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Abstract

In this thesis, we study deterministic compartmental epidemic models. The conventional
mass-mixing assumption is replaced with infectious disease contraction occurring within a
heterogeneous network. Modeling infectious diseases with a heterogeneous contact network
divides disease status compartments into further sub-compartments by degree class and thus
allows for the finite set of contacts of an individual to play a role in disease transmission.

These epidemiological network models are introduced as switched systems, which are
systems that combine continuous dynamics with discrete logic. Many models are investi-
gated, including SIS, SIR, SIRS, SEIR type models, and multi-city models. We analyze the
stability of these switched network models. Particularly, we consider the transmission rate
as a piecewise constant that changes value according to a switching signal. We establish
threshold criteria for the eradication of a disease or stability of an endemic equilibrium using
Lyapunov function techniques. Simulations are also conducted to support our claims and
conclude conjectures.

We test constant control and pulse control schemes, including vaccination, treatment,

and screening processes for the application of these infectious disease models. Necessary
critical control values are determined for the eradication of the disease.
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Chapter 1

Introduction

The history of the world is intertwined with the impact of infectious diseases [10]. Infec-
tious diseases have threatened humanity for centuries; 3000 year old Egyptian mummies
were found with evidence of smallpox and art and literature dating several centuries back
reference the spread of disease [10]. With scientific research and human advancements, hu-
man life expectancy has improved from approximately 30 years in 1700 to 70 years in 1970,
with one of the main causes being a decline in deaths due to infectious diseases. [2]. In the
20th century, the proven effectiveness of better sanitization and the discovery of antibiotics
and vaccination lead the world to believe infectious diseases would soon be eliminated [26].
However, infectious diseases continue to be one of the major causes of death and suffering
in developing countries [26]. As disease agents adapt, survive, and evolve, the emergence
of new diseases and re-emergence of existing diseases have become a significant worldwide
problem [10,26]. Newly identifies diseases include Lyme disease in 1975, Legionnaire’s dis-
ease in 1976, toxic-shock syndrome in 1978, hepatitis C in 1989, hepatitis E in 1990 and
hantavirus in 1993 [26]. The human immunodeficiency virus (HIV), which can lead to the
acquired immunodeficiency syndrome (AIDS) emerged in 1981 and has become an impor-
tant sexually transmitted disease as well as the fourth leading cause of death throughout
the world [10,26]. Antibiotic resistant strains of tuberculosis (TB), pneumonia and gonor-
rhea have evolved [26]. Malaria, dengue, and yellow fever have re-emerged and spread into
new regions as climate changes occur [26]. In 2014, a major outbreak of Ebola occurred in
Guinea, Sierra Leone, and Liberia [50]. Diseases such as ebola, plague, and cholera continue
to erupt occasionally [26].

Human and animal invasions of new ecosystems, global warming, and environmental
changes continue to provide opportunities for new and existing diseases [47]. Mass migra-
tions, international trade and travel are notoriously effective at spreading disease to even the
most remote parts of the globe [18]. While emerging and re-emerging diseases are likely to
appear in poorer countires first, they can easily spread to the richer parts of the world [18].
Infectious diseases, especially when an epidemic occurs, continually make costly disruptions
to trade and commerce all over the world [18]. The economic impact has many factors, in-
cluding lowering productivity, reducing foreign investment, and increasing health care costs,



all which can affect the gross national product in many countries [18]. Even a relationship
between disease and political stability, although indirect, exists [18]. Studies have shown
a correlation between TB prevalence, an indicator of overall quality of life, and political
instability [18]. Infectious diseases have an impact on the health of individuals as well as
whole societies, economies and political systems [18]. Thus, the emergence and re-emergence
of diseases have lead to a revived interest in infectious diseases [26].

Mathematical models are important tools in analyzing the spread and control of in-
fectious diseases [26]. Mathematical models and computer simulations are useful to build
theories, test them, assess quantitative conjectures, answer specific questions, and determine
conceptual results such as thresholds, basic reproduction numbers and contact numbers [26].
The first known epidemiological model was formulated and solved by Daniel Bernoulli in
1760 to evaluate the smallpox virus [26]. In 1906, Hamer analyzed a discrete time model
to understand the recurrence of measles epidemics, which may have been the first model
to assume that disease incidence is related to the population densities of susceptibles and
infectives [26]. Ross developed differential equation models for malaria in 1911 [26]. Starting
1926, Kermack and McKendrick published papers on epidemic models and first obtained the
epidemic threshold result that if a critical value of the susceptibles density was exceeded then
an epidemic outbreak would occur [26]. Deterministic epidemiological models mostly started
in the 20th century, yet have grown exponentially be the middle of the 20th century [26].
Mathematical models have been formulated for diseases such as measles, rubella, chicken
pox, whooping cough, diphtheria, smallpox, malaria, onchocerciasis, filariasis, rabies, gonor-

rhea, herpes, syphilis, and HIV/AIDS [26].

The prediction of disease evolution and social contagion processes can be conceptualized
with mathematical models of spreading [8]. These models evolved from simple compartmen-
tal approaches to structured frameworks in which heterogeneities present at the community
and population levels are becoming increasingly important features [3,8]. As the case is in
many models; there is an interplay between the simplicity of the models and the accuracy of
its predictions [8]. A vast majority of these models assume that individuals in populations
interact uniformly, which is called the “mass-mixing” assumption. While this assumption
simplifies most models and allows for straightforward analysis and understanding of the dy-
namics, it can be beneficial to formulate models with a more realistic approach and compare
the behaviour to the simpler models. The assumption that all individuals have a uniform
contact pattern; that is, any person has an equal chance of contracting or transmitting the
disease with any other person in the population, is oversimplified and unrealistic. One alter-
native to the mass-mixing assumption is the concept that each individual interacts within
a network of relationship and contact patterns. It is more realistic that a person would
transmit or contract the disease from their own neighbourhood of individuals which they
have contact relationships with. Network analysis has been a useful explanatory tool that is
relevant to epidemiology because social importance of an individual is closely linked to their
role in disease spread [29]. Networks and epidemiology of directly transmitted diseases are



fundamentally linked [29].

Another convention of infectious disease models in epidemic literature assume that the pa-
rameters, such as the transmission rate, are constant in time [40]. A more realistic approach
is to assume that the transmission rate is time-varying, for instance, childhood infections
have been shown to peak at the start of a school year and decline significantly in the summer
months [30]. There are many factors that possibly cause a seasonality effect in the spread
of disease, for instance changes in host behaviour, changes in the abundance of vectors (due
to weather), changes in host immunity, and changes in pathogen survivability outside their
hosts [16,21].

Many systems encountered in practice exhibit switching behaviour between different sub-
systems depending on various external or environmental factors [36]. Switched systems are
types of hybrid systems that can model real world complex systems, such as mechanical
systems, the automotive industry, aircraft and traffic control, robotics, integrated circuit
design, multimedia, manufacturing, power electronics chaos generators, and chemical pro-
cesses [14,17,22,36,42]. A switched system is a hybrid system consisting of a family of
continuous-time subsystems and a rule that orchestrates the switching between them [36].

1.1 Contributions

The main objective of this thesis is to extend existing literature by formulating new epidemi-
ological models with network contact patterns and time-varying transmission rates and to
study the behaviour of these models. We will develop critical threshold criteria for epidemic
outbreaks in network disease models with the addition of switching, the abrupt change in
dynamics of the systems at certain switching times. The switching will allow for the trans-
mission rate to vary in time and be approximated by a piecewise constant function. Although
there are some studies on disease models with the network mixing assumption, there is a lack
of deterministic models over networks with time-varying parameters. The switching is a new
approach to combine in models with interpersonal contact patterns of disease transmission
thought of as a network.

Classical models such as SIS, SIR, SIRS and SEIR models will be studied over the net-
work mixing assumption and with a time-varying transmission rate. Further, the network
approach will be considered on multi-city models, at first on a model with two cities and then
with an arbitrary number of cities. Control schemes including constant and pulse control will
be considered on these models. Vaccination and treatment are control schemes often found
in literature. We also consider screening processes as a control for multi-city models, where
infected individuals are screened and restricted of travel. We will use the control schemes
and determine how they apply to switched epidemic network models.

We support our theory with simulation results.



1.2 Guide to Thesis

The thesis is structured as follows:

Chapter 2 This chapter provides necessary mathematical background including ODE
theory, epidemiological modeling and switched hybrid systems.

Chapter 3 Introduction to epidemiological models using a network mixing assump-
tion in lieu of the conventional mass mixing assumption. Stability of the disease-free and
endemic equilibria is analyzed and simulations are given to back up analysis.

Chapter 4 A switching parameter is introducted to basic SIS network models including
only two main disease classes, susceptible and infective (to then be divided into sub-classes
by network degree). Numerical simulations are given under simple switching techniques to
support analysis.

Chapter 5 Switched transmission rates are introduced to more complicated models,
with 3 or more disease classes as well as multi-city models. Lyapunov techniques are used
to show exponential and asymptotic stability and simulations are provided to demonstrate
numerical examples.

Chapter 6 Control schemes are applied to switched SIR type network models. Con-
stant control is first investigated where vaccination and treatment are considered. Also,
screening processes where travel is restricted is studied in multi-city models. Then pulse
vaccination and pulse treatment are studied and compared.

Chapter 7 Conclusions and ideas for future directions are given.



Chapter 2

Mathematical Background

In order to study epidemiological network models with switching, we first need to estab-
lish mathematical background theory covering ordinary differential equation (ODE) theory,
switched systems theory, and mathematical epidemiology.

In Section 2.1, some preliminary theory will be given on ordinary differential equations,
which is the backbone for all the topics covered in this thesis. It will formally provide im-
portant fundamental theories including the structure of ordinary differential equations, the
existence and uniqueness of a solution to the system, and methods of proving the stability
of equilibrium points using Lyapunov functions.

In Section 2.2, a brief introduction to switched systems will be given, including equi-
libria and stablity analysis methods using common Lyapunov functions.

In Section 2.3, mathematical epidemiological theory will be covered including the model
formulation of infectious disease spread. The idea stems from compartmental models, and
the use of deterministic ordinary differential equations. Important concepts such as popu-
lation densities, threshold criteria, and whether or not an epidemic outbreak will occur will
be discussed. Further, some background on control schemes as they apply to epidemiology
is given.

2.1 Differential Equation Theory

In this section we provide some preliminary background theory on differential equations.
The material in this section is taken from [38] unless stated otherwise. A general ordinary
differential equation (ODE) has the form

'(t) = f(t, (1)) (2.1)

which is a general dynamical system often used in epidemiology. This system is called
nonautonomous because the right-hand side is dependent on the time variable ¢ as well as



the state variable x(t). The system is called an initial value problem (IVP) if we have an
initial condition (IC)

l'(to) = 2o
It is important to analyze whether this system (2.1) of differential equations has a solution,

whether or not it is unique, and the stability of that solution in order to understand and
predict its behaviour.

2.1.1 System of Ordinary Differential Equations

Consider a general system of automonous ordinary differential equations (ODEs) having the
form:

¥ = f(x) (2.2)
where = (z1(t),...,2,(t))" and f(x) = (fi(x1, ..., Tn);s ooy fu(T1, ..y 2,))T. This system
is called autonomous because f(z) is independent of ¢. If an initial condition is known,

x(tg) = xo € Q C R™, where  is an open subset of the n-dimensional Euclidean space, R™,
and to € R, then the system becomes an initial value problem (IVP) as follows:

r' = f(x)
(4o o

The solution to this IVP is a differentiable function ¢(t;x) if ¢'(t;x0) = f(o(t;20)), for
all t € R,.. Without loss of generality, we can take t; = 0 since the IVP is autonomous.
In general, there is no known method to solving system (2.3). However, it is not always
necessary to know the exact solution(s) of (2.3), but rather more interesting to know whether
or not a solution exists, and if that solution is unique. The following theorems explain some
conditions on which a unique solution exists, starting with local uniqueness.

Theorem 2.1.1. Let Q be an open subset of R" and assume that f € C'[Q,R"]. Then
Vg € Q, there exists an o > 0 such that the IVP (2.3) has a unique solution ¢(t;xg) on the
interval [—a, a.

