Universidade de Aveiro Departamento de Matematica

2019
Ana Pedro Controlo Otimo e Modelos Matematicos
Lemos Paiao em Epidemiologia

Optimal Control and Mathematical Models
in Epidemiology






Ana Pedro
Lemos Paiao

Universidade de Aveiro Departamento de Matematica
2019

Controlo Otimo e Modelos Matematicos
em Epidemiologia

Optimal Control and Mathematical Models
in Epidemiology

Tese apresentada a Universidade de Aveiro para cumprimento dos requisitos
necessarios a obtencdo do grau de Doutor em Matematica Aplicada, real-
izada sob a orientacéo cientifica do Doutor Delfim Fernando Marado Torres,
Professor Catedratico do Departamento de Matematica da Universidade de
Aveiro, e da Doutora Cristiana Jodo Soares da Silva, Investigadora do Centro
de Investigacdo e Desenvolvimento em Matematica e Aplicagdes (CIDMA) do
Departamento de Matematica da Universidade de Aveiro.

Thesis submitted to the University of Aveiro in fulfilment of the requirements
for the degree of Doctor in Applied Mathematics, under the supervision of
Professor Delfim Fernando Marado Torres, Full Professor at the Department
of Mathematics of University of Aveiro, and of Cristiana Jodo Soares da
Silva, CIDMA’s Researcher at the Department of Mathematics of University
of Aveiro.

Apoio financeiro da Fundagao para a Ciéncia e a Tecnologia, através da bolsa
com a referéncia PD/BD/114184/2016, e do CIDMA.






Dedico este trabalho a av6 Paulinha, aos meus pais (Catarina e Pedro)
e aos meus irmaos (Joao David e Luis Miguel).






o juri / the jury
presidente / president Prof. Doutor Victor Miguel Carneiro de Sousa Ferreira
Professor Catedratico da Universidade de Aveiro

vogais / examiners committee Prof. Doutor Alberto Adrego Pinto
Professor Catedratico da Universidade do Porto

Prof. Doutor Ivan Carlos Area Carracedo

Professor Titular da Universidade de Vigo

Prof. Doutora Sofia Oliveira Lopes
Professora Auxiliar da Universidade do Minho

Prof. Doutor Ricardo Miguel Moreira de Almeida

Professor Auxiliar da Universidade de Aveiro

Prof. Doutor Delfim Fernando Marado Torres
Professor Catedratico da Universidade de Aveiro (Orientador)






agradecimentos /
acknowledgements

Agradeco ao meu orientador, Professor Doutor Delfim Torres, e a minha co-
orientadora, Doutora Cristiana Silva, por me terem acolhido como sua aluna
de doutoramento. Estar-lhes-ei sempre grata pela orientacédo e ajuda. O seu
dinamismo cientifico contribuiu bastante para que eu tentasse sempre ser
melhor cientificamente. Tal motivacao permitiu que eu desenvolvesse este tra-
balho com gosto e devogao. Possibilitou, ainda, que eu conhecesse grandes
nomes nacionais e internacionais do Controlo Otimo. Devo-lhes grande parte
do meu crescimento cientifico ao longo de todo o meu doutoramento.
Agradeco a Fundacéo para a Ciéncia e a Tecnologia pelo seu apoio financeiro
ao desenvolvimento desta tese, através da bolsa PD/BD/114184/2016, es-
tando inserida no projeto UID/MAT/04106/2019 (Centro de Investigagao e De-
senvolvimento em Matematica e Aplicagcdes do Departamento de Matematica
da Universidade de Aveiro) e no Programa Doutoral em Matematica Aplicada
das Universidades do Minho, de Aveiro e do Porto.

Agradeco ao Professor Doutor Jodo Santos que, na qualidade de Diretor do
Departamento de Matematica da Universidade de Aveiro, sempre permitiu
gue eu tivesse boas condicoes de trabalho. Sinto-me igualmente grata por ter
privado com outros professores do Departamento de Matemética, de forma
especial com a sempre querida Professora Doutora Enide Andrade. Agradeco
ainda ao Grupo de Sistemas e Controlo do CIDMA pelo acolhimento, bem
como ao Professor Doutor Dirk Hofmann e ao Professor Doutor Uwe Kabhler,
por terem proporcionado semindrios entre os alunos de doutoramento. Tal
permitiu que apresentassemos 0s nossos trabalhos uns aos outros num reg-
isto mais descontraido, mas sempre rigoroso do ponto de vista matematico.
E impossivel ndo escrever sobre a minha mais assidua companheira de es-
tudo, a minha pequenina Nana. Quase todo o meu trabalho foi desenvolvido
com ela no meu colo. O seu olhar meigo e sincero esteve sempre presente
em cada dia deste meu desafio.

De uma forma muito especial agrade¢o a minha querida e doce avé Paulinha
pelo seu exemplo de vida e de valores, bem como pela sua vasta fonte de con-
hecimento. Sinto-me muito grata pela sua tdo especial companhia na escrita
desta tese, num periodo tao dificil da sua vida.

Quem tem um irmao, tem o melhor amigo que se pode ter para toda a vida.
Quero por isso agradecer aos meus dois irmaos por tudo o que de tao espe-
cial nos une e unira sempre. Ao Jodo David por toda a amizade e serenidade
gue sempre me transmite. Ao Luis Miguel pelo sorriso constante que traz no
seu rosto. A sua alegria e traquinice coloriram sempre 0s meus dias.
Agradeco aos meus pais: Catarina e Pedro. Como os pais sao um reflexo
do amor incondicional de Deus, consolaram-me em cada dia menos bom e
permitiram-me partilhar as conquistas dos dias felizes do meu calendario.
Agradeco a Deus por toda a fé e sabedoria para desenvolver este trabalho.

prsa i C o o n wnencs o FCT PhD
para a Ciéncia universidade de aveiro | D M A e
e a Tecnologia theoria poiesis praxis






Palavras Chave

Resumo

Tempos de atraso, controlo 6timo, condigdes suficientes de otimalidade, mo-
delos matematicos para a transmissdo da célera, estabilidade local assin-
totica.

Nesta tese de doutoramento, provamos condig¢des suficientes de otimalidade
para problemas de controlo étimo com tempos de atraso, transformando-os
em problemas equivalentes sem tempos de atraso. Tal transformacao é feita
considerando uma técnica proposta por Guinn em 1976 e mais tarde promo-
vida por Maurer e seus colaboradores. Deste modo, somos capazes de usar
condicdes suficientes de otimalidade conhecidas para problemas de controlo
6timo sem tempos de atraso e voltar aos que consideram tempos de atraso.
Propomos e estudamos varios modelos que traduzem a propagacgao da colera
e que consideram diferentes tipos de tratamento ou de medidas de prevencao.
Problemas de controlo étimo correspondentes sao formulados e estudados.
Tais andlises tedricas sdo depois aplicadas a epidemias de colera reais que
ocorreram no Haiti e no 1émen.
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models for cholera transmission, local asymptotic stability.

In this PhD thesis, we prove sufficient optimality conditions for delayed optimal
control problems, by transforming them into equivalent non-delayed problems.
Such transformation is done by considering a technique proposed by Guinn in
1976 and later promoted by Maurer and his collaborators. In this way, we are
able to use well-known sufficient optimality conditions for non-delayed optimal
control problems and to return to the delayed ones. We propose and study
several models that can translate the spread of cholera and that consider dif-
ferent types of treatment or prevention measures. Corresponding optimal con-
trol problems are formulated and studied. Such theoretical analysis are then
applied to real cholera outbreaks that occured in Haiti and Yemen.
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Introduction

This PhD thesis addresses two fields of Mathematics: Mathematical Mod-
els in Epidemiology and Optimal Control Theory. In the last mentioned,
we usually consider a control system, where the dynamics are described by
a mathematical model, whether it can be, for example, a system of ordi-
nary differential equations, partial differential equations, or discrete differ-
ence equations (see e.g. [I10]). Here, we only consider systems of ordinary
differential equations with, or without, time delays. Such systems have sev-
eral state variables and they can be controlled through control functions.
The heart of the matter is how to control them in order to obtain the “best”
outcome, as restricted by some specific goals. As Lenhart and Workman
wrote in [110]:

“The mathematical theory behind answering these questions,
often called Optimal Control Theory or Dynamic Optimization,
has found application in a myriad of fields, from the Biological
Sciences, to Economics, to Business and Management, to Physics
and Engineering.”

In this work, such systems are studied with the purpose to analyse the trans-
mission dynamics of infectious diseases. In such analysis, it is important to
know what is an equilibrium point and the basic reproduction number, as
well as how we can determine them. An equilibrium point of a differential
system is a point for which the system is in equilibrium, that is, for which
the state functions of the system do not vary. The basic reproduction num-
ber is the expected number of new infections due to a contact between only
one typical infective individual and a completely susceptible population. In
the context of Epidemiology, we usually compute the disease-free and the
endemic equilibrium points. In general, we can denote them by equilibria.
Moreover, we carry out stability studies with respect to equilibria. Then,
we formulate and study non-delayed and delayed optimal control problems
that consider such systems. In applications, we provide optimal, or extremal,
control measures to curtail the spread of infectious diseases by considering
real situations, where the endemic equilibrium is locally asymptotic stable.

The thesis is divided into two parts: State of the Art and Original Re-
sults. In the first one, we recall important stability concepts and theoretical



results associated with delayed, or non-delayed, ordinary differential equa-
tions; as well as the definition of compartmental models and other related
definitions and theoretical results. We also give some well-known examples
of compartmental models (see Chapter . Still in the first part, we define
a non-delayed optimal control problem for which we recall well-known nec-
essary and sufficient optimality conditions, following the approaches used in
[56] 103] 140]. We also define an optimal control problem with constant time
delays in state and control variables for which we recall necessary optimality
conditions derived in [56] (see Chapter [2). In the second part of this thesis
(Original Results), we firstly give answer to an open question by proving
sufficient optimality conditions for optimal control problems with constant
time delays in state and control variables (see Chapter . In the proof of our
main results, we transform delayed optimal control problems to equivalent
non-delayed problems, considering the technique proposed by Guinn in [59]
and used by Goéllmann et al. in [56],57]. This allows us to use well-known the-
oretical results that ensure sufficient optimality conditions for non-delayed
optimal control problems, recalled in Chapter We remark that all the
contents of Chapter |3| are already published in international journals (see
[108] 109]). In Chapter f} we explain an infectious disease that remains a
global threat to public health and an indicator of inequity and lack of social
development — cholera (see [106], 107, 192]). The number of cholera cases
reported by World Health Organization (WHO) has continued to be high
over the last few years. During 2017, 1227391 cases were notified from 34
countries, including 5654 deaths (see [192]). Moreover, we give a general idea
about what has already been done to understand the dynamics of cholera
through the study of mathematical models. We formulate and explain sev-
eral models that can translate the spread of cholera, considering different
types of treatment or prevention measures. Chapter [] is crucial, since the
branches of Mathematics approached in this thesis are applied to cholera,
in Chapters [5] and [6] using the proposed cholera models of Chapter @l In
Chapters [f] and [6] we study the formulated cholera models by determining
the equilibrium points and the basic reproduction numbers for each one.
Stability analysis of equilibria is also carried out. Then, we formulate and
study some non-delayed and delayed optimal control problems, using some
of these models. While in Chapter [5| we consider applications related with
the cholera outbreak that occurred in the Department of Artibonite — Haiti,
in 2010; in Chapter [6] we apply theoretical studies to the biggest cholera
outbreak of world’s history that began on 27th April 2017, in Yemen. We
end this thesis with some conclusions and open questions.



Part 1

State of the Art






Chapter 1

Mathematical Models in
Epidemiology

We begin this chapter by recalling some basic definitions and proposi-
tions of Linear Algebra and Mathematical Analysis, since they will be used
throughout this thesis. Some academic and practical examples are given.
In second place, we present stability definitions and theoretical results for
systems of ordinary differential equations (ODE) and ordinary delayed dif-
ferential equations (ODDE). Again, some illustrative examples are provided.
Next, we recall the definition of compartmental models and some associ-
ated theoretical results. We finish this chapter by giving some examples of
compartmental models.

1.1 Introduction

Frequently, a phenomenon is not analysed directly, but indirectly through
a model of it. A model is a representation, often trough a mathematical view,
of what is considered important and crucial to translate a phenomenon.
Many researchers have manipulated such models with the purpose to obtain
new knowledge about the modelled phenomena without the danger, cost, or
inconvenience of manipulating the real phenomena itself. Most of the real
life modelling requires knowledge in Mathematics. Important information
of many physical phenomena can be described numerically. Moreover, the
relations between different features of real life can be translated by equations
or inequalities. In a particular way, quantities associated with, for example,
Natural Sciences and Engineering can be explained mathematically. Exam-
ples of such quantities can be: mass, position, velocity, acceleration, force,
number of a specific type of individuals and concentration of a bacterium.
To provide a modelling approach successfully, it is indispensable to know
the modelled phenomena and properties of such models. In Mathematical
Systems Theory, the dynamic behaviour of these phenomena is very im-



portant. In other words, it is essential to know how characteristic features
develop over time and what are the relationships, that are also described
as functions of time. Mathematical Systems Theory incorporates the ba-
sic knowledge for technical areas such as Automatic Control and Networks.
Furthermore, it is also the starting point for Optimal Control Theory from
which some important theoretical results will be recalled in Chapter [2| (see
[132]).

As Ma and Li write in [I13], the spread of infectious diseases has always
been a threat to public health. It has hampered the survival of human beings
and other species, as well as it has created barriers to the economic and social
development of the human society. Although relevant prevention and con-
trol measures have been developed to stop the spread of infectious diseases,
some of such illnesses still continue killing many people around the world.
To curtail more effectively the propagation of these type of diseases, firstly it
is essential to fully understand the transmission dynamics of these illnesses.
Epidemic dynamics study is a way to obtain this knowledge. It formulates
mathematical models to translate the mechanisms of disease transmissions
and dynamics of infectious agents. Such formulations require information
associated with population dynamics, behaviour of disease transmissions,
features of the infectious agents and the connections with other social and
physiologic factors. The study of such models can incorporate, for example,
quantitative and qualitative analysis, sensitivity analysis and numeric sim-
ulations. Then, we are able to understand better the spread of infectious
diseases, to find principles that command the transmission dynamics and to
determine the more sensitive parameters. Consequently, we can provide use-
ful and reliable predictions, as well as guidance in order to establish better
control strategies.

Although the mathematical research on infectious diseases (through de-
terministic models), as a discipline, actually began in the XX century, Daniel
Bernoulli (1700-1782) already used mathematical models to analyse the
spread of smallpox, in 1760 (see [12], 113]). Later, in 1906, a discrete-time
model for the propagation of measles was proposed (see [61) 113]). In 1911,
Ronald Ross (1857-1932) considered a differential equation model to de-
scribe the transmissions of malaria between humans and mosquitoes (see
[113],[146]). He determined that there is a threshold of the size of mosquitoes
below which the spread of malaria can be controlled. Due to his brilliant
contributions in the research of the transmission dynamics of malaria, Ross
was awarded his second Nobel Prize in Medicine. Later, in 1927, Ander-
son Gray McKendrick (1876-1943) and William Ogilvy Kermack (1898
1970) created a well-known and well-recognized SIR (Susceptible-Infectious—
Recovered) compartmental model with the purpose to analyse the outbreak
of Black Death in London (1665-1666) and the epidemic of plague in Mumbai
(1906). For more details see [87, 113]. In 1932, they also formulated a SIS
(Susceptible-Infectious—Susceptible) compartment model (see [88]). With



the study of such model, they formally introduced the concept of thresholds
that allow us to know whether a disease spreads in a certain population.
Most of the deterministic models incorporate ordinary differential equations.
Nevertheless, first and second order partial differential equations and delayed
differential equations have been also considered (see [113]). With the study
of such deterministic mathematical models, we can conclude if their solutions
make sense in a certain reality and, moreover, we can analyse the existence
and stability of steady states, which characterize the spread of such diseases.
As it is crucial to know some properties associated with the models in study,
we recall here some important concepts with respect to models that are
translated by a differential system. Some of such concepts are: equilibrium
point, local stability and local asymptotic stability. Moreover, we are going
to state and illustrate theoretical results that allow us to obtain stability
conclusions. We remark that we are going to approach such concepts for
ODE and ODDE. Although ODE have been an important tool for the study
of population dynamics, more realistic models should consider some of the
past information (see [97]). As Kuang wrote in [97, p. ix]:

“ideally, a real system should be modeled by differential equa-
tions with time delays.”

In this chapter, we give some preliminaries needed throughout this thesis.
We begin with Section by defining some important concepts of Linear
Algebra that are essential in the study of mathematical models: eigenvalue,
etgenvector, eigenspace, characteristic polynomial, characteristic equation,
algebraic multiplicity and geometric multiplicity. An example is given with
the purpose to illustrate all these concepts. At the end of Section [I.2] we
also recall some well-known definitions and propositions of Mathematical
Analysis associated with continuity and differentiability for vectorial func-
tions of several variables. In Section we define equilibrium point and its
stability for non-delayed systems of ordinary differential equations (ODE).
This section is divided into four sections. Sections [1.3.1] and [1.3.2] are, re-
spectively, devoted to the stability study of linear and non-linear differential
systems. Furthermore, several illustrative examples are solved in these two
sections. In most cases, these stability studies depend on the roots of a
polynomial. Nevertheless, the determination of these roots is not always
easy. Thus, we sometimes can resort to the Routh—Hurwitz Criterion or to
Descartes’ Rule of Signs, presented in Sections and [1.3.4] respectively.
The Routh-Hurwitz Criterion gives us a necessary and sufficient condition
for all roots of a given polynomial to have negative real part, only using the
values of their coefficients. Descartes’ Rule of Signs allow us to know the
maximum number of positive real roots of a polynomial, only using the signs
of their coefficients. In Section we define equilibrium point and its sta-
bility, when we consider a system of ordinary delayed differential equations
(ODDE). Sections and are, respectively, devoted to the stability




study of linear and non-linear differential systems. Finally, with the purpose
to study mathematically the propagation of infectious diseases in a hetero-
geneous population, in Section we recall the definition of compartmental
models and some associated theoretical results, following the approach used
in [I76]. We finish the current chapter with Section giving several ex-
amples of compartmental models, and Section of conclusion.

1.2 Preliminaries

In this section we recall some basic definitions of Linear Algebra and
Mathematical Analysis, following the approaches used in [46, 94] [132]. Be-
low are the definitions of eigenvalue, eigenvector, eigenspace, characteris-
tic polynomaial, characteristic equation, algebraic multiplicity and geometric
multiplicity.

Definition 1.1 (See p. 408 of [94]). Let A be a n x n real matriz. The
number \ € C is an eigenvalue of A if there is a vector

v=[v; --- vt €C"\ {0cn}

such that
Av = .

If this vector v exists, then it is called by eigenvector associated with the
eigenvalue \.

Definition 1.2 (See p. 417 of [94]). Let A be a n x n real matriz and \ € C
be an eigenvalue of A. The eigenspace % associated with X is defined by

62/)\ = {’U eC": (A — )\In)v = O(Cn}.

Definition 1.3 (See p. 412 of [94]). Let A be a n x n real matriz. The
characteristic polynomial of A, with degree equal to n, is defined by

pa(\) = det(A — \I,).
Moreover, the characteristic equation is given by
pa(A) = det(A — \I,,) = 0.

In practice, the eigenvalues of A are the roots of the characteristic polynomial
pa (see Theorem 8.2 of [94]). Assuming that A has k different eigenvalues
Ay oy Ak, with £ € N and k < n, then we can write p4(\) as follows

pA()\) = ()\1 — )\>TL1 X oo X ()‘k _ )\)nk7

where n; +---+npy=nandn; e Nforalli=1,...,k.



Definition 1.4 (See p. 34 of [132]). Let A be a n x n real matriz with
the different eigenvalues Ai,..., A\ (k € N and k < n) and characteristic
polynomial

pA(A) = (A1 = A)™ X - x (A — )",

The algebraic multiplicity and the geometric multiplicity of the eigenvalue
i 18, respectively, equal to n; and to the dimension of %\, fori=1,... k.
Moreover, \; s called simple eigenvalue when n;, =1 fori=1,... k.

Let us give an example which involves all the previous definitions.

Example 1.5. Consider the following 3 x 3 real matriz given by

A=

S O =

1
4
0

w = o

The respective characteristic polynomial is

4—Xx 1 0
paN) =det(A—Xz)=| 0 4-X 1 |=(-)*B-N.
0 0 3-2)\

Thus, we can conclude that A has two different eigenvalues: \; = 4 and
Ao = 3. Moreover, the algebraic multiplicity of A1 and Ao is, respectively,
n1 = 2 and ng = 1. Throughout this example we are considering that

v=1[v1 v vg]T e C3.

Let us determine the eigenspace %y:

01 0 0 1
(A—413)U:()(C3<=> 0 0 1|v=1|0|<v=|0]ovy,
0 0 -1 0 0

where v1 € C. Then, we have that
%42{’[)6@3: 1}221)3:0}.

Consequently, the geometric multiplicity of A1 is equal to dim(%4) = 1. Now,
let us find the eigenspace %3:

1 10 0 —1
(A-3L)v=0< [0 1 1lv= |0l <v=|1 |,
0 00 0 -1

where vo € C. Then, we have that
%3={U€C32 7}1:1)32—7)2}.

Consequently, the geometric multiplicity of Mg is equal to dim(%3) = 1.



We end this section by recalling some well-known concepts and results as-
sociated with continuity and differentiability for vectorial functions of several
variables, since they will be used throughout this thesis.

Definition 1.6 (Continuity — see p. 34 of [46]). Let h : D, CR™ — R™ be
a function and T be an interior point of Dy. We say that h is continuous at
x =& if lim h(x)= h(Z).

Tr—T

Proposition 1.7 (See Proposition 2.5 of [46]). Being h and & as in Defi-
nition we have that h is continuous at x = T if and only if each of its
components h; is continuous at x = & for i € {1,...,m}.

Definition 1.8 (Differentiability — see p. 128 of [46]). Let h : D, C R" —
R™ be a function and & be an interior point of Dy. We say that h is dif-
ferentiable at x = & if there is a linear tmnsformatz'orﬂ L (depending on %)

such that h(E 4 k) — h(2)
(M - b ) = e

Proposition 1.9 (See Proposition 4.3 of [46]). Being h and & as in Defini-
tion 1.8, we have that

lim
k—0rn

i) h is differentiable at © = & if and only if each of its components h; is
differentiable at x = % fori € {1,...,m};

i) if h is differentiable at x = Z, then the matriz of the linear transforma-
tion L is the matriz of partial derivatives ggl (%) forie{l,...,m} and
J

je{l,...,n}.
Next, we define the functions of class €%, where g € Np.

Definition 1.10 (See p. 91 and 131 of [46]). Let h : D;, C R™ — R™ be a
function, where Dy, is an open set. If all of the qth order partial derivatives
(q € No) of each component h; exist and are continuous at every x € Dy, for

i€ {1,...,m}, then h is a function of class €4. Moreover, we then write
that h € €1( Dy, R™).

Note that a function f is of class € if and only if f is ¢ times continuously
differentiable.

1.3 Stability for non-delayed differential systems

Following the approach of [I32], we begin this section by recalling some
important definitions and stability results for non-delayed systems of ordi-
nary differential equations (ODE) given by

i = f(x) (L.1)

!For more details about linear transformations, one can see [46, p. 119-124].
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with the initial condition z(a) = x4, where a € RJ is the fixed initial time,
z(t) € R™ for all t > a and f is continuously differentiable as many times as
we need. Next, we define equilibrium point and its stability.

Definition 1.11 (See Definition 4.1 of [132]). An equilibrium point of sys-
tem (L.1) is a vector T € R™ that satisfies the equation f(z) = 0.

The designations fized point, stationary point, rest point, singularity, steady
state and critical point are synonymous of equilibrium point.

Definition 1.12 (See Definition 4.1 of [132]). For each t > a, let T and
z(t) be an equilibrium point and the solution of system (1.1)) with the initial
condition x(a) = x4, respectively. The equilibrium point T is called

i) locally stable if, for all t > a,

Ve>0, 30 >0 : ||lza— 2| <0 = ||z(t) — Z|| < ¢

i) locally asymptotic stable if it is stable and

>0 : ||lzg—Z|| <d = lim |[|z(t) — Z|| = 0;
t—+o00

#i1) unstable if it is not locally stable.

Note that || - || represents an arbitrary norm in the previous definition. The
Fuclidean norm is used frequently. Let z, be an initial point in a neigh-
bourhood of a certain equilibrium point Z. Intuitively, Z is locally stable if
and only if the solution of system (1.1)) with the initial condition z(a) = z,
remains in a neighbourhood of z. On the other side, when Z is locally asymp-
totic stable, we have that the solution remains in a neighbourhood of z and
moreover it converges to Z, ensuring that the initial point x, is sufficiently
close to z. If x is unstable, then even when the initial point xz, is arbitrarily
close to Z, it always exists a solution x,(-) of & = f(z) for which it is not
possible to find any neighbourhood of  where z,(-) could remain. So, z,(-)
“explodes” or “diverges away” from Z.

1.3.1 Linear differential systems
In this section, we consider that system (L.1)) is linear, i.e.,
= f(z) = Ax, (1.2)

where A is a n X n real matrix. Obviously, Z = Ogn is an equilibrium point
of & = Ax. Nevertheless, there will be others if det(A) = 0. Following
the approach of [132], we recall a stability result for the linear differential
system only with respect to the fixed point £ = Ogn. So, the system
& = Az (or the matrix A) is stable, locally asymptotic stable or unstable if
Z = O~ is stable, locally asymptotic stable or unstable, respectively.
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Theorem 1.13 (See Theorem 4.2 of [132]). Let A be a n X n real matriz
with k different eigenvalues A1, ..., A\, with k € N and k < n. Consider the
linear differential system & = Ax with an equilibrium point T = Ogn, where
x € R™. Then, T = Ogn 18

i) locally stable if and only if R(N;) < 0 for all i = 1,...,k and the
algebraic and geometric multiplicities are equal for each eigenvalue \;

with 3%()\@) = 0,‘
i1) locally asymptotic stable if and only if R(\;) <O for alli=1,... k;

ii1) unstable if and only if R(N\;) > 0 for some i = 1,...,k or for some
eigenvalue \; with R(\;) = 0 the algebraic multiplicity is larger than the
geometric multiplicity.

Remark 1.14. If a matriz A is such that det(A) = 0, then system (1.2)) has,

at least, two different equilibrium points. One of them is clearly £1 = Ogn
and the other is To € R™\ {Ogn}. When we apply the change of variable

r=1Y— T9
in system (1.2)), we obtain
i':Ax(:)y—ﬁcg:Ay—Aa‘cg@y:Ay.

Observe that y = Orn s an equilibrium point of y = Ay and furthermore
y = Opn & x = Zo. So, the stability conclusions about £1 = Orn and
ZTg € R"\ {Ogn} are the same.

Now, we define direct sum.

Definition 1.15 (See p. 34 of [132]). A linear space ¥ is the direct sum of
two linear subspaces Y1 and Vs, if each v € ¥ can uniquely be decomposed
as

UV = V1 + V2,

where v1 € ¥, and vo € V5. Moreover, ¥ can be denoted by
V=7 Y.

Next we define stable, unstable and center subspaces associated with the
linear differential system (1.2).

Definition 1.16 (See Definition 4.5 of [I32] and p. 30 of [I81]). Let A be
an X n real matriz with k different eigenvalues A1, ..., g, with k € N and
k < n. Assume that each eigenvalue \; has algebraic multiplicity n; and

Ny ={veC": (A= NI,)"v=0cn}

12



fori=1,..., k. Moreover, consider the linear differential system & = Ax
for x € R™. The stable subspace for this system is the real subspace of
the direct sum of linear subspaces A, that correspond to eigenvalues of A
with negative real part. The unstable subspace and the center subspace are
defined similarly, then corresponding to eigenvalues of A with, respectively,
positive and zero real parts.

Remark 1.17 (See Theorem 3.9 of [I132]). Considering the notions of Defi-
nitions and[1.16, one can prove that C" = A5, @ N, © ... © A,

Remark 1.18 (Stable, unstable and center manifold). As in [181, p. 28-
30/, instead of defining deeply the concept of a manifold, we describe only
the portion of the vast theory that we will need. So, as Wiggins writes in
[181, p. 28-30], roughly speaking, a manifold is a set that, locally, has the
structure of an Euclidean space. With these considerations, it is important
to state that the stable, unstable and center subspaces rise the stable, unstable
and center manifolds, respectively.

Next, we present some illustrative examples of Theorem and Defini-
tion [LI6l

Example 1.19. Let us study the stability of the equilibrium point T = Ops
of the linear system & = Ax, where

-1 0 O
A=13 -4 0
7T 2 =2

The characteristic polynomial is given by

—1-AX 0 0
paN) =det(A-M) =| 3  —4-X 0 |=-(A+)A+2)(A+1).
7 2 —2—A

As A has only eigenvalues with negative real part (A = —4, Ao = —2 and
A3 = —1), then the equilibrium point T = Ogs of & = Ax is locally asymptotic
stable. We can also state that T = Ogs is locally stable, by Definition [1.1%
The stable subspace S is the real subspace of N 4 ® N o ® N1 = C3. It
means that S = R3. Obviously, the center subspace C and unstable subspace

U are such that C =U = ().

Example 1.20. Let us study the stability of the equilibrium point T = Ops
of the linear system & = Ax, where

0 4 1
A=10 -2 1
0O 0 -1



The characteristic polynomial is given by

—-A 4 1
pa(A) =det(A—=A3)=]0 —2—2A\ 1 =-AA+2)(A+1).
0 0 —1-X
The eigenvalues of A are \y = 0, Aa = —2 and A3 = —1 with algebraic

multiplicities n1 = no = ng = 1. In order to take conclusions about the
stability of * = Ops, we need to find the geometric multiplicity of Ay = 0.
Throughout this example, we are considering that v = [v1 vo wv3]T. Let us
determine the eigenspace %:

Av=0cs <v=[1 0 0,
where v1 € C. So, we obtain that
Uy ={veC3: vy=uv3=0}.

Consequently, the geometric multiplicity of A1 is equal to dim(%) = 1. As
the matrix A has two eigenvalues with negative real part and the algebraic
and geometric multiplicities of A1 = 0 are equal (ny = dim(%) = 1), then
the equilibrium point T = Opa of & = Ax is locally stable, but it is not locally
asymptotic stable.

Now, let us determine the center and stable subspaces. In this example,
we have that N\ = U\ for all X\ € {—2,—1,0}, because all eigenvalues are
simple. So, the center subspace is given by

C={veR3: vy=uv3=0}
Let us determine the subspace N o = {v € C3: (A+ 2I3)v = 0cs }:
(A+2I3)v =003 ©v=1[-2 1 07wy,
with vo € C. Then, we have that
N o9 = {U€C3:01+202=0/\1)3=0}.
Let us determine the subspace N1 = {v € C>: (A+ I3)v =0cs}-
(A+LyYw=0s<v=[-5 1 1]Tvs,
with vg € C. Then, we have that
N = {v€C3:01+5v3:0/\v2:v3}.
One can check that V. oNN_1 = [O 0 O]T. Thus, the stable subspace S is
composed by all real linear combinations of [-2 1 0|7 and [-5 1 1)1, It
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means that a vector s = [s1  So 53]T € S if and only if there are c1,co € R
such that

[s1 s2 s3] =c1[-2 1 07 +eo[-5 1 1]7.
This is equivalent to say that the system
—261 — 502 = S1
Cc1 1+ Ca = S9 (1.3)

Cy) = 83

15 possible. We can write the previous system in the following way:

_—2 -5 ‘ S1 -2 =5 | S1
1 1 | S92 ~ 1 0 | S9 — 83
0 1 | sy P01 | s
[0 0 | s1+ 252+ 3s3 1 0 | S9 — S3
~ 1 0 ‘ S§9 — S§3 ~ [0 1 | S3
frclait2lotdls 1o 53 0 0 | s1+2sy+3ss

Thus, system (1.3)) is possible if and only if s1 + 282+ 3s3 = 0. Concluding,
the stable subspace is given by

S={seR>: s +2sy+3s3=0}.
Obviously, the unstable subspace is U = ().

Example 1.21. Let us study the stability of the equilibrium point T = Opa
of the linear system & = Ax, where

0 -1 1

1 0 0 1
A= 0 0 0 -1

0 0 1 0

The characteristic polynomial is given by

-2 -1 1 0
1 =X 0 1
0 0 -x -1
0 0 1 =X

pa(A) = det(A — AIy) =

-A -1 0 A -1 1
= |1 =X 1|=X1 =X 0]|=X+1+X20A2+1)
0o 0 -1 0 0 -

= (A2 +1)2= (492N —9)2

So, the eigenvalues of A are \1 = —i and Ay = i. Then, T = Opa s not locally
asymptotic stable. Let us see if & = Opa is locally stable. Both eigenvalues
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have algebraic multiplicity equal to 2 (n1 =na =2). As R(A\1) = R(A2) =0,
then we have to determine the respective geometric multiplicities. Throughout
this example we are considering that

v=1[v1 wvo vz wl’ eCh
Let us determine the eigenspace U_;:
-1

(A+ily)v = 0cs < V=0 v=[-i 1 0 0T,

-1
1

[ s Y

1

1 2
0 O
0 O
where vg € C. Then, we have that

U_; ={v e C*: vy = —ivy and v3 = vy = 0}.

Consequently, the geometric multiplicity of \1 is equal to dim(%_;) = 1. So,
the algebraic and geometric multiplicities of A1 are not equal, because

So, we can conclude that the equilibrium point T = Oga of & = Az is unstable
and we do not need to determine dim(%;). The center subspace C' is the real
subspace of N_; ® N; = C*. It means that C = R*. Obviously, the stable
subspace S and unstable subspace U are such that S = U = ().

Example 1.22. Considering the matriz A of Example the equilibrium
point T = Ops of the linear system & = Ax is unstable, because A only
has positive eigenvalues. The unstable subspace U is the real subspace of
Ny @ Ny = C3. It means that U = R3. Obviously, the center subspace C
and stable subspace S are such that C = S = (.

1.3.2 Non-linear differential systems

In general, many phenomena of real life are translated by non-linear
differential systems and we can not use Theorem Alternatively, it is
common to linearise these systems. For this it is important to know how
the linearisation of system can be done (see Chapter 3.1 of [I32]). Let
Z(+) and Z(-) + y(-) be solutions of system (1.1)) with the initial condition
x(a) = x4, where y(+) is small enough. It means that



The last equation of the previous system is equivalent to
y(a) = x4 — T(a) = Ogn.

We have already assumed that f is continuously differentiable as many times
as we need. Consequently, by Taylor’s Theorem, we can expand f(Z + y) as
follows:

f@@+y)=f@) +Df(@)y+ 0, (1.4)

where Df(Z) = %(@) is the Jacobian matriz off applied in Z and .ﬁ rep-
resents the higher order terms. As f(Z +y) = 2 + ¢ and f(Z) = &, then
equation (|1.4)) is equivalent to

i+y=1+Df(F)y+ 0 y=Df(@)y+0.

If the higher order terms are ignored, we can obtain the linearised system
given by
y=Df(@)y

with initial condition y(a) = Ogn. Note that the matrix Df(Z) is also called
the linearisation matriz of system ([1.1]) around the solution Z(-).

The following result allow us to know if an equilibrium point Z of sys-
tem ([1.1)) is locally asymptotic stable or unstable.

Theorem 1.23 (See Theorem 1.6 of [156]). Let us consider system (L.1)
with equilibrium point T and the linearisation matriz D f(Z) with k different
etgenvalues A1, ..., A\, with k € N and k <n. Then, T is

i) locally asymptotic stable if R(\;) <0 for alli=1,... k;
i) unstable if R(\;) > 0 for somei=1,... k.

An illustrative example of Theorem will be given at the end of Sec-

tion (see Example [1.32]).

Note that Theorem [I.23] can only allow us to take stability conclusions
of an equilibrium point, when the linearisation matrix around it only has
eigenvalues with non-zero real parts. Next, we give a result from which we
can obtain a stability study of an equilibrium point, when the linearisation
matrix has a simple eigenvalue with zero real part. First, it is important to
define hyperbolic equilibrium point.

Definition 1.24 (See Definition 1.2.6 of [I81]). Consider system with
equilibrium point T. Let Df(z) be the linearisation matriz of system (1.1)
around T. The equilibrium point T is hyperbolic if all eigenvalues of D f(z)
have non-zero real parts.
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Next we present a result that gives some stability conclusions about a non-
hyperbolic equilibrium point & of a non-linear differential system similar to
. It gives rise to the center manifold of & that is composed by orbits
whose behaviour around Z is not controlled by either the attraction of the
stable manifold or the repulsion of the unstable manifold associated with the
linearisation matrix D f(&). More details about Center Manifold Theory can
be found in [24] 58, [I81]. In [25], the authors describe a theory that not only
can determine the local stability of a non-hyperbolic equilibrium, but also
settles the question of existence of another equilibrium (bifurcated from the
non-hyperbolic equilibrium). The results proved in [25] are also based on
the general Center Manifold Theory and we are going to present them in the
following theorem.

Theorem 1.25 (See Theorem 4.1 of [25]). Consider a differential system
with a parameter o € R given by

&= f(z,0), (1.5)

where a € Ry is the fived initial time, x(t) € R™ for all t > a and f is
continuously differentiable as many times as we need. Let us assume that

i) & is an equilibrium point for system (1.5)) for all values of the parameter
0: f(&,0) =0 for all p € R;

i) A =0 is a simple eigenvalue of A; and all other eigenvalues of A; have
negative real parts, where A; = %(ﬁ:,O) 18 the linearisation matriz of
system (L.5) around & with o = 0;

i11) matriz A; has a non-negative right eigenvector w and a left eigenvector
v corresponding to the eigenvalue A = 0.

Let k be the k-th component of f and

RN Pl s 00 and b S Pl
a= g Ukwiij(x, ) an = Z VpW; 8xiag(x’ ).
i,5,k=1 i,k=1

The local dynamics of (1.5)) around & are totally determined by a and b. If
i) a >0 and b >0, then

o T 1is locally asymptotic stable and there exists a positive unstable
equilibrium, when o < 0 with |o| < 1;

o % is unstable and there exists a negative and locally asymptotic
stable equilibrium, when 0 < o < 1;

i) a <0 and b <0, then

o T is unstable, when o < 0 with |o| < 1;
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o T is locally asymptotic stable and there exists a positive unstable
equilibrium, when 0 < o K 1;

i) a >0 and b <0, then

o I is unstable and there exists a locally asymptotic stable negative
equilibrium, when o < 0 with |o| < 1;

o I is stable and a positive unstable equilibrium appears, when 0 <
oK 1y

w) a <0 andb > 0, then T changes its stability from stable to unstable,
when o changes from negative to positive. Correspondingly, a negative
unstable equilibrium becomes positive and locally asymptotic stable.

Remark 1.26 (See Remark 1 of [25]). The requirement that w is non-
negative in Theorem [1.25]is not necessary. We still can apply Theorem|1.2
even when w has some negative components. Considering that & is a non-
negative equilibrium point of interest, if £; > 0, then w; does not need to be
positive.

Theorem is used in the proof of Theorems [5.6] and of Sec-
tions [5.2.3] [6.2.4] and [6.3.3] respectively.

