reduce the disease progression
in the system. Also, it is clear that even with the removal of the high shedders, the

disease can persist in the system.

4.4 Conclusions

A deterministic model for the Johne’s disease was developed considering possible
disease transmission through the environment. First, a more realistic model was
developed and later it was simplified to study the stability of the disease free
equilibrium in the system. Compared with previous work [5, 33], this work has a novel
way of representing the transmission from the environment by using a more realistic
approximation of bacteria in feces in the farm pasture and barn. This work models
testing and culling using pulse actions which corresponds to actual farm practices.
We explicitly found the basic reproduction number (Rg) for the simplified model
and it clearly shows all possible routes of infection of the Johne’s disease. From,
the expression for Ry, it is clear that cleaning the environment can reduce the basic
reproduction number and hence the prevalence of the disease in the system. Also, Rq
for the more realistic model was calculated using the parameter values and it showed
that the disease free equilibrium is unstable, even with a high level of removal of high

shedding animals from the system.
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Numerical simulations were run for the more realistic model. Some of the
parameters were calculated from the available data and literature and some were
determined through knowledge of farm practices. From the numerical simulation
results we can conclude that the bacteria in the environment is an important route
for the disease transmission. We have analyzed and recorded the effect of discrete
(annual) culling on the prevalence of the disease.

Further modeling and simulation work should be done to see the effect of more
realistic cleaning of the environment on the prevalence of the Johne’s disease in a
farm. Also, we plan to investigate the effect of testing and culling two or three times

a year on reducing the prevalence of the Johne’s disease in the system.
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Appendix A

PDE approximation scheme

A.1 The optimal control of the advection direction
in a competition model - numerical analysis

Here, we present some of the numerical techniques we used to analyze the optimal

control problem 2.2 and 3.2.

The one - dimensional problem:

One system for the simulation is:

up — dtge — (hu), = ulm—au] —bjuvin  Q
vy — doUzr =  v[m —agu] —buvin  Q
diuz -n+uh-n = 0on (0,t)U(L,t) forall te (0,7) (A1)
dovy-m = 0on (0,t)U(L,t) forall ¢te (0,7T) (A.2)
u(z,0) = wug(xr)>0 forae x€]0,L]
v(z,0) = wo(xr) >0 forae z€]0,L]
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That is here,
Q= (0,L) x(0,T)

and

S =(0,t)U(L,t) forall te (0,T)

Numerical method:

The numerical simulations were done in MATLAB and using a finite difference
scheme. To approximate the first order derivatives, forward differences or the
backward differences were used and for the second order derivatives, the central

difference method was used.

Forward difference:

o v(i,7+1)—v(i, g
P RGIT RN

Central difference:

um(z,j) = Az

Ax Ax

Az

_u(i+1,5) — 2u(i, j) +u(i — 1,5)
(Az)? '

Similarly, we have

N v(i+1,7) —2v(i,7) +v(i —1,7)
Um’(laj) - (A(E)Q ’
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For the advection terms we have used the up wind method:
If h(i,j) >0

(0., ) = Sali+ LU+ 19) = Il Juli DIt

if h(i,j) >0

(i, j)ui, §) = P = L, )ui = 1, j)) AL

Hence, the above state equations can be approximated as:

If h(i,§) > 0

w(i, j+1) —u(i,j) P (u(i+1,5) —2u(i,j) + u(i —1,7))
At ! (Ax)?
Az
+u(i, 7)[m(t, j) — aru(i, j)] — bru(i, j)v(i, j)

v(i,7+1) —v(i,5) _ g v(i+1,5) —2v(i, ) +uli — 1,5)
At 2 (Az)?

+U(Z7j)[m<l7]) - CLQU(i,j)] - bgU(Z,])U(Z,j) )

if h(i,7) <0

w(i, j+1) —u(i,j) p (u(i+1,5) —2u(i,j) +u(i — 1, 7))
At ! (Az)?
Ax
+U(Z,j)[m(l,j) - alu(iuj)] - blu(laj)v(lvj)

+

v(i+1,5) —2v(i,7) +uli —1,7)
(Az)?
—H)(Z,j)[m(Z,j) - a2@<i7j)] - bgU(Z,j)U(Z,]) :

— dy
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After doing some algebra we have the numerical system:

If h(i,j) >0

- oy, (w4 1,5) = 2u(i, ) +u(i — 1)) At
u(i,j+1) = (i, j)+ (Ar)?

+(h(i + 1, 5)u(i +1,5) — h(i, j)u(i, j)) At
Az
+u(i, j)(m(i, ) — ayu(i, j)) At — byu(i, j)v(i, j) At

ig 1) = (i) + ARSI RS LN

—H)(Z,j)(m(l,j) - GQU(i,j))At - b2u(z7j)U(Z7]>At )

if h(i,7) <0

(Az)?
(h(i, j)u(i,j) — h(i — 1, j)u(i — 1, j))At
Ax
+u(l7.])(m(lvj> - alu(laj))At - bﬂj,(l,j)’l](l,j)At

u(t,j+1) = u(i,j)+

+

d2(v(i + 17]) - ZU(Z7]> + U<Z - 17])>At
(Az)?
+’U(Z,j)(m(’&,j) - a?’U(iaj))At - b2u(27J)U(Z>J)At .

v(i,j+1) = v(i,j)+

Approximating boundary conditions
At the boundary points (0,t), the outward normal is n = —1 and at the boundary
points (L,t), n = +1
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Hence, we get the boundary conditions as:

—dyuy, - —uh- = 0  at(0,t)
—dov,e = 0 at(0,t)
and
dyug - +uh- = 0 at(L,t)
dovys = 0 at(L,t) .

Then, using the forward difference at the points (0,t) we can write:

R

and
2,7) —v(1,5)

=0
Az

g,
(Note that in MATLAB notation the initial nodes will not be defined with zero.
Hence, in the above formula u(1,j) represents all the (0,t) points.)

After doing some algebra we can write these as:

dlu(zv j)

W) = G A

and

v(1,7) =v(2,5) -

Similarly using the backward difference at the points (L,t) we can write:

U(N,j> —U(N— 17])

d
! Ax

+ h(N,j)u(N,5) =0

and




(Note that by assuming there are N nodes representing the differential system in

MATLAB, in the above formula u(N,j) represents all the (L,t) points.)
Again after doing some algebra, we can write these as:

~ dywu(N —1,5)
UNJ) = G N A

and

U(ij) = U<N_ 17]) :

To solve the optimal control problems in (2.45) and (3.31) we have used the

forward backward sweep method [21, 20].
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