The set of continuously differentiable functions that map €2 to R™ is denoted as C''[Q, R"].
This theorem gives us local uniqueness in a neighbourhood of radius a > 0 however in
applications including epidemiology, it is important to know that a unique solution exists
for all time ¢ > 0. Before establishing global existence, we need the following definitions:

Definition 2.1.1. Let ¢(t) be a solution to the initial value problem (2.3) on an interval J.
The interval J is called a right-mazimal interval of existence for ¢(t) if there does not exist
an extension of ¢(t) over an interval Jy with ¢(t) remaining a solution of the IVP and J is
a proper subset of J; with different right endpoints. A left-mazximal interval of existence for
o(t) can be defined similarly. A mazimal interval of existence for ¢(t) is an interval which
15 both a left-maximal and right-mazximal interval.

The following theorem and corollaries can now be stated.
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Theorem 2.1.2. Let Q2 be an open subset of R" and assume that f € C*[Q,R"] and let ¢(t)
be a solution of the IVP (2.3) for some initial condition xo €  on some interval. Then
o(t) can be extended over a mazximal interval of existence, (a*,[*), and ¢(t) tends to the
boundary of Q0 ast — * and t — .

Corollary 2.1.1. Let f(x) be continously differentiable on R™ and ¢(t) be a solution on
a right(left)-mazimal interval J. Then either J = [0,00) (J = (—00,0]) or J = [0, (%)
(J = (a*,0]) with f* < 00 (a* > —o0) and ||x(t)|| = 00 att — p* (a*)

Here the Euclidean norm is assumed, so [|z(t)|| = \/21(t)2 + 22(£)2 + ... + 2, ()%

Corollary 2.1.2. Let f(x) be continously differentiable on R™ and ¢(t) be a solution on a
mazximal interval J. Then J = (—oo,00) if one of the following is true

1. ¢(t) is bounded on J,
2. f(z) is bounded on R"

The following definitions are helpful in understanding the sufficient conditions for a so-
lution to exist for all future time, ¢t > 0, or on a maximal interval of J = [0, 00).

Definition 2.1.2. A subspace D C Q) is said to be an invariant set of (2.3) if all solutions
x(t; o) starting in D remain in D for all time t € R.

Definition 2.1.3. A subspace D C Q is said to be a positively invariant set of (2.3) if all
solutions x(t;xo) that start in D remain in D for all time t > 0.

Definition 2.1.4. A set D C () is said to be compact if it is closed (contains all of its limit
points) and bounded (there exists an M > 0 such that ||x|| < M for all x € D.

Corollary 2.1.3. Let f(z) € C'[R",R"] and let x(t; xo) be a solution of the IVP (2.3) on a
right maximal interval J. Suppose that D is a compact set that is positively invariant to the
IVP (2.3). If xo € D then the maximal interval of existence is J = [0, 00)

Unfortunately, there is no general method for solving a nonlinear IVP analytically, and
often it can be difficult to do so. However, information about the behaviour of the solu-
tion can still be gathered for many real world applications including disease modelling. For
instance, finding what the long-term behaviour of the solution is, whether the solution con-

verges to a constant value, a periodic solution, or diverges. This leads us to studying the
stability of the IVP.

Suppose that n = 2 and the rates of growth of x;(t) and z5(t) are governed by sys-
tem (2.3). We are not really interested in the exact values of x1(t) and z5(t) at every time ¢,
but rather we are interested in the qualitative properties of x1(t) and z5(t). Do there exist
specific values 7; and 7, such that z;(t) = n; and x5(t) = 7o are solutions of the system
and allow for both rates to co-exist and maintain their values in steady state? Such val-
ues in differential equation theory are called equilibrium values, leading us to the following
definition.



Definition 2.1.5. A point Z is said to be an equilibrium point of the system (2.3) if f(z) = 0.

We introduce these stability concepts to aid in analyzing the long-term behaviour of the
IVP.

Definition 2.1.6. Assume f(0) = 0 and suppose there exists a solution of the IVP (2.8)
o(t; o) such that ¢(0,;xo) = xo where xg € ), then the equilibrium point x = 0 is said to be

1. stable if Ve > 0, to € Ry, there exists § = § = (to,€) > 0 such that if |xo| < 0 then
ot zo)|| < € fort =0,

2. asymptotically stable if (1) holds and Yty € R, there exists o(tg) > 0 such that if
|zo| < o (ty) then limy_,o P(t; 20) =0,

3. exponentially stable if ||¢p(t; zo|| < k||zo|le™, V& > 0 where k > 1, v > 0, for all
||zo|| < ¢ for some ¢ > 0,

4. globally asymptotically (exponentially) stable if it is asymptotically (exponentially) sta-
ble and o (c) is arbitrary,

5. unstable if (1) fails to hold.

Also note that exponential stability implies asymptotic stability. Asymptotic stablity is
useful to understand the long term behaviour of the system, while exponential stability gives
more information about the rate of convergence of the solution to the origin. Stability in
general is helpful in understanding whether two solutions that initially start close to each
other will stay close to each other. Another useful theorem in analyzing stability is the
following in regards to the linear case.

Theorem 2.1.3. Suppose we have the system:
= Ax (2.4)

where A € R™" is a Hurwitz matriz (all eigenvalues have negative real part), then the origin
of the system (2.4) is asymptotically stable. If there exists an eigenvalue A of A that has
positive real part, then the origin is unstable.

In the case of nonlinear IVPs, one approach is linearizing the system about an equi-
librium point to obtain information about the stability of that point. We define the Ja-
cobian matrix as the n x n matrix denoted as D f(x) which represents the derivatives of

f(x) = (fi(z1, ., Tn),s ooy fr(T1, ooy ),
_ 0f;
N 8xj
where 7,7 = 1,...,n. If we let & be close to the equilibrium point z, then by Taylor’s
theorem,

Df(x)



flz) = f(x) + Df(z) - (z — 7) + R(Z, x)
Because all equilibrium points can be shifted to the origin, and because f(0) = 0 then,

f(z) = Df(0) -z + R(x)

where R(z)/||z|| — 0 as  — 0. Then the nonlinear system can be written as

¢ = DJ(0) -« + R(x)

which leads to the linearization of the nonlinear system.

2 =Df(0)- 2 (2.5)

This linearized system (2.5) can give information about the general nonlinear system
(2.4) in the following theorem.

Theorem 2.1.4. Suppose that f(0) = 0 and the constant matriz D f(0) is Hurwitz. Then
there exists a neighbourhood U about the origin such that for some constants M, k > 0 the
solution @(t; o) satisfies

|6(t; 20)|| < Me™™||z]], Vo € U, >0
and the equilibrium is asymptotically stable.

Another technique to determine stability is the method of Lyapunov functions, developed
by A.M. Lyapunov in 1892.

Definition 2.1.7. Let V : Q — R be a continuous and differentiable function. Then the
derivative of V' along solutions of the IVP is defined as follows:

V()= D _ gy piw)

where V represents the gradient operator and - is the dot product. This auxilary function
V' is often called the Lyapunov function and in many cases V' (x) represents the total energy
of the system.

Theorem 2.1.5. Let f(z) =0, Q C R" be an open set containing T, and let V € C*[Q, R].
Assume that V(z) =0 and V(z) > 0 if x # T. Then,

1. if V(z) <0, z € Q then T is stable.
2. if V(z) <0, z € Q\{Z} then T is asymptotically stable.
3. if V(x) >0, z € Q\{Z} then T is unstable.

Lyapunov functions will be used to prove asymptotic stability of epidemic models later
in the thesis.



2.1.2 Impulsive Differential Equations

Many evolution processes are characterized by the fact that at certain moments of time they
experience an abrupt change of state [32]. The short-term perturbations have a duration
which is negligible compared to the duration of the process [32]. This leads to a natural
assumption that these perturbations act instantaneously in the form of impulses [32]. Im-
pulsive effects are exhibited in many real-world problems, including bursting rhythm models
in medicine, optimal control models in economics, and many biological phenomena involving
thresholds [32]. This leads to the idea of impulsive differential equations (IDEs), differential
equations involving impulsive effects.

First, we construct the Dirac delta function in order to introduce a system of impul-
sive differential equations. Consider the following function for any € > 0,

1

— <t<
=4 o '='=¢

0,

The Dirac delta function is defined by the integral:

/ﬂ%@ﬁzﬂm

The Dirac delta function is a generalized function, which can be regarded as the limit of
the sequence of functions 6(t) = lir% I.(t). It is possible to translate this result,
€E—

/juwa—@wzfm>

If we introduce the Dirac delta function to the IVP (2.3) as an input control u(t) as
in [22], we get

l‘(t()) = 2o

{ 2(t) = fz(t)) + u(?), (2.6)
where

u(t) =c Y x(t)5(t —ty)
k=1
for some constant ¢ > 0. We take {t;}7°, to be a sequence of times which define the
moments of impulses where 5 < t] <ty < ... <t < .. — 00 as k — oo. During intervals of
no impulses, t # ¢, the system acts as the ordinary differential equation system (2.3), and at

the times ¢t = t;, an impulsive force with magnitude c is applied to the system. The control
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acts as an impulsive force. Define z(¢;) = limy o+ z(tx + h) and Az(ty) = z(t]) — z(ty),
then the system (2.6) with the impulsive control can be re-written as [32]:

¥ = f(x), t € (tp_1,ts,
Ax = cx, t = tg, (2.7)
x(tg) = :C07 k == 172,

This system is called an impulsive differential equation (IDE) IVP. It models the impul-
sive effect by the change in the system at impulse times, shown in the second equation of
the system.

To further generalize an impulsive differential system, we consider an evolution process
described by the following [32]:

1. a system of differential equations, as explicitly stated in the IVP (2.3)
2. the sets M (t), (N(t) C Q for each t € R

3. the operator A(t) : M(t) — N(t) for t € Ry

With ¢(t, z9) being a solution to the IVP (2.3), the point P, = (¢, ¢(t)) begins its mo-
tion from the initial point, P, (to,zo) and moves along the curve {(t,¢) : t > to, ¢ = ¢(t)}
until the time ¢; > ¢, at which the point P, meets the set M(t) [32]. At the impulse time,
t = t1, the operator A(t) transfers the point P, = (t1,¢(t1)) to Py = (t1,27) € N(ty), with
27 = A(ty)z(t;). The point continues to move along the curve with ¢(t) = ¢(t,z]) as the
solution of (2.3) now starting at P, = (¢;,x]) until ¢, > ¢; when it reaches the set M (t) [32].
The process continues again with the point P, and so forth, as long as the solution of (2.3)
exists. The set of relations (1.), (2.), and (3.) characterizes an impulsive differential sys-
tem [32]. The curve described by the point P, the integral curve and the function defines
the solution of the impulsive differential system [32].

The impulsive differential solution may be a continuous function if the integral curve
does not cross the set M(¢), or if it hits it at the fixed points of the operator A(t) [32]. The
solution may also be a piecewise continuous function with a finite number of discontinuities if
the integral curve meets M (t) at a finite number of points which are not fixed points of A(t),
or the solution could be a piecewise continuous function with a countably infinite number of
discontinuities.