1.3.3 Routh—Hurwitz Criterion

As we have already seen in Section [I.2] the eigenvalues of a n x n real
matrix A are the roots of its characteristic polynomial given by

paA(N) = det(A — AL,) = ap\" + ap 1 N4+ arh +ag

with a,, # 0. Nevertheless, sometimes the determination of their roots is not
easy. S0, we can resort to Routh—Hurwitz Criterion that give us a necessary
and sufficient condition for all roots of p4 to have negative real part, only
using the coefficients a;, with ¢ = 0,...,n. The Routh Test was proposed
in 1876 by the English mathematician Edward John Routh (1831-1907). It
allows to know if all the roots of the characteristic polynomial of a linear
system have negative real part (see [I147] for more details). Later (in 1895),
the German mathematician Adolf Hurwitz (1859-1919), independently, pro-
posed to arrange the coefficients of the polynomial into a matrix. Moreover,
he showed that the polynomial is stable if and only if the sequence of determi-
nants of its principal sub-matrices are all positive (see [74] and its translation
[11 p. 70-82] for more details). Although the two techniques are equivalent,
the Routh Test provide a more efficient way to compute the Hurwitz de-
terminants than computing them directly. Those two procedures originated
the Routh—Hurwitz Criterion that consists in arranging the coefficients a;,
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with i = 0,...,n, in the so-called Routh—Hurwitz matriz (see [132, p. 55-57])
given by

[ an, ap—2 0dn—4 1
an—-1 0ap-3 0an-5
bn72 bn74 bn76
Cn—3 Cp—5 Cn-7 - °|°’

dn—4 dn—6 dn—S

(1.6)

where the coefficients b;, ¢;, d;, etc., are defined by

Gp—10n—2 — Apnan—3 Gp—10n—4 — Apndn—5

bn—2 = ) bn—4 = ’ SRR
an-1 an—1
o bn—Zan—S — an—lbn—4 . bn—2an—5 — an—lbn—ﬁ
Cn—3 = by_o y Cn—5 = by_o R
n— n—
d _ Cn—3bn—4 — bp—2Cn—5 d _ Cn—3bn—6 — bn—2Cn—7
n—4 — ’ n—6 — ’

Cn—3 Cn—3

In the construction of matrix , all coefficients with negative index are
equal to zero. When we are computing the elements of a row of matrix ,
all of them are obtained through a quotient where the denominator is the
first element of the previous row. So, the last row of matrix is the first
row that has zero in the first position. Summarizing, the construction of the
Routh-Hurwitz matrix ends, when it is obtained the first zero in the first
column. As we are considering that a, # 0, then the minimum number of
rows are two, when a,_1 = 0. The maximum number of rows is n + 1, when
the first n + 1 elements of the first column are different to zero.

Theorem 1.27 (Routh-Hurwitz Criterion — see Theorem 1.2.9 of [181]). All
roots of the polynomial

A\ + ap A NN ag N+ ag

with a, # 0 have negative real part if and only if all n + 1 elements in the
first column of the Routh-Hurwitz matrix (1.6) are non-zero and have the
same Sign.

Next we present an illustrative example of Routh—Hurwitz Criterion.

Example 1.28. Consider the polynomial p(A) = A3 +3X\2 +3X+9 =0 and
let us write the Routh—Hurwitz matriz:

az ai ;; g 1 3
42901 = | ayar — asag =127
by 0 e 00

a2
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Actually, the Routh—Hurwitz matriz is simply given by

1 3

3 9|
Since the first column of the previous matriz does not have n+1 = 4 non-null
elements, then we can conclude that there is at least one root of p that does not

have negative real part, by Routh—Hurwitz Criterion (Theorem . Now,
let us to determine the roots of p with the purpose to confirm the previous

conclusions. One root of p is A = —3. Using the Ruffini Rule, we obtain
1 3 3 9
-3 -3 0 -9
‘ 1 0 3 0

and, consequently, we also have that

PN = (A +3) (A2 +3) = (A +3)(A 4+ V3i) (A — V3i).
Thus, the roots of the polynomial p are \i = —3, Ao = —v/3i and \3 = v/3i.
Actually, two roots of p (A2 and A3) do not have negative real part.

1.3.4 Descartes’ Rule of Signs

There is other result that allow us to know the maximum number of
positive real roots of a polynomial, only using the signs of their coefficients.
Consequently, with this information we can take stability conclusions. This
theoretical result, called by Descartes’ Rule of Signs, was firstly described
by the French mathematician René Descartes (1596-1650) in his work La
Geometrie, published in 1637 (see [40]).

Theorem 1.29 (Descartes’ Rule of Signs — see Theorem 1.2.8 of [I81]).
Consider the polynomial

PAN) = @\ + ap N4 ag A+ ag
with a, # 0 and the sequence of their coefficients as follows:
ap, An—1, --., A1, Qo,

omitting the null coefficients. Let j be the total number of sign changes from
one coefficient to the next in the previous sequence. Then, the number of
positive real Toots of the polynomial pa is either equal to j, or j minus a
positive even integer.

Remark 1.30. With respect to Theorem[1.29, if

i) 7 =20, then the polynomial ps does not have positive real roots;
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ii) 7 =1, then the polynomial py has exactly one positive real root.
Next, we give an illustrative example for Descartes’ Rule of Signs.

Example 1.31. By Descartes’ Rule of Signs, we can conclude that the poly-
nomial p given by

p(A) =A% =207 — A 42

has either two, or zero positive real roots, because there are two sign changes.
The first change is from the coefficient a3 = 1 to ao = —2 and the second
1s from the coefficient a1 = —1 to ag = 2. Let us compute the roots of p.
Clearly, one can observe that p(1) = 0. So, by Ruffini Rule, we obtain

1 -2 -1 2
1 1 -1 -2
1 -1 -2 0

and, consequently, we have that

p(A) = (A =1\ = A -2).
Doing simple calculations, we obtain that

pAA) = A =1DA+ 1A -2).
Concluding, p has two positive real roots (1 and 2).

Now, we are going to give an example that illustrates the linearisation
method, Theorem Routh—Hurwitz Criterion and Descartes’ Rule of
Signs presented previously.

Example 1.32. Let us consider the following non-linear differential system:

{i‘l :fl(xl,xg) :—21'1—1-3?%4-21’24-1, (1 7)

&y = fo(x1,22) = —x2 — 1.

The unique equilibrium point of (1.7) is (Z1,Z2) = (0,—1). The Jacobian
matriz associated with the function f = [f1  fa]T is given by

Df(x1,29) = [—2 2z9 +2} ‘

0 -1

Consequently, the Jacobian matriz applied in (0,—1) is given by
-2 0
pron=[7 %]
Considering that y = [yl yg]T, the linearised system associated to ([1.7)) is
given by
. 1=2 0
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As Df(0,—1) is a diagonal matriz, it is easy to conclude that their eigen-
values are Ay = —2 and Ay = —1. So, by Theorem [1.25, we can assert that
the equilibrium point (0,—1) of is locally asymptotic stable, since all
the eigenvalues of Df(0,—1) have negative real part. Let us take the same
conclusions using Routh—Hurwitz Criterion and Descartes’ Rule of Signs.
For this, we have to compute the characteristic polynomial of the maitriz
Df(0,—-1). It is given by

—2-X 0
PN =" _1_)\:()\+2)(>\+1):/\2+3)\+2.

The Routh—Hurwitz matriz is given by

as ag i1’> 3 1 2
a1 0= aijapg —ag X 0 =130
bp O _— 2 0

a

Since the first column of the previous matriz has n+1 = 3 positive elements,
then Routh—Hurwitz Criterion allow us to confirm that all the roots of p have
negative real part and, consequently, the equilibrium point (0, —1) of 18
locally asymptotic stable. By Descartes’ Rule of Signs, we can also conclude
that the number of roots of p with positive real part is equal to zero, because
there is no sign change in the following sequence:

az, ai, ap — 1, 3, 2.

1.4 Stability for delayed differential systems

In this section, we recall some important definitions and theoretical re-
sults about the stability of a system of ordinary delayed differential equations
(ODDE) given by

= f(z,x,) (1.8)

with initial condition
z(t) = ¢(t) for te€[a—r,al, (1.9)

where a € R{ is a fixed time, [a — r, a] is the initial time interval, r € RT
is the fixed time delay, x(t) € R™ for all t > a — r, z,(t) = z(t — r) for all
t > a and f is continuously differentiable as many times as we need. Next,
we define equilibrium point and its stability.

Definition 1.33 (See p. 121 of [156]). An equilibrium point of system (1.8)
is a vector T € R"™ that satisfies the equation f(Z,z) = 0.
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Definition 1.34 (See Definitions 2.3 and 2.4 of [18]). For each t > a —r,
let & and x(t) be an equilibrium point and the solution of system (1.8) with
initial condition (1.9)), respectively. The point T is

i) locally stable if, for all t' € [a — r,a] and t > a,

Ve>0,36>0 : ||o(t) — 7| <0 = |lz(t) — 2| <&

i) locally asymptotic stable if it is stable and, for allt’ € [a — r,a],

. N s ; _ &l =0
36>0 : [[o(t) — 2| <é = lim [fa(t) - 2] =0;

i11) unstable if it is not locally stable.

1.4.1 Delayed linear differential systems

In this section we follow the approach of [164]. Let us suppose that
system (1.8)) is linear, i.e.,

&= f(z,z,) = Az + Bz, (1.10)

where A and B are n x n real matrices. Clearly, Z = 0 is an equilibrium
point of (1.10). The corresponding characteristic equation is

det(\l, = A—e*"B) =0. (1.11)

Next we state a stability result for the delayed linear system ([1.10)) only
with respect to the fixed point Z = 0 (see a particular case of Theorem 4.3
of [164]).

Theorem 1.35 (See Theorem 4.3 of [164]). Let us consider the delayed
linear system (1.10). For k € N and k < n, suppose that the characteristic
equation (L.11)) has k different solutions: Ai,..., \g. The equilibrium point
T = O]Rn 15

i) locally asymptotic stable if R(\;) <O foralli=1,... k;
i1) unstable if R(N\;) > 0 for somei=1,... k.
Next, we present two illustrative examples of Theorem [1.35]

Example 1.36. Let us consider the following delayed linear differential sys-
tem:

{a‘cl(t) = —1(t) + 21 (t — 1) + a2t — 1), (1.12)

:ig(t) = —2371(t) - 3:(12(t) — :Iil(t - 1) - mg(t - 1),
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which is equivalent to the following matriz equation:

] -+ o)

where

-1 -1

A:[_l 0 and B:[1 1]

Clearly, z = [0 0T is an equilibrium point of system (1.12)). The respective
characteristic equation det(Ay — A — e *B) = 0 is equivalent to

S
'A+1 e e =0 A +1)(A+3)=0=A=—-1VA=-3.

24 A+3+4e P

As all the solutions of the characteristic equation have negative real part
(A=—1V = -3), then, by Theorem T is locally asymptotic stable.

Example 1.37. Let us consider the following delayed linear differential sys-
tem:

{Jvl(t) = —a1(t) = 2wa(t) + 21 (t = 3) + s (t — 3), (1.13)

Ii‘g(t) = 1’2(75) — 1’1(75 — 3) — ZL'Q(t — 3),

which is equivalent to the following matriz equation:

el =al]m e o),

where

-1 -1

A:[_l —2 and B:[1 1]

Clearly, = [0 0]7 is an equilibrium point of system (T.13)). The respective
characteristic equation det(Ay — A — e 2 B) = 0 is equivalent to

A+1—e 32 2 — e 3A
e~ 3A A—1+e 32

—0eA+1D)A-1)=0eA=—1VA=1

As the characteristic equation has, at least, a solution with positive real part

(A =1), then, by Theorem [1.35, T is unstable.

1.4.2 Delayed non-linear differential systems

As we have mentioned before, most of the phenomena of real life are
translated by non-linear differential systems and in these cases we can not
use Theorem In order to be possible to take some stability conclusions
for the delayed non-linear differential system , we are going to proceed
with the linearisation of system (|1.8]) (see Chapter 3.1 of [132] and p. 121-122
of [156]).
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Let Z(-) and Z(-) + y(-) be solutions of system (1.8)), where y(-) is small
enough. It means that

j:f(i’jr)a
z(t) = ¢(t) for tefa—ral,
T+y=[fT+y T +yr)

=¢(t) for te€la—ral

Note that Z,(t) + yr(t) = Z(t — ) + y(t — r) for all ¢ > a. Moreover, for all
t € [a — r,al] the last equation of the previous system is equivalent to

y(t) = o(t) — 2(t) = Opn.

We have already assumed that f is continuously differentiable as many times
as we need. Consequently, by Taylor’s Theorem, we can expand f(Z+vy, Z,+
yr) as follows:

f@+y, T +yr) = f(T,%) + Do f(Z,Z0)y + Do, f(Z, Z0)yr + O,  (1.14)

where D, f(Z,Z,) = %(:ﬁ Zy) and Dy, f(Z, %) = %(:}Z,fr) are the Jacobian
matrices of f with respect to variables x and x,, respectively, and & repre-
sents the higher order terms. As f(Z +y, %, +y,) =2 +9y and f(Z,%,) = 7,
then equation ((1.14]) is equivalent to

417y =2+ Dyf(,3r)y + Dy, (Z,3)yr + O
Sy = Dxf(‘%a i‘r)y + D:cr(i'air)yr + 0.

If the higher terms are ignored, we can obtain the linearised system given by
U= Do f(%,Zr)y + D, (T, %) yr

with initial condition y(¢t) = Ogn for t € [a —r,a].

The following theorem allow us to know if an equilibrium point T of
system (1.8) is locally asymptotic stable or unstable.

Theorem 1.38 (See Theorem 4.8 of [164]). Let us consider system (L.8)).
Assume that T is an equilibrium point of © = f(z,x,), A = D, f(z,Z) and
B = D,, f(z,z). For k € N and k < n, suppose that the following charac-

teristic equation
det(\[, —A—eB)=0 (1.15)

has k different solutions: A1,..., ;. The equilibrium point T s
i) locally asymptotic stable if R(\;) <0 for alli=1,... k;

i) unstable if R(A;) > 0 for somei=1,... k.
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An illustrative example of Theorem is given in [164] p. 55-56].

Usually, the left-side of equation (|1.11)) is not so simple as in Exam-
ples and [L.37] Sometimes, it has the form

p1(A) + e M pa(N),

where p; and ps are polynomials in A with real coefficients. We denote the
degree of p; by m; € Ny for j = 1,2. In these situations it is not easy to
determine the solutions of equation . Thus, we follow the method for
dealing with equation

p1(A) + 67)\Tp2(/\) =0

for arbitrary m; and mg < my, established in [34] and corrected in [16].
Sometimes, the introduction of a time delay can destabilize the system, but
that is not always true. If we vary the value of the positive time delay r, it
may happen that the solutions of equation cross the imaginary axis.
Consequently, we can change from a stability situation to an instability one
or vice versa. If it occurs, then we say that there has been a stability switch
or reversal. Next, we present the main result of [34] (see Theorem 1) that
was corrected in [I6] (see also Theorem 4.1 of [97]). Such result allows to
determine how the increasing delay affects stability.

Theorem 1.39 (See [16, B34] and Theorem 4.1 of [97] in p. 83). Consider
the equation

p1(N) + e M pa(N) = 0,

where p1 and pa are analytic functions in R(A) > 0 that satisfy the following
condilions:

i) p1 and py have no common imaginary root;
i) pr(—iy) = p1(iy) and pa(—iy) = pa(iy) for real y;

ii1) p1(0) + p2(0) # 0;

7w lim su {
) oo P

v) F(y) = |[p1(iy)|? — |p2(iy)|? has at most a finite number of real zeros,
for real y.

e <

Then, the following statements are true:

a) if F(y) =0 has no positive roots, then no stability switch may occur; if an
equilibrium point s locally asymptotic stable for r = 0, then it remains
locally asymptotic stable for all r > 0; whereas if it is unstable for r =0,
it remains unstable for all r > 0;
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b) if F(y) = 0 has, at least, one positive root and each of them is simple,
then as r increases, stability switches may occur: there exists a positive
number r* such that instability occurs for all r > r*; as r varies from 0
to r*, at most a finite number of stability switches may occur.

2l

;‘ as |A| = oo and R(\) > 0.

Remark 1.40. Noite that

lim sup {
[A| =00, R(X)=0

denotes the limit superior of ng;\\

We use Theorem [1.39 in Section [5.3.3]

Remark 1.41. Note that while Theorems and [L.38 allow us to take
some conclusions about stability of an equilibrium point for a fized and pos-
itive time delay 7, the stability conclusions obtained by Theorem are in
function of r € RT.

1.4.3 Non-negativity of solutions

We are going to present a result that ensures the non-negativity of the
solutions of a differential system if non-negative initial conditions are con-
sidered (see [199]).

Lemma 1.42 (See Lemma 2 of [199]). Let us consider the differential equa-
lions

@i(t) = fi(t,z1(t), ..., zn(t)), i=1,...,n, (1.16)
supposing that ® C R x %([—T, 0],]R”) and f; € <K(CD,]R) withi=1,...,n.
If

fi}g(x_) >0, i=1,...,n,

then ‘5([—7“, 0], (Rg)n) is the invariant domain of equations (1.16)) fort > a,
where r € RS’ and

§(@s) = {ai(t) = 0 and (210),..., 2a(")) € € (1=,0], (RF)") }.

Note that Lemma [1.42]is used in Sections [5.2.1], [5.3.1] [6.2.1] and [6.3.1]

Remark 1.43. If we are studying an autonomous differential system, then
we trivially have, for all t > a, that

fi(t,xl(t),...,xn(t)) = fi(ml(t),...,xn(t)), 1=1,...,n

and, consequently, we can also use Lemma[I.42
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1.5 Compartmental Models

In this section we recall the definition of compartmental models, without
time delays, and some associated theoretical results, following the approach
used in [176].

When we intend to study mathematically the propagation of an epidemic
in a heterogeneous population, we divide it into n homogeneous compart-
ments/classes. The individuals can be distinguished by age, behaviour, spa-
tial position and/or stage of the disease (see [176]). Let z; € R be the
number of individuals in the compartment/class i, with ¢ = 1,...,n. Then,
we define © = (x1,...,2,). In this section, we assume that the first m com-
partments are related to infective individuals. We can only decide if a class
corresponds to infective individuals after an epidemiological interpretation.
Moreover, for some models there are more than one interpretation. Let us
consider the following definitions in order to obtain a clear explanation of
compartmental models.

Remark 1.44 (Infected/infectious/infective individual). In this work, an
individual who is infected by a virus/bacteria and does not transmit the dis-
ease s called an infected individual. On the other hand, an individual who
is infected by a virus/bacteria and is able to transmit the infection is called
an infectious individual. In general, an infective individual can be infected
and/or infectious.

Definition 1.45 (See Section 2 of [I76]). The set of all disease-free states
1s defined by

st{xe (RS‘)”: x; =0, izl,...,m}.

Next we define compartmental model.

Definition 1.46 (See Section 2 of [I76]). A compartmental model, which
translates the transmission of an infectious disease, is composed by non-
negative initial conditions and by the differential system given by

F(x) — N ()
b= f(z) = F () - V() = ; 7 (1.17)
9%(@ — V()

where F;(x) is the rate of appearance of new infections in compartment i,
”//Z"’(J:) 1§ the rate of transfer of individuals into compartment ¢ by all other
means, ¥, (x) is the rate of transfer of individuals out of compartment i and
Vi(x) = ¥, (x) =¥ (x), for alli = 1,...,n. Furthermore, it is assumed that
each function mentioned before is continuously differentiable at least twice in
each variable and the following assumptions are satisfied:
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(A1) if x >0, then F;, V., ¥.;~ >0 foralli=1,...,n;
(A2) if x; =0, then ¥, =0 foralli=1,...,n;

(A3) if i > m, then F; =0;

(A4) if v € X, then Fy(x) = VT (x) =0 foralli=1,...,m;

(A5) if F(x) is set to zero, then all eigenvalues of the Jacobian matriz
Df(xo) have negative real parts; considering that there is only one
disease-free equilibrium (DFE) xq of (equilibrium point of
restrict to Xs).

All the considerations done in the Definition imply the following result.

Lemma 1.47 (See Lemma 1 of [176]). Let us consider the compartmental
model of Definition[1.46] Then the Jacobian matrices D.F (xq) and DY (zq)

are partitioned as follows:

F 0

0 0

T _
D7 (.To) = |: Js Jy

] and D”f/(xo):[v O],

where F' and V are the m x m matrices defined by

F= {g‘ii (mo)} and V = BZ (a;o)]

with 1 < 4,57 < m. Moreover, F is non-negative, V 1is an invertible matriz
and all eigenvalues of Jy have positive real part.

According to Theorem the disease-free equilibrium zq of is
locally asymptotic stable if all eigenvalues of D f(z() have negative real part
and unstable if there is, at least, one eigenvalue of D f(z¢) with positive real
part. Due to Lemmall.47] the eigenvalues of D f(z¢) can be partitioned into
two sets. One of them is composed by the eigenvalues of ' — V and the
other by those of —Jy. The stability of xg is completely determined by the
eigenvalues of F' — V', since all eigenvalues of —J,; have negative real part
by Lemma [I.47] Moreover, we define basic reproduction number that is a
threshold parameter for the stability of zg, being in this way an important
measure in the mathematical study of infectious disease’s propagation (see
[41L [176]). Its value allows us to know if an epidemic will spread, or no.

Definition 1.48 (See Section 3 of [I76]). The basic reproduction number,
usually denoted by Ry, is the expected number of new infections due to a con-
tact between only one typical infective individual and a completely susceptible
population.
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Let us consider that there is an unique specific infective individual in a
completely susceptible population. Over the course of its infectious period
we can obtain, at least, two scenarios: Ry < 1 or Ry > 1. If Ry < 1, then the
unique infective individual causes, on average, less than one new infection.
Consequently, in this case the disease will die out naturally. If Ry > 1,
then the unique infective individual causes, on average, more than one new
infection and so the disease will spread and grow. Following [41 [I76], FV 1
is the next generation matriz for the considered model and

Ro=p(FV7), (1.18)

where p(A) denotes the spectral radius of a matrix A, that is, p(A) is equal
to the greatest eigenvalue of matrix A. The following result asserts that Ry
is a threshold parameter for the stability of the disease-free equilibrium zg

of (7).

Theorem 1.49 (See Theorem 2 of [176]). Let us consider the compartmental
model of Definition [1.40, If x¢ is a disease-free equilibrium of this model,
then xqg s locally asymptotic stable if Ry < 1 or unstable if Ry > 1, where

Ry is defined by (1.18).

1.6 Examples of Compartmental Models

In this section we provide some examples of compartmental models de-
fined in Section [I.5] Most dynamical models for infectious diseases are based
on compartmental structures firstly proposed by Anderson Gray McKendrick
(1876-1943) and William Ogilvy Kermack (1898-1970) in 1927 and 1932 (see
[I13]). These type of models have been developed and improved by many
other biomathematicians. McKendrick was a Scottish military physician and
epidemiologist and Kermack was a Scottish biochemist (see [I83][I85]). They
developed the first mathematical studies of epidemics spread, establishing
connections between environmental factors and some specific diseases (see
[185]). Joseph Oscar Irwin (1898-1982), a British statistician, even com-
mented on the quality of McKendrick’s work as follows (see [183, [184]):

“Although an amateur, he was a brilliant mathematician, with
a far greater insight than many professionals.”

Next, we present the two first models proposed by McKendrick and Kermack
and others based on these ones, following the approach used in [I13]. From
now on, we are going to present examples of compartmental models that
consider several compartments/classes and parameters. Their descriptions
can be found in Tables [ 1] and .2l
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1.6.1 Kermack—McKendrick SIR compartmental model

In 1927, the compartmental model proposed by Kermack and McK-
endrick divided the population into three compartments:

i) susceptible compartment, labelled by S, which is composed by all the
susceptible individuals who become infective if they contact with an
infectious disease;

ii) infective compartment, labelled by I, which is composed by all infective
individuals;

iii) removed compartment, labelled by R, in which are all the removed or
recovered individuals.

The number of individuals in compartments S, I and R at time ¢ € Rg are
denoted by S(t), I(t) and R(t), respectively. Moreover, they considered the
following assumptions:

i) for all time t € Rg , the total population has a non-negative constant
size: C'= S(t)+1(t) + R(t), since it is assumed that the disease spreads
in a closed environment, i.e., there is no inflow of individuals due to, for
example, emigration, immigration, births and deaths;

ii) the number of susceptible individuals who are infected by an infectious
individual, per unit of time, is proportional to S(t) with the proportional
transmission coefficient rate 3 and incidence rate 3I(t) at time t € R,
being the number of new infections given by 8S(¢)I(t);

iii) the number of removed/recovered individuals from the compartment I,
per unit of time, is vI(¢) at time t € R, where  is the removal /recovery
rate coeflicient;

iv) the removed/recovered individuals gain permanent immunity.

Note that after the period of time %, all the individuals of compartment [

move to R. Concluding, % is actually the mean infection period without
death. Therefore, the mathematical model is translated by the following
non-linear differential system:

S(t) = —BSH)I(t),
I(t) = BS()I(t) — 7I(t), (1.19)
R(t) = ~vI(t).

The SIR model (1.19) is appropriate to, for example, influenza, measles and
chickenpox, because for these infectious diseases the recovered individuals,
in general, gain immunity to the same virus.
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1.6.2 Kermack—McKendrick SIS compartmental model

For bacterial diseases such as encephalitis and gonorrhoea, the recovered
individuals gain no immunity and can be reinfected. Due to this, Kermack
and Mckendrick suggested only two compartments for these type of diseases:
S and I. Therefore, they proposed in 1932 the SIS mathematical model
given by

{S(t) = —BS()I(t) +F1(t), (1.20)

I(t) = BS(I(t) = FI(t),

where the population size is also constant.

Remark 1.50. In the two previous Kermack-McKendrick models the inci-
dence rate is a linearly increasing function of the number of infective indi-
viduals: BI(t) for each t € R{. As Capasso and Serio write in [21], this
incidence rate can make sense when the number of infective individuals s
small. Nevertheless, the number of contacts of a susceptible individual, per
unit of time t € ]R(J{, can not always increase linearly with respect to I(t).
The authors of [21] considered that it is much more realistic to use a general
non-linear bounded function to represent the incidence rate. From now on,

we are going to represent the incidence rate by a function fi.(x1,...,2Zm),
where z; € R denotes the number of individuals in the compartment/class
1 withi=1,...,m. It is important to recall that the first m compartments

are related to infective individuals, as we have already considered in Sec-
tion [1.5. Moreover, different types of general incidence rates can be found,
for instance, in [21), (85, (111, (120, [148] and some references cited therein.

1.6.3 Compartmental models without vital dynamics

When the infectious disease in study spreads quickly, sometimes the vital
dynamics (birth, natural death and disease-induced death) can be omitted.
Examples of this type of diseases are influenza, measles, rubella and chick-
enpox. With respect to models without vital dynamics, we can also consider
or not latent periods. We do not consider them, when infected individuals
become infectious immediately.

Without latent periods

Some examples of models without vital dynamics and without latent
periods can be:

i) the SI model — the individuals of compartment I can not recover from
infection. A differential system with these characteristics can be

{S@) = —fir(I(t))S(2),
I(t) = fir (I(£))S(2).
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ii)

iii)

iv)

the SIS compartmental model — the individuals of compartment I can
recover from infection, but they do not gain immunity after recovery.
It means that after recovery the individuals become susceptible imme-
diately. A differential system with these characteristics can be the sys-
tem (|[1.20]).

the SIR compartmental model — the individuals of compartment I can
recover from infection and gain permanent immunity after recovery. A
differential system with these characteristics can be the system ((1.19).

the SIRS compartmental model — the individuals of compartment I can
recover from infection and gain temporary immunity. It means that the
recovered individuals will become susceptible again at rate coefficient
wi. A differential system with these characteristics can be

S(t) = = fir (1(£))S(£) + w1 R(1),
1(t) = fir (1(£))S(t) = 71(1),
R(t) = vI(t) — wiR(t).

1 - . . .
Note that Z- is the mean immunity period.

the SIRI compartmental model — the individuals of compartment I can
recover temporarily, having the possibility to be reinfected under some
conditions, at recurrence rate coefficient @. This type of models are
suitable for tuberculosis, for example. A differential system with these
characteristics can be

S(t) = —fur (I(£)) S(1),
I(t) = fir (1(£))S(t) — I (t) + @R(2),
R(t) = vI(t) — @R(t).

With latent periods

Sometimes it makes sense to assume that there is a latent period. Because

of this, it can be considered an exposed compartment, labelled by E, which
is composed by exposed individuals, i.e., by infected individuals who do not
have symptoms and are not infectious yet. Note that E(t) represents the
number of individuals in compartment F for each time ¢t € Rar. Consider that
v E Rar is the progression rate coeflicient for individuals from compartments
FE to I. Thus, some examples of dynamical models with mean latent period

1

v

can be:
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i) the SEI compartmental model represented by

S(t) = —fir (I(£))S(2)
E(t) = fir (1(1))S(t) - UE( );
I(t) = vE(t);

ii) the SEIS compartmental model represented by

S(t) = —fir (1(1))S(8) +AL(2),
E(t> = fir (I(t>)S(t) - UE(t)v
1(t) = vE(t) = 1(t);

iii) the SEIR compartmental model represented by

S(t) = —Fir (1(1)) S(8),

E(t) = fir (1(1))S(t) — vE(t),
I(t) = vE(t) = ~1(t),

R(t) = ~I(t);

I
S
js
2
=
N~—

v) the SEIRE compartmental model represented by

S(t) = —fir (1(1)) S (1),

Et) = fir ( (t))S(t) — vE(t) + @R(1),
1(t) = vE(t) = ~1(t),

R(t) = ~I(t) — OR(1).

1.6.4 Compartmental models with vital dynamics

In this section, we are going to present some mathematical models with
vital dynamics. In first place, we are going to consider a constant population
size and secondly a variable one. For both cases, we can assume that there
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is, or not, vertical transmission. Note that to assume the existence of ver-
tical transmission is equivalent to assume that the disease is inherited from
parents to their new generations. For example, it makes sense to consider
vertical transmission for AIDS, hepatitis B and hepatitis C. Here latent peri-
ods are not considered, but the corresponding dynamical models with them
are obtained in a similar way to what is done in Section [I.6.3]

Constant population size

With the purpose to consider a constant population size C € Ra' in a
closed environment, we suppose that

i) the birth (Ap) and death (u) rates are equal during the epidemic period
of the disease;

ii) disease-induced death, immigration and emigration do not exist.
Thus, if we consider a SIRS model, we have that
S +It)+Rt)=0 < S{t)+I({t)+R(t)=C

for all t € R{. Let p € [0,1] be the fraction of newborns who are infective
and p = 1 —p. The rest is only susceptible to the disease. A SIRS dynamical
model with these characteristics is given by

S'(t) = pu(S(t) +pI(t) + R(t)) — fir (1(1))S(t) + wiR(t) — pS(t),
fzr(-[ ) +/~LpI( ) ’YI(t) —Nl(t),
( ) VI(t) —wiR(t) — pR(t).

Variable population size

On the other hand, let us suppose that
i) the birth and death rates are not equal;

ii) disease-induced death and immigration exist.

Then, the population size is not constant. Let A € Rg be the input rate
of the total population due to immigration, oy € Rar be the disease-induced
death rate and the remaining parameters as previously. Thus, a SIRS dy-
namical model with these assumptions is given by

S(t) = A+ Ay (S(t) + pI(t) + R(t)) — fir (1(£)) S(t) + w1 R(t) — pS(t),
I(t) = fir (1)) S(t) + AppI (t) — YI(t) — (a1 + p)I(t),
R(t) = 7 1(t) — w1 R(t) — uR(t).

Remark 1.51. Note that, either for constant or for variable population size,

if 1t does not make sense to consider vertical transmission, we just have to
assume that p = 0.

36



1.6.5 Compartmental models with treatment

In order to curtail the spread of infectious diseases, we can treat some
infective individuals, at treatment rate coefficient § € ]Rar, until they recover;
while the rest of the infective do not get treatment and recover at rate
coefficient -, as it was considered before. To all the previous models we can
introduce a compartment 7" which is composed by all the treated individuals.
The number of individuals in compartment 7" at time ¢ € Rar is denoted
by T'(t). Considering, for example, the previous SIRS model with variable
population size, the corresponding SITRS model is given by

S(t) = A+ M (S(t) +DI(t) + R(t)) — fir (I(£))S(t) +wiR(t) — pS(t),
I(t) = fir (1()) S(t) 4+ AppI (£) = VI () = 01(t) — (a1 + p)I(t),

T(t) = 0I(t) — eT(t) — (n+ aa)T(1),

R(t) = yI(t) + eT(t) — w1 R(t) — pR(t),

where ag € Rar is the disease-induced death rate in treatment. Generally, we
have that ¢ < ag < 1. Note that % is the mean treatment period without
death.

Remark 1.52. For some infectious diseases it is usual to consider a treat-
ment through quarantine, i.e., some infective individuals are quarantined with
an appropriate medication until complete recovery. In [43], 68, 127, [128, (151,
195, one can find examples of dynamical models with quarantine.

1.6.6 Compartmental models with vaccination

With the purpose to prevent an infectious disease spread, we can propose
vaccination for some susceptible individuals. As this measure avoids an
increase of the number of new infections since the beginning of a possible
epidemic spread, vaccination is considered to be one of the most effective
and cost-effective method of preventing infectious diseases (see e.g. [113]).

We can use a SIRS model to describe the transmission dynamics and we
assume to vaccine a fraction ¢ € [0, 1] of susceptible individuals who become
immune, permanently or not. For this, we introduce a fifth class V' which
is composed by all the vaccinated individuals. The number of individuals in
compartment V at time ¢t € R{ is denoted by V/(t). When the immunity due
to vaccination is temporary, vaccinated individuals can become susceptible
again at rate coefficient wy 6 RT. In this case, the mean immunity period for
vaccinated individuals is N—Q On the other hand, if immunity due to vacci-
nation is permanent, then we assume ws = 0 and vaccinated individuals will
not become susceptible ever more. Considering a population with variable
size, disease-induced death and vertical transmission, a SIRVS dynamical
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model is given by

$(t) = A+ Ao (S() +BI(E) + R(®) — Fir (1)) S(E) — aS ()
+ w1 R(t) + w2V (t) — uS(2),

I(t) = fir (1(6) S(t) + AppI () = v1(£) = (01 + ) (8),

R(t) = yI(t) — w1 R(t) — pR(t),

V(t) = qS(t) — w2V (t) — uV ().

Remark 1.53. 7o all the previous compartmental models one can introduce
constant time delays. In Section we study a compartmental model with
a constant time delay.

Compartment ‘ Description

Compartment of susceptible individuals
Compartment of exposed/latent individuals
Compartment of infective individuals
Compartment of individuals in treatment
Compartment of vaccinated individuals

T NN~ ®

Compartment of removed /recovered individuals

Table 1.1: Description of the compartments/classes used in the examples of
compartmental models of Section .

1.7 Conclusion

In this chapter we provided a stability study of mathematical models
that can translate the spread of some infectious diseases. In the next chap-
ter, we are going to define some optimal control problems whose goal is to
minimize/maximize a cost functional subject to a differential system. For
optimal control problems without time delays we will recall necessary and
sufficient optimality conditions. Such problems involve dynamical systems
similar to those of Sections [I.3] and On the other hand, for optimal
control problems with time delays, we will only recall necessary optimality
conditions. These problems consider differential systems similar to those
studied in Section [[4l
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Parameter Description

A Input rate due to immigration

Ay Birth rate coefficient

I Natural death rate coefficient

q Fraction of susceptible individuals who are vaccinated
I3 Transmission rate coefficient

P Fraction of infective newborns

v Rate coefficient at which infected individuals become infectious
v Removal /recovery rate coeflicient without treatment

o Removal rate coefficient in compartment

) Treatment rate coefficient

€ Recovery rate coefficient for treated individuals

w Reinfection rate coefficient in compartment R

w1 Immunity waning rate coefficient in compartment R
wo Immunity waning rate coefficient in compartment V
aq Disease-induced death rate coefficient in compartment I
Qs Disease-induced death rate coefficient in compartment T'

Table 1.2: Description of the parameters used in the examples of compart-
mental models of Section E
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Chapter 2

Optimal Control Theory

Generally, an arbitrary optimal control problem consists to minimize or
maximize a cost functional subject to a system and maybe to some initial
or final conditions. We begin this chapter with a brief introduction about
the Optimal Control Theory. Next, our attention is devoted to non-delayed
optimal control problems. We define them and recall well-known neces-
sary and sufficient optimality conditions, following the approaches used in
[56], 103], 140]. We also define an optimal control problem with constant time
delays in state and control variables for which we recall the necessary opti-
mality conditions derived in [56]. Later, the necessary optimality conditions
recalled here are going to be used in Sections [5.2.4] [5.3.4l and [6.3.4L On the
other hand, the sufficient optimality conditions presented here are going to
be generalized for delayed optimal control problems, in Chapter [3|of original
results.

2.1 Introduction

The origin of the Calculus of Variations was in the XVII century due
to the contributions of Pierre de Fermat (1607-1665), Isaac Newton (1643—
1727), Gottfried Wilhelm Leibniz (1646-1716), Jacob Bernoulli (1655-1705)
and Johann Bernoulli (1667-1748). Mathematicians as Héctor J. Sussmann
(1946-) and Jan Camiel Willems (1939-2013) defend that the origin of Op-
timal Control coincides with the birth of the Calculus of Variations, in 1697
— year of the publication of the solution of the brachistochrone problem by
Johann Bernoulli (see [I58| [169]). The word brachistochrone comes from
the Ancient Greek brdkhistos khronos and it means the “shortest time”. The
main goal of such problem is to find the curve between two points, on a ver-
tical plane, that a sphere without friction covers in the shortest time. The
sphere starts at the initial point A with zero velocity and is constrained to
move along the curve until the final point B, under the action of gravity
force and supposing that there is no friction (see Figure 2.1)). The brachis-
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tochrone problem was also studied by Galileo Galilei (1564-1642), in 1638.
The shortest time path between these two points is not an arc of circle, as
Galileo believed. Nevertheless, this mathematician had already remarked
that the straight line is not the solution and he was correct. In 1696, Jo-
hann Bernoulli challenged the best mathematicians of his time to solve this
problem. Consequently, Johann Bernoulli himself discovered the solution, as
well as his brother Jacob Bernoulli, Newton, Leibniz and Guillaume Frangois
Antoine — Marquis de 'Hopital (1661-1704). The solution is a cycloid arc
starting with a vertical tangent (see Figure[2.1]and [112} 158, 169]). Note that
skateboarding ramps and the fastest decreases of aqua-parks have the form of
a cycloid. Some authors counsider that Newton’s problem of aero-dynamical

A x

| B
yY

Figure 2.1: Solution to the brachistochrone problem.

resistance, formulated and solved by Newton in his Principia Mathematica,
in 1686, is a typical optimal control problem (see [I58], 160, 173]). Actually,
Optimal Control Theory is a recent branch of Mathematics that can also be
seen as an extension of the Calculus of Variations.

During Second World War (1939-1945), Optimal Control Theory has
been recognized as advantageous and useful. Namely, in the fields of Engi-
neering, Aeronautics and Flight Dynamics. Then, in the beginning of the
Cold War (1945-1991) the USA and the USSR gave great importance to
mathematicians and their theories in order to create defence techniques.
Therefore, several mathematicians developed solution methods for problems
which nowadays are known as optimal control problems. The minimum time
interception problems for fighter aircraft are examples of this. So, the con-
ventional wisdom asserts that Optimal Control Theory has emerged due to
the formulation and proof of Pontryagin’s Mazimum Principle carried out by
Lev Semenovich Pontryagin (1908-1988), a Russian mathematician, and his
group of collaborators, in 1956 (see [I40]). Different approaches of Optimal
Control Theory can be found in [3] 5, [86] 103, 140, [163], for example.

Pontryagin and his colleagues generalized the theory of the Calculus of
Variations to curves that take values on closed sets (with boundary). Fur-
thermore, Pontryagin’s Maximum Principle also generalizes the necessary
conditions of Euler-Lagrange (1707-1783 and 1736-1813) and Karl Weier-
strass (1815-1897). Important discoveries associated with this field of Math-
ematics are, for example (see [158] 174, [175]) the:
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i) dynamic programming method;
ii) introduction of functional analysis to the theory of optimal systems;

iii) connections between the solutions of an optimal control problem and
the results on stability of Aleksandr Lyapunov (1857-1918) theory.

Later appeared the foundations of Stochastic Control and Filtering in Dy-
namic Systems, Game Theory, Control of Partial Differential Equations and
Hybrid Control Systems. They are some of the many branches of current
research (see [2] (158, [166]).

In this chapter, we recall well-known optimality conditions for some non-
autonomous optimal control problems. Such conditions are provided for
non-delayed and delayed optimal control problems in Sections and
respectively. With the purpose to recall the meaning of necessary and suffi-
cient optimality conditions, we denote an admissible solution for an optimal
control problem (OC) by (AS); necessary optimality condition by (NC) and
sufficient optimality condition by (SC). So, a (NC) and a (SC) are statements
of the following types, respectively:

i) if (AS) is an optimal solution of (OC), then (AS) must satisfy (NC);
ii) if (AS) satisfies (SC), then (AS) is an optimal solution of (OC).

This chapter is organised as follows. In Section 2.2.1) we begin with a
general idea of optimal control applications. Then, we define, on a fixed fi-
nite time interval, a non-autonomous optimal control problem without time
delays and with a fixed initial state denoted by (OCP). In Section [2.2.2]
we recall well-known necessary optimality conditions for (OCP). Both Sec-
tions and are based on the approaches used in [56] [140]. We finish
Section recalling well-known sufficient optimality conditions for (OCP)
and for a particular problem of it (see Section. This particular problem
of (OCP), denoted by (OCPy,), considers a differential system that is linear
with respect to the state variable and a cost functional that can be written
as a sum of two functions. The first only depends on time and state and the
second only depends on time and control. We remark that Section is
based on [103]. In Section [2.3.1] we define, on a fixed finite time interval, a
non-autonomous optimal control problem with constant time delays in state
and control variables. Such problem, denoted by (OCPp), also considers
a fixed initial state. We finish Section recalling well-known necessary
optimality conditions for (OCPp) (see Section [2.3.2)). Note that Section
is entirely based on [56]. We finish the current chapter with Section of
conclusion.
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2.2 Non-delayed optimal control problems

We begin this section by defining a non-autonomous optimal control
problem without time delays and with a fixed initial state, on a fixed fi-
nite time duration, and some related concepts.

2.2.1 Statement of the optimal control problem

As one can read in [140, p. 9-11], in most applications of Optimal Control
Theory we consider the behaviour of an object or individuals whose state at
each instant of time ¢ € [a,b] (a > 0) can be represented by real numbers
x1(t), ..., x,(t). For instance, these values may be coordinates or velocities.
From a mathematical point of view, the behaviour of the object or individuals
change with the time. The phase space of the object/individuals under
consideration is X C R, ie., z(t) = [z1(t) - xn(t)]T € X fort e
[a, b]. Moreover, it is assumed that the behaviour of an object or individuals
depends on certain controls. The position of them is represented by a control
u(t) = [ur(t) -+ upm (t)]T with range in a certain control region U for each
instant of time ¢ € [a,b] under consideration, i.e., u(t) € U for t € [a,b].
Although we can simply consider that U is any set such that U C R™, in
applications it makes sense to consider that U C R™ is a closed and bounded
set. For instance, the quantity of fuel being supplied to a motor, temperature,
current, voltage, fraction of sick people who get medication/treatment, etc.,
can not take arbitrarily large values.

Using the approach of [56] [140], we define below a non-autonomous op-
timal control problem without time delays and with a fixed initial state, on
a fixed finite time interval.

Definition 2.1 (See Section 2 of [56] and p. 6667 of [140]). An optimal
control problem without time delays and with a fired initial state, on a fixed
finite time interval [a,b], is denoted by (OCP) and consists in

min  C(z(-),u(:)) = ¢°(2(b)) —I—/abfo(t,x(t),u(t))dt
subject to the differential system
i(t) = f(t,z(t),u(t)) (2.1)
with boundary conditions
2(a) =2, and x(b) €I CR", (2.2)
where

i) the state trajectory is x(t) € R™ for all t € [a,b];
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i) the control is u(t) € U C R™ for all t € [a,b];
T

i) f=[fr - fa]

Obviously, we assume that II and U are non-empty.

In what follows we define admissible pair for (OCP).

Definition 2.2 (See Section 2 of [56]). We say that (z(-),u(-)) is an admis-
sible pair for (OCP) if it respects the following conditions:

i) (2(),u()
i) ( ) satisfies the conditions (| and ;
iti) (x(t )ER”XUforalltE[ab]

Next we define local and global minimizer for (OCP).

€ Wt ([a,b],R") x L“([a,b],Rm);

Definition 2.3 (Local and global minimizer — see Section 2 of [56]). An
admissible pair (Z(-),4(-)) is called a local minimizer of (OCP) (see Defini-

tion if
C(2(),a() < C(z(),ul))
(),

for all admissible pair (a: u(-)) in a neighbourhood of (Z(-),a(-)) with
l|lz(t) — 2(2)|], ||u(t) — ()|| < ¢ for all t € [a,b] and € > 0 sufficiently
small. In contrast, an admissible pair (&(-),a()) is called a global mini-
mizer of (OCP) of
C(z(),a() < Ca(),u())
for all admissible pair (z(-),u(-)).
With the purpose to avoid any misunderstanding, in the following remark

we provide all types of minimality /maximality conditions that, from now on,
can be found on the necessary and sufficient optimality conditions.

Remark 2.4. Consider an optimal control problem denoted by (P) which
consists in minimizing/mazximizing the cost functional given by

b
C(x(),u()) = go(x(b)) +/ fo(t,x(t),u(t))dt
subject to

#(t) = f(t2(t), u(t))

z(a) = x4 and x(b) eI CR",

where U C R™ and (z(t),u(t)) € R" x U for all t € [a,b]. The so-called
Hamiltonian associated with (P) is defined by

H(taxau7n07n) :no.fo(tvxau)—i_nf(tvxau)a (23)
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where t,ny € R; x,nT € R™ and u € R™. Note that the dimensions of =, u
andn aren X 1, m x 1 and 1 X n, respectively. The classes of functions in
which ¢°, £ and f belong will be specify later in each theorem. Depending on
the type of problem (minimization or mazimization) and the value of 1y, we
can obtain different types of optimality conditions as it is summarized in Ta-
ble[2.1] Note that the Minimality Condition and the Maximality Condition

’ The obJectlve of (P) ‘ no in ‘ Type of optimality condition ‘
min C(z(-),u(")) 1 Minimality condition
min C(z("),u(")) -1 Maximality condition
max C(z(-),u(-)) 1 Maximality condition
max C(z(-),u(-)) -1 Minimality condition

Table 2.1: The type of the optimality condition depends on Hamiltonian’s
expression and the type of problem.

are, respectively, equivalent to

minH(t, x*(t), u,no(t), 77(1‘,)) = H(t, x*(t),u*(t), no(t), n(t))

uelU

and

max H(t» z* (t)’ u, 770(t)7 ﬁ(t)) = H(tv z” (t)7 u’ (t)a 770(t)’ ﬁ(t)),

uclU
where (x*(-),u*(+)) is @ minimizer/mazimizer of (P) to which it corresponds
the multipliers (no,n(-)).
2.2.2 Necessary optimality condition

In the following theorem, we recall a well-known necessary optimality
condition, also known as Pontryagin’s Mazimum Principle (PMP), associ-
ated with (OCP) (see Definition [2.1)). Note that along this work we use the
notation 9;f to denote the partial derivative of a certain function f with

0
respect to its ith argument. For example, 0o f (¢, x,u) = 8—£(t,x, u).

Theorem 2.5 (PMP — see Theorem 3.1 of [56] or Theorem 7 of [140]).
Consider (OCP) and assume that

i) the functions f and f are of class €1 with respect to all their arguments;
i) I = R™.

If (2*(-),u*(-)) is a minimizer of (OCP), then there is a non-zero function
n(-)T e Wl’oo([a, b],R") that verifies the:
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i) transversality condition

i) adjoint system
n(t) = —0Ha(t, z*(t), u*(t),n(t)), a.e. t€ [a,b];
#41) maximality condition

max H(t,z*(t),u,n(t)) = H(t,z*(t),u*(t),n(t)), a.e. tE[a,bl;

where H(t,z,u,n) = —fO(t,x,u) + nf(t,x,u) is the Hamiltonian associated
with (OCP).

Remark 2.6. Note that when we are deriving the previous necessary optimal-
ity condition using a minimality condition instead of ¢ maximality condition
(see Remark and Theorem , we are going to use the demomination
Pontryagin’s Minimum Principle instead of Pontryagin’s Maximum Princi-
ple.

Remark 2.7 (Adjoint function). The vector function n(-) of the previous
Theorem [2.5] is known as the adjoint function.

Note that Theorem is used in the proofs of Theorems and of
Sections and respectively.

Strict bang-bang property

Consider that (z*(-),u*(-)) is a local minimizer of (OCP). Assuming that
keNanda=1t) <t3 <--- <ty <b=1tpy1, we denote the finite set of all
possible discontinuity points of the control v*(-) by

O={t,....tr} C [a,é} C [a,b).

In the following discussion, let us suppose that m = 1, U = [tumin, Umax] C R
and the Hamiltonian is linear with respect to the control. With the previous
assumption, we have that

H(t,z,u,n) = ¢(t,x,n)u.

Function ¢(t, z,n) = 0sH (t, x,u,n) is called the switching function. In order
to simplify the notation, from now on we simply denote ¢(¢,z(t),n(t)) by
¢(t). Consequently, the maximality condition of Theorem is equivalent
to

max ¢(t)u = ¢(t)u*(t) (2.4)

uelU
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for almost all ¢ € [a,b] (see Section 4.1 of [118]). AS Uumin < U < Umax, then
we obtain

O umin < o()u < d(t)umax, if @(t) > 0;
O()Umax < d(t)u < d(t)umin, if @(t) <O0.

As we have a maximality condition, we obtain the control law
Umin, it ¢(t) < 0;
u*(t) = { Umax, if ¢(t) > 0; (25)
singular, if ¢(t) =0, Vte [d,i)} C [a,b].

As it is written in Section 4.1 of [I18], w is called bang-bang control on an
interval [EL, l;], if the switching function ¢ has only isolated zeros on [ZL, 5},

that is,
o(t) =0, Vteo.

In this case, we have the so-called strict bang-bang property (see [117, 118
133]):

{o(t) >0 for t€tim1, [ A d(t;) <0 A ¢(t) <0 for t € Jt;tia[}
V{o(t) <0 for t€Jti_t, t;[ Ad(t;) >0 A ¢(t) >0 for t€ [ty tir1]}

for all i € {1,...,k}. It means that if the control has a switch from upmax to
Umin at the switching time ¢; € ©, then we have that

¢(t) >0 for te ]tz‘_l,ti[ A ¢(t2) <0 A ¢(t) <0 for te }ti,tzq_l[. (2.6)

If the control has a switch from iy to umax at the switching time ¢; € ©,
then we have that

¢(t) <0 for te ]ti—hti[ A ¢(tz) >0 A (b(t) >0 for te }tuti-&-l[- (27)

On the other hand, w is called a singular control, if the switching function ¢

vanishes identically on an interval [&, 5}, that is,

o(1) =0, Vie [a, B} .
Note that if we define the Hamiltonian by
H(t,@,u,n) = fO(t,2,u) + f(t,2,u),

then the maximality condition of Theorem [2.5]is replaced by the minimality
condition

géigH(t, a*(t),u,n(t)) = H(t,z*(t),u*(t),n(t)), ae. t€a,bl.
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Consequently, the maximality condition (2.4)) is also replaced by the mini-
mality condition

min ¢(t)u = ¢(t)u*(t).

uelU
Furthermore, the control law (2.5)) is then replaced by

Umin, it ¢(t) > 0;
u*(t) — { Umax; if ¢(t) < 0;
singular, if ¢(t)=0, Vte [ZL, 5} C [a,b].

Finally, the condition (2.6) is replaced by (2.7) and vice-versa. For more
details one can read [I33]. Note that these contents are used in Sections[5.3.4]

5.3.5] [6-3.4] and [6.3.5]

2.2.3 Sufficient optimality conditions

In this section, we recall well-known sufficient optimality conditions for
non-autonomous optimal control problems without time delays, following
the approaches used in Chapter 5.2 of [103]. Such theoretical results will be
generalized for delayed optimal control problems, in Sections and of
Chapter B

Next, we define a state-linear optimal control problem that is a particular
case of (OCP) (see Definition [2.1).

Definition 2.8 (See p. 340-341 of [103]). A state-linear optimal control
problem (OCPL) is a particular case of (OCP), where

i) the cost functional is given by

b
g° (x(b)) + / £ (8 2(®), u(®))dt (2.8)

b
= (@) + [ 2t (®) + £t ult))de = Cu (a0, ul);

ii) the differential system is linear with respect to the state variable, i.e.,
i(t) = F(to(t), ult)) = AW () + g(t, u(t)), (2.9)
where A(t) is a real n X n matriz;
iit) 11 is a closed conver target set.

In what follows, we define admissible pair for (OCPy,).

Definition 2.9. We say that (z(-),u(-)) is an admissible pair for (OCPy)
iof it respects the following conditions:
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i) (m(),u()) € Wl’oo([a, b],R”) X LOO([a, b],Rm);

it) (z(-),u(-)) satisfies conditions ([2.2)) and [2.9), where I is a closed con-

vex target set;
i) (x(t),u(t)) € R" x U for all t € [a,b].

The following theorem provides a well-known sufficient optimality condition
associated with (OCPp).

Theorem 2.10 (See Theorem 5 — Chapter 5.2 of [103]). Consider (OCPy)

and assume that

i) 9°=0;
i) functions fO, 020, fO, A and g are continuous with respect to all their

arguments;
i) fO(t,x) is a convex function in x for each fived t € [a,b];

i) for almost all t € [a,b], u* is a control with response x* that satisfies the

maximality condition

max H(t,z*(t),u,n(t)) = H(t,z*(t),u*(t),n(t)),

where
H(t,z,um) = —(f2(t2) + £t w)) + (AWM +g(tw),
and n(t) is any non-trivial solution of the adjoint system
0(t) = Oafy (.27 (1)) — n(t)A(t),

satisfying the transversality condition that ensures that n(b)T is an in-
ward normal vector of 11 at the boundary point x*(b).

Then, (z*(-),u*(-)) is an optimal solution of (OCPL) that leads to the min-
imal cost Cp(z*(-), u*(")).

Remark 2.11 (See p. 342 of [103]). Note that if II = {x}}, then the transver-
sality condition of Theorem[2.10 is vacuous, because II has a single point. If
II =R", thenn(b) =10 --- O]ixn.

Finally, the following theorem provides a sufficient optimality condition
associated with (OCP) (see Definition [2.1)).
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Theorem 2.12 (See Theorem 7 — Chapter 5.2 of [103]). Consider (OCP),
where functions ¢°, fO and f are of class €' with respect to all their argu-
ments. Assume that there is a feedback control

ut <t,x(t),n(t,x(t))> € €' ([a, b] x R2", R™)
such that

maxH(t,x(t),u, n(t,x(t))) = H(t,x(t),u* (t, x(t), n(t,m(t))),n(t, x(t)))

uelU
= H° (t,x(t),n(t,x(t))),
where H(t,z,u,n) = —fO(t,x,u) + nf(t,x,u). Furthermore, suppose that

i) the function S(t,z(t)) € €*([a,b] x R™,R) is a solution of the following
Hamilton—-Jacobt equation:

nS(t,z(t)) + H (t, z(t), 825(15,3:@))) =0

with S(b,z(b)) = —g°(x(b));
ii) the control law
u* (t,x(t),agS(t,x(t)))
determines a response i (t) steering (a,z4) to (b, II).
Then,
i() = u* (.30, 05(-.3()) )

is an optimal control with respect to the optimal state (-) of (OCP) that
leads to the minimal cost C(Z(-),a(-)) = —S(a,za).

Note that Theorems and are used in Sections and re-
spectively, where we derive new sufficient optimality conditions for optimal
control problems with constant time delays in state and control variables.

2.3 Delayed optimal control problems
In this section, we define an optimal control problem with constant time

delays in state and control variables. Moreover, for such problem, we recall
well-known necessary optimality conditions originally proved in [56].
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2.3.1 Statement of the optimal control problem

We begin this section by defining, on a fixed finite time interval, a non-
autonomous optimal control problem with constant time delays in state and
control variables. Such problem also considers a fixed state on the initial
time interval. Note that it is a particular optimal control problem of that
that is defined in Section 2 of [56].

Definition 2.13 (See Section 2 of [56]). Consider that r > 0 and s >
0 are constant time delays associated with the state and control variables,
respectively. A non-autonomous optimal control problem with constant time
delays and with a fized initial state, on a fized finite time interval [a,b], is
denoted by (OCPp) and consists in

b
min Cp (x(),u()) =4° (w(b)) +/ fo(t,x(t),x(t —7r),u(t),u(t — s))dt
subject to the delayed differential system
i(t) = f(t,x(t),z(t —r),ult),ult —s)) forae tcla,b] (2.10)

with initial and final conditions

xz(t) = (t), tel, CR,
u(t) =y(t), tela—s,al, (2.11)
z(b) € IT C R™,

where
i) the state trajectory is x(t) € R™ for all t € I, U [a,b];
ii) the control is u(t) € U CR™ for allt € [a — s,b];
i) f=[f -~ fa].
Next we define admissible pair for (OCPp).

Definition 2.14 (See Section 2 of [56]). We say that (z(-),u(-)) is an ad-
missible pair for (OCPyp) if it respects the following conditions:

i) (;r(),u()) c Wl’OO(Igc U [a, b},R”) X LOO([a — s,b],Rm);
it) (z(-),u(-)) satisfies conditions and (2.11);

iii) (x(t),u(t)) € R* x U for all t € [a,b)].
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2.3.2 Necessary optimality conditions

In what follows, we assume that the time delays r and s respect the
following commensurability assumption.

Assumption 2.15 (Commensurability — see Assumption 4.1 of [56]). We
consider r,s > 0 not simultaneously equal to zero and commensurable, that
15,

(r,s) # (0,0)
and

iE(@ for s>0 or iEQ for r>0.
s r

Actually, the previous commensurability assumption holds for any couple of
rational numbers (7, s) for which at least one number is non-zero (see [56]).

Notation 2.16. With the purpose to simplify the notation, we define t-, t7,
t72 and I2 as follows:

tr=t—71, t"T=t+7, (P=t-71+7m and If=[a—7,a]
for time delays 7,71, € {r,s}, T € {r,r + s} and for all t € [a,b].

In the following theorem, we recall a well-known necessary optimality
condition associated with (OCPp).

Theorem 2.17 (See Theorem 4.2 of [56]). Consider (OCPp), where I, = I?
and II = R™. Assume that functions ¢°, f° and f are of class € with
respect to all their arguments. Furthermore, suppose that (a:*()m*()) 5 a
local minimizer for (OCPp), satisfying Assumption [2.15. Then, there is a
non-zero function n(-)T € Wt ([a,b],R™) that verifies the:

i) transversality condition

i) adjoint system

0(t) = — OHy(t, 27 (t), 2" (tr), u" (), u™ (ts), (1))
— OH3(t", " ("), 2" (8), w" ("), w” (), n(t")) X{a,0-r) (t)

for almost all t € [a,b];
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i11) maximality condition

max {H(t, z*(t), 2 (t), u, u*(ts), n(t))

H (2 (), 2 (), 0 (), wn ()X (0} (21)
= H(t» z*(t), " (tr), u"(t), u"(ts), U(t))
FH (2 (1), 2 (1), (), " (1), () X (1)

for almost all t € [a,b];

where H(t7 x? y7 u? v? 77) = _f(](t? x? y7 u? v) + nf(t7 x’ y7 u? v)'

The previous result is known as the Maztmum Principle for delayed optimal
control problems, or the Minimum Principle if we consider a minimality
condition instead of (2.12)). Note that Theorem is used in the proof of
Theorem [5.11] of Section (.3.41

2.4 Conclusion

In this chapter we defined several optimal control problems: non-delayed,
delayed state-linear and delayed non-linear. For the non-delayed problems,
we recalled necessary and sufficient optimality conditions. On the other
hand, for optimal control problems with time delays we only recalled nec-
essary optimality conditions, because in the literature there are not, up to
our best knowledge, sufficient conditions for this type of problems. With the
purpose to answer this open question, in the next chapter we derive sufficient
optimality conditions for two types of delayed optimal control problems.
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Chapter 3

Sufficient optimality conditions
for delayed optimal control
problems

In this chapter, we give answer to an open question by proving sufficient
optimality conditions for optimal control problems with discrete time delays
in state and control variables. In the proof of our main results, we trans-
form delayed optimal control problems to equivalent non-delayed problems,
considering the technique proposed by Guinn in [59] and used by Géllmann
et al. in [56l 57]. This allows us to use well-known theoretical results,
namely Theorems and [2.12] that ensure sufficient optimality conditions
for non-delayed optimal control problems. We finish by giving examples in
order to illustrate the obtained results. These original works are published
in [108], 109].

3.1 Introduction

The study of delayed systems, which can be optimized and controlled
by a certain control function, has a long history and has been developed by
many researchers (see e.g. [7, R [14], 19, 43| 52, 56| [60], 01, 121], 122] 123
124] [135] [167, 196] and references cited therein). Such systems can be called
retarded, time-lag, or hereditary processes/optimal control problems. There
are many applications of such systems in diverse fields as Biology, Chem-
istry, Mechanics, Economy and Engineering (see e.g. [8, 43| 57, 81|, 911, 152]
167, 196, 197, 198]). Dynamical systems with time delays, in both state and
control variables, play an important role in the modelling of real-life phe-
nomena in various fields of applications (see [56, 57]). For instance, in [144]
the incubation and pharmacological delays are modelled through the intro-
duction of time delays in both state and control variables. In [I59], Silva et
al. introduce time delays in the state and control variables for tuberculosis
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modelling. They represent the time delay on the diagnosis and commence-
ment of treatment of individuals with active tuberculosis infection and the
delays on the treatment of persistent latent individuals, due to clinical and
patient reasons.

Delayed linear differential systems have also been investigated, their im-
portance being recognized both from a theoretical and practical points of
view. For instance, in [52] Friedman considers linear hereditary processes
and apply to them Pontryagin’s method, deriving necessary optimality con-
ditions as well as existence and uniqueness results. Analogously, in [135]
delayed linear differential equations and optimal control problems involving
this kind of systems are studied. Since these first works, many researchers
have devoted their attention to linear quadratic optimal control problems
with time delays (see e.g. [19] 38| [44] 89, 136]). It turns out that for delayed
linear quadratic optimal control problems it is possible to provide an explicit
formula for the optimal controls (see [19, 89, [136]).

Delayed optimal control problems with differential systems, which are
linear both in state and control variables, have been studied in [19] 32] 38 44]
89, 92, 93, 102, 1341 [136]. In [38, 92, 136], the system is delayed with respect
to state and control variables. In [32][134], the system only considers delays in
the state variable. Chyung and Lee derive necessary and sufficient optimality
conditions in [32], while Oguztéreli only proves necessary conditions in [134].
Certain necessary conditions analysed by Chyung and Lee in [32] have been
already derived in [62, 140l 141]. However, the system considered in [32]
is different from the previously studied hereditary systems, which do not
require a initial function of state. In [44], Eller et al. derive a sufficient
condition for a control to be optimal for certain problems with time delay.
The problems studied by Eller et al. and Khellat in [44] and [89], respectively,
consider only one constant lag in the state. The research done by Lee in [102]
is different from that of the current chapter (more specifically from that of
Section [3.2)), because in [102] the aim is to minimize a cost functional which
does not consider delays subject to a linear differential system (with respect
to state and control variables) and to another constraint. In their differential
system, the state variable depends on a constant and fixed delay and the
control variable depends on a constant lag, which is not specified a priori.
Note that the differential system of the problem considered in [93] is similar
to the one of [102]. Although Banks has studied delayed non-linear problems
without lags in the control, he has also analysed problems that are linear and
delayed with respect to control (see [7]). Later, in 2010, Carlier and Tahraqui
investigated optimal control problems with a unique delay in the state (see
[23]). In 2012 and 2013, Frederico and Torres devoted their attention to
optimal control problems that only contain delays in the state variables and
the dependence on the control is linear (see [50), 5I]). The most general
results on the area of optimal control with delay-differential inclusions in
infinite dimensions seem those of Mordukhovich et al. in [121], 122] [123] [124].
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Recently, Cacace et al. studied optimal control problems that involve linear
differential systems with variable delays only in the control (see [19]). The
problems analysed in the current chapter are different from those considered
in the mentioned works. In Section the optimal control problems involve
differential systems that are linear with respect to state, but not with respect
to the control. In Section [3.3] we study optimal control problems with non-
linear differential systems. Furthermore, in both Sections and [3.3] we
consider a constant time delay in the state and another one in the control.
These two delays are in general not equal.

In [73], Hughes firstly consider variational problems with only one con-
stant lag and derive various necessary and a sufficient optimality conditions
for them. The variational problems in [73] can easily be transformed to con-
trol problems with only one constant delay (see e.g. [105] p. 53-54]). Hughes
also investigates an optimality condition for a control problem with a con-
stant delay, which is the same for state and control. The problems analysed
by Chan and Yung in [29] and by Sabbagh in [I49] are similar to the first
problems studied by Hughes in [73]. Therefore, the problems investigated
in [29, [73], 149] are different from the problems studied by us, because in
the present chapter the state delay is not necessarily equal to the control
delay. The problems considered in [73], [149] are also considered in [137] by
Palm and Schmitendorf. For such problems, they derive two conjugate-point
conditions, which are not equivalent. Note that their conditions are only nec-
essary and do not give a set of sufficient conditions (see [137]). Recent results
include Noether type theorems for problems of the calculus of variations with
time delays (see [49] [114] [153]), necessary optimality conditions for quantum
(see [51]) and Herglotz variational problems with time delays (see [151] 152]),
as well as delayed optimal control problems with integer (see [10] 17, 50])
and non-integer (fractional order) dynamics (see [36, B7]). Applications of
such theoretical results are found in Biology and other Natural Sciences, e.g.,
in tuberculosis (see [159]) and HIV (see [144] [145]).

In [82], Jacobs and Kao investigate delayed problems that consist to
minimize a cost functional without delays subject to a differential system
defined by a non-linear function with a delay in state and another one in
the control. Similar to our cases, these delays do not have to be equal. In
contrast, all type of cost functionals considered in this chapter also contain
time delays. Therefore, we study here problems that are more general than
the one considered in [82]. Jacobs and Kao transform the problem using a
Lagrange-multiplier technique and prove a regularity result in the form of
a controllability condition, as well as some necessary optimality conditions.
Then, in some special restricted cases, they prove existence, uniqueness and
sufficient conditions. Such restricted problems consider a differential sys-
tem which is linear in state and in control variables. Thus, the sufficient
conditions of [82] are derived for problems that are less general than ours.

As it is well-known and as Hwang and Bien write in [75], many researchers
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have directed their efforts to seek sufficient optimality conditions for control
problems with delays (see e.g. [32, 44} 73] [82] [104], [I55]). Therefore, it is not
a surprise that there are authors that already proved some sufficient optimal-
ity conditions for delayed optimal control problems similar but, nevertheless,
different from ours. In what respects to research done in [32 44 [73] 82,
we have already seen why they are different. The delayed optimal control
problems analysed by Schmitendorf in [I55] have a cost functional and a
differential system that are more general than ours. However, in [155] the
control takes its values in all R™, while in the present chapter the control
values belong to a set U C R™, m € N. In [104], Lee and Yung study a prob-
lem that is similar to the one considered in [155], where the control belongs
to a subset of R™, as we consider here. First and second-order sufficient
conditions are shown in [104]. Nevertheless, the conditions of [104] are not
constructive and practical for the computation of the optimal solution. In-
deed, as hypothesis, it is assumed the existence of a symmetric matrix under
some conditions, for which is not given a method to calculate its expression.
Another similar problem to ours is studied by Bokov in [I7], in order to arise
a necessary optimality condition in an explicit form. Moreover, a solution
to the problem with infinite time horizon is given in [I7]. In contrast, in the
present chapter we are interested to derive sufficient optimality conditions.
In [75], Hwang and Bien prove a sufficient condition for problems involving
a differential affine time delay system with the same time delay for the state
and the control. The differential systems considered in the present chapter
are more general. In 1996, Lee and Yung, considering functions that do not
have to be convex, derived various first and second-order sufficient condi-
tions for non-linear optimal control problems with only a constant delay in
the state (see [I0I]). Their class of problems is obviously different from our.
In particular, we consider delays for both state and control variables. As in
[29] [104], second-order sufficient conditions are shown to be related to the
existence of solutions of a Riccati-type matrix differential inequality.
Optimal control problems with multiple delays have also been investi-
gated. In [60], Halanay derive necessary conditions for some optimal control
problems with various time lags in state and control variables, using the
abstract multiplier rule of Hestenes (see [67]). In [60], all delays related to
state are equal to each other and the same happens with the delays associated
to the control. Note that the results of [52] 62] are obtained as particular
cases of problems considered in [60]. Later, in 1973, a necessary condition
is derived for an optimal control problem that involves multiple constant
lags only in the control. This delayed dependence occurs both in the cost
functional and in the differential system, which is defined by a non-linear
function (see [165]). In [64], Haratisvili and Tadumadze prove the existence
of an optimal solution and a necessary condition for optimal control systems
with multiple variable time lags in the state and multiple variable commen-
surable time delays in the control. Later, an optimal control problem where
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the state variable is solution of an integral equation with multiple delays,
both for state and control variables, is studied by Bakke in [6]. Further-
more, necessary conditions and Hamilton—Jacobi equations are derived. In
2006, Basin and Rodriguez-Gonzalez proved a necessary and a sufficient op-
timality condition for a problem that consists to minimize a quadratic cost
functional subject to a linear system with multiple time delays in the control
variable (see [9]). In their work, they begin by deriving a necessary con-
dition through Pontryagin’s Maximum Principle. Afterwards, sufficiency is
proved by verifying if the candidate found, through the Maximum Princi-
ple, satisfies the Hamilton—Jacobi—Bellman equation. Although Basin and
Rodriguez-Gonzalez consider multiple time delays, the dependence of the
state and control in the differential system is linear. In this chapter, the de-
pendence of the control, in the differential systems, is in general non-linear.
In 2013, Boccia et al. derived necessary conditions for a free end-time opti-
mal control problem subject to a non-linear differential system with multiple
delays in the state (see [14]). The control variable is not influenced by time
lags in [14]. Recently, in 2017, Boccia and Vinter obtained necessary condi-
tions for a fixed end-time problem with a constant and unique delay for all
variables, as well as free end-time problems without control delays (see [15]).

As Guinn wrote in [59], the classical methods of obtaining necessary con-
ditions for retarded optimal control problems (used, for instance, by Halanay
in [60], Haratisvili in [63] and Oguztéreli in [135]) require complicated and
extensive proofs (see e.g. [7, 62 60, 63, 135]). In 1976, Guinn proposed a
method whereby we can reduce some specific time-lag optimal control prob-
lems to equivalent and augmented optimal control problems without delays
(see [59]). By reducing delayed optimal control problems into non-delayed
ones, we can then use well-known theorems applicable for optimal control
problems without delays to derive desired optimality conditions for delayed
problems (see [59]). In [59], Guinn study specific optimal control problems
with a constant delay in state and control variables. These two delays are
equal. Later, in 2009, Géllmann et al. studied optimal control problems with
a constant delay in state and control variables subject to mixed control-state
inequality constraints (see [56]). In that research, the delays do not have to
be equal. For technical reasons, the authors need to assume that the ra-
tio between these two time delays is a rational number (see [56]). In [56],
the method used by Guinn in [59] is generalized and, consequently, a non-
delayed optimal control problem is obtained again. Pontryagin’s Minimum
Principle, for non-delayed control problems with mixed state-control con-
straints, is used and first-order necessary optimality conditions are derived
for retarded problems (see [56]), as we have already seen in Section Fur-
thermore, Gollmann et al. discuss the Euler discretization for the retarded
problem and some analytical examples versus correspondent numerical so-
lutions are given. Later, in 2014, Géllmann and Maurer generalized the re-
search mentioned before, by studying optimal control problems with multiple
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and constant time delays in state and control, involving mixed state-control
inequality constraints (see [57]). Again, necessary optimality conditions are
derived (see [07]). Note that the works [56], 57, 59, 60] consider delayed
non-linear differential systems.

In Section we consider optimal control problems that consist to min-
imize a delayed non-linear cost functional subject to a delayed differential
system that is linear with respect to state, but not with respect to control.
Note that the cost functional does not have to be quadratic, but it satis-
fies some continuity and convexity assumptions. In Section we consider
optimal control problems that consist to minimize a delayed non-linear cost
functional subject to a delayed non-linear differential system. In both Sec-
tions and the delay in the state is the same for the cost functional
and for the differential system. The same happens with the time lag of the
control variable. To the best of our knowledge, we derive sufficient optimal-
ity conditions for this two type of optimal control problems, giving answer
to an open question. In order to prove our sufficient optimality conditions,
we use the technique proposed by Guinn in [59] and used by Gollmann et al.
in [56] 57]. As we have already mentioned before, the technique consists to
transform a delayed optimal control problem into an equivalent non-delayed
optimal control problem. After doing such transformation, one can apply
well-known results for non-delayed optimal control problems and then re-
turn to the initial delayed problem. Analogously to Géllmann et al. in [56],
we ensure the Commensurability Assumption between the, possibly dif-
ferent, delays of state and control variables (see Section [2.3.2). We restrict
ourselves to delayed problems with deterministic controls. For the stochastic
case, we refer the reader to [49, 53| 55| 8] 98].

This chapter is organised as follows. In Section [3.2.I we define a state-
linear optimal control problem with constant time delays in state and control
variables. Then, in Section [3.2.2] we prove a sufficient optimality condition
associated with the problem stated in Section A concrete example is
solved in detail in Section [3.2.3] with the purpose to illustrate Theorem
of Section In Section [3.3.1] we prove a sufficient optimality condition
associated with a non-linear optimal control problem with time lags both in
state and control variables (see Definition [2.13)). An example that illustrates
the obtained theoretical result — Theorem [3.7] of Section [3.3.1] - is given. We
end this chapter with some conclusions, in Section

3.2 Delayed state-linear optimal control problem
In this section we are interested in state-linear optimal control problems
with discrete time delays in state and control variables. Furthermore, we de-

rive a sufficient optimality condition for this type of problems. We finish this
section by giving an illustrative example for the proved theoretical results.
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All the contents of the current section are published in [108].

3.2.1 Statement of the optimal control problem

Definition 3.1. Consider thatr > 0 and s > 0 are the discrete and constant
time delays associated with the state and control variables, respectively. We
assume that (r,s) # (0,0). A non-autonomous state-linear optimal control
problem (OCPyp) with time delays and with a fized initial state, on a fized
finite time interval [a,b], consists in

b
min Crp(e(),u() = / £t 2(8), 2t — 1) + £O(¢, ult), ult — s))dt
subject to the delayed differential system
i(t) = A(t)z(t) + Ap(t)x(t — r) + g(t,u(t)) + gp (t, u(t — s)) (3.1)

with the following initial conditions
(3.2)

where

i) the state trajectory is x(t) € R™ for each t € [a —1,b];

i) the control is u(t) € U CR™ for each t € [a — s,b];

iii) A(t) and Ap(t) are real n X n matrices for each t € [a,b].
Next we define admissible pair for (OCPyp).

Definition 3.2. We say that (z(-),u(-)) is an admissible pair for (OCPrp)
if it respects the following conditions:

i) (w(),u()) e Whoo(la — r,b],R™) x L>®([a — s,b],R™);

it) (z(-),u(-)) satisfies the conditions ([B.1)) and (B.2));
iti) (z(t),u(t)) € R" x U for all t € [a,b].

3.2.2 Main result

As in Section 2.3.2] in what follows we consider that the time delays r
and s respect the Commensurability Assumption 2.15] Moreover, we are
going to continue using Notation

The following theorem supplies a sufficient optimality condition associ-
ated with (OCPrp). Such result generalizes Theorem for the delayed
state-linear optimal control problem (OCPyp).
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Theorem 3.3. Consider (OCP1p) and assume that

1. functions f0, 020, 319, f9, g, gp, A and Ap are continuous for all
their arguments;

2. fO(t,x,x,) is a convex function in (v,x,) € R®™ for each t € [a,b];

3. for almost all t € [a,b], u* is a control with response x* that satisfies
the maximality condition

HY (8, 2,y,u,0,m) == |12t 2,9) + f2(t w,0)]
+n|A(t)z + Ap(t)y + pg(t, u) + (1 = p)gp(t, v)
forp € {0,1} and n(t) is any non-trivial solution of the adjoint system

0(t) = o fy (t, 2™ (), 2" (t,)) + s f (¢, 2" ("), & (1)) X(ap—n) (1)
—n(t)A(t) = n(t")Ap(t")X[a,p—r) (1)

that satisfies the transversality condition n(b) =[0 -+ 0]1xn.

Then, (z*(-),u*(:)) is an optimal solution of (OCPLp) that leads to the
minimal cost Cpp(z*(-),u*(")).

Proof. We are going to transform the delayed state-linear optimal control
problem (OCPrp) into an equivalent non-delayed state-linear optimal con-
trol (OCPy) type problem, using the approach of [56l 59]. Then, we ap-
ply Theorem [2.10 Without loss of generality, we assume the first case of
Commensurability Assumption [2.15{ that is, g € Qforr >0and s > 0.

Consequently, there exist k,I € N such that

r k r s
;:742)’7’1:8]{4:)’%:7

Thus, let us divide the interval [a, b] into N subintervals of amplitude

r
h:=— .
k l
We can note that

r = hk and s = hl.

64



Furthermore, we also assume that
a+hN =5b and N >2k+1, (3.4)

with N € N.

Remark 3.4. Ifb—a is not a multiple of h (b—a # hN ), then we can study
(OCPyrp) fort € |a, b] where b is the smallest multiple of h, which is greater
than b. Thus, we also study (OCPLp) fort € [a,b], because b < b.

For i =0,...,N — 1 and for t € [a,a + h], we define new variables
&i(t) =x(t+ hi) and 0;(t) = u(t + hi).

In Figure we can observe a simple scheme for the new state variables.

Er(t) Epa(t) £a(t) &-1(t) (t) &i(t) En—a(t) Env—1(t)

i + | eee | + ees | + !
a-r a—r+h a—2h a—h a a+h a+2h a+ (N —-1)h b

Figure 3.1: Scheme of the new state variables.

The idea is similar for the new control variables. We transform the delayed
state-linear problem (OCPpp) into an equivalent non-delayed state-linear
problem (OCPyp,), which consists to minimize the cost functional given by

CL(6().00))

at+h N—1 (35)
/ Z f0 t+ hi, &(t), &-1(t)) +fg(tJrhiﬁz‘(t)ﬁifl(t))]dt

subject to the non-delayed differential system
§ilt) = A(t+hi)&(t) + Ap(t+hi)&i_i(t) + g (t+ i, 0:(t)) +gp (t+ i, 0y (t))
fori=0,...,N—1andt € [a,a+ h], and to the initial conditions

&) =p(t+hi), i=—k,...,—1 and t€ [a,a+ hl;
0;(t) =t +hi), i=-I,...,—1 and t€ [a,a+ h;
Sila+h)=¢&+i(a), i=0,....N—2.