The impulses ¢, at which the point P, crosses the set M (t) are called moments of im-
pulsive effect [32]. Without loss of generality, we can assume the solutions of the impulsive

differential system are left continuous at ¢, k = 1,2, ..., that is [32]:

v{ty) = lim oty — h) = 2(t)
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This generalization of impulsive differential systems gives rise to a variety of types of
systems. We will discuss systems with impulses at fixed times. Let the set M(t) represent
a sequence of places t = t;, where t, — 0o as k — oo. Let A(t) be defined for ¢ = ) so the
sequence of operators { A(k)} is given by [32]

Ak): Q= Q, z— A(t)r =z + Ix(z)

where I : © — Q. Then the set N(¢) is also defined only for t = ¢, and therefore
N(k) = A(k)M (k). This describes a simple impulsive differential system with impulses
occurring at fixed times [32]:

2'(t) = f(x), t#t, k=12 ..
(ty) = 29
The impulsive functions I (x) provide a more general characterization than the impulsive

system from (2.7) with the constant c. A solution ¢(¢, zg) of the impulsive differential system
(2.8) on the interval (a, 3) satisfies [32]

L (t,¢(t, o)) € Rx Qfor t € (o, 8) and (¢(t], 29)) = @ where xg € Q,

2. fort € (o, B), t # tw, ¢'(t,x0) = f(&(t, 20)), and

3. ¢(t,xo) is continuous from the left in (a, 8) and if ¢ # o # B then @(tf,z0) =
¢(te, wo) + Li(¢(tx, To))-

Note that if ¢y # 0, it is possible to shift the initial time to zero using 7 = ¢ — ¢,. Then
system (2.8) becomes

= f(x)a TE (hkfla hk]?
Axr = px, T = hy, (2.9)
z(07) = zo

where hy = t, — to [32]. Then without loss of generality, we may take to = 0.

Next, we establish some existence and uniqueness theorems for impulsive differential sys-

tems. The following two theorems are based on those found in [6] for the non-autonomous
case. First we establish existence on a local interval.

Theorem 2.1.6. If f € CYQ,R"] and y + Ix(y) € Q for each k = 1,2,... and y € 2, then
for each xy € Q there exists a unique solution ¢(t,zo) of the IVP (2.8) which is defined in
an interval of the form (tg,w) where w is a constant, and is not continuable to the right.

Now we establish conditions for global existence of a solution, also based on a theorem
found in [6].
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Theorem 2.1.7. Suppose f € C'[Q,R"] and y + Ix(y) € Q for each k =1,2,... and y € Q.
Let ¢(t,x0) be a unique solution of the IVP (2.8) on a maximal interval J*. If there erists
a compact set D C Q) such that ¢(t, o) € D fort € Jt then J* = (ty, 00).

Uniqueness is straightforward from the non-impulsive case [32].

Theorem 2.1.8. Uniqueness of solutions of the IVP (2.3) for every (to,xo) implies the
uniqueness of solutions of the IVP (2.8).

2.2 Switched Systems

2.2.1 Introduction

A hybrid system is a system in which continuous and discrete dynamics interact to gener-
ate the evolution of the system state [51]. Switched systems are types of hybrid systems
that evolves according to mode-dependent continuous and discrete dynamics. The system
experiences abrupt transitions between modes triggered by a logic-based switching rule [51].
The switching rule could be based on a vast variety of concepts, for instance by environ-
mental, seasonal, or behavioural factors. The switching rule could be time-dependent, or
state-dependent. A switched model is a family of invariant ordinary differential equations,
as shown below:

dx
i fi(z)

with {f; : i € P} being a family of sufficiently regular functions and P is the index set,
assumed to be finite, P = {1,2,...,m}. The switching signal, o(¢) is a function which
is assumed to be deterministic where o : [tx_1,tx) — P.. Note that o(t) is a piece-wise
continuous function from the left. For this thesis, we denote S as the set of all possible
switching signals, thus o(t) € S. From this we get a family of ODE systems. The set of
{tx}72, are the switching times with 0 < t; <ty < ... <t < ... and t; — 00 as k — co. At
switching time ¢ the system changes from o(t,) to o(ty).

o(ty) = hligi o(ty —h)

This system has a family of solutions z(t) that depend on the switching signal ¢ and the
initial conditions. Thus the switched system can be written more compactly:

dx
= = 1)

with initial condition of z(0) = zo. For a particular choice ¢ € P, 2/ = f;(x) is called a
subsystem or mode of the switched system.
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2.2.2 Equilibria and Stability

The switched system has an equilibrium point z if f;(z) = 0 Vi € P. Basically each i-th
subsystem have this equilibrium point in common. The interest is in analysing the equilibria,
and what the requirements are for asymptotic stability. Clearly a necessary condition for
asymptotic stability under arbitrary switching is that all individual subsystems are asymp-
totically stable [36].

If the p-th subsystem is unstable, then by setting o(t) = p the switched system will
be unstable. Also, this condition is not sufficient if the switching signal causes instability.
One condition that guarantees that the trivial equilibrium is asymptotically stable is the
existence of a common strict Lyapunov function.

Definition 2.2.1. [4] The auziliary function V(z) € C*[D,R,], where D C R" is an open
set, is a common strict Lyapunov function if V' is positive definite and VV (x) - fi(x) < 0 for
all z € D\{0} and for all subsystems i.

Theorem 2.2.1. [36] If the switched system has a common strict Lyapunov function V(x)
then the origin of the system is globally asymptotically stable for arbitrary switching.

Another important concept is multiple Lyapunov functions. Assume that all subsystems
1 are stable and each of them has a Lyapunov function.

Definition 2.2.2. [/] A switched system has multiple strict Lyapunov functions if for each
subsystem i there erists a function V; € CY[D,R,], D C R"™ an open set, that is positive
definite, and for all x € D\{0}, VV;(z) - fi(x) < 0.

Theorem 2.2.2. [2/] If the switched system has multiple strict Lyapunov functions {V; : i €
P} such that

Vo (2 () < Vi, (2(tr))

at every switching time t, where the switching rule o switches from py to ps, then the trivial
solution of the system is globally asymptotically stable for arbitrary switching.

2.3 Epidemic Modelling Background

This section provides a brief overview of how infectious disease models are formulated and
analyzed. We will cover some classical models which will later be further investigated by the
addition of network mixing and a switched transmission rate.

2.3.1 Model Formulation

In this thesis, the continuous deterministic approach is taken where the spread of infectious
disease is modelled as a system of ordinary differential equations. The simplest class of epi-
demic models makes the assumption that the population can be divided into different classes
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or compartments depending on the stage or status of the disease [3,5,13,15,26]. Typical
compartments include the susceptible class, S, for individuals that are currently healthy but
able to contract the infectious disease, the infected class, I, for infected individuals that
already have the disease and can pass the disease to others, and the recovered class, R,
individuals who have recovered from the disease and have immunity from the disease. Oc-
caisionally there are added classes, for instance an exposed class, E, that have experienced
exposure from the disease but are not currently infectious, or perhaps a vaccinated class,
V', that have received vaccination and thence also have some immunity from the disease,
without having contracted the disease. The flow of individuals between classes depends on
the specific disease in analysis, whether incubation periods, vaccination control schemes,
short-term or life-long immunity for recovered individuals are included in the assumptions
or not. Naming types of models depends on the flow of these individuals, for instance there

can be SIS, SIR, SIRS, SEIR, SEIRS models to name a few.

The flow of individuals depends on model assumptions and parameter values, however
in many cases the flow of individuals from the susceptible class S into the infected class I
depends on a contact rate, 5. Assuming the population mixes at random means that each
individual has a small and equal chance of coming into contact with any other individual.
This traditional assumption is called the fully mized or mass-action approrimation. The
term, mass-mixing or uniform mizring is also used. The disease is transmitted when an in-
fected person comes into contact with a susceptible person. Thus the force of infection can
be calculated as broken down as in [29]:

A = transmission rate
x effective number of contacts per unit time

x proportion of contacts which are infectious
1
X N X — 2.10
T XX (2.10)
1

N

8

The term [ consequently and conventionally represents the contact rate, which is the trans-
mission rate times the effective number of contacts per unit time. In many cases, we consider
population proportions instead of numbers of individuals, which then N = 1 and the contact
rate is a constant term, thus the force of infection becomes \ = .

This method of transmitting and contracting the disease is known as horizontal trans-
mission. However, the disease can also be obtained by a second way: vertical transmission.
Vertical incidence is usually represented in models by assuming that a fixed fraction of new-
borns are infected transplacentally, by a mother who has the disease and transfers it to their
unborn or newborn child [26]. Both ways of obtaining the disease will be considered in the
models in this thesis.
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It has been discovered that in acute infections, the duration of the infecious period is
distributed around a mean value [30]. The probability that an individual recovers from the
infected class is dependent on how long they have been infected [30]. Conventional models
assume that the infected individuals recover linearly with recovery rate g > 0 which corre-
sponds to an average infectious period of 1/g. This assumption leads to an exponentially
distributed infectious period, and the fraction of infectives that are still infected after ¢ units
of time is P(t) = e~9" [26]. For instance, the average infectious period for having measles is
about one week [26]. There are other approaches to constructing the recovery concept such
as assuming individuals have a waiting time 7 and then are immediately recovered which
results in a delay differential equation, but the models we investigate will use the constant
recovery rate assumption. The recovery incidence will be gI, which is removed from the
infected class but added to another class, such as the susceptible class or the recovered class,
depending on the flow of the model. More detail will be explained in the examples of classical
models.

2.3.2 Threshold Values

An important threshold value in epidemiology is the average number of secondary infections
produced when one infected individual is introduced into a host population where everyone
is susceptible is called the basic reproductive number, usually denoted as Ry [26]. Note
that Ry is also called the basic reproduction ratio or the basic reproductive rate [26]. In
many deterministic epidemiological models, an infection can get started in a fully susceptible
population if and only if Ry > 1 [26]. In mathematical epidemiology, it is usually the case that
if the model’s basic reproduction number satisfies Ry < 1, then the disease will eventually
be eradicated. If the disease is not eradicated, it is said that the disease is persistent and
there is usually an endemic equilibrium. It is usually the case that Ry > 1 implies that the
endemic equilibrium is asymptotically stable. However, this is not always straightforward to
prove, and so an alternative method of demonstrating that the disease maintains an endemic
state is proving the persistence or permanence of the disease, definitions of which are found
in [20].

Definition 2.3.1. A disease is said to be persistant if there exists an n > 0 (independent
of initial conditions) such that the solution of I(t) of the system with initial conditions
I1(0) = Iy > 0 satisfies

lim infI(t) >n

Definition 2.3.2. A disease is said to be permanent if there exists a compact region
in the interior of Q0 such that every solution I(t) of the epidemiology system with initial
condition 1(0) will eventually enter and remain in the region €

There are two other threshold quantities, the contact number ¢ and the replacement
number R. The contact number o is defined as the average number of adequate contacts of
a typical infective during the infectious period [26]. Here, by adequate contact we mean one
that is sufficient for successful transmission of the disease, if the contact by a susceptible
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Ry | Basic reproduction number
o Contact number
R Replacement number

Table 2.1: Threshold Values for Epidemiology

individual is an infective [26]. The replacement number R is defined as the average number
of secondary infections produced by a typical infective during the entire period of infectious-
ness [26].

Note that these three threshold quantities, Ry, o, R, are all equal at the beginning of the
spread of an infectious disease [26]. Ry is only defined at the time of the disease invasion,
but o and R are defined for all time [26]. Either ¢ remains equal to Ry as it does in most
models, or it becomes less than the basic reproduction number, in cases where new classes
of infectives with lower infectivity appear when the disease has entered the population [26].
The replacement number is the number of secondary infections from a single infective, so as
time goes on and there are less susceptible people to infect, R is always less than Ry [26].
Further, the replacement number R is always less than the contact number o after the
invasion, therefore: [26]

RO 2 o Z R

with all quantities equal at the time of invasion. Thresholds that dictate whether a disease
eradicates or persists are very important in epidemiology [54].

2.3.3 Classical Models
The SI Model

The fully mixed susceptible-infected model (or SI model for short) is one of the most sim-
plest versions of disease models where there are just two states, susceptible (denoted by S),
and infected (denoted by I). The flow of this model is S — I, which gives the name the SI
model [45].

S infection I

Figure 2.1: Flow diagram of population movement in a basic SI model (S: Suscep-
tible, I: Infected)

Assume the total population consists of N people, and the number of people that are
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susceptible and infected are denoted, respectively, as S.(t) and I.(t), thus N = S, + I.. To
formulate the model, the following assumptions are made:

1. All individuals in the population mix homogeneously; every individual has an equal
probability of coming into contact with any other individual in the population.