Consider that

o §—k to 0_;

_ 0 0,_

e= | Sl e o [ oo | | anae = |
EN—1 &1 On—_1 0_1
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Observe that the dimensions of £, £7, 0 and 6~ are Nnx 1, knx 1, Nm x 1
and Im x 1, respectively. Note also that £ and 6 represent optimization
variables and £~ and 6~ not. We know, a priori, the expressions of £ (¢),
t € [a,a+ h], and 07 (t), t € [a,a + h]. Let us write the objective function
expressed in as a function of the type presented in :

N

L+ R (), & k(D)
(t

;=0
= f(t. & (t), Er(t) + f2(t+ h,&1(t), -k (t))
o SO+ Rk — 1), &1 (t), €1 (t)) + f2(t+ hk, &(t), &o(t))
o L2+ (N = 1), En—1(t), En—1-k(1)).

—

N-1

We can simply write Z 1O (t + hi,&(t),gi_k(t)) = FO(t,£(t)), because &
i=0

and h are known for i = —k,...,—1. In a similar way, we can also write

N-1

D £+ i, 05(t), 0;(t)) = FJ(t,6(t)). Consequently, we have that
=0

at+h N—1
/ Z fO t+ hi, &(t), &k (1)) +f3(t+hiﬁz’(t)ﬁifl(t))}dt

:/ [Fx (,€(t) + Fg(t,e(t))}dt.
a
In order to apply Theorem [2.10] we have to write the set of constraints

§it) = A(t + hi)&(t) + Ap(t + hi)&i_(t)

+ g(t + hi, 05(t)) + gp (t + hi, 0;_4(t)), i=0,...,N—1, (3.6)
in the form

£(t) = A()E(H) + G(1,0(t)). (3.7)

For¢=0,...,N — 1, consider that ¢; =t 4+ hi. Thus, we have

[A(tg) O 0 |
A(to)éo(t) 0 At 0 0 &o(t)
At (1) _ . | ao
: f 0 :
B T | B
= M(t)E(t)



and

Ap(to)é—k(t)
Ap(t1)&1-x(t)
Ap(t)é(t)
_AD(tN—l).nglfk(t)_ Nnx1
_AD(tO) 0 0 i ~ =
S
. 0 '
0 0 Ap(tn-1)] ()]
- Ok N 1 [ @ ]
Ap(ty) 0 . . 0
- 0  Ap(tky1) O e D ey ()
i 0 0. AD(tz;/—l) 0. 6_ i §N—:1(t) |
"Ap(te) 0 0]
DO " Ap(t1) 0O 0 gié(t)
N . . | ox :
0 0 Ap(te_s) 0 0 0 §-1(t)
I O(N—k)ynxNn - (b
B _ §(t)
= Mp(t)&(t) + Mp() |:0(Nk)n><1:| '

Note that M(t), Mp(t) and M (t) have dimension Nn x Nn. Concluding,
we have

Now, we write the sum of the third and fourth terms of (3.6)) as a function
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of t and 6(t). Thus,

I 9(to,00(t)) + gp (to, 0—(t))
g(t1,61 (1)) + gp (t1,01-4(t))

9(t1,0:(t)) + gp (t1, 00 (1))

g(to, 60(t))
g(t1,601(t))

= g(ti-1, .9171(t))
9(t1,0:(t)) + gp (t1, 00 (1))

= g0 (£, 0(t)) +go- (.07 (1)).

As £7(t) and 67 (t) are known, we have that

g(ti—1,01-1(¢)) + 9o (ti—1,0-1(t))

L9(tn—1,0n-1(2)) + .gD (tn—1,0n-1-1(1)) |

[ gp(to,0-1(t)) ]
gp (t1,61-1(¢))

9D (tlfl; 0_1(t))
0

Lg(tn—1,0n-1(2)) + :(JD (tn—1,0n—1-1(1))

G(0.00) = M50 [ ) [ aufe.000) + a0 (.07 (0).

(N—=k)nx1

Therefore, we have the set of constraints (3.6) in form (3.7).

Theorem [2.10] we have to ensure that

1. for all (t,€,0) € [a,a + h] x RN"*Nm 0 5,0 FO A and G are

continuous;

2. FO(t, &) is a convex function in & for each fixed t € [a,a + h];

3. 0% is a control with response £* that satisfies the mazimality condition

—FJ(,0°(t)) + A(t)G(t,6%(t)) = max [ — FJ(t,0) + A(t)G(t,0)]

for almost all t € [a,a + h]. Note that U C RN™ and A(t) is any
non-trivial solution of the adjoint system

A(t) = 01 (.67 (1)) — At A(t)

such that A’(a+ h) is an inward normal vector of the closed convex set

- {¢r(a+h)}, iti=0,...,N—2
ifi=N—1

M=o

at the boundary point & (a + h) for i =0,...,N — 1.

68

To apply



Thus, (£*(-),6*(-)) will be an optimal solution of (OCPy) that leads to the
minimal cost Cp(£*(-),0%()). From now on, we are going to analyse each
hypothesis of Theorem

1. (a) We have that

=

FOtew) =3 £t + hi &(t), &—i())

N

N-1

=" FO(t+ hi,a(t + hi),x(t + h(i — k)
=0
N-1

=" 2t + hi,a(t + hi),x(t + hi — hk))
=0
N—-1

F2(t + hi,z(t + hi),z(t + hi — 7).

[e=]

1=
By hypothesis, function f¥ is continuous with respect to all its
arguments. Then, F? is continuous for all (¢, &) € [a,a+h] x RV™.

(b) Having in mind that N > 2k+1 (see (3.4)), that is, k < N—1—k,
then

FX(t,€1) =12 (to, &o(t), €k (t)) + fo(tr1,&1(t), &1—k (D))
o (e, G (1), €01(D))
+ 2tk &6 (), E0(8)) + f2 (tet1, G (8), &1 ()
o (N EN—1—k (), EN—1-2k(t))
o N1, Enaa (), Ev—1-k (D).

So, fori =0,...,N —1— k, we obtain

o
0%;

(t,€(t)) = Dafy) (t + hi, & (), &k (1))

+ O3 f3 (¢ + Pk + ), ey (1), &i(1))
= o f2(t + hi, x(t + hi), z(t + h(i — k)))

+ O3 fO(t+ h(k + 1), 2 (t + h(k +14)), (t + hi))
= 32f£ (t + hi,z(t + hi), x(t + hi — 7“))

+ 03 f2(t+ hi+ 7,2t + hi + 1), 2(t + hi)).

Fori=0,...,N—1—Fkand t € [a,a + h], we conclude that

a<t+hi<a+h+h(N—-1—-k)=b—r.
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Fori=N —k,...,N — 1 we have
OF?
98

(£, (1)) = Oafy (t + hi, &(1), &k (1))
= 0o fY(t + hi,x(t + hi), x(t + hi —r)).
Asie{N —k,...,N —1} and ¢t € [a,a + h], we obtain
a+h(N—-Fk)<t+hi<a+h+h(N-1)b—r<t+hi<b.
For each t € [a, b], there exists j € {0,..., N — 1} such that
a+hj<t<a+h(j+1)ea<t—hj<a+h.
Thus, let us define t' € [a, a+h] as being t' = t—hj. Consequently,

aFa(S] / /
o, (&)

= Oof2 (' + hj,x(t' + hj),z(t' + hj — 1))
+ O fO(t' + hj+ 12t + hi+7), 2t + hi))x()1o,...N—1-k}
= o f(t,x(t),x(t — 1)) + Osf (t +r,a(t+7),2(t)) X () [apr-

Since 02 f9 is continuous for all (¢, z, x,) € [a, b] x R*"™ and function
o 0
03 fY is continuous for all (¢t,z,z,) € [a+7,b] x R?" then —= is

23

continuous for all (t,&) € [a,a + h] x RN™.
We have that

=

EJ(t,00t) =Y f2(t+ hi, 0;(t),0,4(t))

8\

=

FO(t + hi,u(t + hi), u(t + h(i —1)))

I
i

2
L

FO(t + hi,u(t + hi),u(t + hi — hl))

<3
Tl

fg(t + hi, u(t + hi), u(t + hi — s)).

o

7=l

Function f¥ is continuous for all (¢,u,us) € [a,b] x R?™ by hy-
pothesis. Then, F? is continuous for all (¢,6) € [a,a + h] x RN™,
We know that A(t) = M(t)+Mp(t). As Aand Ap are continuous
for all ¢ € [a,b] and M (t) and Mp(t) are depending on A(t) for
t € [a,b] and on Ap(t) for t € [a + r,b], then A is continuous for
all t € [a,a + h].
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(e) Let us define function us(t) by
us(t) = u(t — s)

for all t € [a,b]. We have already defined
G(t,0(t)) = Mp(t) [f_o(t)] +go(t,0(t)) + go- (t,07(t)).

For t € [a,a + r], the matrix M, (t) is depending on the matrix
Ap(t). As Ap(t) is continuous in the interval [a, b], then

M50 [ o)

is continuous for all t € [a,a+h]. If, for each : = 0,..., N —1, the
functions g(t+ hi, 6;(t)) and gp (¢ + hi, 0;—(t)) are continuous for
all (¢,6;(t)), (t,6;,-1(t)) € [a,a+ h] x R™, respectively; then the
function gg(t,6(t)) + go- (¢,67(t)) is continuous. We know that
g(t + hi, 0;(t)) = g(t + hi,u(t + hi)) and

gp(t + hi, 0;—1(t)) = gp (t + hi,u(t + h(i —1)))
= gp(t + hi,u(t + hi — s)),

i =0,...,N — 1. Moreover, as g(t,u(t)) and gD(t,uS(t)) are
continuous for all (¢,u,us) € [a,b] x R*™, G is continuous for all
(t,0) € [a,a + h] x RN™,

2. As we know,
N-1
FR(,61) = Y 2t + hi, a(t + i), z(t + hi — 1))
i=0
for t € [a,a + h] and f0 is convex in (z,x,) € R?" for each t € [a, b].
Then, F? is a convex function in ¢ for each fixed t € [a,a + h).
3. If 6% is a control with response £* that satisfies the mazimality condition

—FJ(t,0%(t)) + A(t)G (¢, 0%(t)) = m; [— F2(t,0) + A(t)G(t,0)]

v
for almost all ¢ € [a,a + h], then
—F2(t,0%(t)) + A()G(t,0%(t)) > —FJ(t,0) + A(t)G(t,0)  (3.8)

for almost all ¢ € [a,a + h] and for all admissible § € U. If we consider
that n(t) = AJ(t — hj), then we have that

N(t) = N (t+hj — hj) =0t + hj) = N (t') = n(t' + hj) = n(t)
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and

AT = AT (E+ R+ 1) — h(F +1))
=Nt (t+hj+s—h(j+1))
=n(t+hj+s),

which implies A7t (#') = n(t' + hj+s) = n(t+s). As inequality (3.8) is

verified for all admissible § € U, we can choose an admissible variable
0 € U such that

u*(t' 4+ hi), i#j
u, i=j’

where u is an admissible control for (OCPrp). So, using inequal-
ity and considering ¢, = t' + hi, we have that

—F)(, 0% () + A)G(t,0*(t)) > —F2(t',0) + A(t')G(Y,0).
The previous inequality is equivalent to
N-1

{ = P28, 07(8),070) + N ) [g (2, 0:(1)) + 9 (8, 07_,() ] }

As the last sums of both sides of previous inequality are equal, we
obtain

N-1
{ - o). 0,))
1=0
+ A () [g(8, 67 () + gp (¢, ?—z(t/))}} (3.9)
N—-1
> { = fot5,05,0,_0) + N (1) [g(t;, 6:) + gp(t7, 051)] }-
=0

Due to the choice of 6;, i = 0,...,N — 1, some terms of the left-
hand side of inequality (3.9)) cancel with other terms of the right-hand
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side. Let us analyse the sums when we only consider the indexes of set
I={0,...,N —1}\{4j,j +1}. For the first member, we have

S R0, 00))
i€l
+ AN [g(t, 05 () +gD(t;,9:_l(t'))]}
=S ), (- 5)

i€l
+ A [g (8w (1) + gt (1~ 9))] }
while for the second we obtain
D = £t 0:,0,0) + N(t)[g(t5,0:) + gp(t;,0:0)] }
el

=S { - R @ - )

i€l
+ () [g (8w (t) + g (th, " (1 = )] }-

Only the terms associated to the indexes 7,7 +1 € {0,..., N — 1} are
different. Therefore, inequality (3.9) is equivalent to

S {2 e,

ie{j,j+1}

+ A [g(, 05 () + gp (¢, fz(t/m}

Z { = 2t 0i,050) + N (#)[g(t;, 0:) + gp(t}, 0:1)]}-
i€{s.j+}

Fori=0,...,N—1, we know that §; = u, if i = j. Thus, by the above
inequality, it follows that

Ut + hj,u* (' + hj),w*(t' + hj—s))
+ AN () [g(t + hi,u* (¢ + 1)) + gp (¢ + hj,u* (¢ + hj - s))]
— fo(t' + hj + s,u (¢ + hj + s),u* (' + hj)) xqo,..N—1-13 ()
+ M) [g(t + hj + s, u (¢ + hj + 5))
+ gp(t' + hj + s,u*(t' + hj))] xq0,..N—1-13(J)
— fg (t' + hj,u, u*(t' + hj — s))
+ N #) gt + hj,u) + gp(t' + hj,u* (' + hj —s))]
— fA(t' + b+ s, 0t + B+ 8), w)xqo,...n-1-1 ()
+ AT [g(t + hj + s, u (¢ + hj + 5))
+gp(t' + hj + s,u)| xq0,. . N—1-1(J)-

Y
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Ast' =t—hj€la,a+hland 0 <j < N —1-—1, then

0<hj<Nh—-h—-s& a<t'+hj<a+h+Nh—h-—s
& agt'—l—hjgb—s.

Consequently, we have that

— £t ()0 (= 9) + M) g (8w (1) +gp (" (¢ - 5)]
— [t + s, 0" (t+ ), u* () Xfap—s) (F)
+ M) [g(t+ 5,0t + ) + gp(t+ 5,0 (1)) X (s (1)
> — fo(tu,ut(t—s)) + M (E) gt u) + gp(t,u*(t —s))]
— falt + s,u*(t+ 8), ) X[ap—s (t)
+ M) [g (¢ + 5,07 (t+ 9)) + g (t + 5, 1)] X[ ps](B)-

As some terms cancel, we obtain

P ) 9) + Nl
— [t +s,u"(t+ ), u* () Xfap—s (t
+ A () gp (+ 5,0 (1) Xpap—s (1)
— fo(t,u,u(t — s)) + A (H)g(t,u)
— [t + s,u™(t + 5), W) X[ap—s) (1) + N () gD (t + 5, U)X a5 (1)

u' (1))
)

Using relations A7(#') = n(t) and AJT(#") = n(t + s), we have that

= fa(tu(8),u*(t = ) +n(t)g(t, u*(t))
+ [ = flt+s,ut(t+5),u™ (1) + n(t+ 8)gp (t+ 5,0 ()] X[ap—s ()
> _fu(tau,u (t_s)) ( )g( U )

+ [ = £+ s, u*(t+ ), u) + 0t + 5)gp(t + 5,u)] X[ap—s(£)-
(3.10)

Attending to the definition of H}), p € {0,1}, the inequality is
equivalent to the mazimality condition of Theorem . Further-
more, we can not forget that A(t) is any non-trivial solution of the
adjoint system

A(t) = 0 F(1,6%(1) — A(H)A(t) (3.11)
that satisfies the transversality condition (see Remark
AN a+nh) =0 - Ol1xn. (3.12)

As we know,



and A(t) = [A%(t) AY(t) --- AN7Y(t)], where A¥(t) has dimension
1 xn for al i € {0,...,N — 1}. Consequently, by the adjoint sys-
tem (3.11)), we can write that
A'(t)
= OofO(t + hi, & (t ®))
+ O3 f3(t+ (i + k) §k+z(t) & (1) xq0,...N—1-k} (i) — A () A(t + hi)
— AR Ap (t+ k(i + k) X0, N—1-k) ()
= Do fY(t + hi,x*(t + hi),z* (t + hi — hk))
+ O3 f9(t + hi + hk,z*(t + hi + hk), 2*(t + hi)) X{0, .. N—1-k} (i)
— N (#)A(t + hi) — AR Ap(t + hi + hk)xqo, . N—1-1}(0)
= OofJ(t + hi,x*(t + hi),z*(t + hi — 1))
+ O3 fy (t+ hi+r,a*(t+ hi + 1), x*(t + hi)) Xq0,.. N—1-k} (i)
— N (&) At + hi) = ATF@)Ap(t + hi +1)xq0,. N-1-1) (4).

Furthermore, as n(t) = AJ(t — hj), we conclude that

n(t) = A (t — hj)
= Do fd(t,x*(t),z*(t — 1))

0 . . (3.13)
+ 0 fy (t+ 2" (t+ 1), (1)) X{a,p—r] (1)
= n()A(t) = n(t +7)Ap(t + 7)X[a,p—r (1)-
By equation ,
AN a+h) =0 - Olixn
s na+h+h(N-1)=[0 - 0ixn
e nla+hN)=[0 - Oixn.
As a+ hN = b, we obtain the transversality condition
n®) =[0 - 0ixp. (3.14)

With conditions (3.10)), (3.13) and (3.14), we obtain item 3 of Theo-
rem [3:3

This concludes the proof of Theorem O

Remark 3.5. We can note that: (i) problems (OCPrp) and (OCPy) are
equivalent; (i) the augmented and non-delayed problem (OCPy) is defined
for t € [a,a + h]. Ewven more, we can solve (OCPrp) by solving N sub-
problems, each one with respect to each subinterval of [a,b] with amplitude
h. Then, we can concatenate the respective N optimal solutions in order
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to obtain an optimal solution of (OCPrp). Thus, we can solve (OCPrp)
by solving N augmented and non-delayed sub-problems (OCPy;) associated
with (OCPLp), withi=0,...,N —1. Fori€{0,...,N — 2}, the (i + 1)th
augmented and non-delayed sub-problem (OCPy;) consists to minimize

a+h

/ £ (i, &), &k () + fo (i, 05(t), 6; (1))t

subject to

&i(t) = A(t)&(t) + Ap(t)&i—i(t) + g(ti, 6:(t)) + gp (ts, 0i—i(t))
() = (a), ifi=0

ila) = { &G1(a+h), ifi=1,...,N—2

fi(a—l- h) S 1:[1 = {ff(a—i— h)}

fort € [a,a+ h]. Theorem can be applied and we can find an optimal
pair (§(-),07(-)) in the interval of time [a,a + h] that provides an optimal
solution (z*(-),u*(-)) in the interval of time [a + hi,a + h(i + 1)]. The set
I; has a single point. So, Ai(a + h) is an inward normal vector of ; at

the boundary point £ (a + h) (recall Remark . The last augmented and

non-delayed sub-problem (OCPy,y_1)) consists to minimize

a+h

/ Fa(tn—1, En—1(t), En—1—k(t)) + fo (tn—1,On—1(t),On_1-1(t))dt

subject to

En_1(t) = A(ty—1)En—1(t) + Ap(tn_1)En—1-x(t) + g(tn—1,0n-1(t))
+gp(tn-1,0n-1-1(1))
En-1(a) = En—2(a+h)
¢nvoi(a+h) elly_g =R"
for t € [a,a+ h]. Again, Theorem can be applied and we can find an
optimal pair (Ex_1(+),0%_1(+)) in interval of time [a,a+ h] that provides an

optimal solution (z*(-),u*(-)) in the interval of time [a + h(N — 1),b]. As
My_1 =R", then by TheoremANfl(a +h)=1[0 -+ Olixn.

3.2.3 An illustrative example

In this section we provide an illustrative example for our Theorem
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Let us consider the delayed state-linear optimal control problem given by

4
min  Cprp(z(),u()) :/0 z(t) + 100u?(t)dt
s.t. #(t) = x(t) + z(t —2) — 10u(t — 1), (3.15)
z(t) =1, t € [-2,0],
ut) =0, te[-1,0[,

where u(t) € U = R for each t € [—1,4]. Thus, we have that n = m = 1,
a=0,b=4,r=2,s=1, fo(t,z(t), z(t —2)) = z(t), f3(t,ult),u(t—1)) =
100u?(t), A(t) = Ap(t) =1, g(t,u(t)) = 0and gp (¢, u(t—1)) = —10u(t—1).
Note that our functions respect hypothesis 1 and 2 of Theorem [3.3] Let @
be an admissible control of problem and let us maximize function

— fo(tu,alt — 1)) +n(t)g(t, u)
+ [ =t + L at+1),u) + 9t + )gp(t+1,u)] xp.3(t)
= — 100u” + [ — 100> (t + 1) — 10n(t + L)u] x[o 3(t)
—100u? — 10n(t + 1)u — 100a2(t + 1), t € [0,3]
- {—100u2, te]3,4]
with respect to u € R. We obtain
n(t+1)
20
for t € [0,3] and wu(t) = 0 for t € ]3,4]. Furthermore, we know that 7(¢) is
any non-trivial solution of
0(t) = Do fy (t, (1), 2(t — 2)) + O3 f2 (t + 2, 2(t + 2), (1)) X[0,2 (1)
—n(t)A[t) —n(t +2)Ap(t + 2)xp,2(t)
n(t) —
t)

u(t) = —

n(t+2), telo,2
, t€]2,4]

—

& n(t) =1-n(t) —n(t+2)xp.2(1) = { E

that satisfies the transversality condition 7(4) = 0. The adjoint system is
given by

o 1ent) —at+2), te02
() = {1 — (), te)24] (3.16)
n(4) = 0.

For t € 2, 4], the solution of differential equation

n(t) =1-n()
0



is given by n(t) = 1 — e*~t. Knowing n(t), t € ]2,4], and attending to the
continuity of function n for all ¢ € [0,4], we can determine 7(t) for ¢ € [0, 2]
solving the differential equation

n(t) =1—=n(t) =n(t+2)
n2)=1-et?2=1-¢€2

for t € [0,2]. Therefore, we have that n(t) = e*~* (t —e* — 1) for t € [0,2].
Consequently, the solution of the adjoint system (3.16]) is given by

et (t—er—1), tel0,2]
n(t) = {1 — et te]2,4].

So, the control is given by

0, t€[~1,0]
1 )3t —el=lt, tel0,1]
t) = — ’ 3.17
=501 reps) (3:17)
0, t€]3,4].

Knowing the control, we can determine the state by solving the differential
equation

#(t) = 2(t) + 2t — 2) — 10u(t — 1)
() =1, t e [-2,0].

The state solution z(t) is given by

T

§ t e [-2,0]
—1+ 2¢, Felod]
(€2 + 2¢* — 2¢21) e;_8+ (17— 2% tell,?
2e*7 + 4 4 (—47e7? ; 17 — 2¢% 4 16et) etj te]2,3]
(—e0 +eMt) et + 4+ (~5le 2 + 24 — 2¢% + 1Te 2t — 2t) et, t € 13,4].
8 (3.18)

Such analytical expressions can be obtained with the help of a modern com-
puter algebra system. We have used Mathematica. In Figure[3.2] we observe
that the numerical solutions for control and state, obtained using AMPL (see
[54]) and IPOPT (see [139]), are in agreement with their analytical solutions,
given by and , respectively. The numerical solutions were ob-
tained using Euler’s forward difference method in AMPL and IPOPT, divid-
ing the2 intervgl of gime [0,4] into 2000 subintervals. The minimal cost is
Bte +12,4€ ~2 L 67.491786.
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Figure 3.2: Optimal solution: red line — initial data; dark green line — ana-
lytical solution; dashed light green line — numerical solution.

3.3 Delayed non-linear optimal control problem

In this section, we are interested in non-linear optimal control problems
with discrete time delays in state and control variables. Therefore, we are

considering (OCPyp) of Definition [2.13] where (r, s) # (0,0). For this kind of
problems, we derive a sufficient optimality condition. We finish this section
by giving an illustrative example for the proved theoretical results. All the
contents of the current section are published in [109].

3.3.1 Main result

As in Sections and [3.2.2] in what follows we consider that the time
delays r and s respect Commensurability Assumption [2.15] Moreover, we

continue using Notation [2.16] and the following one.

Notation 3.6. Let z, = z(a) = ¢(a) and z,(t) = (2(t), z(t—7)). Moreover,
we define the operators [-,-], and (-,-), by [z, (] (t) := (t, xr(t),{(t,xr(t)»

and (x,(),(t) := (t, xﬂt),((t,x(t))), respectively.

The following theorem provides a sufficient optimality condition asso-
ciated with (OCPp) (see Definition [2.13). Such result generalizes Theo-
rem for the delayed non-linear optimal control problem (OCPp).

Theorem 3.7. Consider (OCPp) and assume that I, = I, .. Let the in-
terval [a,b] be divided into N € N subintervals of amplitude h = *5% > 0
and suppose that the functions ¢°, f° and f are of class €' with respect to

all their arquments. Assume there exists a €' (R1+3”,Rm) feedback control
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u* (t,xr(t),n(t,a:r(t)» = u*[z,n).(t) such that

rggg{ﬂ(t, r (), u u [z, (ts), m(t, 2 ( ))
—I-H(ts,xr(ts),u*[m,n] (%), u, (2, (t ))X[ab 5 }

= H (1o (0),u' e, (1), ', ) 82), ( w(1))) (3.19)
(8 (), e (), 0 e (0,0 (8, 20 (8)) ) X ()

=: Hlz, ], (t) + H [z, n]r(tS)X[a,bfs] (t)

for all t € [a,b], where

H(ta»’%y?%”ﬂ]) = _f0<t7$7y7uvv) + nf(t7x7y7uav)’

Furthermore, let I; = [a + hi,a+ h(i +1)], i = 0,..., N — 1, and suppose
that function S(t, x(t)) € ¢? (RH”,R), t € [a,b], is a solution of equation

N-—1
a5 (t, x(t)) + ;{ £t e (t), w2, 028)r (1), u*(x, 029), (ts)) (3.20)

+ 08 (t, 2(t)) f (£, 20 (1), u* (@, B2S), (£), u* (x, 028 (£)) }XI,L. () =0

with S(b,z(b)) = —¢°(z(b)), z(b) € II. Finally, consider that the control
law

ut (t,xr(t),(?QS(t,a:(t))) = u (2,8 (t), t€ [a,b],
determines a response Z(t) steering (a,x,) to (b,1I). Then,
a(t) = u* (¢, 2(t), Z(t — 1), 025(t, 2(t))
is an optimal control of (OCPp) that leads to the minimal cost

Cp((), () = —S(a, za).

Proof. We prove Theorem [3.7as a corollary of Theorem [2.12]by transforming
the delayed non-linear optimal control problem (OCPp) into an equivalent
non-linear optimal control problem without delays of type (OCP) (see Def-
inition [2.1)). For that, we follow again the approach of [56], 59] used in the
proof of Theorem Also here, without loss of generality, we assume that

r € Q for r > 0 and s > 0. Consequently, there exist k,l € N such that
S
r k r s

;:7<:>Tl:$k<:>%:7:h

Thus, we also divide the interval [a, b] into N € N subintervals of amplitude
h. Again, we obtain r = hk and s = hl. Also here, we assume that a+hN = b
and N > 2k+1, with N € N. Note that Remark [3.4] also holds for (OCPyp).
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Again, we define the new variables &;(t) = z(t+ hi) and 6;(t) = u(t+ hi),
fori = 0,...,N —1 and t € [a,a + h]. The delayed non-linear problem
(OCPp) is transformed into the following equivalent non-linear problem

(OCP) without delays, which consists to minimize the cost functional given
by

C(&(),6(-) = g°(En—1(a+ h))
a+h N—1
+/ h D SO+ R &), &k (), 0:(8), 0ii(t))di (3.21)
a i—0

subject to the non-delayed differential system

&it) = f(t+ i, &(1), & r(t), 0i(t), 0:a(t)) (3.22)
fori=0,...,N—1andt € [a,a+ hl], and to the initial conditions

&) =pt+hi), i=—-k—1,...,—1 and t€ [a,a+ hl;
0;(t) =yt +hi), i=-Il,...,—1 and tE€[a,a+h[; (3.23)
Cila+h)=CEi(a), i=0,...,N—2.

We observe that the cost functional depends only on t € [a,a + h],
£t) = [&o(t) - en—1()]" and O(t) = [Bo(t) --- On_1(1)]", because
§(t) = [Enaa(t) &pa(t) -+ €]

and
0= (t) = [0-4(t) -+ 01 ()"
are already known. Thus, the integrand function of (3.21)) can be written as
N-1
Z SO(t 4 i, &(t), &—k(1), 05(t), 0;1(1)) = FO(t,£(2), 0(1)).
i=0
We can also write

¢ (En—1(a+h)) = G°(E(a+ h)).

Note that we are writing G° as a function of £(a + h) € R™ in order to
obtain (OCP) written in the form used by Theorem However, function
GY depends only on £x_1(a + h) € R™. Consequently, we have

a+h N—-1
90(§N1(a+h))+/ S 5Ot b 60, (D), 64(0). O (0)
a+h =
=G(&(a+h)) +/ FO(,&(t),0(t))dt.
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Using similar arguments, the differential system (3.22)) can be written as

[ &o(t)
iw=| ™"
v (t)
[ f(ta 50 (t)v é—k’(t)’ to (t)’ 9_[(75))
)7 Hlfl(t))

F(t 4N, &i(t), &-k(t), 01 (

(4 RN — 1), En1(8), En—11(). Oy (£), By 11 (1))
=F(t,£(t),0(t)), te€la,a+h].

In order to apply Theorem [2.12] we consider the initial boundary condition,
with respect to variable &, given by

£o = E(a) = [Co(a) &(a) - En-a(a)]”
= [za &o(a+h) - 5N72(a+h)}T-

Remark 3.8. Only the first component of &, is known a priori. The others
are determined using the continuity conditions &;(a+h) = &+1(a) of (3.23)),
1=0,...,N —2, and the fived value x,.

Concluding, (OCP) is written in the standard form, as follows:

B a+h
min C(£(-),0(-)) :Go(f(a+h))+/ FO(t,&(¢),0(t))dt
s.t. £(t) = F(t,£(t),0(t)), t € [a,a+ hl,

fa) =6 =[ra Glat+h) - Env-ala+n)]",

ensuring for all 7 € {0, ..., N—2} the continuity conditions &;(a+h) = &;+1(a)
of (3.23)) and knowing £~ (¢) for all ¢t € [a,a+h| and 6~ (¢) for all t € [a, a+h].
Furthermore, we know that

e £(t) € R™ and 4(t) € U € R™N for each t € [a,a + hl;
o {(a+h) eIl =RV x IT;

e functions GV, F? and F are of class €' with respect to all their argu-
ments, because ¢°, fO and f are of class € in all their arguments.

Therefore, we are in condition to apply Theorem Firstly, we are going
to prove the first part of Theorem [3.7 that is, we show that (3.19) holds.
Assume that there exists a feedback control

9*(75,5(75),1\(7575@))) € €1 (R1F20N RmN)
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such that
mwﬁ@@@ﬂAufwﬁzﬁt@@ﬁ%ﬁamA@am)A@am)

ocU
— (1,60, A(1,£(1))
(3.24)
for all t € [a,a+ h], where H(t,&,0,A) = —F°(t,£,0) + AF(t,£,0). In order

to write the previous condition with respect to the original variables, we do
the following remark.

Remark 3.9. For each t € [a,b], there exists j € {0,...,N — 1} such that
a+hj<t<a+h(j+l)ea<t—hj<a+h
Thus, let us define t' € [a,a+ h| ast' =t — hj and

N (&), &) = n(t + hj, x(t + hj),z(t + hj —1)).
Then, we obtain
N (&), &-x()) = n(t' + hj, (' + hj), x(t' + hj —1))
= n(t, x(t), z(t — r))
and

Nt 651(8), &-k(D))

= AV (t+h(j+1) — h(j +1),2(t + hj + hl),z(t + hj + hl — hk))

= ATt +hj+s—h(+1),2(t+hj+s),x(t+hj+s—1))

=n(t+hj+sz(t+hj+s),zt+hj+s—r)),

which implies that
N &0t &an(t))

=n({t'+hj+s,z{t’ +hj+s),z{t' +hj+s—r))
=n(t+s,z(t+s),z{t+s—r1)).

As equation (3.24)) is verified for all admissible 6 € U, we can choose an
admissible control § € U such that

) 0F t/7 itlv i— t! aAi t/v itla i— t/ ’ | .7

6, _ [0 (1606 NGO 6 1)) A0
0;, =7,

j = 0,...,N —1, where § = [y ... Oy_1]" is an admissible control for

i
(OCP). From condition (3.24)), we can write that
H(t,6(t),0,M(¢,6())) < H(¢.€),07 A €(t))),
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where 6% = 6* (t’,f(t’),A(t’,&(t’))). From now on, we use the previous
notation in order to simplify expressions. So, we have

— FO(¢,&(t),0) + A, E))F (¢, &), 0)
<_F° (t’, &), 07) + A(, §(t’))F<t’, £(t'), 9)

which is equivalent to

N-1 o
{ = £ + hi &(t), 6o (), 6, 6:)
1=0
+Az(tlaE’L(t/)7£l—k(t,))f(t/+hlvfl( ) 57, ( ) Z79_ l)}
N-1

< { —f° (t/ + hi, &(t), &-i(t), 07, L)

7

Il
o

AT (E &), €n(8) £ (¥ + b, G(8), En (), 07, 071) |-

Considering I = {0,..., N — 1}\{j,j + [} and definition (3.25)) for the ad-
missible control #, we obtain that

Z{ — fo (t/ + hi,éi(t/)agi—k(t,)7 ;klv z*/—l)

il

A (), & >)f(t’+my£z< Nh&n(®),6.074) }

fo(t+hJ£J §-n(t).05,67"1)
A (&t Rt )) f <t' + hj, &(t), &-k(t), 05, ;,—l)
+ [ fo '+ hj+ s, &t )7€j+lfk(t/)79;l+b9j)
+ A (), Eai(t)
x f (t' +hj+5,&(t), Er-k(t), H}izﬁj) ]X{O,...,Nll}(j)

N1

{ =7 (¢ +ni). contt) 07 67
=0
A (6, ) (¢ LG, (), 07,07 ) |

The terms of the first and second members with indexes in set I cancel and
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we simply have
= 1O (4 B ), 600,605,671
A (), & k) f (t +hj &), & x(t), 0,05 )
+ [— £° (t' +hj+ 5,&mt'), Er—r(t), 9;;1, 9j)

+ AT G, Gren®)

<= (V4 15 &), k(). 067
+ A (&), &-k() F(E + hg, &), &-i(t), 07 ,05-))
+ [ 40 (t’ + g+ 5,61 (), k() 070, 07 )
+ A&t gk (t)

(1 45,651, (0,540 |x0v-1-0 )
(3.26)

We can observe that
t'+hj=t—hj+hj=t
&(t') = a(t' + hj) = z(t);
§i—k(t') = x(t' + hj — hk) = (t —r);
&i(t') = a(t' + hj — i) = alt - s);
&oi—k(t') = x(t' + hj — hl — hk) = z(t — s — r);
&t =x(t' + hj+ hl) = z(t + 5);
Eiri—k() =x(t' + hj+ hl — hk) = z(t + s —1);

05 =05 (t',6(t), &-n(t), N (', &(t), &k (1))
(4 B (t),alt — )yt a(e) 5(t — 1))
= [z, ], (t);
07, =07, (t/afj—l(t,)afj—l—k(t,)a/\j_l (t/afj—l(t,)agj—l—k(t/)))
=u* (t'+hj—hl,z(t—s),z(t—s—r),nlt—szlt—-s)zt—s—r)))
= u” (ts, 20 (ts), (ts, 2r(ts))) = w'[z, M)y (ts);

00 = 050 (1060 & r (), N & at), 10 n(1)))
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=u* (' +hj+hl,z(t+s),z(t+s—71),nlt+szl+s)zt+s—r)))
= u” (%, 2 (), n(t°, 2, (t°))) = [z, 7], (£°);

0; = u, where v € U is an arbitrary admissible control for (OCPp). Using
these relations, we rewrite the first member of inequality (3.26]) as

— 1 (¥ 4+ by (), -0, 03,65
AT (), 654 (1) (¥ + hi (), 610, 05,67
+ [ 1O (¢ b s, ), &k (), 071,65
+ AT (), ()
(0 0+ 5,608 [ o1y G)
= Ot (t), w1 (1)) (6 () (1 (0), 0w, 15))
b [ = PP )l (), 0)
St () (), (). 1)
= H(ta,(t), 0,0’ e (6, n(t (1))
B (1 ()0 o] (1), (8,0 (8)) ) X (8):

On the other hand, the second member of inequality (3.26) takes the form

= 1 (¥ 4 b, (), €518, 05 071
AT (6 (8), & 1(8)) £ (4 b, &), 651,05, 0,1)
+ [— f° (t/ +hj+ 8, (t), & n(t), 071,05 )
+ A Gt Err(t))
><f<t + hj + s, §J+l( )§]+l k(1) 07, J)]X{o ..... N-1-13(4)

(t
= — [t (), u* [, ) (1), 1) (ts))
+77(t,xr(t))f(t, l‘r(t) [m 77] (t) *[95777] (ts))

[0 e () ) (1), ) (1)
ot (1)) £ (# (1), ) (), ) (D) | X ()
= H (., (8), 0" ) (8), "o, (8 m (120 (1))
o H (8, (1), e (8w o, 1) (8), 1 (8, 20 (8)) ) X (8-
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Therefore, the inequality (3.26]) is equivalent to

H (t,(8), 'l (8) (1,2 () )
B (1 ()0 o] (1), s (8,0 (8)) ) X (1)
< H (b, (8), ol (0, 0 o, 0], ()t (1) )
B (1 ()0 o] (), 0 Tl (0,0 (8, 22 () ) X O

where u € U is an arbitrary admissible control for (OCPp). We just proved

condition (3.19). Now we proceed by proving equation (3.20). Let us suppose
that function S(t,{(t)) € ¢? (R1+”N,R), t € la,a + h], is a solution to the
Hamilton—-Jacobi equation

015 (t,£(t)) + A (t,g(t)ﬁgg(t,f(t))) ~0 (3.27)

with S(a+h,&(a+h)) = —G°((a+h)) for E(a+h) € I1. Now, in order to
simplify the notation, we write

e 0* instead of 9*<t,f(t), aQS(t,g(t)));

o 0% instead of 0 (t,gi(t),gi_k(t),amg(t,g(t))), fori=0,...,N —1.

Therefore, the Hamilton—Jacobi equation (3.27)) is equivalent to

S (LEW) + H(1LE1), 07,0:5(1.6(1) ) =0
& 01S(HE®R) — FO(4E(1),0%) + 025 (t,£(1)) F(t,€(1),0%) =0

N-1

= 01S(E(t) + Z{—fo(t + hi, &(t), &i—k(t), 05, 0;_;)

=0
+ ai+2‘§(t7 f(t))f(t + hZ7 &(t), gi—k(t)v ;‘() z;l) } = 0.
For all t € [a,a + h], one has

S’(t7§(t)) = S’(t7£0(t)a§1(t)7 s 7£N—1(t))
=S(t,z(t),z(t+h),...,z(t + AN — h)).

So, we can simply write S(t,£(t)), for t € [a,a + h], as a function of ¢ and
x(t), for all t € [a,b]:

S(t60) | icigarn =St 20) e

We can also observe that
8i+25(t7 f(t)) = a2*51(t7 IL’(t))X[Z (t)a
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FO(t+hi, &(t), &k (1), 67,67 ))
= [O(t, e (1), u* (@, 025), (), w* (2, 025), (t5)) x1, (1),
and
St +hi, &), &—n(t), 07,07 ))
= f(t,xr(t),u*(:z,825>r(t),u*<a:,8QS>T(t5))X1i(t),
for i =0,...,N — 1. Therefore, we obtain
N-1

S (L) + D {10 (b (0),u(w, 028), (1), w*(w, 28). (1))

=0
+ 05 (t,2(1)) F (£, (£), " (2,028, () u* (2, 0.8), (1)) i, (£) = .
Furthermore, we have to ensure that
S(a+h,&(a+h)) = —Go(g(a + h))
& S(a+h,z(a+h),z(a+2h),...,z(b) = —¢°(En-1(a+ h))
& S(a+h,z(a+h),z(a+2h),...,z(b) = —g"(z(b)),

which implies that

S(b,z(b)) = —g°(2(b)).
As &(a+h) € I = R™V=1 <11, then £x_1(a+h) = x(b) € II. Therefore, we
obtain equation (3.20)) and its conditions S(b, z(b)) = —g¢°(z(b)), =(b) € II.
To finish the proof, let us assume that the control law

07 (£.66(8). 6i-r(0), 0428 (£,6()) ) = u” (@, 028) (Dx1, (1)

determines a response £(t), t € [a,a + h], steering (a,&i(a)) to (a+ h,10),
i =0,...,N—1. Such assumption implies that the control law u*(z, 32.5),(t)
determines a response Z(t) steering (a,z,) to (b,II), for all ¢ € [a,b]. For
i=0,...,N—1andtE€ [a,a+ h],

i) = 0; (1.6:(1), & -1(1), 01125 (1,€()))

is the ith component of an optimal control A(t) that lead us to the minimal
cost

C(E().6()) = ~5(a.£() = —5(a,60(a). ... En—1(a)) = —S(a, z,).
As G;(t) = a(t+hi), i=0,...,N —1 and t € [a,a + h], then
a(t) = u* (t,:z(t),;f(t — 1), 823(t,:f(t))>,
& [a,b], is an optimal control that lead us to the minimal cost

Cp(#().a(-)) = =S(a,xa).
This completes the proof of Theorem O
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3.3.2 An illustrative example

Let us consider the following delayed non-linear optimal control problem
studied by Gollmann et al. in [56]:

st z(t) =zt —1) u(t —2), (3.28)
z(t)=1, te[-1,0],
u(t) =0, te[-2,0],

which is a particular case of our delayed non-linear optimal control problem
(OCPp) withn =m =1,a=0,b=3,r=1,5 =2, ¢°x(3)) =0,
o>t z,y,u,v) = 22 +u? and f(t,2,y,u,v) = yv. In [56], necessary optimal-
ity conditions were proved and applied to . The following candidate
(z*(-),u*(-)) was found:

]-a te [_1’ 2}7
a*(t) = et=2 4 it fe 23 (3:29)
62 _"_ 1 ) ) 9
and
0, t e [-2,0],
t 2—t
O S (3.30)
82 _|_ 1 ) 6 ]07 ]?
0, te [1,3]

It remains missing in [56], however, a proof that such candidate ([3.29)—
(3.30]) is a solution to the problem. It follows from our sufficient optimality
condition that such claim is indeed true.

We denote that z{(t) = 1, t € [-1,0]; zj(t) = 1, t € [0,1]; z3(t) = 1,

t 2—t

" t—2 At . * —
te (1,2 23(t) = S5 —, t € 2,3 ug(t) = 0, t € [-2,0]; ui(t) = <55,

t €]0,1]; u(t) = 0, t € [1,2] and u3(t) = 0, t € [2,3]. Furthermore, the
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corresponding adjoint function is given by
m(t), te[0,1]

n(t) = qm), te(l2]

( 2(e* — 1)
2+ 5+ 2, te0,1]
(62+1)
2 2 2A-2 62t
S S +2 t+( 3+ € C —, te[1,2
(e2+1) (€2+1) (62+1)
2(64% . et72)
€2+1 ? tE [2,3]

From now on, we are going to ensure that these functions satisfy the sufficient
optimality conditions studied in this section (see Theorem . So, for t €
[0, 3] we intend to find a function S(t,z) that is a solution of equation
with S(3,2(3)) = 0. As n(t) = 025(¢t, z(t)), we obtain that

m(t)z +ei(t), tel0,1]
S(t,x) = ne(t)z + co(t), tell,2]
US(t)x + CS(t)v te [27 3]7

where ¢;(-) is a real function of real variable, i € {1,2,3}. For t € [2, 3], the

equation (3.20)) implies that

s (D)™ (1) + cs(t) — (z*2(t) + u*? (1)) + m3(H)a*(t — Du*(t —2) = 0
& niz(t)z3(t) + és(t) — (237 () + w5 (1)) + ma(t)as(t — Vuj(t—2) =0
9 (64—15 +€t—2) et=2 4 et el=2 4 gt 2
<o e2+1 el +C3(t)_< e?+1 )
ol=2 _ p2—(t-2)
+773(t) XlXW—O
5 2t—4 8—2t 9 2
oo = AT ) 2 (3.31)
(@+1)

with S(3,2(3)) = c3(3) = 0. Solving the differential equation (3.31) with
final condition c3(3) = 0, we obtain that

4e?(t —3) + 5(€2t_4 — 68_2t)
2(e? + 1)2

C3 (t) =
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For t € [1,2], the equation (3.20) implies that

T ()x*(t) + ca(t) — (2*2() + w2 (t)) + no(t)z*(t — Du*(t — 2) =
& nja(t)ab(t) + a(t) — (232 () + uj ( )) +m2(t)zi(t — Dug(t —2) =0
(e2t 2+66 2t
<€2+1 )+ (62+1)2 +é(t) —1+m(t) x1x0=0
e2t=2 4 62t 562) _3(e4+1)
& Gt R 1)2 (3.32)

with m2(2)23(2) + c2(2) = 13(2)25(2) + c3(2). Therefore, the previous condi-
tion is equivalent to
5(1 — 64) — 4e?

2(2) = e3(2) = R

(3.33)

Solving the differential equation (3.32) with the condition ([3.33)), we have
that

2t (3e* + 10e? + 3) + 2(e872 — e272) — 17e* — 44e? — 7
2(e2 + 1) '

For ¢ € [0,1], the equation (3.20)) implies that

1 (B2 () + 1 (t) — (22 (t) + w2 (t)) + m(
& (O (t) + A(t) — (272() +ui(t) +m(t
S —2464()—1— <et_€2_t) L) x1x0=0
el 2t 4 36t 442+ 3

e2+1
& cl(t) = En 1)2 (3.34)

C2 (t) =

~
~— ~—
8 8
=) *
—~
S+~ (8
[
_ =
~— ~—
g &
O * *
—~
- (.
[
N DN
~— ~—
I
oS O

with 71 (1)a7 (1) + c1(1) = n2(1)a3(1) + c2(1). Therefore, the previous condi-
tion is equivalent to

_ 9t — 942 —
01(1) = 02(1) = 92(62 —2;11)2 3 (335)

Solving the differential equation (3.34]) with the condition (3.35)), we obtain
that
2t (3¢t + de? +3) + e — e 72 — 15 — 32¢2 — 9

2(e2 + 1)

Concluding, the previous computations show the following result.

cl(t) =
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Proposition 3.10. Function

mt)z+ea(t), tel0,1],
S(t,x) = ¢ ne(t)x +ca(t), te]l,2],

na(t)x + c3(t), te2,3],

with
2(e? — 1
mit) = 2454 2 1)
(2 +1)
462 4(62 _ 1) e2t72 _ 6672t
t)=—| ———=+2|t+ —F+6+ ——,
= (e t) o o o Sy
2(64_t _ et—2)
A N
and
2t (3¢ +4e? +3) + e — 72 — 15 — 32¢2 — 9
Cl<t) - 2 )
2(e+1)
2t(3e* + 10e? + 3) + 2(e572F — e2172) — 17e? — 44e? — 7
CQ(t) = ) )
2(e +1)
4e2(t — 2t—4 _ 82t
es(t) = e*(t—3)+5(e : e )’
2(e2 +1)

is solution of the Hamilton—Jacobi equation (3.20)) with S(S,x*(S)) =0.

3.4 Conclusion

To the best of our knowledge, in this chapter we give answer to an open
question, by proving sufficient optimality conditions for control problems
with constant time delays in both state and control variables. The proof is
based on the transformation of delayed optimal control problems into equiv-
alent and augmented non-delayed ones, following the approach proposed in
[59] and used in [56]. Analogously to [56], we ensure the Commensurability
Assumption between the, possibly different, state and control delays.
Examples are provided with the purpose to illustrate the usefulness of ob-
tained sufficient optimality conditions.

In the next chapter, we are going to do a brief explanation about an
infectious disease that has caused a lot of deaths worldwide — cholera. We
propose several mathematical models to translate the transmission dynamics
of cholera, using different types of treatment and prevention measures. Later,
such models are going to be incorporated in optimal control problems (see
Sections [5.2.4] |5.3.4] and [6.3.4]).
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Chapter 4

Cholera mathematical models

We begin this chapter by explaining an infectious disease that remains a
global threat to public health and an indicator of inequity and lack of social
development — cholera (see [106, 107, 192]). The number of cholera cases
reported by World Health Organization (WHO) has continued to be high
over the last few years. During 2017, 1227391 cases were notified from 34
countries, including 5654 deaths (see [192]). Moreover, we give a general idea
about what has already been done to understand the dynamics of cholera
through the study of mathematical models. Next, we propose and explain
several models that can translate the spread of cholera and that consider
different types of treatment or prevention measures.

4.1 Introduction

Cholera is an acute diarrhoeal infectious disease caused by infection of
the intestine with the bacterium Vibrio cholerae, which lives in an aquatic
organism. There are 200 serogroups of the bacterium Vibrio cholerae, but
only two of them (O1 and O139) are responsible for the cholera disease (see
[35, @0]). They pass through and survive the gastric acid barrier of the
stomach. Then, they penetrate the mucus lining that coats the intestinal
epithelial (see [35] [142]). They colonize the intestine, producing enterotoxin
which stimulates water and electrolyte secretion by the endothelial cells of
the small intestine (see [35]). Cholera is a disease of poverty and closely
linked to poor sanitation and a lack of clean drinking water (see [191]),
remaining a global threat to public health, as we have mentioned before.
The ingestion of contaminated food or water can cause cholera outbreaks, as
proved by John Snow in 1854 (see [I57]). Nevertheless, there are other ways
of spreading. Susceptible individuals can also become infected if they contact
with infectious individuals. If these individuals are at an increased risk of
infection, they can transmit the disease to other people who live with them
and are involved in food preparation or use water storage containers (see
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e.g. [I57]). An individual can be infective with or without symptoms which
can appear from a few hours to 5 days, after infection. However, symptoms
typically appear in 2-3 days (see [27]). Some symptoms are vomiting, leg
cramps and copious, painless and watery diarrhoea. It is very important
that infective individuals can get treatment as soon as possible, because
without it they become dehydrated, suffering from acidosis and circulatory
collapse. Even worse, this situation can lead to death within 12 to 24 hours
(see [127, 157]). Some studies and experiments suggest that a recovered
individual can be immune to the disease during a period of 3 to 10 years.
On the other hand, recent researches suggest that immunity can be lost after
a period of weeks to months (see [120} [157]). Diseases involving diarrhoea are
the major cause of child mortality in developing countries, because the access
to clean drinking water and sanitation is difficult (see [13]). Moreover, Sun
et al. write in [168] that this disease has generated a great threat to human
society and caused enormous morbidity and mortality with weak surveillance
systems. Thus, it is very important to study mathematical models of the
cholera spread in order to know how to curtail it.

Several mathematical models for the dynamics of cholera transmission
have been studied since, at least, 1979 (see e.g. [20, 22} 33| 65, [72], B3] 120,
126], 127, [129] 130, 138, 157, [179] and references cited therein). In [120], the
authors propose a SIR (Susceptible-Infectious-Recovered) type model. Such
model considers two classes for the bacterial concentration (less-infectious
and hyper-infectious) and two classes for the infective individuals (asymp-
tomatic and symptomatic). The authors compare a cost-effective balance
of multiple intervention methods of two endemic populations, using optimal
control theory, parameter sensitivity analysis and numerical simulations. In
[179], Wang and Modnak also consider a SIR type model with a class for the
Vibrio cholerae concentration in the environment. The model incorporates
three control measures: vaccination, therapeutic treatment and water sani-
tation. The stability analysis of equilibrium points is done when the controls
are given by constant values. They also study a more general cholera model
with time-dependent controls, proving existence of solution to an optimal
control problem and deriving necessary optimality conditions based on Pon-
tryagin’s Maximum Principle. The authors of [127] incorporate in a SIR
type model public health educational campaigns, vaccination, quarantine
and treatment (as control strategies) with the purpose to curtail the dis-
ease. The model also considers a class for the bacterial concentration. The
education-induced, vaccination-induced and treatment-induced reproduction
numbers, as well as the combined reproduction number, are compared with
the basic reproduction number to assess the possible community benefits of
these strategies. The stability analysis of the equilibria is performed using a
Lyapunov functional approach. In [I57], a SIR type model with distributed
delays is proposed. It incorporates hyperinfectivity (where infectivity varies
with the time since the pathogen was shed) and temporary immunity. The
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basic reproduction number is computed and it plays an important role to
know if the disease dies out or not. Numerical simulations are carried out
in order to illustrate important details of the unique endemic equilibrium’s
stability. In [I78], Wang and Liao present a SIR type model with a class for
the Vibrio cholerae concentration in the contaminated water. It is an unified
deterministic model for cholera, because it considers a general incidence rate
and a general formulation of the pathogen concentration. The basic repro-
duction number is computed and conditions are derived for the existence
of the disease-free and endemic equilibrium points. The local asymptotic
and global stability analysis of the equilibrium points are studied. The au-
thors show that different models can be studied in a single framework, using
three representative cholera models presented in [33] 65, 125]. A mathemat-
ical model that considers public health educational campaigns, vaccination,
sanitation and treatment (as control strategies) is formulated in [42]. The
reproduction number for the cases with single and combined controls is de-
termined and compared. The authors conclude that, when one considers a
single control measure, treatment yields the best results, followed by educa-
tion campaigns, sanitation and vaccination; cf. the numerical simulations of
[42]. Nevertheless, the more control strategies are considered, better results
can be obtained. Furthermore, the authors perform a sensitivity analysis on
the key parameters that drive the disease dynamics in order to find their
relative importance to cholera’s spread and prevalence. In [I3], a SIR type
model with a class for the bacterial concentration in the environment is pro-
posed. Such model incorporates media coverage. The existence and stability
of the equilibria is analysed. Numerical simulations suggest that the num-
ber of infections decreases faster, when media coverage is very efficient. So,
media alert and awareness campaigns are crucial for controlling the spread
of cholera. In [I68], a SIR type mathematical model for cholera transmission
is used to characterize the cholera spread in China. With the purpose of
avoiding cholera outbreaks in China, the researchers suggest to increase the
immunization coverage rate and to make efforts for improving environmental
management, mainly for drinking water (see [168]).

The use of quarantine for controlling epidemic diseases has always been
controversial, because such strategy raises ethical, socio-economic and polit-
ical issues, requiring a careful balance between public interest and individual
rights (see [I71]). Quarantine was adopted as a mean of separating persons,
animals and goods that may have been exposed to a contagious disease.
Since the fourteenth century, quarantine has been the cornerstone of a coor-
dinated disease-control strategy, including isolation, sanitary cordons, bills
of health issued to ships, fumigation, disinfection and regulation of groups
of persons who were believed to be responsible for spreading of the infec-
tion (see [116), 171]). The WHO does not recommend quarantine measures
and embargoes on the movement of people and goods for cholera. However,
cholera is still on the list of quarantinable diseases of the USA National
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Archives and Records Administration (see [26]). Furthermore, cholera is
one of the international quarantine infectious diseases, as stipulated by the
International Health Regulations (see [35]).

Several cholera outbreaks have occurred since 2007, namely in Angola,
Haiti, Zimbabwe and Yemen (see [4), 157, [I88], [193]). The consequences of a
humanitarian crisis, such as the disruption of water and sanitation systems
or the displacement of populations to inadequate and overcrowded camps,
can increase the risk of cholera transmission (see [192]).

As we have already mentioned before, optimal control theory is a branch
of Mathematics developed to find optimal ways to control a dynamical system
(see |28, 47, 140]). There are few papers that apply optimal control to
cholera models (see e.g. [120]). With the purpose to enrich the mathematical
research applied to cholera, later we are going to propose several cholera
optimal control problems.

This chapter is organised as follows. In Section [£.2] we propose and ex-
plain two mathematical models to translate the dynamics of cholera trans-
mission. Such models incorporate treatment through quarantine. In Sec-
tion we formulate and explain other cholera mathematical model that
considers vaccination and a more general treatment. We end this chapter
with some conclusions in Section 4]

4.2 Cholera mathematical models with quarantine

In this section, we present two mathematical models for the transmission
of cholera whose treatment consists in isolating infective individuals who are
also submitted to an appropriate medication. We say that these individuals
are in quarantine.

For both proposed models, we consider a SIQRB (Susceptible-Infectious—
Quarantined-Recovered-Bacterial) type mathematical model. Such models
incorporate a class for the bacterial concentration in the environment with
respect to dynamics of cholera. The total human population is divided into
four classes: S (susceptible), I (infective with symptoms), @) (in treatment
through quarantine) and R (recovered). Note that N(¢) gives the total hu-
man population at time ¢ > 0:

N(t)=S(t)+ 1(t) + Q(t) + R(t).

Furthermore, we consider a class B that reflects the bacterial concentration
in the environment, i.e., the water.

Remark 4.1. From now on, sometimes we are going to write simply “in-
fective individuals” instead of “infective individuals with symptoms”. Nev-
ertheless, in the context of proposed models of Chapters[]], [J] and[6, we are
going to consider infective individuals with symptoms all the time.
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We assume that there is a constant recruitment rate A > 0 into the
susceptible class S and a constant natural death rate p > 0 for all time
t > 0 under study. Susceptible individuals can become infected with cholera
by ingestion of bacteria from the environment at rate KiBfgéz) > 0 that is
dependent on time ¢ > 0. Note that 8 > 0 is the ingestion rate of the bacteria
through contaminated sources, x > 0 is the half saturation constant of the
bacteria population and ngg o is the likeliness of an infective individual to
have the disease with symptoms, given a contact with contaminated sources
(see [127]). Any recovered individual can lose the immunity at rate w; >
0 and therefore becomes susceptible again. Moreover, it is assumed that
infective individuals are subject to quarantine during the treatment period.
During this time they are isolated and subject to a proper medication at
rate § > 0. The quarantined individuals can recover at rate € > 0. The
disease-related death rates associated with the individuals that are infective
and in quarantine are oy > 0 and as > 0, respectively. In class R people
are not ill and, therefore, the disease-related mortality is not present. Note
that the individuals in classes I, @@ and R can also die at natural death rate
@ > 0. In the environment, bacteria can not survive, being d > 0 their
mortality rate. Nevertheless, each infective individual contributes to the
increase of the bacterial concentration at rate n > 0. Indeed, within the body
of the infective, they reproduce and this is the cause of the illness. Then,
the bacteria are released in the open environment. A similar phenomenon
could occur for the quarantined individuals. They are still subject to the
disease, but as they are isolated and treated in the hospitals, it is assumed
that measures are taken so that they can not propagate the infection. In
particular, they are prevented from fouling the water with new bacteria
coming from the dejections of their bodies.

In the first model, we consider a time delay, 7 > 0, that is related with
the passage of individuals from class S to class I. This time delay represents
the time between the instant in which an individual becomes infected and the
instant in which he begins to show symptoms. The introduction of this delay
is done with the goal to better approximate the reality (see Section m
Delayed SIB sub-model). The symptoms of cholera can appear from a few
hours to 5 days after infection. Nevertheless, they typically appear in 2-3
days (see [27]). Thus, the first proposed model is translated by:
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BBH)S(t)

ﬂﬂ:A—?;j%T+mR@—uﬂm
i) = U a1,

. (4.1)
Q(t) = 0I(t) — (e + a2 + p)Q(1),

R(t) = €Q(t) = (w1 + m)R(D),
B(t) = nl(t) — dB(t).

Note that the respective non-delayed model is easily obtained, when 7 = 0.
In Figure model is presented in a schematic way.

In the second model we do not consider time delays (7 = 0) and we also
assume that, to become infected, a healthy individual must intake bacteria
from the environment. Consequently, these bacteria are removed from the
aquatic medium. In other words, we suppose that there is an uptake of
bacteria from the water by healthy individuals during the infection process.
This feature, absent in model with 7 = 0, must be incorporated in the
model, to have a meaningful formulation. Thus, the second proposed model
is translated by:

(¢ BB)S(t)

ﬂa:A_?;E%T+MR@—Mﬂm
I(t) = m — (6 + a1+ p)I(2),

Qt) = 81(t) — (= + o + WQ(L), (42)
R(t) = £Q(t) — (w1 + ) R(1),

B(t) = nI(t) — dB(t) — m.

Note that model with 7 = 0 is improved by the previous model, since
the removal of the intake bacteria from the environment by susceptible in-
dividuals is not contemplated for model with 7 = 0. In Figure
model is presented in a schematic way.

4.3 Cholera mathematical model with vaccination

In this section, we add a vaccination class to model (4.1}, considering
7 = 0 and different kinds of treatment for cholera. Thus, for the dynam-
ics of cholera transmission we propose a SITRVB (Susceptible-Infectious—
Treated—Recovered—Vaccinated—Bacterial) type mathematical model. The
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total human population is divided into five classes: S (susceptible), I (infec-
tive with symptoms), T (in treatment), R (recovered) and V (vaccinated).
Again, we consider a class B that reflects the bacterial concentration in the
environment — water. Note that N(¢) gives the total human population at
time t > 0:

N(t) = S(t) + I(t) + T(t) + R(t) + V().

Susceptible individuals can be vaccinated at rate ¢ > 0. Any vaccinated
individual can die at natural mortality rate u > 0 and can lose the immunity
at rate we > 0, becoming susceptible again. Different types of treatment
for cholera infective individuals are considered based on [186, 192]. These
assumptions are translated into the following mathematical model:

BB(1)S(t)

S(t) = A - B T wiR(t) +waV(£) — (¢ + p)S(1),

i) = B2 6 o+ i)

T(t) = 8I(t) — (e + ag + w)T(1), (4.3)
R(t) = eT(t) — (w1 + p) R(?),

V(t) = pS(t) = (w2 + p)V (1),

B(t) = nI(t) — dB(t)

w1

Figure 4.1: Diagram of the dynamical model (4.1)).

A brief description of all used parameters is given in Table [.1]
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Figure 4.3: Diagram of the dynamical model (4.3)).

4.4 Conclusion

In this chapter, we give some explanations about cholera transmission
and a state of the art on mathematical models for this disease. After, new
mathematical models for cholera were proposed.

In the next two chapters, we analyse mathematically each of the new
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] Parameter \ Description

A Recruitment rate
I Natural death rate
B Ingestion rate
K Half saturation constant
w1 Immunity waning rate
wo Efficacy vaccination waning rate
%) Vaccination rate
1) Quarantine rate

Recovery rate
1 Death rate (infective)
Qo Death rate (in quarantine/treatment)
n Shedding rate (from infective)
d Bacteria death rate
T Time delay
ty Final time
So Susceptible individuals for ¢ € [—, 0]
Iy Infective individuals for ¢ € [—7, 0]
Qo Individuals in quarantine for ¢ € [—7, 0]
To Individuals in treatment for ¢ € [—, 0]
Ry Recovered individuals for t € [—7,0]
Vo Vaccinated individuals for ¢ € [—7, 0]
By Bacterial concentration for ¢ € [—7, 0]
w Weight constant for the treatment cost

Table 4.1: Description of parameters.

models, by determining their basic reproduction numbers and equilibrium
points. The stability study of each equilibrium point is also carried out. For
some models we are going to formulate corresponding optimal control prob-
lems and derive the respective necessary optimality conditions. Moreover,
we are going to fit well-known cholera outbreaks to the models and then to
apply optimal control theory in order to obtain measures that could improve
the consequences of these cholera’s outbreaks. It is really important to know
and understand better such control strategies, because they can be a useful
tool for health authorities and policy makers, when similar outbreaks occur.
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Chapter 5

Optimal control of cholera
outbreak i Haiti

In this chapter we consider and study two types of cholera mathemat-
ical models with quarantine. The second one is obtained from the first by
adding a time delay that represents the time that a susceptible individual,
who got infected, takes to have symptoms of the infection by the bacterium
Vibrio cholerae. We prove that both models are biologically meaningful.
Moreover, we determine the equilibrium points and the basic reproduction
number. The local asymptotic stability of such points is also analysed. For
both, it is assumed that infective individuals are subject to quarantine dur-
ing the treatment period. We also propose and analyse non-delayed and
delayed optimal control problems, where the control function represents the
fraction of infective individuals that will be submitted to treatment in quar-
antine until complete recovery. The goal is to find the treatment strategy
through quarantine that minimizes the number of infective individuals and
the bacterial concentration, as well as the cost of interventions associated
with quarantine. Finally, numerical simulations associated with cholera out-
break that occurred in the Department of Artibonite — Haiti, in 2010, are
carried out. We show that the delayed cholera model fits better the Haiti
cholera outbreak, than the non-delayed. Considering the data of the cholera
outbreak in Haiti, we solve, numerically, several optimal control problems
and propose solutions for outbreak control and eradication. All the contents
of Section [5.2| are published in [106].

5.1 Introduction

Mathematical models have been developed and studied in order to under-
stand the dynamics of cholera transmission, mostly focusing on the epidemic
that occurred in Haiti, 20102011 (see [4]). The first cases were reported
in the Department of Artibonite, on 14th October 2010. The disease prop-
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agated along the Artibonite river and reached several departments. Only
within one month, all departments had reported cases in rural areas and
places without good conditions of public health (see [193]). In this chapter,
we study cholera mathematical models and corresponding optimal control
problems, with the purpose to simulate what happened in Haiti and to ob-
tain solutions for the outbreak control and eradication. Such simulations
illustrate the usefulness of the models and their analysis. We use the data of
the cholera outbreak that occurred in the Department of Artibonite — Haiti,
from 1st November 2010 to 1st May 2011 (see [193]). Many studies have
been developed with the purpose to find and evaluate measures to contain
the cholera spread. Nevertheless, it was not possible to obtain yet solutions
in real time that can stop the cholera epidemics (see [4]).

This chapter is organised as follows. In Section 5.2 we consider a non-
delayed SIQRB type mathematical model for cholera with treatment through
quarantine. The model is shown to be both epidemiologically and mathe-
matically well posed, because every solution of the considered model with
initial conditions in a certain meaningful set remains in that set for all time
(see Section . The existence of unique disease-free and endemic equi-
librium points is proved and the basic reproduction number is computed (see
Section . Then, we study the local asymptotic stability of these equilib-
rium points, in Section [5.2.3] A non-delayed optimal control problem is pro-
posed and analysed, whose goal is to obtain a successful treatment through
quarantine (see Section . The respective necessary optimality condi-
tions are derived, according to Pontryagin’s Minimum Principle (see [140]).
In Section we provide numerical simulations for the cholera outbreak
in the Department of Artibonite — Haiti, from 1st November 2010 until 1st
May 2011 (see [I93]). More precisely, we show that the number of infective
individuals decreases significantly and that the bacterial concentration is a
strictly decreasing function, when our control strategy is applied. Further-
more, we provide the quarantine strategy (through the extremal solution for
the control) for the minimization of the number of infective individuals and
the bacterial concentration, as well as the costs associated with the quar-
antine. As the symptoms of cholera can not appear immediately after the
infection (see [27]), we propose in Section an improvement of the work
done in Section [5.2], by considering and analysing a delayed SIQRB model
based on that of Section More precisely, we introduce a discrete time
delay that represents the time between the instant at which an individual
becomes infected and the instant at which he begins to have symptoms of
cholera. The delayed model is analysed, proving the non-negativity of the
solutions for non-negative initial conditions (see Section [5.3.1)). The equi-
librium points and the basic reproduction number are the same of those
obtained in Section [5.2.2] The local asymptotic stability of the equilibrium
points is analysed for non-negative time delays, in Section [5.3.3] Concretely,
the stability analysis of the endemic equilibrium is carried out as function
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of the ingestion rate of the bacteria through contaminated sources 5. In
Section [5.3.4] we formulate and analyse an optimal control problem with a
non-negative state delay and with linear or quadratic cost functionals with
respect to control variable. The control function and the delayed optimal
control problem have, respectively, the same meaning and the same goal of
those considered in Section We also apply the Minimum Principle for
delayed optimal control problems (see [56] [57]), deriving the respective nec-
essary optimality conditions. In Section we consider again the cholera
outbreak that occurred in the Department of Artibonite — Haiti, improving
the numerical simulations done in Section by considering a positive
time delay, treatment and recovery. We also consider different non-delayed
and delayed optimal control problems and compute extremal solutions us-
ing discretization and non-linear programming methods. We interpret the
numerical solutions from an epidemiological point of view. We finish this
chapter with some conclusions, in Section

We believe that the work of Sections and is of great significance,
because it provides an approach to cholera with big positive impact on the
number of infective individuals and on the bacterial concentration. This is
well illustrated with the real data of the cholera outbreak that occured in
the Department of Artibonite — Haiti, from 1st November 2010 to 1st May
2011 (see [193]).

5.2 Non-delayed model with quarantine

In this section we consider model (4.1)) with 7 = 0, given by:

S(t)= A % T wnR(t) — S (1),

. BB(t)S(t)

I(t)—m—(5+al+ﬂ)l(t% o)
Q(t) = 0I(t) — (e + a2 + )Q(L), '
R(t) = eQ(t) — (w1 + p)R(1),
B(t) = nI(t) — dB(t).

Moreover, throughout this section, we assume that the initial conditions of
system (5.1)) are non-negative:

S(0)>0, I(0)>0, QO)>0, R0 >0, B0 >0. (52
Here, So, In, Qo, Ro, Bo and Ny denote S(0), 1(0), Q(0), R(0), B(0) and

S(0) + 1(0) + Q(0) + R(0), respectively, because 7 = 0 (see Table [£.1)). In
this section, we also consider some notations in order to simplify the writing.
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Namely, a1, as and a3 are defined as follows:

a1 =0+ai+pu, a=c+ay+p and az = wi + y. (5.3)

5.2.1 Non-negativity and boundedness of solutions
Our first lemma shows that model (5.1))—(5.2)) is biologically meaningful.
Lemma 5.1. The solutions (S(t),1(t),Q(t), R(t), B(t)) of system (B.1)) are

non-negative for all t > 0 with non-negative initial conditions (5.2)).

Proof. We have

dstt) = A+ wR(t) >0,
- lgs)
di)| _ BBUSE) _
at e k+B(t) —
d?l(t) = 0I(t) >0,
t e
RO _ g >0,
b Je(r)
PO 2o,
[ dt £(B)

where £(v) = {v(t) =0and S(-),1(-),Q(:),R(-), B(-) € ¢ (R§,R{)} and
v € {S,1,Q,R,B}. So, due to Lemma , we can conclude that any
solution of system is such that (S(¢),1(t),Q(t),R(t),B(t)) € (Ra')5
for all time ¢ > 0. This concludes the proof. O

Next Lemma shows that it is sufficient to consider the dynamics of
the flow generated by (5.1)—(5.2)) in a certain region .

Lemma 5.2. Let
QH—{wmQJwe@m4mssw+uw+mw+mwsﬁ} (5.4)

and

A
QB:{BeﬂgoﬂogB(t)g#g}. (5.5)

Define

Q:QHXQB. (56)
If N(0) < % and B(0) < %, then the region ) is positively invariant for
model (5.1)) with non-negative initial conditions (5.2)) in (RH)E),

106



Proof. Let us split system (5.1)) into two parts: the human population, i.e.,
S(t), I(t), Q(t) and R(t), and the pathogen population, i.e., B(t). Adding
the first four equations of system (5.1]) gives

N(t) = S(t) + I(t) + Q(t) + R(t)
= A —pN(t) —al(t) — a2Q(t) < A — puN(t).

Assuming that N(0) < %, we conclude that N(t) < % For this reason, (5.4)
defines the biologically feasible region for the human population. For the
pathogen population, it follows that

B(t) = nl(t) — dB(t) < 172 —dB(t).

If B(0) < %, then B(t) < % and, in agreement, (5.5)) defines the biologically
feasible region for the pathogen population. From (5.4) and (5.5), we know
that N(¢t) and B(t) are bounded for all ¢t > 0. Therefore, every solution of
system (5.1) with initial condition in € remains in Q. This concludes the
proof. O

In region Q defined by (5.6]), our model is epidemiologically and mathemat-
ically well posed, in the sense of [69]. In other words, every solution of
model (5.1]), with initial conditions in €, remains in 2 for all ¢ > 0.

5.2.2 Equilibrium points and the basic reproduction number

The disease-free equilibrium (DFE) of model (5.1)) is given by
0 0 70 /0 PO RO A
E’=(8°1°,Q",R°,B") = (—,0,0,0,0 ) . (5.7)
i
Next, following the approach of [127, [I76] (see Section [1.5]), we compute the

basic reproduction number Ry.

Proposition 5.3 (Basic reproduction number of (5.1))). The basic reproduc-
tion number of model (5.1) is given by

_ BAn
prd(d + a1 + p)’

Ry (5.8)
Proof. Consider that .%;(t) is the rate of appearance of new infections in the
compartment associated with index i, ”Vﬁ(t) is the rate of transfer of “indi-
viduals” into the compartment associated with index ¢ by all other means

and 7, (t) is the rate of transfer of “individuals” out of compartment asso-
ciated with index 4. In this way, recalling (5.3), the matrices .Z (t), ¥ (t)
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and ¥~ (t) associated with model (5.1)) are given by

o[ BB®)S() g
J(t)—_O PECTo 0 0 0],

%+@)::A+¢q3@) 0 OI(t) £Q(t) n[@ﬂT,

r T
0= 22O s ar) wQ) wr@) aso) -

Therefore, considering ¥ (t) = ¥ ~(t) — ¥ (t), we have that

[$() i) Q) R(t) B®)] =F) - 7).
The Jacobian matrices of .Z (t) and of ¥'(t) are, respectively, given by

0 000 0
BB(t) BrS(t)
~— B 000 ——+~"=
p_ |FtBO) (k+ B(t))
0 000 0
0 000 0
0 000 0 |
and
B(t S(t)
(B8O o o, _PxS@
r+ B(1) (k+ B(t))
v — 0 ai 0 0 0
0 -0 a9 0 0
0 0 —e a3 0
I 0 -n 0 0 d |

At the disease-free equilibrium EY (5.7), we obtain the matrices Fy and Vp
given by

(0 0 0 0 0] I 0 0 BAT
BA H Uk
0000 — 0 0O 0 0

Fy = pr d Vo= “
=10 00 0 0 an 0=10 =6 a3 0 0
0000 O 0 0 — a3 O
0000 0] 0o - 0 0 d|

The basic reproduction number of model (5.1)) is then given by

BAn BAn
prday ,umd((S +ar+p)’

Ro=p(FVy ') =

which is obtained with the help of the computer algebra system Maple. This
concludes the proof. O
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Next we prove the existence of an endemic equilibrium, when the basic
reproduction number Ry, given by (5.8)), is greater than one.

Proposition 5.4 (Endemic equilibrium). Assume that \*, 6, €, wy > 0. If
Ry > 1, then model (5.1)) has an endemic equilibrium given by

E* — (S*,I*,Q*,R*,B*)

_ (Aaiazaz Aazaz\* Adaz\* Adel* Anasaz\* (5.9)
N D ' D > D ' D’ Dd ’
where we use notation (5.3)) and define D and \* as
D (V4 1) — Gewi\® and A = LD (5.10)
= aa — Jew an = : .
a1a2a3 H 1 5t B*

Proof. In order to exist disease, the rate of infection must satisfy the in-
equality f_ﬁéfi) > 0. Considering that E* = (S*,I*,Q*, R*, B*) is an en-
demic equilibrium of (5.1)), let us define A* to be the rate of infection in the

presence of disease, that is,

B*
oo B

Kk + B*

Using (5.3)), considering D = ajagaz(\* + p) — dewi A* and setting the left-
hand side of the equations of (5.1) equal to zero, we obtain the endemic
equilibrium (5.9). Thus, we can compute A\*:

Vo pB*  BAnazaz\*
k4 B*  kDd+ Anagas\*
BAnazaz
A1 — =
<~ ( kDd 4+ Anasaz\* 0
o ) kDd 4+ Anasas\* — fAnasas _0.
kDd 4+ Anasasz\*

The solution A* = 0 does not make sense in this context. Therefore, we only
consider the solution of kKDd + Anasas\* — BAnasas = 0. We have,
kDd + Anasaz\* — SAnasas =0
& Ii(a1a2a3()\* + ) — 5€w1)\*)d + Anasaz\* — fAnasaz =0
& (ﬁ(alagag — dewr)d + Anagag))\* = —kajasazpd + fAnasas
agas(BAn — prday) ukdajazas(Ro — 1)

S\ = = )
k(ajagas — dewr)d + Anasas  kd(ajagas — dewr) + Anazas

Note that ajagas — dewy = (§ + a1 + p)(e + g + p) (w1 + 1) — dewy > 0,
because a1,a9 > 0 and g > 0. Furthermore, since k, d, A, 5 > 0, we have
that pkdajagas and k(ajagas — dewy)d + Anagas are positive. Concluding,
if Rgp > 1, then \* > 0 and, consequently, model has an endemic
equilibrium given by . This concludes the proof. O
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5.2.3 Stability analysis

We begin this section by analysing the local asymptotic stability of the
disease-free equilibrium E° of model (5.1)), given by (5.7)).

Theorem 5.5 (Local asymptotic stability of (5.7)). The disease-free equi-
librium E° of model (5.1) is locally asymptotic stable, if Ry < 1.

Proof. The characteristic polynomial associated with the linearised system
of model (5.1)) is given by

p(x) = det(Fo — Vo — xI5).

In order to compute the roots of polynomial p, we have that

A
—H=X 0 0 w1 —6—
K
A
0 —a; — X 0 0 ﬁ—
HK —0
0 0 —as — X 0 0 -
0 0 € —as — X 0
0 n 0 0 —d—x

that is,

X:—MVX:—agvxz—as\/p(X):X2+(“1+d)X+a1d_T::

0.
By Routh—-Hurwitz Criterion (see Theorem [1.27)), if all coefficients of polyno-
mial p(x) have the same signal, then the roots of p(x) have negative real part
and, consequently, the DFE EY is locally asymptotic stable. The coefficients
of p(x) are pp =1>0, p1 = a1 +d >0 and py = a1d — BAn - Note that

nK
BAn

A
ald—ﬁ>0<:>ﬁA77</mda1© fAn

prday

<le Ry<1.

Therefore, DFE (5.7) is locally asymptotic stable, if Ry < 1. This concludes
the proof. O

With respect to model , we are going to study the local asymp-
totic stability of its endemic equilibrium E* (see ) and, moreover, the
instability of its disease-free equilibrium E° (see (5.7)) for Ry > 1. Our
proof is based on the Center Manifold Theory (see [24]), as described in
Theorem [T.23

Theorem 5.6 (Instability of (5.7)) and local asymptotic stability of (5.9)).
The equilibrium points E° and E* of model (5.1)) (see (5.7) and (5.9)) are,

respectively, unstable and locally asymptotic stable for Rg > 1.
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Proof. To apply the method described in Theorem [1.25] we consider a change
of variables. Let

X = (ml,xg,xg,x4,x5) = (S, I,Q,R, B) (5.11)

Consequently, we have that the total number of individuals is N = Z?zl ;.
Thus, model (5.1)) can be written as follows:

) = A(X(0) =4 - P 4 0 -
o (t) = f2(X (1)) = Ba1(B)z5(t) — (6 + a1 + p)xa(t)
St as(t) (5.12)
@3(t) = f3(X (1)) = dz2(t) — (¢ + az + p)s(t)
i4(t) = f2(X (1)) = exs(t) — (w1 + p)za(t)
i5(t) = f5(X(t)) = naa(t) — das(t).