2. The rate of increase of infectives (and rate of decrease of susceptibles) by the con-
traction and transmission of the disease is proportional to the number of infectives
and susceptibles, normalized by the total population. This calculation of the force of
infection demonstrates the mass-mixing assumption, causing the incidence rate to be
BScl./N where > 0 is the contact rate, defined as the transmission rate times the
average number of contacts a person makes per unit time.

3. The incubation period of the disease is negligible; we assume when a susceptible makes
adequate contact with an infective, they are immediately infectious and able to transmit
the disease to a different susceptible.

4. The dynamics of the disease are short enough such that population dynamics are
negligible, thus we assume a constant population.

Then we have the following system as shown in [45]:

S,I
Si(t) = —f—
Sclfv (2.11)
L(t) = B~

Since S.(t) + I.(t) = 0, the total population remains constant and it is often convenient
to normalize the variables using S = S./N and I = I./N,

{ 5= —BSI (2.12)

I'=pSI

Population proportions will be considered in the models constructed for the remainder
of the thesis. The meaningful physical domain is Dg; = {(S,I) € R%|S + I = 1}, which is
invariant to the system since S+1=0andsS |s=0 = 0 and I |70 = 0. Moreover, because
S + I =1 we can reduce the system to just one equation,

I'=p(1-1)I

which takes the form of a Bernoulli differential equation which can be solved by dividing by
I? and making the substitution v = I!. After plugging in the initial condition I(0) = I, we
get the following solution:

Ioeﬁt
N Ioeth +1-— ]0

I(t)
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Clearly, this I(t) approaches the value of 1 as ¢ — co. This can be seen easily by plot-
ting this function and seeing that it produces the S-shaped logistic growth curve [45]. The
disease takes over, since infected individuals remain infectious forever, causing the disease
to eventually spread to every person. The curve grows exponentially at first, but then satu-
rates as the number of susceptibles decreases and the disease has a difficult time finding new
victims [45]. The SI model is a very simplified model and often can be extended to make it
more realistic or appropriate for a specific disease [45].

The SIS Model

An extension of the SI model allows for reinfection, while remaining a simple model with
just two states, is the susceptible-infected-susceptible model, or SIS model for short [45]. The
SIS model assumes that susceptible individuals that contract the disease are then moved
into the infected class, but once they have recovered from the disease they are immediately
considered susceptible again. In other words, individuals cannot gain any sort of immunity
after having the disease. Some diseases, such as gonorrhea and other sexually transmitted
diseases, do not give acquired immunity to the host [54]. The SIS model has been thoroughly
analyzed in literature, for example [25,27,30,49]. The SIS model is predominanatly used
for sexually transmitted diseases (STDs) such as chlymadia and gonorrhea, where repeat
infections are common [19, 28].

We have the same assumptions as in the SI model, but additionally a fifth one,

5. Assume that the recovery rate of infectives is proportional to the number of infectives,
with recovery rate g and hence the average infectious period is 1/g.

S infection I

“recovery

Figure 2.2: Flow diagram of population movement in a basic SIS model allowing reinfection
(S: Susceptible, I: Infected)

The differential equations for the SIS model, taken from [45], are as follows:

S' =gl — BSI (2.13)
I' = BSI — gl '

where S and I are the proportion of the population that are susceptible and infected, re-
spectively, and the physically meaningful domain is again Dg; from the previous SI model.
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The domain is invariant to this system since S+1=0and S|5:0 =gl >0 and j|1:0 =0.
Substitute S = 1 — I to reduce the system to one-dimension, we get a similar Bernoulli
differential equation:

—(B—g)l =—pI"
which has the solution [45]:

(B — g)eP=91L,
Be@=9thy + (B — g) — Blo

Note that if § < g then the disease will die out exponentially. However, if g > g then the
function produces a logistic growth curve but the disease never infects the entire population
(i.e., I(t) does not approach 1) and instead there is a limit where the system finds a stable
state [45]. Another perspective of this dynamic is to consider the basic reproduction ratio,

= [3/g, which determines the threshold criteria. If Ry < 1 then the disease is eradicated
in the population, but if Ry > 1 then the system reaches an endemic solution and the disease
persists. Ry = 1 marks an epidemic transition between a state in which the disease spreads
and one in wihch it does not [45].

I(t) =

One assumption that could be added to epidemic model is that the duration of the
disease is significantly long enough such that population dynamics become important. We
can choose to incorporate the birth and death of the population. Assume that pu > 0 is the
birth rate, which is equal to the natural death rate. This implies that the average lifetime
is 1/p. It is assumed that all individuals may have children, and that the children are born
healthy and thus enter the susceptible class. The SIS model with population dynamics is
given as [25,26,30,49]:

(2.14)

S'=pu—pSI—uS+gl
= BSI — gl — ul

where S, I represent population proportions in each class. The physically meaningful domain
Dg; is invariant to the system as S+1=1, S|5 o=p+gl >0 and ]’I o = 0. The basic
reproduction ratio is now also dependent on p:

B
Kt g

This system has two equilibria, a disease-free solution Fy = (1,0) and an endemic equi-
librium E* = (S*, I*) where

Ry =

Lty p_P-n—g
8

The system can be reduced to one-dimension, and again solve the Bernoulli differential
equation to get:

(B —p—g)eH 9L,
BelB=r=9tly + (B — p —g) — Bly
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If Ry <1 then I(t) converges to zero and the disease-free solution Ej is asymptotically
stable. For Ry > 1, I(t) converges to the endemic value, I* and therefore E* is asymptoti-
cally stable [26]. This threshold criteria Ry determines the long-term behaviour of the disease.

The SIR Model

A common extension of the SIS model is asserting the possibility of recovery from dis-
ease [45]. SIR models have been studied extensively in many literature, including Kermack
and McKendrick in 1927 [25,31,49]. In an SIR model, people recover from the infection
because their immune system fights off the agent. The infected gain life-long immunity and
are moved into the recovered class and can never contract the disease again. Then infected
persons recover at some constant average rate, g > 0.

The system of differential equations have 3 variables, with the added R class for re-
covered individuals [45].

S'=—BSI
I' = BSI — gI (2.15)
R =gl

where (3 is the contact rate and g is the recovery rate. The physically meaningful domain is
Dgsir = {(S,I,R) € R3|S + I+ R = 1}. We assume the initial conditions are inside this
domain, so S(0) > 0, I(0) > 0 and R(0) > 0 such that S(0) + 7(0) + R(0) = 1. To make the
problem biologically interesting, often S(0),1(0) # 0. Since S+ I + R = 0 and S\s:o =0,
I |10 = 0 and R\ r—o = gI > 0, the domain is invariant to the system. Also, the model can
be reduced to be two-dimensional, by omitting the equation for R. This model is well-posed,
mathematically and epidemiologically, and has a unique solution for which all ¢ > 0 given
certain initial conditions [26]. For the disease-free equilibria when I = 0, there are infinitely
many equilibrium points on the S-axis.

We have I' = 3ST—gI = I(8S—g). At initial time ¢t = 0, then I'|,—o = I(0)(8S(0)—g) <
01if S(0) < g/p, thus I < I(0) for all future time and I(¢) converges to 0. If S(0) > g/ then
I'|;—o > 0 and [ is initially increasing, thus there is an epidemic. The basic reproduction
number is defined as,

.
g
If we use I = R'/g to eliminate I, we get
lds _ —pdR
Sdt g dt

which can be integrated with respect to ¢ to get [45]:

S = S(0)e BF/o
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which can be used to determine that lim; ., S(t) is the positive root z of the equation,

g —2)

5(0) exp(— p

) =2
with 0 < z < g/ [49]. So the disease dies out due to a lack of infectives.

If we are given the value of g then the mean infectious period if 1/g. The probabil-
ity of recovering in any time interval 07 is ¢ 07 and the probability of not recovering is
1 — g 67. The probability that the individual is still infected after time 7 is given by

lims;—0(1 — g (57')7/‘57 =e 97

The probability that the individual remains infected for time 7 and then recovers in the
interval between 7+ dr is this quantity times g d7, which is a standard exponential distribu-
tion. Thus, a person is likely to recover quickly after becoming infected, however in theory
they may remain infectious for a period of time that is multiple times longer than the mean
infectious period, 1/g.

This behaviour is not very realistic, but is one of the things that will improve when
we look at network disease models.

The SIR Model with Population Dynamics

It may also be beneficial to consider population dynamics into the SIR model, with the as-
sumption that the disease is long enough that population dynamics are no longer negligible.
If we assume that p is the birth and death rate, then we get the following system [25,26,30]:

S'=pu—pSI—usS
I'=p3SI—gl —ul (2.16)
R =gl — uR

The physically meaningful domain is Dgsg and the initial conditions are S(0) > 0, I(0) > 0,
and R(0) > 0 such that the problem is biologically interesting. Note that since S+7+ R =1
then we have 1 representing the flow of the birth of the population into the susceptible class.
The basic reproduction ratio does not change, as the addition of the recovered class does not
affect the rate of spread of the disease,

B

Ro=—"—,
ptg

which is the same as it was in the SIS case with population dynamics.
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There is a disease-free solution, S = 1, I = 0, and R = 0. Moreover there is an en-
demic solution (S*, I*, R*) where

. Yt . 7 v+ p . Y v+ p
g =11 I* = 1— , R* = 1—
B 'y+u( B ) 7+u( 5 )

which is in the physically meaningful domain if and only if Ry > 1. Note when Ry = 1, we
get S* =1, I* =0, R* = 0. This threshold criteria, Ry, dictates the long-term behaviour of
Ry [26]. It is shown in [26] that if Ry < 1 then (1,0,0) is globally asymptotically stable in
Dgrr while if Ry > 1 then (S*, I*, R*) is globally asymptotically stable.

The SIRS Model

In SIRS models, reinfection is incorporated and the recovered individuals will move into
the susceptible class again after some time of short-term immunity. A new parameter 9 is
introduced which represents the average rate that recovered individuals lose their immu-
nity [45]. The equations for this model are:

S" = 6R — BSI
I'=BSI — gl
R =gl —6R

The variables have been normalized so that S+ I+ R = 1 and each compartment represents
the proportion of the population in each class. The physical domain for this system is
Qsir = {(S,I,R) € R3|S + I + R = 1} which is invariant becase S + [ + R = 0 and
Slg—o = 0R >0, I|;—o = 0 and R|z—o = gI > 0. The basic reproduction number is

where this quantity represents the threshold criteria for whether a disease will die out or
persist.

The SEIR Model

Some diseases incubate inside their hosts for an amount of time before the individual be-
comes infectious. In the previous models, the incubating period is assumed to be negligible.
This may be a poor approximation for certain diseases such as heptatitus B, Chagas’ disease,
HIV/AIDS and tuberculosis (TB) which have very long latent periods, in some cases which
may last years [46].

In SEIR models, healthy individuals are exposed to the disease but are not yet conta-

gious, and then when they become infectious then they are considered to be in the infected
class. This leads to a fourth compartment, the exposed class, E. Assume that susceptible
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individuals that make adequate contact with infectives enter the exposed class, and then
leave the exposed class and become infectious at a rate a > 0. This leads to the following
model, common in literature [30,46].

S'=pu—pSI—uS
E'=pSI —aF — pE
I'=aF — gl — ul
R =gl — uR

(2.17)

with initial conditions S(0) > 0, I(0) > 0, E(0) > 0, R(0) > 0 such that Sy+ Eo+Ip+Ry = 1.
The flow of this model is S —+ E' — [ — R. The physically meaningful domain is Qgsgrr =
{(S,E,I,R) e RYUS+E+I+R=1}. Since S+ E+1+ R =0and S|s—g =p >0,
E'|E:0 = pBSI >0, f|1:0 =aF > 0 and R|R:0 = gl > 0 then the domain is invariant to the
system. For this model, the basic reproduction ratio is

_ Ba
Bo= s

which is again a threshold that determines whether the disease dies out, or there is an
endemic.