Choosing £* as bifurcation parameter and solving for § from Ry = 1, we
obtain that

prd(6 + a1 + )

pr = A

Considering 3 = 3%, the Jacobian of system (5.12) evaluated at E° is given
by
— Gld-
n
ard

n
1) —ag 0 0
0

L n 0 0 —d |

The eigenvalues of Jjj are —d — a1, —az, —a3, —p and 0. We conclude that
zero is a simple eigenvalue of J;j and all other eigenvalues of J§ have negative
real parts. Therefore, the Center Manifold Theory (see [24]) can be applied
to study the dynamics of near 8 = *. Theorem is used to show
the local asymptotic stability of the endemic equilibrium point of (5.12), for
B near 8*. The Jacobian Jj has a non-negative right eigenvector w and a
left eigenvector v associated with the zero eigenvalue. With respect to w, we
have that

Jgw=1[0 0 0 0 0"

<:>J6<[w1 Wy W3 W4 ’LU5]T:[0 0 0 O O]T

5 1 5 B T
@wz[( Ewl—m) 1 — < 1 w2,
a2a3 M ao asa3 d




where ws is an arbitrary constant. So, we can choose wo = 1 and, conse-
quently, we obtain that

|:<(560J1 > 1 ) de nl*
w = —a1 | — 1 — = .
a2as3 M as a2a3 d
One can observe that

<(55w1 ) 1 56&)1 — ajasas

2 azagph
_ dewy — (0 + a1+ p)(e 4+ g+ p)(wr + 1) -
azagpt

azas3

0,

because 0,e,wi, 1,0 > 0 and p > 0. Nevertheless, attending to Re-
mark as EY (see (5.7)) is a non-negative equilibrium point of interest
and the first component of E? is positive, then the first component of w does
not need to be positive. Clearly, other components of w are non-negative.
With respect to v, we have that

vJi=10 0 0 0 0] <[ v2 v vy w5]J3=1[0 0 0 0 0]

@U:[O 1 0 0 @]?}2,
n

where vy is an arbitrary constant. So, we can choose v2 = 1 and, conse-
quently, we obtain that

v = [0 1 0 0 ﬂ] ,
n
Remember that f; represents the right-hand side of the [th equation of sys-
tem and z; is the state variable whose derivative is given by the lth
equation, for [ = 1,...,5. The local stability near the bifurcation point
B = B* is determined by the signs of two associated constants a and b de-
fined by

5
_ 32fk 0
a = Z VEW;Wj [8:1:7;8@ (E )]ﬁﬁ*

,7,k=1

and

5 82f
b= Z Pk [3$z’5k¢ (EO)]B:B* ’

with ¢ = 8 — 8*. As v; = v3 = vq4 = 0, the non-zero partial derivatives at
the disease free equilibrium E° are given by

62f2 0 o 62f2 0 o ﬁ*
[5)9518:65 (& )L?:ﬁ* B [63:58:1:1 (& ﬂﬁzﬁ* Tk
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and

2 *
)| =22
5 B=p" fk

Therefore, the constant a is given by

- 26%n <5€w1 —aiazaz An) 9

prd a2a3 rd V2t
208" (dewr — arazas M <0
- ukd asas kd ’

Furthermore, we have that

5 an 82f

i=1

> 0 15
— | = EY
;’Ugw [8:@ <H+x5> ( )}66*

vowsA

Thus, as

a<0 a<0
b>0 =<b>0

d
¢:B_B*:Mlj\nal(RO_l)>0 Ry >1,

we conclude from Theorem that the equilibrium points E® and E* of
(5.1) (see and ) are, respectively, unstable and locally asymptotic
stable, for a value of the basic reproduction number such that Ry > 1. This
concludes the proof. O

5.2.4 Non-delayed optimal control problem

So far, we have proposed a mathematical model and we have showed to be
both mathematically and epidemiologically well posed for the reality under
investigation. These investigations give a model to study and understand a
certain reality, but do not allow us to interfere and manipulate it. In this
section, we introduce a control that allow us to decide how many individuals
move to quarantine. Naturally, the question is then to know how to choose
such control in an optimal way. For that, we use the theory of optimal
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control that is a branch of Mathematics developed to find optimal ways to
control a dynamic system (see Chapter [2| and [28, 47] [140]). There are few
papers that apply optimal control to cholera models (see e.g. [120]).

Formulation of a non-delayed optimal control problem

Here, we propose and analyse an optimal control problem applied to
cholera dynamics described by model . We add to model a control
function u(-) that represents the fraction of infective individuals I that are
submitted to treatment in quarantine until complete recovery. Given the
meaning of the control wu, it is natural that the control takes values in the
closed set [0, 1]: © = 0 means no infective individual is put under quarantine
and u = 1 means all infective people are put under quarantine. Only values
of w on the interval [0, 1] make sense. The model with control is given by
the following system of non-linear ordinary differential equations:

A Brt)zs(t)

.C'Cl(t) = "t LU5(t) + W1$4(t) — uxl(t),
ialt) = 2 (5ult) + o+ )aate),

(5.13)
t3(t) = du(t)xa(t) — (e + ag + p)xs(t),

4 (t) = exs(t) — (w1 + p)wa(t),
i5(t) = nra(t) — das(1),

with initial conditions given by . The set 2" of admissible trajectories
is given by
2 ={X(-) e Wh([0,¢/; R) | and are satisfied }
with X defined in and the admissible control set % is given by
U = {u(-) € L=([0,t7;R) |0 < u(t) < 1,Vt e [0,t] }.

We consider the objective functional

J(X()u() = /0 " (walt) + a5(t) + WaP(1)) dt (5.14)

where the positive constant W is a weight constant that represents the cost
of the interventions associated with the control u, that is, associated with
the treatment of infective individuals keeping them in quarantine during
all the treatment period. Our aim is to minimize the number of infective
individuals and the bacterial concentration, as well as the cost of interven-
tions associated with the control treatment through quarantine. The op-
timal control problem consists of determining the vector function X°(-) =
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(z5(-) 23(-),25(-),2%(-)) € 2 associated with an admissible control

u®(+) E % on the time interval [0, ¢7], minimizing the cost functional (5.14)),
e Y

J(X°(),u’()) = min J(X(),u(+)). 5.15

(OO = min IXOWO): 65)

Note that (29(-), 23(-),25(-), 2§(), 25(")) = (S°(), 1°(), Q°(-), B°(-), B°(")).

Necessary optimality conditions: Pontryagin’s Minimum Principle

Before deriving necessary optimality conditions for optimal control prob-
lem , it is important to note that the existence of an optimal control
u®(+) comes from the convexity of the cost functional with respect to
the controls and the regularity of system (5.13)) (see e.g. [28, A7]).

Remark 5.7. In optimal control theory and in its many applications, it is
standard to consider objective functionals with integrands that are convex with
respect to the control variables (see e.g. [110f). Such convezity easily ensures
the existence and the regularity of solution to the problem (see e.g. [172])
as well as good performance of numerical methods (see e.g. [39]). In our
case, we considered a quadratic expression of the control in order to indicate

non-linear costs potentially arising at high treatment levels, as proposed in
[120).

The following theorem provides the necessary optimality conditions as-
sociated with optimal control problem (5.15)) and it ensures the existence of
a unique solution (see [140]).

Theorem 5.8. Optimal control problem with fized final time ty € R
admits a unique optimal state X° = (25(-),x3(-),25("), 25 (), z%(-)) € &
associated with an optimal control u®(-) € % . Moreover, there is an adjoint
function X° = (A3, X3, A3, A5, AZ) : [0, 5] = R® such that

i) = (0 + ) x-S0,

(
AS(t) = — 14 (8u®(t) + an + ) A (1) — 6u®(E)AS(E) — nAS (L) ,

55(6) = (= + az + 1) AS(6) — eX3(0) (5.16)
X§(t) = — WA (t) + (w1 + 1) A (),
3 = — 1+ 210 ey as0)) +axs(),

(1 + 25(8))

with transversality conditions
X(tf) =0, i=1,...,5 (5.17)
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for almost all t € [0,tf]. Furthermore,

UO(t):min{max{o, 5§%¥)( S(t) — §(t))},1} (5.18)

for almost all t € [0,ty].

Proof. Existence of an optimal solution X° = (¥, 25, 2%, 27, 22) associated
with an optimal control u® comes from the convexity of the integrand of the
cost function J with respect to the control u and the Lipschitz property of
the state system with respect to the state variables (x1,x2,x3, x4, x5) (see
e.g. |28 47]).

The necessary optimality conditions for an optimal solution of are
given by Pontryagin’s Minimum Principle (see Theorem . The Hamilto-
nian function is defined by

H(X,u,\) = xo + x5 + Wu? + M\ <A - fili‘:’ + w1z — ,uac1>
5
Brixs
+ A2 </€+$5 — (du+ a1 + p)z2 (5.19)

+ A3 (uzy — (e + a2 + p)as) + Aa(exs — (w1 + p)za)
+—A5(ﬁ1@ —-d$5).

Let us suppose that (X°(-),u°(:)) € 2° x % is an optimal solution of (5.15)
with fixed final time ¢ty € RT. Then, according to Pontryagin’s Minimum
Principle (see [I40] and Section , there is an adjoint function A\° =
( TS, AS, Z,Xg) :[0,tf] = R?, A°(-) € Wl’l([O,tf];R5), that satisfies, for
almost all t € [0,t¢], the

1) transversality conditions:
Xo(t;) =0, i=1,...,5, (5.20)
in view of the free terminal state X (¢s);
2) adjoint system:

_0H
8xi

AS(t) = (XO(t),u®(t),\°()), i=1,...,5 (5.21)

3) minimality condition:

min H (X°(t),u, \°(t)) = H(X°(t),u®(t),\°(t)). (5.22)

0<u<l1

So, conditions (5.17)) are derived from transversality conditions (5.20). More-
over, system (5.16) is obtained from adjoint system (5.21]). Let us evaluate
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the minimality condition ([5.22). To this end, we consider the so-called free
(unconstrained) control us defined by the equation
0H
ou
which yieds

(X (), up(t), A1) = 2Wus(t) + 622 () (As(t) — Aa(t)) =0,

(51‘2 (t)

up(t) = up (X (), A1) = 57 (Ra(t) = Aa(8)).
Then, the constrained control u(t) € [0, 1] minimizing the Hamiltonian (5.19)
is given by the projection of us onto [0, 1], which gives the following control
law:

u(t) = Projpo (ur (X°(1),2°(1)))
= min {max {0, 52%{(;) (A1) — )\g(t))} , 1} .

Concluding, optimal control comes from the minimality condition
(5.22)) of Pontryagin’s Minimum Principle (see e.g. [140] and Section [2.2.2)).

For small final time t;, the optimal control given by is unique
due to the boundedness of the state and adjoint function and the Lipschitz
property of systems and . Uniqueness extends to any ¢y due
to the fact that our problem is autonomous (see [I61] and references cited
therein). This completes the proof. O

5.2.5 Numerical simulations

After the theoretical study done in Section we are going to provide
numerical simulations associated with the cholera outbreak that occurred in
Haiti in 2010. Such simulations are going to show how we can manipulate
and improve the reality.

We start by fitting the cholera epidemic that occurred in the Department
of Artibonite — Haiti, from 1st November 2010 to 1st May 2011 (see [193]),
through a sub-model of (see Non-delayed SIB sub-model below). Then,
we illustrate the local stability of the endemic equilibrium for model .
Finally, we solve numerically the optimal control problem proposed and stud-
ied in Section when applied to Haiti case.

For all numerical simulations of this section, the values of A, u, n, d, So,
Iy, Qo, Ro, Bp and Ny are fixed in Table 5.1} Consequently, we have that:

A A
Ny = 7450, = ~2.97 x Ny, By =2.75 x 10° and % ~ 6.71 x 10°.
7 7

Therefore, the initial values of the human population and bacterial concen-

tration belong to (5.4) and (5.5)), respectively:

A A
No=So+1Ip+Qo+ Rp € [O,M] and By € [O’ug]'
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Therefore, (So, lo, Qo, Ro, Bo) € Q = Qp x Qp. This implies that all the
following numerical solutions (S, I, @, R, B) belong to the positively invariant
set Q = Qp x Qp (see Lemmas and . We use real data provided by

World Health Organization (WHO) in [193].

] Parameter \ Value Unity \ Reference ‘

A (24.4N,) /365000 person day ! [76]

m 2.2493x10~° day—! [78]

B 0.8 day ! [22]

K 10° cell/ml [150]
w1 0.4/365 day—! [120]

) 0.05 day—! Assumed
£ 0.2 day~* [127]
o 0.015 day—! [127]
o 0.0001 day—! [127]

n 10 cell/ml day~"! person—! 22]

d 0.33 day—! [22]
So 5750 person Assumed
Iy 1700 person [193]
Qo 0 person Assumed
Ry 0 person Assumed
Ny 7450 person

By 275000 cell/ml Assumed
tr 182 days [193]
w 1000 Adimensional Assumed

Table 5.1: Parameter values and initial conditions for optimal control prob-
lem (|5.15)).

Non-delayed SIB sub-model

The existing data of the cholera outbreak that occurred in the Depart-
ment of Artibonite — Haiti does not include quarantine and, consequently,
recovered individuals (see [193]). Then, in order to approximate better the
real data, we choose § = ¢ = w1 = ag = Q(0) = R(0) = 0. Consequently, we
obtain a sub-model of given by

o x BB@®)S()

S(t)=A— TB@) — pS(),

i) = 2280 o 4 10, (5.23)
B(t) = nI(t) — dB(t).
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By considering all the other parameter values from Table the sub-
model (5.23)) approximates well the cholera outbreak in the Department of
Artibonite — Haiti: see Figure In this situation, the basic reproduction

number (5.8)) is
Ro = 35.7306

and the endemic equilibrium (5.9) is
E* = (S*,I*, B*) = (620.2829, 32.2234, 976.4658).

This numerical simulation, denoted by (NS1), was obtained with the help of
the integration routines in Matlab.

Local stability of the endemic equilibrium associated with the non-
delayed SIQRB model

For the parameter values in Table we have that the basic reproduc-

tion number (5.8)) is
Ry = 8.2550

and the endemic equilibrium ([5.9) is
E* = (2684.3930, 27.2540, 6.8093, 1217.7101, 825.8793).

In Figure |5.2) we can observe agreement between the state trajectories pre-
dicted by model and the analysis of the local asymptotic stability of
the endemic equilibrium E* done in Section considering ¢ty = 2.5 x 104
days and all the other values of Table[5.1] This conclusion was also obtained
with the help of the integration routines in Matlab.

Numerical solutions of the non-delayed SIQRB control model

We now solve numerically the optimal control problem proposed in Sec-
tion for W = 1000 (see [I80]), considering the parameter values and
initial conditions of Table (.11

The optimal control takes the maximum value for ¢ € [0, 87.36] days. For
t € ]87.36, 182], the optimal control is a strictly decreasing function and at
the final time we have u®(182) ~ 0.00159 (see Figure [5.3). At the end of
approximately 88 days, the number of infective individuals is approximately
86. At the final time (ty = 182 days), the number of infective individu-
als associated with the optimal control is, approximately, 23. Note that
the curve of infective individuals associated with optimal control strategy
is represented in Figure One can observe that the strategy associated
with the control u® allows an important decrease on the number of infec-
tive individuals as well as on the concentration of bacteria, by comparing
Figures 5.1 and The maximum value of the number of infective individ-
uals also decreases significantly when the control strategy is applied. The
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(a) Infective individuals with symptoms of (NS1) versus real data from the cholera out-
break in the Department of Artibonite — Haiti, from 1st November 2010 to 1st May 2011.
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—— Bacterial concentration of (NSI)‘
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(b) Bacterial concentration of (NS1).

Figure 5.1: State trajectories I(t) and B(t) for all ¢ € [0,182], predicted by
model (5.1]), assuming that 6 = ¢ = w; = az = 0 and all the other values of

Table .

optimal control implies a significant transfer of individuals to the recovered
class. These numerical simulations were obtained through ACADO Toolkit —
Toolkit for Automatic Control and Dynamic Optimization (see [70, [71]). For

our numerical computations, we used N = 100 grid points and the tolerance
was set to tol = 1 x 1075,
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Figure 5.2: State trajectories of model (5.1)) versus endemic equilibrium (
for t; = 2.5 x 10* days and considering all the other values of Table
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Figure 5.3: Optimal state trajectories S°(t), I°(t) (versus real data from the
cholera outbreak in the Department of Artibonite — Haiti, from 1st November
2010 to 1st May 2011), Q°(t), R°(t) and B°(t) and optimal control u®(t)
(satisfying the control law ) associated with optimal control problem
for all ¢ € [0, 182], using the values of Table
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5.3 Delayed model with quarantine

Here we consider model (4.1)) (with a time delay 7 > 0) that generalizes
model (5.1)). As in Section we assume throughout this section that the
initial conditions of system (4.1]) are non-negative:

Ve [-r,0], St >0, I(1) >0, Q) >0, R(t) >0, B(t)>0. (5.24)

Here, Sy, In, Qo, Ro, By and Ny denote S(t), I(t), Q(t), R(t), B(t) and
S(t) + I(t) + Q(t) + R(t) for t € [—7,0], respectively (see Table[d.1]). Again,
with the purpose to simplify the writing we are going to continue using
notations and . Furthermore, in this section we also need to
consider more notations. Namely, p, D, A and A are defined as follows:

i) P = Anagag + Kd(a1a2a3 — 56&)1);

ii) D= ayazasp + B(arazas — dewn);
iii) A = ajaqas;
) A

iv = ajasa3 — 0cw1.

5.3.1 Non-negativity of solutions

In this section, we prove that the delayed model (4.1)) subject to (5.24))
makes sense from the biological point of view, since the solutions of (4.1)) are

non-negative under non-negative initial conditions (5.24)).
Lemma 5.9. The solutions (S(t),1(t),Q(t), R(t), B(t)) of ([A.1)) are non-

negative, for all t > —7, with non-negative initial conditions (5.24]).

Proof. We have

s A+wiR(t) >0,
b lgs)
dI)| _ BBE-7St-7) _,
dt 5(])_ K]—i‘B(t—T) - ’
d?i(t) = 0I(t) >0,
t ol
dR()
| g o,
dt|e(r)
dB(1)
PO~ 1w >0,
)

where £(v) = {u(t) = 0 and S().1(), Q(), R(). B() €% ([, +oc|. B} )}
and v € {S,1,Q,R,B}. Therefore, due to Lemma any solution of
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system (1) is such that (S(¢), I(t), Q(t), R(t), B(t)) € (RF)’ for all ¢ > —7.
This concludes the proof. O

5.3.2 Equilibrium points and the basic reproduction number

From Section [5.2.2] we know that model (4.1)) has a DFE given by (5.7)
and, recalling notation (j5.3), the basic reproduction number has the following

expression (see (5.8))
_ BAn
prday
Moreover, when Ry > 1, there is an endemic equilibrium E* given by (5.9).
Let us write E* in a different way, having in mind that

Ry

ajazaspkd(Ry — 1) _arazazpkd(Ry — 1)

A=
kd(ajazas — dewr) + Anagas p

(see the proof of Proposition . For that we begin by finding an equivalent
expression for D = ajasag (A\* + p) — dewr A* (see (5.10):

ajazaz( A" + p) — dewi N = X" (a1aza3 — dewr) + ajazasp

N kdajasaz(Rg — 1)A
=  NA+aiasazp = pridarazas(Ro ) + ayasasp

p
A -
) B 077@2(13(]%0 - 1A B BAnasas(Ro — 1)[1
= + ara2a3p =
p Rop
BAnazas(Ry — 1)[1 + arasazpuRop
Rop
Roprdajazas(Roy — 1);1 + arazaszpuRop
Rop
ayasa3 s (Hd(Ro — 1)121 + p)
Ro#0 P
a1a2a3/4 (ndRofl — kdA + Anasas + /idfl)

p
aiasasp (IidRozZl + Ana2a3>

+ arjasasps

p

Moreover, we have that

E ayazaszpkd(Ry — 1) " p
D p aiasasp (deOA + A77a2a3>

o H,d(Ro - 1)
av,az,a3,m020  kdRoA + Anasas
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/ﬁ;d(Ro — 1)

BrdRyA n Ropurday "

g B

B(Ro — 1)

K, d#0 Ry (5/1 + a1a2a3,u>
B(Ro —1)

RoD
So, with respect to the first component of E* given by (5.9)), we obtain

azas3

A
S* = M = Aa1a2a3 X p —
D a1a2a3 s (/idRoA + Anaga3>

Ap
a1,az,a A N
1,42, 3#0 ILL <,‘ﬁ‘/d % ﬂdn X A + AT]QQ@E})

praay
p

A, k,d£0 N
7 ,u</8n><A+77a2a3>
nay
P
KF0 BnA , Narazasp
al al
aip
n (5121 + a1a2a3u>

ap
nD’

¥ Ry—1
Furthermore, having in mind that D= 6<0D) and the second, third,

Ry
fourth and fifth components of E* given by (55.9), we have that
. Aagag)\* o BAagag(Ro — 1).

i) I'* _
i) O = Adas )\ _ ﬂAagé(R_o — 1);
D RoD
o e NOENT BAe(Ro— 1)
i) R* = D= RoD :
iv) B = Anagaz\* 5A77a2a3gRo - 1).
Dd RoDd

Concluding, equilibrium point E* given by (5.9) can be represented, in an
equivalent way, by
B — (alp 5Aa2a3R0 ﬁAag(SRo ﬁA(gz’:‘Ro ,8/\77&2&3]?0)_ (5 25)
~\nD’ RyD ' RyD ' RyD ' RyDd ’ '
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where RO = RO — 1.

5.3.3 Stability analysis

We proceed with the linearisation of model (4.1]), which allows to derive
some important results needed in the stability study of the equilibria. With
this purpose, we consider again notation (5.11)):

X = (1'17 XT2,X3,T4, $5) = (Sv Iv Q7 R7 B)
Then, we can write system (4.1)) in the following way:
#(t) = f(a(t), x(t — 7)),

where ZL‘(t) = (:Ul(t), l‘g(t), :Iig(t), £U4(t), 1‘5(t)). Let £ = (:f'l, T9,23,T4, i’g,)
be an arbitrary equilibriumn point of (4.1) and let us consider the following
change of variables:

Zi(t)::ri(t)—.i’i, 1=1,...,5.
Thus, the linearised system of (4.1)) is given by
0 0
. _of - f

= ox |5 o0x,

77'7
E

where z(t) = (21(t), 22(t), 23(t), 24(t), 25(t)), 27(t) = 2(t — 7) and, moreover,
x7(t) = z(t — 7). Furthermore, we have

- = 1% 0 0 w1 -C
0 —a; O 0 0
0
Ao = aff = 0 1) —ag 0 0
TiE 0 0 e —az O
0 0 0 —d
and
0 00O0 O
A0 OO0 C
0
A15:8f7:00000,
B o0 0 0 0
0000 O
where A = ﬁ%_ and C = Lﬁil So, the characteristic polynomial
K+ Zs (k + T5)?
associated with the linearised system of model (4.1)) is given by
pr(x) = det(xIs — Ao — e ™ A1) = p1(x) + e~ *p2(x), (5.26)
where

p1(x) = (x +a1)(x + a2)(x + a3)(x + &) (x + A + 1)
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and

p2(x) = = nCx* = nCaz + as + p)x”
— (nC(a2a3 + agp + agp) + 58w15\>x —nCagazp — dewrd.

For more details about the previous study see Section

In order to study the stability of the equilibria, we are going to follow
the approach of [34] corrected in [16] (see Theorem [1.39). We shall prove
now that the conditions ), i), iv) and v) of Theorem are satisfied for
an arbitrary equilibrium point

o 5
E = (Z1,Z2, T3, %4,75) € (RY)
of model (4.1). The polynomial p; has only real zeros (x = —a; or x = —as
or x = —agor x = —d or x = —A—p). Thus, the polynomials p; and ps can
not have common imaginary zeros so that condition ) is satisfied. In order

to fulfil the hypothesis of condition i), we are going to compute p1(yi) and
p2(yi). We have

p1(yi) = [a1(A + p) — y*] [azasd — (a2 + a3 + d)y?)
— (a1 + A+ p) [agag + (ag + as)d — y2]y2

[ar (A + 1) — y°] [azas + (a2 + as)d — y?]

and obtain
p2(yi) = nC(az + a3 + u)y2 —nCasasp — SewiAd
+ {77093 — [nC(azas + asp + asp) + 5€w15\]y}i

= pa(—yi).

Therefore, condition i7) is satisfied. As the degree of polynomial p; (equal to
5) is bigger than the degree of ps (equal to 3), then the condition iv) given
p2(A)

by
lim su <1
Al =00, R(\)>0 p{ p1(N) }

is obviously satisfied. Furthermore, the function defined by

F(y) = Ip1(yi)|* = Ip2(yi)|?

is a polynomial with degree equal to ten. Thus, the function F' has at most a
finite number (ten) of real zeros. Concluding, the condition v) is also verified.
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Disease-free equilibrium

Now, we are going to study the stability of the disease-free equilibrium

EP of delayed model ({.1)), given by (5.7).

Theorem 5.10 (Stability of (5.7))). Assume that Ry # 1. If aid < 1, then
there exrists T* € Rar such that:

e there is al most a finite number of stability switches, when T € [0, 7*];
o instability occurs, when T €], 400].
For oll 7> 0, if ayd > 1, then the DFE 18:
o locally asymptotic stable, when Ry < 1;
o unstable, when Ry > 1.

Proof. In order to study the stability of the DFE , we follow the ap-
proach of [16], [34]. We already know that the conditions @), i7), iv) and v)
of Theorem are satisfied for the DFE . Thus, we analyse the con-
dition 4i¢) and compute the zeros of the polynomial F for the DFE (5.7).
Computing p1(0) + p2(0), we obtain

p1(0) + p2(0) = aragazdp — nCasasp = arazasdp — ardRoazasp
= aragazdp(l — Rp).

Concluding, p1(0) + p2(0) # 0 < Rg # 1, because aq, az, a3, d, p > 0. There-
fore, the condition iii) is verified for the DFE if and only if Ry # 1.
As the conditions i)-v) are verified with respect to the DFE if and
only if Ry # 1 holds, the stability of the DFE depends on the roots of
the polynomial F', according to Theorem Solving F'(y) = 0, we get

2
y::I:aﬂ\/yz:l:agi\/y::t/u'\/y::t\g\/a%d2+\/(a%d2)2+4

2
\/y:j:\g <\/a%+d2+ (a%—d2)2+4> i.

If —a? — d? + /(a? — d%)2 + 4 > 0, which is equivalent to
(@2 —d®)?24+4>adi+d> < (aF—d)?+4> (a3 +d?)?
a?+d?>0
s (md)?<1l & 0<ad<l,

a1,d>0

then the polynomial F' has at least one positive root, which is simple. Ac-
cording to Theorem [1.39] when a1d < 1, we can state that there is 7% > 0
such that
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e at most a finite number of stability switches may occur, if 7 € [0, 7*];
e instability occurs, if 7 €]7*, +00].

On the other hand, if a1d > 1, then the polynomial F' has not positive roots.
In this case, the stability /instability is determined by the stability /instability
that occurs when T = 0, according to item (a) of Theorem[1.39] When 7 = 0,
one has the model studied in Section [5.2] Therefore, when a;d > 1 the DFE

1) is
e locally asymptotic stable if Ry < 1;

e unstable if Ry > 1;

for all 7 > 0 (see Theorems and [5.6). This concludes the proof. O

Endemic equilibrium

For the endemic equilibrium point (5.25)), we have that

. BrS* BA <R0/<cd(a1a2a3 — dewr) + Anagag)

(k+B")? urR3p

which implies

urdai Ry (Romd(alagag — dewr) + Anagag)

nct =
ks Rip
ald
= —( Ryrd —_) A
o 0 Rop< okd(arazaz — dewr) + 77612@3)
ard ard
= Riop <R0(p — Anagas) + Ana2a3> = RLO,O (Rop + Anagas(1 — R0)>
A d(1—-R Ana2asazd?pk(l — R
ooy M) Mo T
0,
2 1— 1—
_ ard + (a1d)?azazur(1l — Ro) — ayd (1 N ajazagpkd( R0)> ‘
A0 Bp Bp

Again, we have to study the condition iii) of Theorem and the roots of
F with respect to the endemic equilibrium (5.25). Computing p1(0) + p2(0)
for E*, we obtain

asa
p1(0) 4 p2(0) = — /d?%;)p (BAn — Rg/mdal) (R()f{d(alaga:g — dewr) + Anagag)
0
as20as3
= — R R2p (Ro/mdal — Rg/mdal)

X (Roﬁd(alagag — (56&)1) + A?’]agag)
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d
= —RO#K—W(l — R()) (Rolﬁld(alagag — 58&11) + A’I?azag)
KB p
_ pdayazag

RO;¢O Rop (1 — Ro) (Rolid(alagag — 56&)1) + Anagag).

As pdajazas > 0, Rop > 0 and Rokd(aiazas — dewr) + Anagas > 0, then
p1(0) 4+ p2(0) # 0 with respect to E* if and only if Ryg # 1. Now, we are
going to write function F' as a function of E* in order to obtain its roots.
We obtain

Fona(y) = F(y) g+ = co + c29® + cay® + c6y° + csy® + 10y,

where ¢y, co, ¢4, cg, cg and c1g are real coefficients given by

Ap\? .
o = (5'Z> 3k <A;L + BA) (Ro—1)
2
X {ﬂ ;&n <a2a3 + 58(:1) +p+ kd(Ap — 26(55w1)} :
- {(a2agu)2 n 201((12&3)3#;*@(1(}30 - 1)} (a2 + &)
(a1d)?azaspr(Ro — 1)} {agag/m(Ro Do o
+{ B Bp [A (5" =)

Hard)? (6% — i) (d} + o)
+280ew (agas + asp + asp — asd — aszd — pd)ard

+62 [(agasd)? — (5zwy)?] }
—2B0ewi (agas + agp + asp — aed — azd — pd)

+2a,d [(a2a3)2 + (az2p)? + (agp)® + Bu (a + a3) } }5

2 _ dla2 + a2+ 12 )
o — (a1d)*agazpr(Roy 1){&1 (a2 +az+p ) (Bp—i—B/idA-i-A,u/‘éd)
Bp Bp
2kdoew (Au + ﬂfl) s o o )
+2a1pdf + } + (aza3)? (af + d°) + (a1d\¥)
+{(a1a2)? + (a1a3)* + (azas)® + (a2d)® + (azd)*} (\* + p)%;
d)? Ry —1 .
6 = (1) agag/uz( b)) (Bp + BrdA + A/Md) + a3 (af + d?)
(Bp)
+a3 (af + a3 + d?) + (\* + p)? (af + a3 + a3 + d°) ;
s = atadtaitd®+ O\ +p?
co = 1
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d(Ry — 1
a1azazpurd(Fo ) The study of the stability of E* depends

where \* =

on the roots of the polpynomial F.q. It is not easy to obtain their analytical
expressions, but we can note that if Ry > 1, then the coefficients ¢4, cg, cs
and cpg are all non-negative for any admissible parameters. Nevertheless, the
sign of the coefficients ¢y and ¢o is yet an open question. If all coefficients
would be positive, then the polynomial F,,; would not have positive roots by
Descartes’ Rule of Signs (see Theorem [1.29). Thus, the stability/instability
would be determined by the stability/instability that occurs when 7 = 0,
according to item (a) of Theorem In this way, we would obtain the
stability result expressed in Theorem for the endemic equilibrium ({5.25|)
of the delayed model . Though ¢y and cy are given by complicated
expressions, we can derive some conclusions about their signs by studying
them as a function of the ingestion rate 5 € ]0,5] and fixing all parameters
to the values of Table Thus, for the existence of an infectious disease
we have to assume that R > 1, which is equivalent to 8 > 1.103245 x 101
Analysing the signs of the coefficients ¢y and ¢z as functions of § € ]0, 5], we
obtain

co=0< 5~2286124%x 107°V 3 ~ 6.533173 x 1072V 8 ~ 1.103245 x 10"

and
o =04 f~1.103243 x 1071

In Figures and we analyse the signs of the coefficients ¢y and ¢y
for 5 € ]0,5]. Thus, we conclude that

co >0 B €]2.286124 x 107°,6.533173 x 1072[ U ]1.103245 x 1071, 5]

and
co >0 B €]1.103243 x 1071, 5].

Let us consider that 1.2 x 107! < 8 < 5 and the other parameters are
fixed to the values of Table Hence, a disease occurs in view of Ry > 1.
In this case, F.,q has only positive coeflicients. So, by Descartes’ Rule of
Signs (see Theorem , we can state that the polynomial F,; has no
positive roots. Therefore, using Theorem [[.39) we can conclude that the
stability /instability for 7 = 0 remains for all 7 > 0. As Ry > 1, we can
state that, for 3 € [1.2 x 1071, 5], the endemic equilibrium obtained with the
values of Table is locally asymptotic stable (see Theorem .

5.3.4 Delayed optimal control problem

We begin this section by formulating an optimal control problem asso-
ciated with the delayed SIQRB model (4.1). Then, we derive the respec-
tive necessary optimality conditions, following the Minimum Principle for
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(b) Coefficient cs.

Coefficients ¢y and ¢ in function of 5 € 0, 5].
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delayed optimal control problems (see Theorem [2.17)). Throughout the cur-
rent section, we consider again notation (5.11): X = (x1,x2,x3,24,25) =
(SavavRaB)'

Formulation of a delayed optimal control problem

We propose a delayed optimal control problem similar to the one formu-
lated in Section [5.2.4 Again, we add to model a control function wu(-)
that represents the fraction of infective individuals, I, that are submitted
to treatment in quarantine until complete recovery. Only values of u on the
closed interval [0, 1] make sense. If w = 0, then no infective individual get
treatment through quarantine. On the other hand, if u = 1, then all infective
people are put under quarantine all the time. The controlled model is given
by the following system of delayed non-linear ordinary differential equations:

oy Br(b)zs(t)
f(t) =A==

. _ Bay(t —T7)as(t —7)
t2(t) = K+ x5(t —T)

i3(t) = du(t)za(t) — (¢ + ag + p)zs(t),
@4 (t) = exs(t) — (w1 + p)wa(t),
5(t) = nwa(t) — dws(t),

with initial conditions given by . Our aim is to minimize the number
of infective individuals and the bacterial concentration, as well as the cost
of interventions associated with the control treatment through quarantine.
Thus, we consider the following objective functional:

+wizy(t) — paa(t),

— (5u(t) +ag + ,u)xg(t),
(5.27)

Jo(X().u()) = /Otf<x2<t>+x5<t>+Wuq<t>)dt, ge {12}, (28)

where £y > 0 is the final time and the positive constant W is a measure of
the cost of the interventions associated with the control u, that is, associated
with the treatment of infective individuals keeping them in quarantine during
all the treatment period. The set 2 of admissible trajectories is given by

Z ={X() e W ([0,£7]; R°) | (5:24) and (5.27) are satisfied }

with X defined in (5.11)) and the admissible control set % is given by
U = {u(-) € LY([0,ts];R) |0 < u(t) < 1,Vt e [0,tf] }.

The optimal control problem consists of determining the vector function
X°(-) = (5°(), I°(-),Q°(-), R°(:), B°(:)) € &2 associated with an admissible
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control u®(-) € % on the time interval [0, ], minimizing the cost functional

B2), ic.,

Jq(XQ(.),uo(-)):(X(.)Vur(rll)i)ré%_x%Jq(X(~),u(')), ge{1,2}.  (5.29)

Necessary optimality conditions: Minimum Principle

The following theorem provides the necessary optimality conditions as-
sociated with optimal control problem ({5.29)).
Theorem 5.11. Assume that X° = (25(-), 25(-),25(-), 25(-), 2%(-)) € Z is
a local optimal state associated with a local optimal conirol u®(-) € % of
optimal control problem (5.29) with fized final time ty € RY. Then, there is
an adjoint function X° = (X, A3, A3, A5, A2) : [0,¢7] — R® that satisfies the
adjoint system

X(6) = s (00 = X5+ 7xgp,0) + w300

N(8) = — 1+ A5(1) (6u(8) + o + 1) — OXS(B)u° () — AS(D),
N(0) = (= + a2+ 1) A5(1) — 2X5(8), a0
N3() = —wiA(t) + (wr + ) X300,

Bras (1)
(r+a3(t)?
+ dX(t),

() = —1+ CHOEPHEENRI()

with transversality conditions
X (ty) =0, i=1,...,5

for almost all t € [0,t¢]. Moreover, when ¢ =1 and q = 2 the control law is
given, respectively, by
L, if o(t) <O;
u®(t) =<0, if  o(t) > 0; (5.31)
singular, if ¢(t) =0Vt e I, C[0,tg];

and

w®(t) = min {max {0, ‘5;5%;(/” (X5(t) — A3()) } : 1} ; (5.32)
where ¢ is the switching function defined by
P(t) =W + 6x5(t) (A5(t) — A5(¢)) (5.33)
for almost all t € [0,ty].
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Proof. The necessary optimality conditions for a local optimal solution of
are given by the Minimum Principle for delayed optimal control prob-
lems (see Theorem [2.17). Let us denote the delayed state variables in the
following way:

i) S(t—7) =1t —7) = y1(d);
i) B(t—171) =a5(t — 1) = ys5(t).
The Hamiltonian function is defined by

H(X,y1,y5,u,\) = 2 + x5 + Wul

1T
+ A1 <A— parzs —|—w1x4—,uac1>
+ x5

K

34
+ A9 <6y1y5 — ((SU—FOQ—FM)J}Q) (53 )
K+ ys

+ A3 (uzs — (e + a2 + p)xs3)
+ Ai(exs — (w1 + p)za) + As(nze — dxs),

where ¢ € {1,2}. Let us suppose that the pair (X°(-),u°(")) € 2" x %
is a local optimal solution of with fixed final time ¢; € R*. Then,
according to the Minimum Principle for delayed optimal control problems
(for more details see [56] and Section[2.3.2), there is an adjoint function A°> =
(/\T,)\g,/\g, Z,Xg) 0, tf] = R®, A°() € Wl’l([O,tf];]R5), that satisfies, for
almost all t € [0,f], the

1) transversality conditions:
X(ty) =0, i=1,...,5, (5.35)
in view of the free terminal state X (ts);

2) adjoint system:

o OH . OH
)\z’ (t) - axl [ﬂ - 83/1 [t_’_T]X[O,tf_T](t)a 1= 1>5>
om (5.36)
‘> _ - .
)\i (t) - 8$2 [ﬂ? ¢ 27 37 47

3) minimality condition:
Jmin H(XO(1), 57 (1), y5 (1), u, A°(2))
SUs (5.37)
= H(Xo(t)7 yf(t), yg(t% uo(t)7 )‘Q(t))'

135



Note that when we write H [t], we mean that the arguments of H are applied
in ¢, that is, H[t] = H(X°(¢), y5(t),y2(t), u®(t), A\°(t)). Due to previous point
1), we can conclude that conditions AJ(tf) =0, ¢ =1,...,5, are derived
from transversality conditions (5.35). Moreover, system is obtained
from adjoint system ([5.36). Now, let us evaluate the minimality condition
for ¢ = 1. The Hamiltonian is linear in the control variable.
Hence, the minimizer control is determined by the sign of the switching
function

o(1) = i = W+ a3 (50) — 25(0)
(see (5.33)) as follows:
1, it o(t) < 0;
u(t) =} 0, it o(t) > 0;

singular, if ¢(t) =0Vt e I, C[0,ty].