(2.18)

2.3.4 Control Schemes

Constant Control

Cohort immunization programs, also known as time-constant vaccination, have been im-
plemented in most developed countries with varying degrees of success [1]. There have
been numerous studies on constant control schemes in the mathematical epidemiology lit-
erature [41]. Under this control strategy, vaccinations are regularly given to individuals in
the population who are susceptible to the disease [41]. We assume that 0 < p < 1 is the
proportion of the susceptibles that are constantly being applied the vaccination control. The
vaccinated individuals then move to the removed class R with permanent or waning immu-
nity, depending on the model. When this control scheme is applied to the SIR model, the
model becomes [30]

S=wu(l—p)—BST—puS

I =pBSI—gI —pul (2.19)

R=gl — uR+ up
with the variables normalized such that S+7+4R = 1 and the initial conditions are biologically
interesting, so S(0) > 0, I(0) > 0 and R(0) =1 — S(0) — I(0). The physically meaningful
domain is Dg;r = {(S,1,R) € R%|S + I+ R = 1}. The effect of the control scheme reduces
the amount of healthy individuals to which the disease can spread, seen in the p(1—p) term.
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If we consider a change of variables where § = (1—p)S, I = (1—p)(I) and R = (1 —p)R+p
then the system above becomes [30]:

S =p—(1—p)pSI—puS
I'=(1—-p)pSI—gl —pul (2.20)
R =gl — uR

which gives the SIR model with population and without vaccination but with a reduced
contact rate of (1 — p)/3. The basic reproduction ratio for this system is [30]:

rp =008 _ )R, (221)

ptg
where Ry is the basic reproduction number from the non-vaccinated model. Therefore we
can make the same analytical conclusions about the asymptotic stability of the disease-free
solution. The control strategy is that for successful eradication of the disease, we require

P > perie Where
1

cri =1-—
Perit Ro

In a case with no vaccination, Ry > 1 would have caused an epidemic but can now be con-
trolled by p to reduce Rj to become less than 1. The larger Ry is, the greater the critical
value of p..;; becomes.

Pulse Control

In contrast to constant control, pulse vaccination schemes are based on the strategy of
applying vaccinations periodically to a large fraction of the population in a very short time
period [41]. Theoretical results have shown that the critical value of p..;; such that p > pg.i
will achieve eradication is lowered in pulse control schemes [1]. Pulse vaccination gained
prominent achievement due to its highly successful application to control poliomyelitis and
measles throughout Central and South America [35]. There was also a successful program of
pulse vaccination in the US for measles in 1994 [35]. Pulse vaccination is a control technique
motivated by noticing that in the SIR model, I' = ST — gI — ul = 1(8S — g — p) < 0 if
S <(g+n)/B.

The idea is to control the susceptible population to remain below the critical value (for
example, Se.w = (g + p)/5 in the SIR model) and eradicate any epidemic by maintaining
I' < 0. By applying this pulse control scheme, a proportion 0 < p < 1 of the susceptible
population is impulsively immunized every T time units. Vaccinated individuals enter the
recovered class and gain immunity to the disease. This control scheme can be modeled by
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an impulsive differential equation system [52]:

( §=p—BSI—ps, te ((k—1)T,kT)
I =881 —gl —pul
R =gl — uR
< S(tt) = S(t) — pS(t), b= LT (2.22)
I(th) = 1(t)
L R(tT) = R(t) +pS(t)

with £ = 1,2,... and normalized variables such that S 4+ I + R = 1. The biologically in-
teresting initial conditions are S(07) > 0, I(07) > 0 and R(0") =1 — S(0%) — I(0") such
that these belong in the physically meaningful domain Dg; g, which is invariant to the system.

In the model, S(KT") = limy_,o+ S(KT + h) is the right hand limit, and AT is the
moment immediately after the k-th pulse. Here (1,0,0) is no longer an equilibrium point
but I* = 0 is still an equilibrium solution for the variable I(¢). Under this condition, the
susceptible population S(t) oscillates with period T', and with I = 0 the system becomes [52]:

S =ul-29), te((k—1T, kT)
R=—uR

S(tt) = S(t) — pS(t), t=kT

R(tY) = R(t) + pS(t)

Assuming [ = 0, the growth of susceptibles in the time interval ¢ € ((k — 1)T, kT]), the
solution of the system is

(2.23)

S(t) =1+ (S((k —1)T) — 1)ert-(k=1T)
R(t) =1—5(t)

Immediately after pulse vaccination,

S(T*) = (1= p)(1+ (S((k = DT) — e

The initial condition ST may change from one pulse interval to another [52]. If we set
ST = ST(kT) = S, then we can deduce a stroboscopic mapping F such that S, = F(S)_)
with Sg_1 = S((k — 1)T"). The map F has a unique fixed point,

L—p)(e —1)

Pulse vaccination yields the sequence Si which must converge to the fixed point S*. As the
orbit converges to the fixed point, the evolution of S(¢) converges to the periodic disease free
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solution for t € ((k — 1)T, kT] [52]:

~(t) T iCi—pen
I(t)=0
R(t)=1-5(t)
Notice that,
dF(S(kT))

— ) =(1-ple* <1
aSOT) |srys P

implying global asymptotic stability of the fixed point [37].

Floquet theory provides a well-defined framework for examining linear systems with pe-
riodic coefficients [52] (for more information about Floquet theory, see [44]). It can be shown
that if (1/7) fOT S(t)dt < (g + p)/B then the periodic solution is locally asymptotically sta-
ble [52].

If we take Rl = (8/(g + p))(1/T) fOT S(t)dt then the condition for local asymptotic

stability becomes R < 1. Notice that since (1/7T) fOT S(t)dt < 1then RY < Ry = B/(pn+g).
The basic reproduction number has been reduced, which is expected of the control strategy.
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Chapter 3

Network Models

3.1 Introduction

One of the most important advancements of theoretical epidemiology has been the devel-
opment of methods that account for realistic host population structure [33]. Models that
predict disease evolution have evolved from simple compartmental approaches into struc-
tured frameworks in which heterogeneities present at community and population levels are
becoming increasingly important features [3,8] (see Figure 3.1).

The foundations of epidemiology and early models were based on population wide random-
mixing, but realistically each individual has a finite set of contacts to whom they can pass
infection, which forms a mixing network [29]. In order to enhance understanding and pre-
diction of epidemic patterns and intervention measures, knowledge about the structure of
mixing networks is important [29]. It is unrealistic that a population mixes randomly and
that each individual has an equal chance of contacting any other individual. It is usually
the case that the number of contacts an individual has is considerably smaller than the
population size [45]. Models that incorporate network structure avoid the random mixing
assumption by assigning to each individual a finite set of permanent contacts who they can
transmit disease to and from [29]. Networks capture the permanence of interactions because
it is not constantly changing as in random mixing models [29].

Basic Network Theory

The study of networks has its grounding in two disparate fields: social sciences and graph
theory [29]. Some terminology in networks, depending on the field of study:

e Graph Theory: “Nodes” and “Edges”
e Social Literature: “Actors” and “Relations”

e Epidemiology: “Hosts” and “Contacts”
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Figure 3.1: Structures at Different Scales in Epidemic Modelling, with different
shades corresponding to different stages of the disease. Based on an image from [8]. The
left-most image represents homogeneous mixing, where the population is assumed to interact
homogeneously at random. The center image represents a social structure, in which peo-
ple are classified by demographic information. The right-most image represents a contact
network model, where a network of social interactions provide virus propagation paths.

In graph theory, the terminology used are nodes and edges, however a network is any col-
lection of objects with connections between them [45]. A network could be used to describe
people in a society or community, and the relationships between them or even the World
Wide Web, descibing links between web pages. Typically in epidemiology, the nodes often
represent individuals and the edges represent relationships between the individuals in which
the infection can pass between [29]. Definitions in our context [29]:

Definition 3.1.1. A neighbourhood is the set of contacts of an individual.

Definition 3.1.2. The degree of a contact is the size of an individual’s neighbourhood. Also
known as the connectivity of a node, the degree is the number of links connected to that node.

Definition 3.1.3. Symmetry: relationship between A and B implies a relationship between
B and A

Definition 3.1.4. Transivity: relationship between A and B and relationship between B and
C implies a relationship between A and C (in other words, whether a friend of a friend is a

friend)

These properties may be determined by social dynamics, thus the research in social sci-
ences is relevant to epidemiology as studies about social importance of an individual and
how communities interact may be linked to how disease is spread.

All networks can be represented by a matrix A, called an adjacency matrix (or socioma-
trix), which may describe the connections within a population [29,45].

{1, if there is a connection such that an infection could pass from individual i to j
a;; =

0, otherwise

Matrix A summarizes all connections within the network. A is sometimes symmetric but
not always. Consider a situation of donated blood, then the infection can only travel one
way along a link.
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Definition 3.1.5. A network is said to be an undirected graph if all connections are bidi-
rectional.

Definition 3.1.6. A network is said to be a directed graph if all edges point in a direction.

Three of the techniques to gather network information are outlined below [29]:

Infection Tracing

Field based epidemiologists determine the source of infection for each case. The networks
observed are tree-like, and contain no loops. Interactions that occurred but did not result
in an infection are not recorded and remain unknown.

Complete Contact Tracing

The aim is to identify all potential transmission contacts from a source individual, revealing
a set of individuals who might be infected and can further be studied to trace. Problems
with this type of network is defining potential transmission routes, and also is time consum-
ing and relies on individuals sharing personal information. Contact tracing is applied as a
control tool, often in the case of STDs. Asymptomatic individuals (infected persons who
show no symptoms) can be treated or quarantined. Only a subset of the full mixing network
will be uncovered, however it is still generally the most detailed. Example: sexual mixing
networks. Snowball sampling is a non-probability sampling where existing subjects recruit
future subjects from among their acquantainces.

Diary-based Studies

Diary-based studies rely on subjects to record contacts as or shortly after they occur. This
shifts the workload from the researcher to the subject and allows for a larger number of
individuals to be sampled. Problems include inconsistent definitions due to subject bias.

Next we list some types of networks [29]:

Random Networks

Connections are formed at random, each individual has a fixed number of contacts through
which infection can spread. The random network thus usually has a lack of clustering but
are homogeneous on the individual level. Dynamics of disease spread on random networks
can be studied as simple branching proccesses.

growth rate in a random network = t7(n — 2) — g

growth rate with random mixing = 7h — g

where 7 is the transmission rate across a contact, n is the number of contacts in a network,
and 71 is the effective number of contacts per unit time in a random mixing model. Random
networks have short path lengths, since we can have long-range links and low clustering. A
common random network used is the Erdos-Renyi random network, in which we start with
N finite nodes and connect every pair of nodes with the probability p, thus creating a graph
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with approximately pN (N — 1)/2 edges.

Lattices

Lattices are homogeneous at the individual level. An example of this would be the forest-fire
model (see [7] for more detail). Contact between sites can be characterized as “on” or “off”.
Lattices can be used for SIS models (similar to forest-fire model) or SIR models (particularly
with births since when trees burn, empty sites are left for recolonization). In disease trans-
mission, there is slow growth at the beginning and the infection spreads out in a roughly
circular manner, causing spatial clustering. This effect captures the wave-like progression of
an infection across geographical locations. Lattices display long path lengths, that is, many
steps to move between two randomly selected individuals.

Small-world Networks

Small-world networks can be formed by adding random connections to a lattice. Usually
rare, long-range connections have a large effect by allowing the infection to reach all parts
of the lattice relatively quickly, hence the phrase “small-world”. These type of networks are
characterized by long-range transmission and high clustering. Human social networks are
thought to be small worlds, but neural networks and gene networks are also examples.

Spatial Networks

Spacial networks are considered one of the most “flexible” types of networks. Nodes or indi-
viduals are placed within a given area or volume and connected by a probability depending
on their separation. These networks generally show a high degree of heterogeneity.

Scale-free Networks
Scale-free networks have a degree distribution which follows the power law, or at least asymp-
totically.

Barabasi-Albert Network

The Barabasi-Albert network is a type of network in which new nodes are added and form
new links with the previously existing nodes of the network, with a higher probability of
linking to a node with a greater degree [9]. A practical example of this would be the Inter-
net, or the World Wide Web, where users are connecting to web pages and more popular
webpages gain connections more rapidly.