For more details, see Section If the switching function has only finitely
many isolated zeros in an interval I, C [0,t¢], then the control u® is called
bang-bang on I,. The case of a singular control, where ¢(t) = 0 on Iy C [0,ty],
will not be further discussed here, since in our computations we never en-
countered singular controls. For ¢ = 2 we consider the so-called free (uncon-
strained) control uy defined by the equation

aaif (X(t), Y1 (t), Ys (t), uf (t)v )‘(t)) = 2WUf(t) + 5372 (t) ()‘3(t) - )\2(t)) = 0:
which yieds

uplt) = ug (X (1), A1) = 2220

(Aa(t) — A3(1)).

Then, the constrained control u(t) € [0, 1] minimizing the Hamiltonian (5.34)
is given by the projection of uy onto [0, 1], which gives the following control
law:

w(t) = Projjoy (uf (X°(t), )\O(t)))
~ min {max {0, 5925%(}) (AS(t) Ag(t))} , 1} .

Consequently, optimal controls (5.31]) and (5.32]) comes from the minimality
condition (5.37). This concludes the proof. O

5.3.5 Numerical simulations

After the theoretical study done in Section we are going to provide
again numerical simulations for the cholera outbreak that occurred in the
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Department of Artibonite — Haiti, from 1st November 2010 to 1st May 2011
(see [193]). We start this section by showing that model with a positive
time delay translates better the cholera outbreak in Haiti, than model .

We end this section with the study of several numerical solutions of opti-
mal control problem ([5.29)) varying the value of the delay (7 = 0 or 7 = 3.3)
and the type of control (linear or quadratic). These studies are done with
the purpose to obtain control strategies that could stop the spread of the
considered outbreak in Haiti.

Delayed SIB sub-model

The cholera outbreak that occurred in the Department of Artibonite —
Haiti, from 1st November 2010 to 1st May 2011 (see [193]), is approximated
through a numerical simulation of model in Section [5.2.5} Non-delayed
SIB sub-model (see Figure [5.1a). Such simulation, which does not consider
treatment and recovery (w; = = ¢ = ag = Q(0) = R(0) = 0), is improved
here and denominated by (NS1). Moreover, let us call (NS2) to the numerical
simulation that improves (NS1), presented next. Both for (NS1) and (NS2),
we assume the values of Table[5.3|for the parameters A, u, k, 1, d, So, Io, Bo
and ty. Furthermore, we also assume, for both, that w; =6 =¢ = a2 =0
and Q(t) = R(t) = 0 for all ¢ € [—7,0]. With such choice, we obtain
Q(t) = R(t) = 0 for all t € [—7,t¢]. Consequently, (NS1) and (NS2) are
related to the sub-model of given by

o« BB)S(t)

S(t)=A— w+ B uS(t),

;o BB —T1)S(t—1) 5.38
0= gy~ (et W), (5-38)
B(t) = nl(t) — dB(t).

We assume that 7 = 0, § = 0.8 and a3 = 0.015 for (NS1) and that 7 =
3.3, 8 = 0.5 and a3 = 0.024 for (NS2). The numerical simulation (NS2)
approximates better the cholera outbreak in the Department of Artibonite
— Haiti than (NS1): see Figure The average of relative error per day
of (NS2) decreases more than half with respect to (NS1). The numerical
simulations (NS1) and (NS2) were obtained with the help of the integration
routines in Matlab.

Remark 5.12. It is important to note that the values of the parameters [
and ay are different for (NS1) and (NS2), because for each numerical sim-
ulation, without or with delay, we consider the parameter values that better
fit the outbreak in Haiti. So, here (NS1) is a motivation for the numerical
simulations done in the current section.
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In Table , we can compare the basic reproduction number and
the endemic equilibrium for numerical simulations (NS1) and (NS2).
Furthermore, Figures and give, respectively, the solutions of S and
B for (NS1) and (NS2). We know that the endemic equilibrium of (NS1) is
locally asymptotic stable, because the corresponding reproduction number
is given by Ry = 35.730565 > 1 (see Theorem [.6). One can conclude that
the endemic equilibrium of (NS2) is locally asymptotic stable too, by doing
numerical simulations similar to those of Figure for a sufficiently large
time interval.

| | R | 8 | rr [@|rR] B
(NS1) | 35730565 | 620.282930 | 32.223372 | 0 | 0 | 976.465804
(NS2) | 13.965093 | 1586.409227 | 19.246308 | 0 | 0 | 583.221449

Table 5.2: Some results associated with numerical simulations (NS1) and
(NS2).

] Parameter \ Value \ Unity \ Reference ‘

A (24.4N,) /365000 person day ! [76]

m 2.2493x10~° day—! [78]

g 0.5 day—! Assumed
K 10° cell/ml [150]
w1 0.4/365 day—! [120]

) 0.05 day—! Assumed
£ 0.2 day—! [127]
a1 0.024 day—! Assumed
o 0.0001 day—! [127]

n 10 cell/ml day~"! person—! 22]

d 0.33 day—! 22

T 3.3 days [27]
So 5750 person Assumed
Iy 1700 person [193]
Qo 0 person Assumed
Ry 0 person Assumed
Ny 7450 person -

By 275000 cell/ml Assumed
ty 182 days [193]
w 1000 Adimengional Assumed

Table 5.3: Parameter values and initial conditions for delayed optimal control

problem (5.29)).
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(b) Infective individuals with symptoms of (NS1) and (NS2) versus real data
from the cholera outbreak in the Department of Artibonite — Haiti, from 1st
November 2010 to 1st May 2011.
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Figure 5.5: State trajectories S(t), I(t) and B(t) for all ¢ € [0, 182], predicted
by models (4.1) (dashed blue lines) and (5.1]) (solid orange lines), assuming
that § = e = w; = ag = 0. To obtain solid orange and dashed blue lines, we

use all the other values of Tables [.T]and [5.3] respectively.
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Numerical solutions of the delayed SIQRB control model

With the purpose to obtain control strategies for the Haiti cholera out-
break mentioned previously, we consider here that there is treatment through
quarantine (w1, d, &, as € RT) and that control measures are taken. The
absence of a control measure means that we are considering that u(t) = 1
for all time t € [0,%y], i.e., all infective individuals are moved to quaran-
tine all the time. Sometimes, to treat all infective individuals, it is not
necessary to consider u(t) = 1 for all t € [0,t¢]. In this way, it is possi-
ble to treat infective people and decrease the respective costs. To illustrate
this, we are going to solve numerically the optimal control problem ,
considering several cases. For solving it, we apply the discretization meth-
ods developed in [56, [57]. The resulting large-scale non-linear programming
problem (NLP) can be conveniently formulated using the Applied Modeling
Programming Language — AMPL (see [48], 54]), which can be linked to sev-
eral efficient optimization solvers. We use the Interior-Point optimization
solver — IPOPT, developed by Wéachter and Biegler (see [I77]). As integra-
tion method we implement either Euler’s method or the trapezoidal rule.
For our numerical computations, we use the trapezoidal rule with ¢; = 182
days and N = 30 x ty = 5460 grid points. The tolerance for IPOPT is set
to tol = 10719, In the following, we shall compare non-delayed solutions
(7 = 0) with delayed solutions (7 = 3.3), considering four cases:

1) Case 1: T=0and ¢ =1;
2) Case 2: 7 =3.3 and q = 1,
3) Case 3: 7=0and q =2,
4) Case 4: 7 =3.3 and q = 2.

For these computations, we use the other parameters values and the initial
conditions of Table 5.3l

Case 1 (7 = 0 and g = 1). The obtained cost functional value and initial
value of the adjoint function are, approximately, given by

J1(XC(),u®(-)) ~ 3.64958 x 10°

and
A°(0) ~ (443.90, 538.42, 15.226, 17.362, 3.6544).

We also obtain the following bang-bang control with only one switch:

1, if 0<t<t®
°(ty=<" - 57 .
w(t) {0, if 12 <t<ty, (5:39)
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with the switching time ¢ ~ 126.4 days (see the solid dark green curve
in the right plot of Figure . Here, the bang-bang control induces an
optimization problem, where the switching time 5 is the only optimization
variable. Therefore, the cost reduces to Ji(ts) = Ji (X(-),u(-)). We check

numerically that the second derivative of .J1(£2) is positive and get J1 (£2) ~
64.2. Moreover, the switching function satisfies the strict bang-bang property
(see the right plot of Figure [5.6b)):

p(t) <0 for 0<t<ty, o¢(t7) >0, ¢(t)>0 for t5<t<ty.

Then, it follows from Theorem 7.10 of [133] that the bang-bang control (5.39)

provides a local minimum.

Case 2 (7 = 3.3 and ¢ = 1). The obtained cost functional value and
initial value of the adjoint function are, approximately, given by

J1(XO(),u®(-)) ~ 4.71343 x 10°

and
A°(0) ~ (439.10, 489.51, 16.594, 18.779, 3.3692).

The control has the bang-bang structure with only one switch at
t =% ~ 125.5 days (see the solid light green curve of the left plot of Fig-
ure [5.62). The switching time for 7 = 3.3 (2 = 125.5 days) is smaller than
that for 7 = 0 (¢ = 126.4 days). Concluding, in Cases 1 and 2 we have
to treat through quarantine all infective individuals in the first 126.4 and
125.5 days, respectively. After this, there is no more treatment. However,
the quarantined time is similar for Cases 1 and 2.

To our knowledge, no sufficient conditions for bang-bang controls with
7> 0 and ¢ = 1 are available in the literature. But the left plot of the Fig-
ure [5.6b| shows that the computed control satisfies the necessary conditions
and, hence, is an extremal solution.

Remark 5.13. With respect to Cases 1 and 2, we present in both plots of
Figure the function % instead of ¢, because the values obtained by ¢
are much bigger than those achieved by control u®. Thus, using the function
%, it is possible to compare the signal of ¢ with the behaviour of the linear
control u® in the same plot, either for =0 or 7 = 3.3.

Figure shows the comparison of delayed (7 = 3.3) and non-delayed
(t = 0) state trajectories S°, I°, Q°, R® and B¢ for optimal control problem
with ¢ = 1. The delayed and non-delayed trajectories are represented,
respectively, by solid light green and dashed dark green curves. We see a
significant difference in the delayed and non-delayed state trajectories. Al-
though the number of infective individuals is not represented by a strictly
decreasing function for Cases 1 and 2, there are improvements for both cases,
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when we compare them with the situation depicted in Figure[5.5b] The num-
ber of infective individuals for 7 = 3.3 is much higher than that for 7 = 0 up
to time ¢ = 90 days and, moreover, the maximum value of infective individ-
uals in the delayed case is bigger than in the non-delayed case (see top right
plot of Figure . Because of this, the number of susceptible individuals is
slightly smaller for 7 = 3.3 than that for 7 = 0, as one can observe in the
top left plot of Figure 5.7 Consequently, when 7 = 3.3, more infective indi-
viduals have to be quarantined with the purpose to recover later. Actually,
for 7 = 3.3, the number of quarantined and recovered individuals is signifi-
cantly larger than in the non-delayed case (see middle plots of Figure .
When we consider a control treatment through quarantine, we improve the
situation translated by Figure because the bacterial concentration is
represented here by a strictly decreasing function for both Cases 1 and 2
(see bottom plot of Figure . Despite of this, the solution data shows that
the decrease is faster in the time interval [3.5,80] for Case 1.

Case 3 (7 = 0 and g = 2). The obtained cost functional value and initial
value of the adjoint function are, approximately, given by

Jo(XO(+),u®(-)) ~ 3.64246 x 10°

and
A°(0) ~ (444.26, 538.27, 15.236, 17.374, 3.6514).

These values are very close to the ones obtained for Case 1 (7 = 0 and g = 1).
The control is given by

1 if o<t<t®
°(t)y=4" - 57 5.40
uw(t) {uf(t), if 2 <t<ty. (5.40)

The control has a boundary arc with exit time t ~ 99.9 days (see the
dashed light blue curve in the right plot of Figure [5.6a). The control is
continuous at tg, which also comes from the fact that the strict Legendre—
Clebsch condition holds and the Hamiltonian is regular, i.e., admits an
unique minimum. To check second-order sufficient conditions (SSC) for this
solution, one would have to show that an associated matrix Riccati equation
has a bounded solution on [t,,t] and satisfies a certain boundary condition
at t = ty (see [119, 133, 154]). However, we refrain here from performing
this cumbersome test.

Case 4 (7 = 3.3 and q = 2). The obtained cost functional value and
initial value of the adjoint function are, approximately, given by

J2(X(),u(+)) ~ 4.70657 x 10°

and
A°(0) ~ (439.35, 489.42, 16.578, 18.765, 3.3675).
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We can note that these values are very similar to those for Case 2 (7 = 3.3
and ¢ = 1). As in the non-delayed problem, the control is continuous and
has the control structure with a slightly different exit point ¢ ~ 100.5
days of the boundary (see the dashed red curve of the left plot of Figure[5.6al).
Second-order sufficient conditions (SSC) can probably be derived by applying
Guinn’s transformation technique (see [59]) and the matrix Riccati type
results in [119,[154] 133]. We remark again that this will lead to a numerically
difficult test.

Concluding, in Cases 3 and 4, we have to treat all infective individuals
in the first 99.9 and 100.5 days, respectively. After this moment, we are
going to decrease the fraction of infective individuals who are being moved
to quarantine until the final time ¢;. In both quadratic cases (Cases 3 and 4)
the exit time values are similar. As the extremal state trajectories for ¢ = 2
are very similar to those for ¢ = 1 (Figure , we do not display them here.

Figures[5.6a-5.7|summarize our numerical findings in the four cases. Fig-
ure displays the linear (¢ = 1) and quadratic (¢ = 2) controls either to
the delayed (left side) or to the non-delayed (right side) SIQRB model. The
main message of Figures and is that the controls satisfy the control
laws for g =1 and for ¢ = 2. Hence, the necessary conditions
are satisfied and thus we have found the extremals. Only in case 7 = 0 and
q = 1 we could verify sufficient conditions.

The cost functional values of the non-delayed cases (Cases 1 and 3) are
smaller than those of the delayed cases (Cases 2 and 4), maybe because there
are more infective individuals when we use 7 = 3.3. Nevertheless, it is more
realistic to consider 7 > 0 in the context of the infectious disease in study
— cholera (see [27]). Although we have studied numerical simulations either
to linear or to quadratic control, in the biomedical framework it is more
appropriate to use a linear control since the cost is directly proportional to
the dosage control. Moreover, in real life it is easier to apply the linear
control measure than the quadratic (see [99, [100]).

Furthermore, we can also observe that the endemic equilibrium of
the delayed model (4.1)) is locally asymptotic stable, when we consider all

the values of Table [5.3] (see Figure [5.8).

5.4 Conclusion

SIR (Susceptible-Infectious—Recovered) type models and optimal control
theory provide powerful tools to describe and control infectious disease dy-
namics (see [96] 115, [162]). In this chapter, we analysed analytically and nu-
merically two SIQRB type models for the dynamics of cholera transmission.
These models differ from the other cholera mathematical models in the lit-
erature, because they assume that infective individuals subject to treatment
stay in quarantine during that period. While the first one is non-delayed (see
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Section , the second considers a time delay (see Section . The model
of Section [5.2] is a particular case of that of Section [5.3] The considered

146



delay represents the time that a susceptible individual, who got infected,
takes to have symptoms of the infection by the bacterium Vibrio cholerae.
The delayed model is more realistic and describes better the reality, since
the symptoms of cholera disease can appear from a few hours to 5 days af-
ter infection. Usually, the symptoms appear in 2-3 days after infection (see
[27]).

For both models we proved that their solutions are non-negative, if non-
negative initial conditions are considered. The equilibrium points and the
basic reproduction number were computed for the non-delayed model and are
the same for the delayed one. In Section we studied the local asymptotic
stability for the equilibrium points, considering arbitrary parameters. In
Section[5.3] we also analysed the local asymptotic stability for the disease-free
equilibrium, considering arbitrary parameters. With respect to the delayed
model, the local asymptotic stability associated with the endemic equilibrium
was carried out in function of the ingestion rate of the bacteria through
contaminated sources 8. So, we could conclude that the ingestion rate of the
bacteria through contaminated sources 8 has an important influence on the
stability of the endemic equilibrium.

Using the two proposed cholera models, we tried to simulate the cholera
outbreak in the Department of Artibonite — Haiti, from 1st November 2010
to 1st May 2011 [I93]. For these numerical simulations, we did not consider
treatment and, consequently, recovery. The numerical simulations associated
with such epidemic, that were developed in Section improved those
done in Section Thus, we showed that the delayed model fits better
this cholera outbreak.

For both models we add the same control function with the purpose to
find the best way of using quarantine with the less possible cost and, simul-
taneously, to minimize the number of infective individuals and the bacterial
concentration. Consequently, we proposed two optimal control problems
(without and with a time delay) which are analysed analytically. While in
Section we only consider a quadratic cost functional with respect to
control, in Section we consider a quadratic and a linear cost functional.
Necessary optimality conditions were applied to all considered optimal con-
trol problems. Sufficient optimality conditions were only applied to the non-
delayed optimal control problem with linear control in the cost functional,
in Section £.3

Let us call Case 0 to the numerical simulation of the non-delayed SIQRB
control model done in Section [5.2.5] So, Case 0 shows that after approx-
imately three months (87.36 days) the optimal strategy implies a gradual
reduction of the fraction of infective individuals that stay in quarantine. To
be precise, by introducing the optimal strategy through quarantine, as a
way of systematizing treatment, one reduces the 1700 infective individuals
at t = 0 days (reported by WHO in [193]) to just 86 infective individuals at
the end of 87.36 days, approximately. On the other hand, I(88) ~ 76 indi-
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viduals for Cases 1 and 3 of Section[5.3.5] For Cases 2 and 4 of Section
I(88) ~ 91 individuals. So, with respect to the number of infective individ-
uals at the end of 88 days, approximately, we can conclude that Cases 1 and
3 attained the best values.

Since quarantine implies a big economic, social and individual effort, it
is important to know the instant of time from which the infective individuals
may leave quarantine without compromising the minimization of the num-
ber of infective individuals and the bacterial concentration. The switching
time t¢ (in days) and the number of infective individuals at the final time
(t; = 182 days) for all Cases 0, 1, 2, 3 and 4 are presented in Table
Although the switching times attained by Cases 1 and 2 are the biggest, the
bang-bang structure of Cases 1 and 2 are the easiest to implement.
Furthermore, by Table one can conclude that the smallest number of
infective individuals at the end is obtained for Case 4.

‘ ¢ (days) ‘ I(182) (number of individuals) ‘

Case 0 | ~ 87.36 days ~ 23 individuals
Case 1 | ~ 126.37 days ~ 14 individuals
Case 2 | ~125.53 days ~ 13 individuals
Case 3 | ~99.87 days ~ 12 individuals
Case 4 | ~ 100.50 days ~ 11 individuals

Table 5.4: Switching time and the number of infective individuals at final
time (t; = 182 days) for Cases 0, 1, 2, 3 and 4.

In the next chapter, we are going to study different mathematical models
with purpose to fit a cholera epidemic that is known as the biggest cholera
outbreak in the human history (see [I70]). It has occurred in Yemen since
October 2016 (see [182), [186]). We are going to study it from 27th April 2017
to 15th April 2018 (see [I89]). Moreover, we intend to propose strategies to
eradicate such type of outbreaks.
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Chapter 6

Optimal control of cholera
outbreak in Yemen

In this chapter, we analyse two mathematical models for the transmission
dynamics of some strains of the bacterium Vibrio cholerae, responsible for
the cholera disease in humans. We show that they are epidemiologically and
mathematically well posed. For both models, we also prove the existence and
uniqueness of disease-free and endemic equilibrium points; we determine the
basic reproduction number and we study the local asymptotic stability of
equilibria. The biggest cholera outbreak of world’s history began in October
2016, in Yemen. Between 27th April 2017 and 15th April 2018 there were
2275 deaths due to this epidemic. A vaccination campaign began on 6th
May 2018 and ended on 15th May 2018. We show that the first proposed
model, that considers vaccination, is able to describe well this outbreak.
Moreover, we prove that the number of infective individuals would have been
much lower provided the vaccination campaign had begun earlier. A control
function is introduced into the second model, representing the distribution
of chlorine water tablets (CWT) for water purification. An optimal control
problem is then proposed and analysed, where the goal is to determine the
fraction of susceptible individuals that should have access to CWT in order
to minimize the number of infective individuals and bacteria concentration,
as well as the costs associated with the distribution of CWT. Finally, we
consider the real data of the cholera outbreak in Yemen, from 27 April 2017
to 15 April 2018. Using optimal control results, we show, numerically, that
the distribution of CW'T could have stopped, in a fast way, the worst cholera
outbreak that ever occurred in human history. Due to the critical situation of
Yemen, we also simulate the case where only a small percentage of susceptible
individuals has access to CWT and obtain an extremal control that decreases,
substantially, the maximum number of infective individuals attained at the
outbreak. All the contents of Section are published in [107].
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6.1 Introduction

Recently, the biggest outbreak of cholera in the history of the world has
occurred in Yemen (see [I70]). The epidemic began in October 2016 and
in February—March 2017 was in decline. However, on 27th April 2017 the
epidemic returned. This happened ten days after Sana’a’s sewer system had
stopped working. Problems in infrastructures, health, water and sanitation
systems in Yemen allowed the fast spread of the disease (see [I82]). Be-
tween 27th April 2017 and 1st July 2018 there were 1115378 suspected cases
reported and 2310 deaths due to cholera (see [190]).

In [130], Nishiura et al. study mathematically this outbreak, trying to
forecast the cholera epidemic in Yemen by explicitly addressing the reporting
delay and ascertainment bias (see also [129]). The Yemen outbreak data
available in the website of World Health Organization (WHO) is also fitted
by He et al. in [66], considering a mathematical model based on differential
equations. Their model considers five classes: S (susceptible individuals), I
(infectious individuals), R (recovered individuals), B (concentration of the
bacterium in the environment) and M (availability of medical resources in
the country). Such model translates the interaction between the human hosts
and the pathogenic bacteria, under the impact of limited medical resources.
The results obtained in [66] support that improvement of the public health
system and strategic implementation of control measures with respect to
time and location can facilitate the prevention and intervention related to
this disease in Yemen.

A vaccine for cholera is currently available, but poor sanitation and the
lack of access to vaccines promote the spread of the disease (see [4]). Ac-
cording to WHO recommendations, the first-ever oral vaccination campaign
against cholera had been launched on 6th May 2018 in Yemen and it was
concluded on 15th May 2018 (see [I87]), due to the lack of national gov-
ernmental authorization to do the vaccination (see [143]). Aid workers say
that one reason of the delayed of the campaign vaccination is due to some
senior Houthi officials who objected to vaccination. This campaign coincided
with the rainy season and some health workers fear that this could spread
the disease (see [143]). This campaign just covered four districts in Aden,
which were at a high risk of fast spread of the disease, and just 350000 in-
dividuals (including pregnant women) were vaccinated (see [143], 170]). It is
important to note that the vaccinated individuals represent, approximately,
1.21% of the total population, since the total population of Yemen, in 2018,
is 28915284 (see [194]). Lorenzo Pizzoli, WHO’s cholera expert, said that
the campaign hoped to cover at least four million people in areas at risk (cor-
responding, approximately, to 14% of total population) and Michael Ryan,
WHO'’s Assistant Director-General, revealed that they were negotiating with
Yemen health authorities in order to vaccinate people from all high risks
zones (see [143]). The International Coordinating Group on Vaccine Provi-

150



sion had planned one million cholera vaccines for Yemen in July 2017, but
WHO and Yemen local authorities decided to postpone it and the doses were
diverted to South Sudan. WHO and GAVI, the Vaccine Alliance, affirmed
that the largest cholera vaccination is now being carried out in five countries
(Kenya, Malawi, South Sudan, Uganda and Zambia). It is expected that
this campaign targets more than two million people across Africa (see [143]).

This chapter is organised as follows. In Section we analyse a cholera
mathematical model that considers vaccination. In Section we study
other cholera model that is an improvement of the one analysed in Sec-
tion For both models, we analyse the non-negativity and boundedness
of the solutions, proving in this way that the models are mathematically
well posed and they have biological meaning (see Sections and .
Then, we prove the existence and uniqueness of the disease-free and endemic
equilibrium points and compute the basic reproduction number for both
models (see Sections and . The sensitivity of the basic reproduc-
tion number with respect to all parameters of the first model is analysed in
Section [6.2.3] Moreover, the stability analysis of equilibria is carried out for
both models (see Sections and [6.3.3). With respect to the model with
vaccination, we show numerically that it admits a sub-model which fits well
the cholera outbreak in Yemen, between 27th April 2017 and 15th April 2018
(see Section [6.2.5]). Note that the considered sub-model does not consider
vaccination. Then, we also illustrate the impact of vaccination of suscepti-
ble individuals in Yemen. The numerical results support the importance of
vaccination to prevent cholera spread. With respect to the second model,
we formulate and analyse an optimal control problem in Section [6.3.4] deriv-
ing the respective necessary optimality conditions according to Pontryagin’s
Minimum Principle (see [I40]). The goal of such problem is to minimize
the new infections and bacterial concentration, through the distribution of
the CWT, as well as the costs associated with this measure. Finally, Sec-
tion is devoted to numerical simulations and a case study in Yemen,
associated with the second considered model. The concluding Section
discusses the impact of vaccination and CW'T distribution on the control of
the cholera outbreak in Yemen.

6.2 Model with vaccination

In this section, we consider model (4.3). Throughout this section, we
assume that the initial conditions of system (4.3)) are non-negative:

S(0)20, 1(0) 2 0, T(0) 2 0, R(0) >0, V(0)>0, BO)>0. (6.1)
The constants Sy, Io, To, Ro, Vo, Bo and Ny denote S(0), I(0), 7(0),

R(0), V(0), B(0) and S(0) + I(0) +T(0) + R(0) + V(0), respectively, since
model (4.3) does not consider time delays: 7 = 0 (see Table [1.1). In this
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section we are going to continue using notation (5.3)) and moreover, we also
need to do more considerations. Namely, ag and a4 are defined as follows:

a=¢+p and ag4=ws+ u. (6.2)

6.2.1 Non-negativity and boundedness of solutions

Our first lemma shows that the considered model (4.3 subject to (6.1)
is biologically meaningful.

Lemma 6.1. For all t > 0 the solutions (S(t),1(t), T(t), R(t),V (t), B(t))

of system (4.3)) are non-negative with non-negative initial conditions (6.1) in
6

(Rg)"-

Proof. We have

dstt) = A+ wiR(t) +wV (t) >0,
dt g
aw| 8B g
dt | w+B(Q) -
dr(t) = 0I(t) >0,
dt Jecr)
dR(t) = eT(t) >0,
dt ler)
VO o5 =0,
dt e
B nl(t) >0,
dt lep)

where €<U) = {U(t) =0 and S()a I()vT()a R()7 V()v B() €T (RS_,R(—)’—)}
and v € {S,I,T,R,V,B}. Therefore, due to Lemma any solution of
system (3) is such that (S(t), (1), T(¢), R(t), V(t), B(t)) € (R})® for all
t>0. O

Lemma [6.2] shows that it is enough to consider the dynamics of the flow
generated by (4.3)) and (6.1)) in a certain region Qy .
} (6.3)

Lemma 6.2. Let
Op, = {(S,I,T, RV)e (R 10< N(t) <
+ Ay
Qp, = BGRO\OSB(t)Sm : (6.4)

==

and
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where N (t) = S(t) + I(t) + T(t) + R(t) + V(t). Define

QV = QHV X QBV- (65)

-

An
pd’
model (4.3) with non-negative initial conditions (6.1]) in (RJ)G.

If N(0) < — and B(0) <

then the region Qv is positively invariant for

=

Proof. Let us split system (4.3)) into two parts: the human population, i.e.,
S(t), I(t), T'(t), R(t) and V(t), and the pathogen population, i.e., B(t).
Adding the first five equations of system (4.3 gives

N(t)=S{t) +I(t) +T(t) + R(t) + V(t)
=AN—uN(t)—arl(t) — aT(t) < A— uN(t).

A A
Assuming that N(0) < —, we conclude that N(¢) < —. For this reason, (6.3)

defines the biologically feasible region for the human population. As it is
proved in Lemma the region defines the biologically feasible region
for the pathogen population. From (6.3)) and (6.4), we know that N(¢) and
B(t) are bounded for all ¢ > 0. Therefore, every solution of system with
initial conditions in 0y remains in Qy for all t > 0. In other words, in region
Qv defined by (6.5)), our model is epidemiologically and mathematically well
posed, in the sense of [69]. O

6.2.2 Equilibrium points and the basic reproduction number

Recalling notation (6.2)), the disease-free equilibrium point (DFE) of
model (4.3)) is given by

EY= (5°,1°1° R, V°, BY)

A A 6.6
_ (a47070707<,0’0>. (6.6)
aplyg — PwWr aply — Pw?2

Remark 6.3. Note that one has apay — pwa = (¢ + p)(we + p) — pws > 0,
because > 0.

Next, following the approach of [127, [I76] (see Section (1.5))) and recalling
notations (5.3) and (6.2]), we compute the basic reproduction number Rj.

Proposition 6.4 (Basic reproduction number of (4.3)). The basic reproduc-
tion number of model (4.3) is given by

= BAn(ws + 1)
o= ((()0 + M)(WQ + ,Uz) — (,Dwg)/id((s +ao1 + N) : (67)
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Proof. Consider that %;(t) is the rate of appearance of new infections in the
compartment associated with index ¢, 7/2‘+(t) is the rate of transfer of “indi-
viduals” into the compartment associated with index ¢ by all other means
and ¥, (t) is the rate of transfer of “individuals” out of compartment as-
sociated with index ¢. In this way, recalling notations and , the
matrices .7 (t), ¥ (t) and ¥~ (¢), associated with model (4.3)), are given by

- T
FH) =10 A®) 00 0 0] .

V() = :A—i—wlR(t)—i—wgV(t) 0 O8I(t) £T(t) »S() nz(t)r,

V(1) = :)\(t)+aOS(t) al(t) aeT(t) asR(t) asV(t) dB(t)}T,

where \(t) = Bfﬁ%?t(;). Therefore, by considering ¥ (t) = ¥~ (t) — ¥ (t),
we have that

Sty i) ) &Ee) V) BO) =20 -7 0.
The Jacobian matrices of % (t) and of #/(t) are, respectively, given by

0 00 00 0
BB o o o o 0680
K+ B(t) (k+ B(t))?
F= 0 0000 0
0 00 00 0
0 00 00 0
0 00 00 0
and
BBO) o o BRSO
K+ B(t) (k+ B(1))”
0 a; 0 0 0 0
V= 0 - ay O 0 0
0 0 —e a3 0 0
— 0 O 0 ay 0
i 0 -n 0 0 0 d |

At the disease-free equilibrium E° defined by , we obtain the matrices
Fy and Vj given by

0
BAay

0

0 (agas — pwa)k
0 0
0

0

0

oo oo o O
oo oo o O
oo oo o o
oo oo o o

0
0
0
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and

i BAay T
apg O 0 —w —wy —F———
(apas — puw2)K
0O a O 0 0 0
Vo=10 =0 a2 0 0 0
0 0 — a3 0 0
- 0 0 0 ay 0
0 - 0 0 0 d ]

The basic reproduction number of model (4.3)) is then given by
BAnay
(apag — pws)kday
BAn(ws + 1)
(o + p) (w2 + 1) — pw2)Kd(d + a1 + p)’

Ro=p(RV; ") =

which is easily obtained with the help of the computer algebra system Maple.
This concludes the proof. ]

Now we prove the existence of an endemic equilibrium, when Ry, given

by (6.7, is greater than one.

Proposition 6.5 (Endemic equilibrium). Assume that §, €, wi, wa, ¢ > 0.
If the basic reproduction number (6.7) is such that Ry > 1, then model (4.3)
has an endemic equilibrium given by

E* = (S*,I*,T* R*,V*, B"), (6.8)
where
g ajas{rd(aiasas — dewr) + Anagas}
nD ’
I — azas{fAnay — (a9a4 — pwy)kday }
nD ’
T — asd{SAnay — (ao~a4 — pwa)kday }
nD ’
R de{fAnay — (CLOcNL4 — pws)kday }
nD ’
V= a1 p{rd(aiazas — dewr) + Anasas}
nD ’
B — agas{fAnay — (aqa4 — w9 )kday }
dD

and D = ayagas(apas — pws) + Pag(ajazas — Jewr).
Proof. We note that

1) a1 =6+ a1+ p >0, because a3 > 0 and d, u > 0;
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2) ag =e+ ag+ p >0, because ag > 0 and &, > 0;
3) a3 = wj + pu > 0, because wy, u > 0;

4) a4 = wy + p > 0, because wa, u > 0;

5) B,k,d,d,e,0 > 0;

6) apas — pws > 0 (see Remark ;

7) ajagaz — dewy = (6 + a1 + p)(e + ag + p) (w1 + ) — dews > 0, because
ay,ap > 0 and p > 0;

8) Anasas > 0, because A,n,az,as3 > 0.

With the above inequalities, we conclude that D > 0 and, consequently,
that S* > 0 and V* > 0. The basic reproduction number is given by

A
fAnas . Thus, it follows that
(apas — pws)kday

BAnay = Ro(apas — pwa)kday
& BAnay — (apag — pwe)kdar = Ro(apas — pwe)kday — (apas — pws)kday
< BAnay — (apay — pwo)kdar = (agas — pwa)rdai (Ry — 1).

Therefore, we have that

I - ajazazkd(apas - pwa)(Ry — 1)
nD ’
T — ajasrdd(apay igpr)(RO -1)
nD 7
R a1kdoe(apay — pwa)(Roy — 1)
nD ’
Bt — ayazask(apaq - pws) (R — 1).
\ D

In order to obtain an endemic equilibrium, we have to ensure that I*, B* > 0.
Thus, we obtain I*, B* > 0 if and only if Rg —1 > 0 < Ry > 1. In this case
(Ro > 1), we also have that T*, R* > 0. O

6.2.3 Sensitivity of the basic reproduction number

In this section, we are going to study the sensitivity of Ry with respect
to all parameters p of model (4.3), computing the respective normalized

forward sensitive indexes Tfo, given in Definition . They are presented
in Table [6.11
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Definition 6.6 (See [30, 95, [161]). The normalized forward sensitivity index
of a vartable z that depends differentiably on a parameter p is defined by

0z p

zZ __
T, = ap X 2
Remark 6.7. When a parameter p is one of the most sensitive parameters
with respect to a variable z, then we have Y3 = +1. If ) =1, then an
increase (decrease) of p by Y% provokes an increase (decrease) of z by v%.
On the other hand, if Y; = —1, then an increase (decrease) of p by 7%
provokes a decrease (increase) of z by v% (see [101]).

Parameter p Tﬁo
A 1
1 1 +wa+2
p p (a o %)
153 1
K -1
w1 0
pw
w2 a4(go+w22+u)
__ Y
¥ <P+U-:sz+lt
0 “ar
€ 0
(6751 7%11
(65) 0
n 1
d -1

Table 6.1: The normalized forward sensitivity indexes Tﬁo with respect to
all parameters of model (4.3]).

6.2.4 Stability analysis

Now we prove the local asymptotic stability of the disease-free equilib-

rium E° of model (£.3), given by (6.6).

Theorem 6.8 (Local asymptotic stability of (6.6)). The disease-free equi-
librium E° of model (4.3)) is locally asymptotic stable, if Ry < 1.

Proof. The characteristic polynomial associated with the linearised system
of model (4.3)) is given by

pv(X) = det(Fo —Vo— XIG)-
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In order to compute the roots of the polynomial py, we have that

BAay
—ag — X 0 0 w1 wo R
(a0a4A— pwa)K
0 —ai—x 0 0 0 el
(apas — pw2)k
0 d —az — X 0 0 0 —0
0 0 € —a3z — X 0 0
© 0 0 0 —aq4 — X 0
0 n 0 0 0 —d—v
that is,

X2+ (a0 + as)x + (apas — pws) =0
BAnay

R T

=0V yx=—a2Vyx=—as.

As the coefficients of polynomial x? + (ap + a4)x + (apas — @ws) have the
same sign (see Remark [6.3)), then it follows from Routh-Hurwitz Criterion
that their roots have negative real part (see Theorem . Furthermore,
using similar arguments, the roots of the polynomial

BAnay

X2+(a1 +d)x+a1d— _
(a0a4 - SDWQ)H

have negative real part if and only if

BAnay

d—— 2=
“ (a0a4 - SOWQ)K

>0 Ry < 1.

Therefore, the DFE is locally asymptotic stable, if Ry < 1. O

With respect to model , we are going to study the local asymp-
totic stability of its endemic equilibrium E* (see ) and, moreover, the
instability of its disease-free equilibrium E° (see (6.6)) for Ry > 1. Our
proof is based on the Center Manifold Theory (see [24]), as described in
Theorem [T.23]

Theorem 6.9 (Instability of and local asymptotic stability of (6.8]).
The equilibrium points E° and E* of model ([4.3)) (see and (6.8)) are,

respectively, unstable and locally asymptotic stable for Ry > 1.

Proof. In order to apply the method described in Theorem we are going
to do the following change of variables. Let us consider that

X = ($1,$2,$3,$4,.’If5,.’1}6) = (S7 IvT7 R7‘/7B)

158



So, the total number of individuals is given by N = Z?:l x;. Thus, we can
write model (4.3)) as follows:

in(t) = £1(0(0) = A = PO ) + ()
— apz1(t),
2(t) = f2(X (1) = ﬁ:ﬂjﬁg) —a122(1), o)
#3(t) = f3(X(t)) = dw2(t) — agws(t),
24(t) = fa(X (1) = ex3(t) — azza(?t),
5(t) = f5(X (1) = pz1(t) — aaas(t),
6(t) = fo(X (1)) = naa(t) — dws(t)

Choosing £* as bifurcation parameter and solving for 5, from Ry = 1 we
have that

(apas — pws)kday

b= Anay

Considering 8 = 8%, the Jacobian of system evaluated at E° is given
by

.
—a 0 0 w1 w2 _&
b
a
0 -az 0O 0 0 =
I = i
0 — 0 ) —ag 0 0 0
0 0 € —as 0 0
© 0 0 0 —ay 0
0 »n 0 0 0 —d|

The eigenvalues of Jg are obtained solving the equation det(J§ — x1Is) = 0.
Thus, we have that

det(Jg —xlg) =0 x=0V x=—a1—d V x=—az2 V X = —as

1
Y X=-3 (a0+a4:t\/(ao—a4)2+4<pw2>.

Note that the eigenvalue x = —% (ao + a4 — \/(ao —ag)?+ 4<,0w2) is a neg-

ative real number, because

1
-3 (ao +ag — /(a0 — as)? + 490002)
1

= 5 <w+u+u)2+u—\/(<P+u—wz—u)2+4s0w2)
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1

— —3 <90+w2+2u—\/g02—2<pw2+w%+4g0w2>
1

= D) (90+W2+2u— \/(<p~|—w2)2)

1
= _Z 921 —
ot 2(s0+w2 +2u (90+w2))

= —p < 0.