3.2 Model Formation and Degree Distribution

Interpersonal contact patterns of disease transmission can be thought of as a network where
nodes are individuals who interact with each other and edges are relations [29]. Earlier
described as a “neighbourhood” of an individual, the term connectivity or degree of a node
is also used, k, which is defined as the number of links connected to the node. The degree
distribution, p(k) is defined as the probability that a randomly chosen node in the net-
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work will have degree k. Since these probabilities describe what is called the “connectivity
distribution”, then the expected value of k gives the average degree of the network [8,29,45].

(k) =) kp(k)

In homogeneous networks, a first approximation is to consider that each node or individual
has the same number of contacts, the degree k ~ (k). This case is identitcal to the uniform
mixing model where § = A(k), where X is the transmission rate or infection rate, defined as
the probability per unit time that the infection will be transmitted between a susceptible
individual and infective individual who are connected by a link in a network. However, net-
works that are relevant to the spread of a disease are heterogeneous, including the scale-free
network, in which the degree distribution follows a power law, p(k) ~ k=7, where generally
2 <o < 3129]. One key assumption that is considered is a degree block approximation that
assumes all nodes with the same connectivity are statistically equivalent [8,45]. Nodes can
be grouped in the same class of degree k. It is assumed that individuals in the same degree
class are statistically identical, thus instead of only dividing the population into classes by
disease status (example: Susceptible, Infected, Recovered, etc) we also divide the population
by degree. Therefore, if we have m disease classes then we will have a system of n x m
dimensons, where k£ = 1,...,n describes the degree and n is the greatest number of links a
node has in the network of analysis.

Where the term that describes the flux of susceptible individuals contracting the dis-
ease from infectious individuals is conventionally SS(t)I(t), with 8 being the contact rate,
the term is now \kSy(t)O(t), where Si(t) is the proportion of susceptible individuals in de-
gree class k at time ¢ [11,34,48,53]. In this way, we divide the nodes in the network into
groups of individuals with the same number of relations, and model that the disease will
spread at an increased rate among individuals who have more contacts. Note that the value
of X is both influenced by the type of disease and the network structure. Some diseases are
transmitted more easily and often than others, however the transmission rate is also a prop-
erty of the network structure by the degree distribution and the social behaviours of that
population. For instance, in some countries it is common etiquette to wear face masks to pre-
vent the spread of disease but these conventions are not as widely used in other countries [29].

We assume that the connectivity of the nodes on the network is uncorrelated, thus we
have an equation for the Theta function,

O1(t) = 77 Do kp () 1. 1)

which represents the probability that an arbitrary link (relation) points to an infected node
[29]. With these equations, our first infectious disease model on a network can be formulated.
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3.3 The SIS Network Model

We begin by adding the network mixing assumption to a simple SIS model with population
dynamics, modeled after the disease models in [8,11,45,53,55,57].
Sk:u—)\kSk@+glk—uSk (3 1)
[k:)\kSk@—g[k—qu, k:1,2,...,n ‘

where 4 is the birth and natural death rate of the population, A is the transmission rate, and g
is the recovery rate at which infected individuals are no longer infectious. Si(t) and I;(t) are
the proportion of susceptible and infected individuals, respectively, in degree class k at time .
The physically meaningful domain is Qg; = {(S1, I1, ..., Sn, I) € ]Ri"]Sk + I + R = 1Yk}
This domain is invariant to the network model (3.1) since Sk\skzg = pu+ gl > 0 and
jk’[;c:O = )\kSk@ Z O, and also Sk + [k =0 for all k.

Note how the incidence rate of disease transmission changes from the model with uniform
mixing, where it is 51, it is now AkSp©O. If we consider a homogeneous network where all
nodes (or individuals in the population) have the same given degree k, then the average
degree 2?21 jp(7) would then be equal to the given k. Further, p(j), the probability that
a randomly chosen node has degree j, becomes 0 for all j € {1,...,n} with the exception of
p(k) = 1. Then the incidence rate becomes

I .
ASkO = kS ;Jp(mj

=ASeY (1-0-L+2-0 L+ +k-1-I+ ..
j=1
+(n—1)-0-In1+n-0-1,)
= BSkl

if we take § = Ak to be the contact rate (the transmission rate times the number of adequate
contacts made in one time unit). Therefore if the network is homogeneous, i.e. the degree
distribution is uniform, then the network model reduces to the conventional disease model
with the mass mixing assumption.

This general network model can be easily solved at the early stage of the epidemics

when we can assume that the number of infected individuals is a very small fraction of the
total population; assume I? << 1 for all k. In the initial epidemic stages, we neglect terms
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of order O(I?) and then we can obtain the evolution equation for ©(¢) [8].

dfc’;_zf” = Me(1 = 1,)O(t) — (g + p) I
=~ o lle

These equations can be solved and under a uniform initial condition I;(0) = I,:

ot) = Tye P&/ (k)= (g+w))t

(t) = (1 + 5 €7 = 1)
with
()
A(k?) = (g + u) (k)
The prevalence therefore increases exponentially fast, with larger degree nodes display-
ing larger prevalence levels [8]. The total average prevalence can be obtained as I(t) =

T =

I(t) = Io(1 + @(em —1))
)
Since 7 represents the typical outbreak time, this leads to the crucial epidemiological concept,
the epidemic threshold [8].
_ A(k?)
t= < k‘) - (.g + :u)

The epidemic threshold condition can be readily written in the form
= (g4 )= 1) > 0

where Ry = Mk?)/(g + p)(k) which idenitifies the basic reproductive rate, which has to
be larger than 1 for spreading to occur. If the spreading rate is not large enough, (i.e.
A < (g+p)(k)/{k?)), the epidemic outbreak will not affect a finite portion of the population
and will die out in a finite time. For uncorrelated networks, this result implies the growth
time scale of an epidemic outbreak is related to the heterogeneity ratio, k = (k*)/(k), a
characteristic known as graph heterogeneity. In scale-free networks with a degree exponent,
2 < a < 3, we have that kK — 0o as the network size N — oo. Therefore, for uncorrelated
scale-free networks there is a virtually instantaneous rise of the epidemic incidence. Dis-
ease can spread very rapidly among the networks following a ”cascade” of decreasing degree
classes.

It is clear that there exists a disease-free equilibrium point, Ey = {Sok, lox }_; where
for all k, Sor = 1 and Ip, = 0, and also a positive endemic equilibrium point under certain
conditions. The endemic equilibrium point takes the form E* = (S}, I}}) where

. Mty o AkO
FUXNO +put g MO+ u+g
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To impose the stationary condition we substitute [, = I}’ into the equation for O(t),

0 = 15 L) g =1 3:2)

Clearly © = 0 satisfies this equation and is a fixed point. The equation is a monotonously
increasing function and in order to have a solution ©* # 0, the slope of f(©) at the point
© = 0 must be larger than or equal to 1. To allow a non-trivial solution © € (0, 1) we need
df(©)/dO at © = 0 to be greater than 1.

A B
1 . 1
0.8 . 0.8
06
o
04
0.2
O I
0 0.5 1

Figure 3.2: A graphical solution of the equation © = f(0) A: If the slope of the
function f(©) at © = 0 is less than 1, then there is only one solution to the equation (and

thus the system) at © = 0. B: When the slope is larger than 1, a non-trivial solution ©* # 0
exists. Based on a figure from [8]. Created in Matlab.

df (©) Z E(AKO + 1+ g) — AkO(AE)
dO |o_y (kO + 11+ g)? o0
A/f (1 +9)
kz (n+9)?
I A .,

~ (k) (u+9) ;k p(k)
_ME?)
 (n+9)(k)

= Ry
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If Ry > 1 then there exists a positive endemic equilibrium E*. This would suggest that if
Ry < 1 then only the disease-free equilibrium exists, and intuitively it would be globally
asymptotically stable. This is shown in the theorem below, adapted from [11].

Theorem 3.3.1. Assume Ry < 1, then the disease-free equilibrium Fy is globally asymptot-
cally stable in the meaningful domain, Qg;.

Proof. Consider a non-negative solution {Sk(t), Ix(t)}7_,;. Knowing that Sy + I = 1 the
system can be reduced to n-dimensions.

Sy = pu— AkSEO + g(1 — Si) — Sk, k=1,2,...n
By removing the second term which is clearly non-positive, we have that
Sy < pr+g(1 = Sg) — pSy,
Therefore we can consider the following auxiliary system:

Sp = (+9) = (L +9)5%
which has the equilibrium point SY = 1. We can use a change of variables where y = Sy — 1:
y' =5

=(u+g) —(p+9)(1+y)
=—(n+9)y

which is a linear first order differential equation and the solution is globally asymptotically
stable. O

To prove global asymptotic stability of the endemic equilibrium, we use a Lyapunov
function.

Theorem 3.3.2. Assume Ry > 1. Then the endemic equilibrium E* is globally asymptoti-
cally stable in the meaningful domain, Qgy.

Proof. Consider a non-negative solution, {(Sy(¢), 1x(¢))};_;. Then consider the following
Lyapunov function:

1 n
V(t) =3 ’;{wl(&c = Sp)? +wa(ly — I;)*}
We calculate the derivative along the endemic equilibrium point:

dV(t - “© af .\ 7
# = ;{Wl(sk — Sp)Sy +wa(ly — I7) 1}

= {wi(Sk = Sp) (1 — MeSi® + gl — pSk) + wo (I, — I)(AeSk© — gl — puli)}
k=1
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Using Sy + I, = 1, p — AkS;© + gl — pS;; = 0, and AeS;© — plf — ply =0

dV(t) < \ \
d—i> = > {—w1(MkO + 1+ 9)(Sk — 5;)° — wa(AkO + 1+ g) (I — 17)*}
k=1
which is clearly negative definite with respect to E*. O]

3.4 The SIS Network Model with Vertical Transmis-
sion

A common modification to the SIS model is the concept of vertical transmission, in which
a disease may be passed down from a mother once they give birth to a new child. If we
consider that p is the probability that a mother with the disease does not pass down to the
child, 0 < p < 1, then (1 —p) is the probability the child gains the infection transplacentally.
With 1 once again representing the birth rate, then u(1 — p)I; represents the flux entering
I, through birth and upl, representing the flux entering the susceptible class as normal, for
all degree values k. Then our model is:

Sp = /L(Sk +p[k) — MeSEO — uSy + gl (3 3)

Ik:p(l—p)lk—l—/\ksk@—glk—ulk, k:1,2,...,n .

where physically meaningful domain is {2g;. This domain is invariant to the system since
Sk + Iy = 0 and Sk|5k:0 = up+ g > 0 and jk|lk:0 = AkS,L© > 0, therefore the model
is biologically well posed. Again, Ey = {Sok, lox }7—q, Where Sor, = 1, Io, = 0 for all k is
a disease-free equilibrium of the system. Setting I, = 0 and S, = 0 and applying that
Sk + I, = 1 then we get the following endemic equilibrium point E* = (S}, I}, ..., Sk, I}})
where
gr__ butyg ,_ Ak©
FTNO +pu+g FTNO +pu+g

Using the same technique as previously to get the reproductive threshold ratio, we get
that

A(k?)
(i + g){k)
which must be greater than 1 for a positive endemic equilibrium to exist.

Ry =

At the early stage of the epidemics, we neglect terms of order O(I?) or higher and
then we can obtain the evolution equation for ©(t):

Ly = \k© — (pp + g) I
(%)

0=

—(pn+9))0©
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Similar to the SIS model without vertical transmision, these equations can be solved such
that

k(k)
(k2)

()
AK?) = (pp+ g)(k)
Further, we have similar analysis to the previous model in that the reproductive threshold
ratio decides whether the disease-free equilibrium is globally asymptotically stable or the
endemic equilibrium is globally asymptotically stable.

Ii(t) = Ip(1 + (eV7 —1)

where

T =

Theorem 3.4.1. Assume Ry < 1, then the disease-free equilibrium Fqy for all k is globally
asymptotically stable in the physically meaningful domain, Qg;.

Proof. Consider a non-negative solution {Sk(t), Ix(t) }7_;-
Sy, = (S + pli) — AkSO — Sk + gl
= pp — AkSEO — upSi + gl
Clearly,
S < ip + g(1 = Sk) — pupSk
Consider the auxiliary system:
S = (up+ g) — (up + 9) Sk

which has the equilibrium point S = 1. We can use a change of variables by letting
Yy = Sk; — 1.

Y =5
=(up+g)—(up+9)x1+y)
=—(up+9)y

which is a linear first order differential equation and the solution is globally asymptotically
stable. 0

Theorem 3.4.2. Assume Ry > 1. Then the endemic equilibrium E* is globally asymptoti-
cally stable in the physically meaningful domain, Qs;.

Proof. Following the proof of Theorem 3.3.2 and using the same Lyapunov function which is
clearly positive definite with respect to E* for the system (3.3) as well, the derivative along
the endemic equilibrium point is:

vV L
—r = 2 {0 (WO + pp + 9)(Sk = S3)* — w2 (MO + pup + 9) Ik — I})?
k=1

which, assuming Ry > 1, is negative definite with respect to E*. Thus the endemic equilib-
rium is globally asymptotically stable. O]
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3.5 The SIR Network Model

In many cases, individuals who have recovered from the disease gain immunity and thus
cannot contract the disease once again. Introduce the network mixing assumption into the
SIR model with population dynamics. This leads to the following new SIR network model:

Rk:gfk—uRk, ]4321,2,...,71

where © = (1/(k)) > _p_, kp(k)I, (k) = >,_, kp(k) and p is the birth and natural death rate
and g is the recovery rate. Since there are three classes of disease status for each degree, where
we had Sj, + I, = 1 for the SIS model we now have Si + I, + R;, = 1 for the SIR model. Also
note that the physically meaningful domain Qgrp = {(S1, I1, R1, ..., Sn, In, Ry) € RY'[S), +
Iy + Ry = 1Vk} is invariant to the system, since Sklgkzo =pu>0, fk|1k:0 = \kS;© >0, and
Rk\ Rri—0 = gl > 0. This however does not change the picture obtained in the SIS model.
Using the same approximations, the time scale for the SIR is:

(k)
AME2) — (g + p) (k)
Using the same technique as previously to get the reproductive threshold ratio, we get
_ L ME
ORI

Clearly a disease-free equilibrium Fj point exists, where {Sox, Lok, Rox }7—;, Where Spr = 1,
Ior = 0, Ror, = 0 for all k. There is also a positive equilibrium FE, point under the condition
that Rg > 1, where

T =

e gt

" g+ ) (MKO + )
I UAEO

" g+ ) (AKO + )’
Rt — gAkO

" g+ (KO + p)

forall k =1,2,...,n.

Theorem 3.5.1. Assume Ry < 1, then the disease free equilibrium FEy is globally asymptot-
cally stable in the meaningful physical domain, Qsir.

Proof. The system can be easily reduced to 2n dimensions, knowing that R, = 1 — S, —
I}, we only consider the first two differential equations. Consider a non-negative solution

{Sk(t), I1(t)}}_,. Clearly,
S,’CS,U/—MSk, k:1,2,...,n
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Therefore we can consider the auxiliary system,
Sy, = 1 — Sk
which has the equilibrium point Sy = 1. Using a change of variables, y = Sy, — 1,
y =S

=p—ply+1)
= —py

which is a linear first order differential equation. Then for any € > 0, Si(t) < Sp + € for ¢
sufficiently large. Thus,
I < Mk(SP+€)O — (9 + p) Iy

Thus consider the auxiliary system:
I;, = Me(Sg +€)© — (g + p) I,

We will prove stability by the following Lyapunov function,
V()= buli(t)
k=1

kp(k)

—————. Then b, > 0, I, > 0 for all £ thus V is positive definite.
(k) (g + 1)

V=) b

= b(Mk(S + )0 — (g + w)I)

- Z %()\k@(l +e)—(g+ p)lx)
Ak?)e
(k)(g + n)

From assumption Ry < 1, fix € > 0 small enough so Ry + Mk?)e/({k)(g + p)) < 1. Then we
have V' is negative definite with respect to I, = 0 for all k. By the comparison theorem, we
get global asymptotic stability for the disease-free equilibrium. O]

where b, =

— O(Ry + —1)

Theorem 3.5.2. Assume Ry > 1. Then the endemic equilibrium E* is globally asymptoti-
cally stable in the meaningful domain, Qgrr.

Proof. Consider a non-negative solution {Sk(t), Ix(t)}7_; of the reduced system, then use
the following Lyapunov function:

1 o
V()= 5> @S =S+ -0 — 6
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1
where ©* = ) > kp(k)I and w, is a positive constant that depends on k. Clearly V(¢) is

positive definite with respect to E*. Calculating the derivative of V/(¢):

dV e’ .
= wi(Sk— SH)Sk + 5©-07
= 3" wi(Sk — S (i — AkSO — Sy — g /<k>>zkp( i _ o)

= 3 w8k — 87— (VKO + )(Si — 7) - 0+ 15D

L Ak S kp(k)(A£Sk9 — (9 + w1y ©— 0"

=Y {01 (kO + )(Sk — 8;)* + wi(Sk — Si) (1 — \kOS; — pSi}
+ CLINE M= 0+ _

= Z{ wi (kO + ) (S — S

KO K p(k)A(Sk — Si

2+ wi (S — Sp) (1 — AeSi(© — ©7) — AkS 0" — uS;}
+ ) Kp(k)ASE = (94 1)) (© — ©%)
= Z{ w1 (MO + 1) (S — S7)? — Wi kS (S, — S5)(© — ©)}

Z E*p(k)A(Sk — Sp)(© — ©)
= Z{—wl(/\k@ + 1) (Sk — S5)% + (—wi AkS];

K
9
k)
)
L CRCEEACELD)

Using the equalities p — A\kS;0* — pS; = 0 and g + u = MKk?)/((k))S;, then we choose

wi(k) = (kp(k)/(k)SF) such that V'(t) < 0. Also, V'(t) = 0 if and only if Sy, = S, Ir = I}
for k =1, ...,n. Thus the proof is completed. O

3.6 The SIRS Network Model

In some cases, the individuals who have recovered from the infection only have partial immu-
nity, eventually allowing them to be susceptible to the disease again. The following model
incorporates the network mixing assumption in a standard SIRS model with population
dynamics.

Sp = 1 — MeSKO + 6 Ry, — Sy

I, = MkSp© — gl — puly, (3.5)

Rk:gfk—éRk—uRk, k:1,2,...,n

Again, )\ is the transmission rate, p is the birth and death rate of the population, g is the
recovery rate and lastly 0 is the rate at which recovered individuals lose their immunity to the
disease and move into the susceptible class once more. There is a disease-free equilibrium,
Eo = {Sok, Lok Rox }r—1, where S = 1, Io, = 0, Ror = 0 for all k for all k. There is also an
endemic equilibrium point, E*, where
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(0 + pu)AkO
ANg+ 0+ kO + (g + p) (6 + )’

*

k:

- (64 p)(g+n)
Mg+ 0+ kO + (g + )0+ p)’
R g kO
NGO+ RO+ (g + 1) (0 + )
o o : B _df(©) _
By substituting [, = I} in the equation for © = f(©) and solving 6 >lat©=0
as previously we get the basic reproduction number,
_ME?)
R OIESn)

Notice that Ry does not depend on ¢. This is due to the disease spreading at the same
rate as the SIR or the SIS model; the fact that the disease immunity is temporary does not
change the basic reproduction rate.

Theorem 3.6.1. Assume Ry < 1, then the disease-free equilibrium Eqy is globally asymptot-
ically stable in the meaningful domain, Qsrg.

Proof. If we reduce the system to 2n dimensions using R, = 1 — Sp — I, then we only
consider two differential equations:

{ Sk = 1+ 6 — MNeSp® — 81, — 5Sy — S
I, = M\kSR© — gl — ply, k=1,2,...n
Consider a non-negative solution {Sk(t), I (t)}7_;. It is easy to see that
Sy < (u+9d)— (u+9)Sk, k=1,2,...n.
Therefore we can consider the auxiliary system,

Sy, = (1 +0) — (n+0)Sk

which has the equilib-rium point S = 1. Using a change of variables, y = S}, — 1, we can
show this auxiliary system reduced to a linear first order differential equation. Then, for any
€ >0, Sp(t) < S+ € for t sufficiently large. Thus,

I, < Xk(Sp +€)O — (g + ).
Therefore we can consider the auxiliary system,
I, = Me(S) + €O — (g + )1y
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We will prove stability by the following Lyapunov function,

V(t) = Z b1k (1)

kp(k
where b, = WQ) Then since by > 0, then V is positive definite with respect to the
gT K
disease-free equilibrium. Further, we can show that
Ak?)e
VI=O(Ry+ ——— —1).
SN(SIVESY

From assumption, Ry < 1, fix € > 0 small enough so that Ry + A{k?)e/({k)(g + u)) < 1.
Then we have that V' is negative definite with respect to I, = 0 for all k. By the comparison
theorem, we get global asymptotic stability for the disease-free equilibrium. O]

3.7 The SIRS Network Model with Vaccination

The following is an SIRS epidemic model integrating the concept of modeling contact patterns
of disease transmission using networks [11]

S = —AkSLO + 0R), — uS,,
I, = M\kS,0 — g1, (3.6)
R, =gl, — R, +uS,, k=12, ..n

where ) is the transmission rate when susceptible individuals contact with infectious indi-
viduals, g is the recovery rate from infection, the rate at which individuals move from the
infected class to the recovered class, ¢ is the rate at which recovered individuals move into the
susceptible class once again and wu is the vaccination efficient (the percentage of susceptible
individuals that are vaccinated and thus given short-term immunity.

In order to analyze the solutions of physical relevance, we only consider non-negative
solutions of the system (2). So the initial conditions are all of the form Si(0) > 0, Ix(0) >
0, Rp(0) = 1 — Sg(0) — Ix(0) > 0. The physically meaningful domain is g;z. Since
Sk+jk+Rk =0, and Slek:O =0R, >0, jk|1k:0 = AkS,0 > 0 and Rk|Rk:0 =gl +uS, >0
we have that this domain is invariant to system (3.6).

Futhermore, the system can be reduced into two dimensions due to the fact that
Ri(t) =1 — Si(t) — I(t),

Sp = = kSO +6(1 — Sy — I,) — uSk
Ik:)\kSk@—g[k, k= 1,2,...,n.
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Clearly there is a trivial equilibrium point Ey = (0,0, ...,0,0). Another solution to solving
S, =0 and I =0 is E* where:

Sp = 90
g6+ u) + A6+ 9)kO’
o AGkO
P g(0 4+ u) MG+ 9)kO
Therefore, we have another disease-free equilibrium point Fy = (§/(6 +u),0,...,0/(0 +u),0)
and an epidemic equilibrium E*(S}, IT, ..., Sk, I¥) with S} and I} as deﬁned above

To find the reproductive threshold ratio, we substitute I; into the equation for ©(t).

AKO
Z PR T e rgne 1 ©) (3.7)

© = 0 satisfies equation (3.7) and is a fixed point. To allow a non-trivial solution © € (0, 1)
we need:

df (©)
W o >1
df (©) a( (9(5 +u) + A(5 + 9)kO + ASKO(N(S + g)k)
dO oo Z (g(6 +u) + X0 + 9)kO)?
1 A0k (g(8 + u))
= 2P0 G

1 AOk?
5+u (k) Zk2

_ A<5<k2>
~ g(0 +u)(k)
= Ry

If Ry > 1 then 3 a positive endemic equilibrium E*. If not, then there is only one possible
equilibrium: the disease-free equilibrium which brings us to the following theorems.

Theorem 3.7.1. (modified from [11]). Assume Ry < 1, then disease-free equilibrium Ey is
globally asymptotically stable in the meaningful domain, 2srg.