Therefore, we can conclude that a simple eigenvalue of Jj is zero, while all
other eigenvalues of J; have negative real part. So, the Center Manifold
Theory (see [24]) can be applied to study the dynamics of near 3 =
B*. Theorem is used to show the local asymptotic stability of the
endemic equilibrium point of (6.9)), for 8 near 8*. The Jacobian Jg has a
non-negative right eigenvector w and a left eigenvector v associated with the
zero eigenvalue. With respect to w we have that

Jsw=1[0 00 0 0 0]
o Jpfw we ws wy ws wg] =[0 0 0 0 0 0]
T
- [_a4(a1a2a3—65w1) . 0 e 77] w0,
agas(apas — pwsz) as asas as d

where wy is an arbitrary constant. So, we can choose wy = 1 and, conse-
quently, we obtain that

1 -
azas(apas — pws) as agas a4 d

= [_ as(arazas — dewy) ) de © n]T

Recalling Remark [6.3] and the beginning of the proof of Proposition one

can observe that
as(ajazas — dewn)

azaz(apas — pws)
Nevertheless, attending to Remark [1.26, as E° (see ) is a non-negative
equilibrium point of interest and the first component of E° is positive, then

the first component of w does not need to be positive. Clearly, other com-
ponents of w are non-negative. With respect to v, we have that

< 0.

vJi=1[0 0 0 0 0 0
<:>[vl vy U3 U4 Us 116]J6‘:[0 0 00O O]

@U:P].OOO @M%
n

where vy is an arbitrary constant. So, we can choose va = 1 and, conse-
quently, we obtain that

ai

U:PJ,OOO —y
n
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Recall that f; represents the right-hand side of the Ith equation of sys-
tem and z; is the state variable whose derivative is given by the Ilth
equation, [ = 1,...,6. The local stability near the bifurcation point g = *
is determined by the signs of two associated constants a and b defined by

: 0 f
— oy 0
a= Z wiw; vy, [8@81’]— (E )]5:5*

i k=1

and

6 2
b= Z WiV, {6122 (EO)} s

i,k=1

with ¢ = 8 — 8*. As v; = vg = vy = v5 = 0, we only have to consider the
following non-zero partial derivatives at the disease free equilibrium E°:

82f2 0 o 82f2 0 o 5*
[3x18x6 (& )}6:6* B [81:65)931 (B )]B=6* TRk

|:82f2 (EO):| _ 23" Nay

B=/* N apaq4 — w2 ’

and

2
oxg
Therefore, the constant a is

23*nay <a1a2a3 — dewq N A?7> 9

“ 77 dlagas — pw) azazk a )
_ 20" nay ajazas — dewy n M <o
d(apas — pw2) asa3k d
Furthermore, we have that
b= vow 02 ( 0 _ AUCM ow
- 8xba¢ B=p* N K&d(aoa4 — (pwz) 22
A
= T,
rd(apas — pws)
Thus, as
a<0 a<0
b>0 ] b0
R P VP

Anay

we conclude from Theorem that the equilibrium points E° and E* of

(4.3) (see and (6.8)) are, respectively, unstable and locally asymptotic
stable for a value of the basic reproduction number such that Ry > 1. This

concludes the proof. O
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6.2.5 Numerical simulations

In this section, we simulate the worst cholera outbreak that ever occurred
in human history. It happened in Yemen since October 2016. We are going
to study it from 27th April 2017 to 15th April 2018 (see [189]). As the
first-ever oral cholera vaccination campaign had been launched only on 6th
May 2018 and was concluded on 15th May 2018 (see [I87]), to describe
such reality of Yemen, a numerical simulation of our model is carried out
with ¢ = wy = V(0) = 0 (in absence of vaccination) and with all the
other values as in Table We also simulate an hypothetical situation
that includes vaccination from the beginning of the outbreak, considering
in that case all parameter values of Table Let us denote the numerical
simulation without and with vaccination by (NS) and (NSV), respectively.
The curves of infective individuals for (NS) and (NSV) can be observed
in Figure respectively in solid light blue line and in dashed dark blue
line. Our results allow us to state that if a vaccination campaign had been
considered earlier in time, the number of infective individuals would have
been significantly lower. Furthermore, the basic reproduction number of
the simulation without vaccination is Ry ~ 6.132305 > 1 and the one with
vaccination is Ry ~ 0.753969 < 1. This means that if vaccination had been
considered from the beginning of the outbreak, then the spread of cholera
would have been extinguished. Consequently, there would not have been
so many deaths. Note that the decrease of Ry with the introduction of a
vaccination campaign is expected, because

¥

Th =~
® 0+ wo + 1

~ —0.877050 < 0.

Concluding, vaccination campaigns would have been very important on the
control and eradication of this cholera outbreak. Furthermore, for (NS), we
obtain an endemic equilibrium point given by

(8*, 1", T*, R*,V*, B¥),

where

S* = 2.943350 x 107,
I* = 1.035599 x 10°,
T* = 5.954131 x 10°,
R* = 1.070992 x 108,
V* =0,

B* = 3.138180 x 10°

and for (NSV) we have a disease-free equilibrium point given by

(8°,1°,7° R, V°, B°%) = (1.689119 x 107, 0, 0, 0, 1.204910 x 10°, 0).
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Note that the previous figures correspond to the equilibrium points for the
parameter values of Table which can be obtained numerically for a final
time of approximately 1370 years. We also call attention to the fact that the
recruitment rate A of Yemen is big and this leads to a huge growth of the
population.

For all numerical simulations of this section, the values of A, u, 0, d, So,
Iy, To, Ro, Vo, Bp and Ny are fixed in Table[6.2] Consequently, we have that:

A A
Ny = 28250420, — ~4.86 x Ny, By = 2.75 x 10° and —Z ~ 4.16 x 10°.
I p

Therefore, the initial values of the human population and bacterial concen-
tration belong to (6.3) and (6.4), respectively:

A A
No=So+1Ip+To+ Ro+ Vo € [O,M] and Bg € [O,MZ]

Therefore, (So, Io, To, Ro, Vo, Bo) € Qv = Qp, x Qp, . This implies that all
the following numerical solutions (S,I,T, R,V, B) belong to the positively
invariant set Qy = Qp,, x Qp, (see Lemmas and . We use real data
provided by WHO in [I89]. All the numerical simulations were obtained
with the help of integration routines in Matlab.

T T
——Infective individuals in Yemen

10°

5r R Infective individuals with symptoms of (NS) []
sk - - Infective individuals with symptoms of (NSV)

4= -
35

3l 4
251 -

r
PR
~

50 100 150 200 250 300 350
Time (days)

Number of individuals

Figure 6.1: State trajectory I(t) for all ¢ € [0, 354], predicted by model (4.3)),
assuming that ¢ = we = V(0) = 0 and all the other values of Table -
solid light blue line; state trajectory I(t) for all ¢ € [0,354], predicted by
model , assuming the values of Table — dashed dark blue line; real
data from the cholera outbreak in Yemen, from 27th April 2017 to 15th April
2018 (available in [189]) — solid black line.
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] Parameter \ Value \ Unity \ Reference ‘

A (28.4N,) /365000 person day ! [77]

m 1.6x107° day~! [79]

B 0.01694 day—! Assumed
K 107 cell/ml Assumed
w1 0.4/365 day—! [120]
wa 1/1460 day~! [31]

@ 5/1000 day—! Assumed
) 1.15 day—! Assumed
£ 0.2 day—! [127]
o 6x10~6 day—! [79, 188
as 3x1076 day ! Assumed
n 10 cell/ml day~"! person—! 22]

d 0.33 day—! [22]
So 28249670 person [194]
Iy 750 person [189]
T 0 person Assumed
Ry 0 person Assumed
Vo 0 person [187]
No 28250420 person -

By 275000 cell/ml Assumed

Table 6.2: Parameter values and initial conditions for the SITRVB

model (4.3)).

6.3 Model with chlorine water tablets supply

In this section, we consider model (4.2) and we assume that the initial
conditions of system (4.2)) are non-negative:
S(0)>0, I1(0)>0, QO)>0, R(0)>0, B(0)=>0. (6.10)

Let Sy, Iy, Qo, Ro, By and Ny denote S(0), I1(0), Q(0), R(0), B(0) and
S(0)+1(0) + Q(0) + R(0), respectively, because 7 = 0 (see Table [d.1)). Here,
we are going to continue using notation (5.3).

6.3.1 Non-negativity and boundedness of solutions

As we assume the ecologically meaningful non-negative initial conditions
for the populations, the solutions of model remain non-negative for all
time. This result is contained in Lemma and translates in this situation
without any change. The solutions not only remain in the positive cone, but
are also bounded and the positively invariant set €2 is the same already found

in Lemma (see (5.4)—(5.6])). The proof is essentially the same, with only
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a change in the derivation of the upper bound for the bacteria population,
which is obtained by dropping the last term of the last equation in (4.2) to
obtain the same bound:

B(t) < nI(t) — dB(t) < n/: —dB(t).

6.3.2 Equilibrium points and the basic reproduction number

The only possible equilibria of model are the disease-free point and
coexistence, or the endemic equilibrium, as in Section [5.2] However, we will
repeat here the analysis in some detail as it entails some relevant differences.

For the disease-free equilibrium (DFE), we find

EY=(8°1°Q° R BY = <2,0,0,0,0> . (6.11)

The basic reproduction number Ry can then be evaluated, following [127,

176] (see Section [1.5)).

Proposition 6.10 (Basic reproduction number of (4.2)). The basic repro-
duction number of model (4.2)) is

BAn

Ho = (BA + prd) (6 + o1 + p)

(6.12)

Proof. Let Z;(t) be the rate at which new infections appear in the ith com-
partment and ¥, " (t) be the “individuals” transfer rate into the ith compart-
ment by all other ways. Similarly, let #;” (t) denote the “individuals” transfer
rate out of the ith compartment. Considering that ¥ (t) = ¥~ (t) — ¥ (¢t),
we obtain the following equality:

[S@) 1) Q) Ry B =F0) -7 ().

Using again notation (5.3): a1 = d+ a1+, a2 = e+ag+p and ag = wy + p;
we specifically find

- T
FW =10 @ 00 0],
YH(t) = :A+w1R(t) 0 dI(t) =Q(t) nI(t)}T,

Y(t) = :w(t) +uS(t) ail(t) a2Q(t) asR(t) dB(t)+ w(t) T,

where again w(t) = A\(¢)S(¢t) = 55%‘2(;). The Jacobian matrices of .Z(t)
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and of ¥/ (t) are, respectively, given by:

0 0 0 O 0
SBU) . OKS()
p_ |FtBO) (k+ B(t))”
0 0 0 O 0
0 0 0 0 0
i 0 0 0 O 0 |
nd © 8B BrS(t)
K
0 0o -
TR U ey BO))
0 ai 0 0 0
V= 0 5 ay 0 0
0 0 —e a3 0
BB BrS(1)
| K+ B(1) (k+ B(1)?]

Evaluating these matrices at the disease-free equilibrium E (see (6.11))), we
find

_ _ r AT
0000 O 00—w15—
BA s
0000 22 0 ag 0 0 0
FO_OOOO/‘O” and Vo=1]0 -6 as O 0
0000 0 0 0 —¢ a3 oA
0000 0 0—n00d+ﬁ—
- - L s

Recalling notation ({5.3]), the basic reproduction number of model (4.2) is
then given by

- BAn BAn
Ro=p (FVyth) = = ,
0=p(FoVy™) (BA + prd)a; — (BA + prd)(6 + o1 + p)
which is easily obtained with the help of the computer algebra system Maple.
This concludes the proof. O

Next we prove the existence of an endemic equilibrium, when Ry, given

by (6.12), is greater than one.

Proposition 6.11 (Endemic equilibrium). Recalling notation and as-
suming that \*, 6, €, w1 > 0; whenever Ry > 1, model has the endemic
equilibrium
E* — (S*’ I*’ Q*’ R*’ B*)
_ (Aarazaz AagasA® Adaz\* AdeX* Aagaz(n —ap)\* (6.13)
_<D’D’D’D’ Dd )
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which is feasible if
n>ar =0+ o+ (6.14)

where
pB*

Kk + B*
Proof. For this equilibrium to be feasible, the transmission rate must be

D = ajazaz(\* + p) — dewr A* and N\ = (6.15)

strictly positive:
pB*
A= > 0.
Kk + B*
Solving in turn the second, third and fourth equilibrium equation of (4.2)),

we find

al a9 as
S*=—=TI" I'"=-2Q" = —R". 6.16
)\* ) 5 Q ) Q c ( )
Then, we obtain
al ag ai1an as ajasas3
S* = — 2 0* e 9 ¥ — *'
U S v St A oz

Substituting the last evaluated value of S* into the first equilibrium equation,
we then obtain AA*de — DR* = 0, which gives the fourth component of .
Furthermore, by back substitution in , we also determine the first three
components of . Finally, the fifth equilibrium equation provides the
value of B*, which must be non-negative to be feasible, giving thus .
Note that

ajagaz — dewy = (0 + a1 + p)(e + ag + p) (w1 + p) — dewy >0,  (6.17)

because aj,as > 0 and p > 0. Consequently, as we are considering that
A* > 0, we can conclude that

D = ajazasz (A" + p) — dewt \* = (a1aza3 — dewr ) A* + ajazasp > 0.

Now, from \* = 8B*(k+B*)~!, substituting the value of B* and rearranging,
we obtain

{ [A(n —ay) + /ﬁ;dal]agag — ndéewl})\* = [ﬁAn — (BA+ ,Lmd)al]agag.
It follows that

BAn }
— 1| (BA + urd)aiasa
- Gt o 2] 92+ s
[A(n — a1) + kdai]azas — kddew,
_ (Ro — 1)(BA 4 prd)ayagas

A(n — ay)azas + kd(ajasas — dewy)
As we are assuming (6.14]), then the above value of A* is positive if and only
if Ry > 1, because all the other coefficients in the above expression of A\* are
positive. In such case, model (4.2)) has the endemic equilibrium (6.13). This
concludes the proof. O
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Remark 6.12. Note that for model the feasibility result for endemic
equilibrium differs from the corresponding one in Section (see
Proposition , Here for the epidemics to subsist, it is necessary that the
rate at which the bacteria are spread by the infective individuals must exceed
the combined rates at which infective individuals leave their compartment. It
means that n must be larger than the sum of the rate at which individuals are
quarantined and of the disease-related oy and the natural p mortality rates:
n>0+ a1+ p.

6.3.3 Stability analysis

In this section, we analyse the local asymptotic stability of the equilibria
of model . The basic reproduction number proves to be instrumental in
the local asymptotic stability issue of the DFE E°, given by , as it is
shown in the next result.

Theorem 6.13 (Local asymptotic stability of (6.11))). The disease-free equi-
librium E° of model ([4.2) is locally asymptotic stable, if Ry < 1.

Proof. Let the characteristic equation of (4.2)) evaluated at the DFE (6.11)
given by
p(X) = det(FQ — Vo — X]5) =0.

It is equivalent to

_ A
X=-pVX=—aVx=—a3Vp(x)=(x+al) <x+d+lﬁm>

_PAn _
WK

0.

So, we obtained three explicit negative eigenvalues: —u, —ao and —as; and
a quadratic equation in x given by

5A>_5A":o.

Px) = x>+ (a1+d+m> X+ ai <d—|—
UK WK 1%
By Routh-Hurwitz Criterion (see Theorem [L.27)), all coefficients of poly-
nomial p have the same signal if and only if the roots of p have negative
real part. Moreover, if all roots of p have negative real part, then DFE
is locally asymptotic stable. The coefficients of p are po = 1 > 0,

p1:a1+d+%>0andﬁ0:a1 <d—|—'2—2)—@. Note that

UK
A A
ay (d—FB) _ OAn > 04 ai(prd+ BA) — BAn >0
Wk wk
& BAn < ai(prd + BA) & _ PAn <1l& Ry< 1.
ai(pkd + BA)
So, we can conclude that DFE ([6.11)) is locally asymptotic stable, if Ry < 1.
This concludes the proof. O
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Remark 6.14. Comparing the local asymptotic stability condition for DFE
(6.11) (Ro < 1) and the feasibility condition for endemic equilibrium (6.13)

(n > a1), it is easily seen that for Ry = 1 a transcritical bifurcation occurs

for which the endemic equilibrium (6.13) emanates from the DFE (6.11]).

With respect to model , we are going to study the local asymp-
totic stability of its endemic equilibrium E* (see (6.13)) and, moreover, the
instability of its disease-free equilibrium E° (see (6.11)) for Ryp > 1. Our
proof is based on the Center Manifold Theory (see [24]), as described in
Theorem Although the final result coincides with the one obtained in
Theorem there are some details that change. Thus, we present also its
proof, following the same steps and considerations.

Theorem 6.15 (Instability of (6.11) and local asymptotic stability of

6.13)). The equilibrium points E° and E* of model ([£.2) (see (6.11) and
6.13)) are, respectively, unstable and locally asymptotic stable for Ry > 1.

Proof. To apply the method described in Theorem [I.25] we consider a change
of variables. Let us consider that X = (x1,x9,x3,24,25) = (S,1,Q, R, B).
Consequently, we have that the total number of individuals is N = Zle ;.
Thus, model can be written as follows:

i1 = FL(X(0) = A — m +wnzat) — pn (1)

balt) = 2(X(0) = ) (34 1+ et

E3(t) = f3(X (1) = Saa(t) — (¢ + az + w)as(t) (6.18)
i4(t) = f2(X(t)) = exs(t) — (w1 + p)za(t)

i5(t) = F5(X(0) = nea(t) — das(t) - P22,

Choosing £* as bifurcation parameter and solving for § from Ry = 1, we

obtain that
5 = prd(0 + o +p)  prday
Aln—(@+ar+p)] An—a1)’

which is positive in view of (6.14). At 8*, the Jacobian of (6.18) evaluated
at E° becomes

- d -
- 0 0 w1 —
n —dal
0 —a1 0 0 a
J* _ 77 - al
00— 10 0 —a2 0 0
0 0 € —ag 0
O 5 0 0 —d <1 N )
L n—ai)d
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Its eigenvalues are —aj — dn(n — a1)™!, —a2, —as, —p and 0. Thus, zero

is a simple eigenvalue of J; and, recalling , all the other eigenvalues
have negative real parts. The Center Manifold Theory (see [24]) can thus be
employed to assess the behaviour of near 8 = f*. The tool for studying
the local asymptotic stability property of endemic equilibrium for 3
near $* is provided by Theorem Note that the Jacobian Jj has a non-
negative right eigenvector w and a left eigenvector v associated with the zero
eigenvalue. With respect to w, we have that

Jow=1[0 0 0 0 0"
o Jiwr we wy wy ws] =0 0 0 0 0]

) 1 § § —arlt
S w= [( aulal) 1 — c n al] wa,
az2a3 10 as asas d

where ws is an arbitrary constant. So, we can choose wo = 1 and, conse-
quently, we obtain that

Kagwl >1 5 e n—al]T
w = —ay | — 1 —
aza3 o as asa3 d

As we have seen in the proof of Theorem

) 1
< i — a1> — < 0.
asas3 H

Again, attending to Remark , as E° (see (6.11)) is a non-negative equi-
librium point of interest and the first component of EV is positive, then the
first component of w does not need to be positive. Assuming the feasibility
condition , other components of w are non-negative. With respect to
v, we have that

vJi=1[0 0 0 0 0= [ v2 v va wv5]J3=1[0 0 0 0 0]

@U:{O 1 0 0 @]m,
1

where vy is an arbitrary constant. So, we can choose vo = 1 and, conse-
quently, we obtain that

In view of the fact that v = v3 = vq4 = 0, the only non-vanishing derivatives,
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in the above expressions, are

[ 82f2 Eo _ 82f2 Eo _ g

| Ox10x5 B=p Ox5011 soge K
[0 f5 208*A

S| =22

L O3 B=p* 1%
[ a2f5 Eo _ 62f5 0 _g
_8$1aﬂf5 B=pB* 8555833]_ B=B* I ’
(0% f5 26*A

.2 (EO) = 2
| Oxf gepge A

Let us assume that ¢ = § — §*. Therefore, recalling (6.14) and (6.17), for

constants a and b, we find

* _ 2
= —W{(mwag — dewr)kd + A(n — a1)a2a3} <0
and
_ . 82f2 0 ' 82f5 0
" ; <U2wl [(%i&b (= )LB* s [3%8@5 (E )LB*>

_ 9 (m75 ) (po _ 9 (775 \ (po

= vaws [8955 <m+x5> (E )L:B* UsWs [8955 <n+x5> (EY) o

= A’LU5(’U2*U5):A X i X <1CL1>
[k

[k d 7
A o 2
_ (n —a1) >0,
prdn

respectively. Thus, since n > a1, as

a<0

a<0
b>0 (84 + ) s{db>0
al MUK
=f-fBf=———""(Ryp—1)>0 Ry > 1,
(b B /3 A(77—CL1) (0 ) 0

we conclude from Theorem that the equilibrium points E° and E* of

(4.2) (see (6.11)) and (6.13))) are, respectively, unstable and locally asymptotic
stable for a value of the basic reproduction number such that Ry > 1. This

concludes the proof. O

6.3.4 Non-delayed optimal control problem

In this section, we define an optimal control problem associated with
model with the purpose to curtail the spread of the epidemic. Fur-
thermore, we write the respective necessary optimality conditions, following
Pontryagin’s Minimum Principle (see [140] and Section [2.2.2). We keep on
using notation (5.11): X = (21,22, z3,24,75) = (S,1,Q, R, B).
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Formulation of a non-delayed optimal control problem

Cholera transmission is linked to inadequate access to clean water and
sanitation facilities. The distribution of chlorine water tablets (CWT) for
water purification is one of the possible strategies to improve the quality of
the water and to control cholera outbreaks. So, we introduce into model
a control function wu(-) that represents the fraction of susceptible individuals
who has access to CWT for water purification (see [80]). Therefore, they are
protected from infection. This control measure is such that u(t) € [0, Umax]
for all t € [0,tf], where t; > 0 is the final time and 0 < umayx < 1. If
u = 0, then nobody receives those chlorine water tablets, that is, there is
no control measure. Note that it makes no sense, from a practical point
of view, to consider the case u = 1, since it means that there are no new
recruitments in the class of infective individuals I. The objective is to find
the control strategy through the use of CWT that minimizes the number of
infective individuals and the bacterial concentration, as well as the cost of
interventions associated with CWT. CWT are effervescent tablets that kill
micro-organisms in water to prevent cholera, typhoid, dysentery and other
water borne diseases. There are different sizes of CWT and each tablet size
is formulated to treat a specific volume of water, ranging from 1 litre to
2500 litres. The model with control is then given by the following system of
non-linear ordinary differential equations:

(. By (t)xs(t)

#1(t) = A — m (1 - u(t)) +wizalt) — pa(t),
. B (t)xs(t)

Ta(t) = /{:_7%;)(1 - u(t)) = (0 + o1 + paa(t),

&3(t) = 0xa(t) — (e + g + p)z3(t), (6.19)

B4 (t) = exs(t) — (w1 + p)ra(t),

~ Baa(t)as(t)
K+ x5(t)

together with initial conditions (6.10)). The set 2" of admissible trajectories
and the admissible control set % are, respectively, given by

@5(t) = nra(t) — dws(t)

Z ={X() e Wh([0,t7]; R°) | (6.10) and (6.19) are satisfied}

and
U = {U() € Ll([ovtf];R) ‘O < u(t) < Umax, Vit € [Ovtf] }7

where 0 < umax < 1. The functional to be minimized is represented by
tr
J(X(),u() :/ (2a(t) + (1) + u(t))dt. (6.20)
0
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Clearly, one would like to eradicate the epidemic at the least possible cost.
The optimal control problem consists of determining the vector function
X°() = (S°(), I°(-),Q°("), R°(-), B°(")) € & associated with an admissible
control u®(-) € %, on the time interval [0,¢s], that provides the minimal
value to the cost functional , ie.,

J(XOw ) = min - J(X(),u(). (6.21)

(X(O)u())e2 xu

Necessary optimality conditions: Pontryagin’s Minimum Principle

The following theorem provides the necessary optimality conditions as-
sociated with optimal control problem (6.21)).

Theorem 6.16. Assume that X° = (25(-), z5(-), 25(-), 25(-), 22(+)) € X is
an optimal state associated with an optimal control u®(-) € % of optimal
control problem with fized final time t; € RT. Then, there is an
adjoint function A° = (A}, 23,03, A5, A2) @ [0,t] — R® that satisfies the
adjoint system

pas(t)

80 = (RO = M) [ = u®] +X50) + w0

35(6) = = 1+ (54 a1 + ) A5(8) — OX5 () — S,

35(6) = (= + a2+ ) A1) — X300,

(6.22)
35(8) = — wnX§(6) + (w1 + ) 5(0),
) =1+ (ff?g((?)y (IX5(0) — 250] [1 — ()] +23(0))
+dA3 (1),
with transversality conditions
Ai(tp) =0, i=1,...,5 (6.23)

for almost all t € [0,tf]. Moreover, the control law is characterized by

Umax if ¢(t) <0
u®(t) =} 0, if  ¢(t) > 0; (6.24)
singular, if @(t) =0 on I, C [0,ty];

where ¢ is the switching function defined by

Bri(t)a3(t) (%)~ x30)) (6.25)

o) =14 = s

for almost all t € [0,ty].
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Proof. The necessary optimality conditions for an optimal solution of (6.21)
are given by Pontryagin’s Minimum Principle (see Theorem. The Hamil-
tonian function is defined by

prizs
K+ 5

H(X,u,)\)—a;2+x5+u+/\1<A— (1—u)+w1x4—,u:1:1>

+ Ao <f”:“;‘;55(1—u) —(5+a1—|—u)fv2>

+ A3(0m2 — (e 4 ag + p)z3) + Aa(ezs — (w1 + p)z4)

+ )\5 <’I’]:L‘2 - d£E5 - 6%’1.%’5) .

(6.26)

K+ 5

Let us suppose that (X°(-),u(:)) € 2 x % is an optimal solution of (6.21)
with fixed final time ¢; € RT. Then, there is an adjoint function \® =
()\T,)\g,/\g, Z,/\g) :[0,tf] = R®, A°() € Wl’l([O,tf];]R5), that satisfies, for
almost all t € [0,¢y], the

1) transversality conditions:
Xo(tf) =0, i=1,...,5 (6.27)
in view of the free terminal state X (¢s);
2) adjoint system:

oH

Ao(t) = o (X°(t),u®(t),\°(t)), i=1,...,5 (6.28)
3) minimality condition:
min  H(X°(t),u,\°(t)) = H(X°(t),u®(t), \°(t)), (6.29)

0<u<umax
where 0 < Upax < 1.

So, conditions are derived from transversality conditions (6.27)). More-
over, system is obtained from adjoint system . Let us evaluate
the minimality condition . The Hamiltonian is linear in the con-
trol variable. Hence, the minimizer control is determined by the sign of the
switching function

OH Bai(t)z5(?)

Bt) = S (X°(1),u, X°(1) = 1+ =L 235 (W (1) = (1))

K+ 25(t)
(see (6.25)) as follows:
Umax,  if B(t) <0
w(t) =10, it ¢(t) >0

singular, if ¢(t) =0 on I, C [0,tf].
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For more details see Section [2.2.2] If the switching function has only finitely
many isolated zeros in an interval I, C [0,%s], then the control u® is called
bang-bang on I. The case of a singular control, where ¢(t) = 0 on I, C
[0, 2], will not be further discussed here, since in our computations we never
encountered singular controls. This concludes the proof. O

6.3.5 Numerical simulations

In this section, we show that the control measure defined in Section [6.3.4]
could have stopped more quickly the worst cholera outbreak that ever oc-
curred in human history, which began in Yemen in October 2016. We con-
sider the real data of the number of infective individuals in Yemen, from
27th April 2017 to 15th April 2018 (see [I89]), represented in Figure [6.2] In
this period, the maximum number of infective individuals was 51000.

In order to better simulate real life situations, where there is a lack of
resources needed to distribute CW'T for water purification, we consider three
situations:

e low resources (umax = 0.20);
e enough resources (two cases considered: umax = 0.55 and upmax = 0.90);
e abundance of resources (umax = 0.95);

finding the interval of time needed to stop the outbreak in Yemen.

Firstly, we consider low resources for CWT distribution (umax = 0.20).
It means that only a small percentage (20%) of susceptible individuals has
access to the CWT. In second place, we consider enough resources to decrease
the outbreak (cases umax = 0.55 and umax = 0.90). Finally, we present
numerical simulations with abundance of resources: umax = 0.95. In this
case almost all susceptible population has access to pure water.

In order to solve numerically optimal control problem (@ for the three
cases mentioned before, we use IPOPT — AMPL, as in Section [5.3.5} Numer-
ical solutions of the delayed SIQRB control model. We implement Euler’s
method as integration method and the tolerance is set to tol = 10~%. More-
over, we use N = 100 x ¢; grid points in all cases. For all numerical simula-
tions of this section, the values of A, u, n, d, So, Iy, Qo, Ro, Bg and Ny are
fixed in Table Consequently, we have that:

A A
Ny = 28250420, — ~4.86 x Ny, By =2.75 x 10° and —Z ~ 4.16 x 10°.
Iz Iz

Therefore, the initial values of the human population and bacterial concen-
tration belong to (5.4) and (5.5)), respectively:

A A
No=So+1Ip+Qo+ Rp € [O,M] and By € [O’ug]'
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Therefore, (So, Io, Qo, Ro, Bo) € @ = Qp x Qp. This implies that all the
following numerical solutions (S, I, @, R, B) belong to the positively invariant

set Q = Qp x Qp (see Section and Lemmas [5.1] and [5.2).

T T
S —— Infective individuals in Yemen

Number of individuals

) 50 100 150 200 250 300 350
Time (days)

Figure 6.2: Real data from the cholera outbreak in Yemen, from 27th April
2017 to 15th April 2018 (see [189]).

] Parameter \ Value \ Unity \ Reference ‘

A (28.4N,) /365000 person day ! [77]

m 1.6x107° day—! [79]

B 0.01891 day—! Assumed
K 107 cell/ml Assumed
w1 0.4/365 day—! [120]

) 1.15 day—! Assumed
£ 0.2 day~* [127]
o 6x10~6 day—! [79, 188]
as 3x1076 day ! Assumed
n 10 cell/ml day~"! person—! 22]

d 0.33 day—! [22]
So 28249670 person [194]
Iy 750 person [188]
Qo 0 person Assumed
Ry 0 person Assumed
Ny 28250420 person -

By 275000 cell/ml Assumed

Table 6.3: Parameter values and initial conditions for optimal control prob-

lem (6.21)).
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Extremal solution in case of low resources

We start by assuming that umax = 0.20, that is, the maximum per-
centage of susceptible individuals that have access to the CWT is 20%.
As we consider that ¢y = 354 days, then the number of grid points is
N = 100 x ty = 35400. The numerical simulations for the control are in
agreement with Theorem Note that, from 7, we know that
¢(ty) = 1 and u(ty) = 0, which explains why the values of the control u de-
crease to zero at ty = 354 (see bottom right plot of Figure . However, all
resources are being used during almost all the time period considered in the
simulation (354 days). The state trajectories associated with the extremal
control are plotted in Figure [6.3] From this last figure, we observe that al-
though B is a strictly decreasing function, I is not. Although the resources
are insufficient to eradicate the disease, in the considered time interval, the
distribution of CWT to 20% of the susceptible population is enough to im-
prove the real situation represented in Figure [6.2] decreasing significantly
the maximum number of infective individuals. Note that the real maxi-
mum number of infective individuals was 51000 and the one associated with
Umax = 0.20 is approximately equal to 7431, an important improvement.

Extremal solution in case of sufficient resources

As we may deduce from previous numerical simulation, we need to con-
sider larger values for upax to curtail the spread of the epidemic more quickly
and in a better way. Now, let us take upmax = 0.55 and upmax = 0.90. In
the first case, a little bit more than half of susceptible individuals receives
CWT (55%). In the second one, only 10% of the susceptible population
does not have access t0 CWT (umax = 0.90). Moreover, when s = 0.55
and umax = 0.90, we consider that £y = 100 days and ¢ty = 70 days, re-
spectively. So, the number of grid points is N = 100 x ¢ty = 10000 and
N =100 x ty = 7000, when umax = 0.55 and upax = 0.90, respectively.

Even considering these larger values for umax, the solution of infective
individuals does not become a strictly decreasing function: neither when
Umax = 0.55 nor when upax = 0.90 (see the curves of I in Figures and
. Nevertheless, the maximum value of infective individuals decreases
significantly with respect to the one obtained for umayx = 0.20 (7431). Here
this value is approximately equal to 3749 and 942 for umax = 0.55 and
Umax = 0.90, respectively.

The extremal control is bang-bang for both values of umax. We need
approximately 93 days to solve the epidemic, when upax = 0.55. Thus, at
the end of approximately three months, the supply of CWT to susceptible
population can be discontinued, because the control decreases to zero (see left
plot of Figure. As we expected, one needs less time to curtail the spread
of the epidemic when we consider umax = 0.90: at the end of approximately
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48 days, the control decreases to zero and the disease is eradicated (see left
plot of Figure [6.8)).

Pontryagin’s Minimum Principle is a first order necessary optimality con-
dition. Therefore, the control law given by is just an extremal of op-
timal control problem . However, a stronger condition, the so-called
strict bang-bang property (for more details see Section is also satisfied
for umax = 0.55 and umaxy = 0.90, that is, the bang-bang control and the
switching function match the following switching conditions:

¢s5(t) <0, ifte[0,3];
5 (t3) > 0;
¢s5(t) >0, if t € [¢2°,100]

and
doo(t) <0, ifte [0,62°0;

$90 (t3%) > 0;
Poo(t) >0, if t € ]t2°,70];

where t§ and ¢, denote, respectively, the switching time and switching func-
tion ¢ for Umax = ﬁ (see Figures and . Moreover, the respective

minimum costs are given by
Jss ~ 1.630731 x 10° and  Jgo ~ 8.402090 x 10°,

where J,, is the value of functional (6.20]) corresponding to the problem with
_ P
Umax = 100"

Extremal solution in case of abundance of resources

Now, we consider umax = 0.95, that is, 95% of susceptible population has
access to CWT for water purification. This corresponds to a situation where
there is abundance of resources. Furthermore, we consider that ¢y = 70 days
and, consequently, the number of grid points is N = 100 x ¢ty = 7000. In
this case, the numerical solution for the number of infective individuals I is
a strictly decreasing function (see right plot of Figure . In this situation,
there is a timely and effective distribution of CW'T', which avoids the increase
of the number of infective individuals. Consequently, it is possible to achieve
a low maximum value of infective individuals equal to Iy = 750. For 0.95 <
Umax < 1 we are not able to obtain a feasible candidate for optimal control
problem , considering the values of Table .

When umax = 0.95, we only need to distribute CWT in the first 44 days
(see left plot of Figure [6.9). The minimum cost takes the value

Jos ~ 7.849481 x 10°
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and the extremal control is also bang-bang for umax = 0.95. As in cases
Umax = 0.5 and upmax = 0.90, the bang-bang control and the switching
function match the switching condition and satisfy the strict bang-
bang property with respect to Pontryagin’s Minimum Principle:

dos(t) <0, ifte [0,¢95];
o5 (12°) > 0;
Pos(t) >0, if t € ]t2,70];

where 12 and ¢g5 denote, respectively, the switching time and switching
function ¢ for problem with umax = 19—050 (see Figure .

6.4 Conclusion

In Section [6.2] we proposed and analysed, analytically and numerically,
a SITRVB model for the dynamics of cholera transmission. In order to fit
the biggest cholera outbreak worldwide, which has occurred very recently
in Yemen, we provided a numerical simulation that does not consider vac-
cination. Indeed, this measure of prevention did not exist in Yemen from
27th April 2017 to 15th April 2018. Simulations of the SITRVB mathemat-
ical model (with and without vaccination) show that the introduction of a
vaccination campaign since the beginning of the epidemic in Yemen could
have changed the situation substantially. Namely, with this measure it could
be obtained the case Ry < 1, where the disease extinguishes naturally. We
trust that the work of Section is of great significance, because it sup-
plies a mathematical model for cholera that is deeply studied and allows to
obtain important conclusions about the relevance of vaccination campaigns
in cholera outbreaks. Actually, we believe that the absence of this type of
prevention measures in Yemen was one of the responsible for provoking the
biggest cholera outbreak in world’s history, killing 2310 individuals between
27th April 2017 and 1st July 2018 (see [190]). Therefore, our research moti-
vates and fortifies the importance of vaccination in cholera epidemics.

In Section we considered a SIQRB model that is an improvement of
that considered in Section[5.2] because it is assumed that a healthy individual
must intake bacteria from the environment to become infected and, by doing
s0, these bacteria are removed from the aquatic medium. In contrast to what
happened in Section[5.2.2] the feasibility of the endemic equilibrium depends
on the rate, i, at which the bacteria are spread by the infective individuals.
Moreover, this rate, 1, must exceed the combined rates at which infective
individuals leave their compartment, i.e., must be larger than the sum of the
rates at which individuals are quarantined and die either naturally or due
to disease. The conditions for the local stability of the endemic equilibrium
also differ from the ones obtained in Section [5.2.3
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Figure 6.3: Extremal state trajectories S°(t), I°(t), Q°(t), R°(t) and B°(t)
and extremal control u®(t) (satisfying the control law (6.24)) associated with
optimal control problem for all t € [0,354] and upax = 0.20, using all
the other values of Table [6.3]
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0.95, using all the other values of Table [6.3]
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Figure 6.8: Extremal control u®(¢) and switching function ¢go(t) associated
with optimal control problem (6.21) for all ¢ € [0,70], satisfying the con-
trol law (6.24]), when we consider upax = 0.90 and all the other values of

Table .

Furthermore, we proposed and analysed an optimal control problem,
where the control function represents the fraction of susceptible population
who receives chlorine water tablets (CWT) for water purification. The objec-
tive of such optimal control problem is to minimize the number of infective
individuals and the environmental bacterial concentration, as well as the
cost associated with the distribution of CWT. The extremal solution has
been characterized both analytically and numerically. The extremal bang-
bang controls satisfy the so-called strict bang-bang property with respect to
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Table

Pontryagin’s Minimum Principle. Thus, the proposed strategies for the dis-
tribution of CWT represent suitable means for containing cholera outbreaks,
in different scenarios and periods of time. This is supported by the current
situation (March 2019) in Mozambique. There the Portuguese army purified
around 4000 litres of water per day using chlorine with the purpose to fight
the cholera epidemic caused by the passage of cyclone Idai, in March 2019
(see [84]).
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Conclusion and future work

With this PhD thesis we gave answer to an open question, by proving
sufficient optimality conditions for two types of optimal control problems
with constant time delays in both state and control variables. Usually, these
time delays are not equal and we ensured the Commensurability Assumption
between them, as Gollmann et al. in [56]. In the first type of problems, the
differential system is linear with respect to state function and in the second
it is, in general, non-linear. The proof was based on the transformation
of delayed optimal control problems into equivalent and augmented non-
delayed ones, following the approach proposed in [59] and used in [56]. In
this way, we were able to apply well-known sufficient optimality conditions
for non-delayed optimal control problems, recalled in Chapter [2]of this thesis.
Then, we returned to the initial delayed optimal control problems, obtaining
sufficient optimality conditions for such type of problems for the first time
in the literature. Furthermore, we solved examples with the purpose to
illustrate the usefulness of obtained conditions.

Secondly, we gave an overview of an infectious disease that still contin-
ues to cause a high number of deaths worldwide. This disease is cholera.
Moreover, we also provided a state of the art of mathematical studies that
have been carried out to understand the spread of such disease and to sug-
gest some treatment/prevention measures to stop its transmission. Based
on some of them, we formulate new cholera mathematical models and new
optimal control problems, with and without time delays, that consider these
new models. We studied, from a theoretical point of view, both models and
optimal control problems. Then, we provided some numerical simulations of
both to fit real outbreaks and to propose control measures that allowed an
improvement of what reality was.

As one can see in Section in the mathematical analysis of the de-
layed optimal control problem , we only obtained necessary optimality
conditions. It remains missing the study of sufficient optimality conditions

for (5.29)), using the ones studied in Sections and It is important
to highlight that:

i) the sufficient conditions, derived in Section [3.2.2] were obtained for de-
layed optimal control problems which consider a state-linear differential
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system and it is difficult to translate the dynamics of cholera transmis-
sion through a state-linear model;

ii) the sufficient conditions, derived in Section [3.3.1} applied to delayed
optimal control problem (5.29), imply very cumbersome calculations.

Consequently, future work consists to fill the gap, by deriving sufficient op-
timality conditions for (5.29) and other delayed optimal control problems
agsociated with the mathematical study of infectious diseases.
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