Proof. Consider a non-negative solution {Sk(t), Ix(t)}7_,;. Comparing to system (3.6), by
removing the first term which is clearly less than zero, we have that
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dS;(t)
dt

Therefore we can consider the following auxiliary system:

<5 — (5 +u)Sk(t).

dSi(1)
dt

=5 (6 uw)S(t), k=1,2,...n (3.8)

which has the equilibrium point Sp = §/(§ + u). We can use an integrating factor to solve
system (3.8) :

dSy(t
C’;t( ) 4 (6 + u)Si(t) = 6
o D) | 6rin(s 1 usy(6) = eo+s

dt
(e(é—i-u)tsk(t))/ _ 56(5+u)t

/(6(5+u)tsk<t))/dt _ /56(6+u)tdt

0
e(6+u)tsk(t) _ me(5+u)t + C

Thus the solution is Sy(t) = 0/(6 4+ u) + Ce~ @t Clearly, we have that lim,_ ., Si(t) =
d/(d+u), and it is the only equilibrium point in the positive quadrant and so the equilibrium
is globally asymptotically stable.

Alternatively we could use a change of variables, which is much simpler and quicker.
Let y = Sp —0/(d + u):

y' =5y
=d§—(0+u) +L)
B YT
=0—(0+uy—9
=—(0+uy

which is a linear first order differential equation and the solution is globally asymptotically
stable.

Then, for any € > 0, Sy.(t) < S) + € for ¢ sufficiently large. Thus,

) < Jk(sp + 0 — ari(o

Again we can consider the auxiliary system:
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dI, ()
dt

Let us consider the following Lyapunov function,

V(t) = Z b Iy (t)

= Mk(S) +€)O — gl (), k=1,2,..,n.

kp(k)
g(k)

where b, = . We have that b, > 0,1, > 0 Vk and V is positive definite.

= beli(t)

= bi[Me(S) + €)O — gI]

5 "3;((];) AK(S? + )0 — gIi]

_ 2 S+€) B kp(k)
Zk (k) w 2k g glkg<>

k*p(k 5 k k)1

=O(Ry+-—+—1)

)
(k?)e
g(k)y

From assumption we have Ry < 1. We can fix € > 0 small enough so that Ry+ (k?)e/(g(k)) <
1. Therefore we have V' < 0 and dV/dt = 0 if I, = 0. Thus lim;_,, I}, = 0 as we have asymp-

totic stability.

By the comparison theorem, we get global asymptotic stability for the disease-free equi-

librium of the original reduced system.

]

Theorem 3.7.2. [11] Assume Ry > 1, and u < g. Then E* is globally asymptotically stable

in the meaningful domain, Qsrg.

Proof. Consider a non-negative solution {Si(t), I(t), R(t)}7_,. Then use the following Lya-

punov function,

1

V(t) =5 {wi(k)(Sk — Sp)* + wak)(Ry — Ry)’}+ (0 — 0" —©°In o

2

where R = 1— Spx —Ipx, ©° = (1/(k)) >_ kp(k)I
By using the fact that (—AkS;O*+dR; —usS;) =

46

and wy (k), we (k) are positive constants.

0. g = AK2)((k))S; and g(1— S — R})—



Model | uniform mixing | network mixing
B A(R?)
SIS — —_—
ptyg (1 + 9)(k)
B A(k?)
SIR — —_—
ptg (n+ g) (k)
Bd A6 (K?)
SIRS —_ —_
(0 + p) (0 + p){k)

Table 3.1: Comparison of Thresholds for Uniform mixing and network mixing

R} + uS; = 0 we get the following expression for dV/dt,

= S w (kO + u)(Si — 1) — Y wnly +0) (Bi— RY)?
+ ) (0w — (g — w)ws)(Sk — S;) (R — Ry)

+ ) (= MkSfwy + ) (S — S;)(© — ©7).

We can choose w; and w9 so that the last two sums are zero. That is, wq (k) = (kp(k)/(k))S}
and wq(k) = (0/(g+u))w;i (k). Thus we impose that V'(¢) < 0 if and only if Sy = S}, I, = I}
and Ry, = R} for k =1,2,...,n. According to the LaSalle invariance principle, we have that:

tlim Sk(t) = SZ

lim I,(t) = I}

t—00
t—o0
Therefore, the endemic equilibrium E* is globally asymptotically stable. O]

Table 3.1 is a summary of some simple models and their respective reproductive thresh-
old value for when the uniform mixing assumption is used and when the network mixing
assumption is used.

Note the difference between 5 and A, which is the contact rate and the transmission rate
respectively. Recall that f is the transmission rate times the effective number of contacts
per unit time. If we were to consider a given connectivity k, then 5 = Ak. However,
since we are considering the entire coupled system as a whole, on average the number of
contacts would be the average connectivity, (k). Therefore, we see a common theme of the
reproductive threshold values for the network models being a multiple of the values for the
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kQ
uniform mixing values by a factor of Ek_)z Another way to analyze this is by the variance

of the degree or connectivity. In general,

This brings us to the effect of the network structure on the dynamics. The more spread the
connectivity or degree distribution is, the more the reproductive threshold value increases.
In general, if all individuals in the network have the exact same number of relations, then
there is no change on the reproductive threshold value. However, for any Var(k) > 0, there
will be an increase in the reproductive threshold value.

3.8 Numerical Simulations

The following simulations were completed in MATLAB, using the built-in ode solver ode45
which was used to analyze the disease models with a mixing network. A scale-free network
that follows a power law degree distribution, p(k) ~ k~* where o« = 2.1. Also we assume
that n = 50 so the maximum number of links any single node in the network has is 50. For
the parameter values, © = 0.2 and g = 1.

For this network we have that the average degree is (k) = 2.4733 and (k?) = 24.0974.
Since the reproductive threshold for the following simulations was Ry = Mk?)/((u + g)(k))
then we get that the critical value of X is \* = 0.123.
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Figure 3.3: Network SIS Model with A = 0.12 which causes Ry < 1

out in this simulation as expected in conjunction with Theorem 3.3.1.
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Figure 3.4: Network SIS Model with A = 0.15 which causes Ry, > 1: and the disease
persists in conjunction with Theorem 3.3.2.
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Figure 3.5: Network SIS Model with A\ = \* so Ry = 1: the disease dies out in this
simulation as expected in conjunction with Theorem 3.3.1.
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Figure 3.6: Network SIS Model with Vertical Transmission with A\ = 0.12 and
p = 0.4: The addition of vertical transmission causes the disease to persist instead of die
out.
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Chapter 4

Network SIS Models with Switching

In this chapter, we begin to investigate the addition of switching to a parameter, the trans-
mission rate, to network epidemic models that first only have two main compartments. We
start with models that only have two main compartments because they can typically be re-
duced to n-dimensions which will be represented by one single equation based on the degree
distribution, k, which goes from 1 to n.

We will analyze three SIS type models, first the basic SIS model with population dynam-
ics in Section 4.1, then the SIS model with population dynamics and vertical transmission in
Section 4.2, and finally the SIS model with switched transmission, recovery, and birth rate
in Sectio 4.3. At the end of the chapter we support our results with computer simulations.

4.1 The SIS Network Model with Switched Transmis-
sion Rate

We start with an SIS Model in which individuals who contract the disease and recover are
immediately susceptible to the disease repeatedly; there is no immunity. We want to intro-
duce switching to the SIS model by assuming that the transmission rate, A, is a parameter
that varies over time. Assume a simple way for A to vary; assume that it is a piecewise
constant that switches value at switching times, t;, with tp = 0 < t; <ty < ... < t; = 0
as | — o0o. We can assume without loss of generality that the initial time is zero. Assume
there are m different transmission rates that A; can take on. Then the switching signal o(t)
is a function which maps the set of all positive real numbers R, to the set of integers from
1 to m, {1,2,...,m}. We assume that o(t) is piecewise continuous from the left, and that i
follows this switching rule o. The system of differential equations are given as follows,

: (4.1)
Ik:)\ikSkQ—g]k—,ulk, k:1,2,...,n

with k& € {1,...,n} where n is the highest degree in the network and i € {1, 2, ..., m} following
the switching rule o(t). As before, 0 < p < 1 is the birth and natural death rate and
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0 < g <1 is the recovery rate. The variables Sy, I are the proportion of susceptible and
infected individuals with degree k, respectively. The meaningful physical domain for this
system is Qg; = {(S1, I1, 82, Iz, ..., Sp, I,) € R3Sy + [, = 1V k € {1,...,n}}. Since we have
that Sk + Ik; =1 then Sk + ]k: =0. AISO, Sk|5’k:0 = U +gIk > O, and jk|1k:0 = )\stk@ > 0.
Therefore the physically meaningful domain is invariant to the switched system. For each
subsystem, define the basic reproduction number, from the non-switched case,

i (k?)
(1 + g)(k)

which is the average number of secondary infections produced by a single infected individual
in a wholly susceptible population. Each subsystem has its own basic reproductive number,
due to switching the transmission rate. All subsystems have a disease-free equilibrium in
comimaorn, E() = (501,101, SOQ,IQQ, ceey Son,l()n) where (S()k, I()k) = (1,0) Vk = ]_, . Each
subsystem has a unique endemic equilibrium, E* = (S, I}, 55, 15, ..., S%, ) where

nr n

Ro; =

g __ Pty o NikO
FNEO+ i+ g FUNEO 4ty

which exist in the meaningful domain if Ry > 1 for all k.

The overall switched system has only one equilibrium, which is the disease-free equi-
librium Fjy, since it is an equilibrium point of all subsystems. Therefore, we can study FEj
using a common Lyapunov function. This leads us to the following theorem on global asymp-
totic stability of the disease-free equilibrium.

Since S, = 1 — I, we can reduce this system into n-dimensions and write the system
with one differential equation for each value of k:

dI,(t)
dt

= A\ikO(t) — (\kO + g + p)I1.(1)

Theorem 4.1.1. Assume that for all subsystems i € o we have the following inequality

i (k?)
(1 + g) (k)

then we have that the equilibrium point Eq = (So1, Lo1, Soz2, Loz, ---» Son, Lon) where (Sok, lor) =
(1,0) Yk = 1,...,n is globally asymptotically stable in the meaningful domain Qsr, and thus
the disease dies out.

<1

Proof. Consider the following common Lyapunov function
1 n
V(t) =5 ; wi (k) I} + (k)©
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where wy (k) is a positive constant that depends on k and is to be determined suitably. The
auxiliary function V' is clearly positive definite for all ¢+ € o. Calculating the derivative of
V (t) along the disease-free solution of the switched system, it follows that

% = > {—wi(AkO + i+ g) I} + Nik(w; — kp(k)) Ii©} + (\i (k) — (11 + 9)(k))©

k=1

To make the second term in the sum zero, we choose wi(k) = kp(k). Then since we assume
that A\;(k*)/((n + g)(k)) < 1 then dV/dt < 0 and dV/dt = 0 if and only if I;, = 0 for all
values of k. Then the disease-free solution is globally asymptotically stable. O]

This criterion that all the basic reproductive numbers for each subsystem is less than 1
makes logical sense biologically, since an infected person on average infects at most one other
person, then the disease dies out. To broaden this condition, we consider the average of the
reproductive numbers. Define the time-weighted mean of Ry as follows,

1 t
(R,) = / Ryyds.
13 0

Define T;(t) to be the total activation time for the i-th subsystem in the interval (0,¢]. This
way we can calculate the time-weighted mean of Ry as a summation of the m subsystems,

(Ro) = % > RT(0)

Use this definition in determining stability of the disease-free equilibrium based on the aver-
age Ry, thus allowing for R; > 1 in some subsystems, as long as R; < 1 in other subsystems
to balance it out.

Lemma 4.1.1. (adapted from theorem 2.1 in [40]) Consider a general switched epidemiology
system with basic reproductive numbers R; = A;/B fori=1,2,...,m where Ay, ..., Ay, B >0
are positive constants. If

(Ry) <1—c¢

for t < h, with constants € > 0, h > 0 and switching rule o € S, then it follows that
S (A = B)T(t) < —ct fort > h, with ¢ > 0 a constant.

Proof.
(Ry) <1—¢
1 Y Ay
—/ B s <1—¢
tJ), B

1

t
: / (Ayi) — B)ds < —cB
0
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Let ¢ = €B, then

t
/ (Ag(s) — B)ds < —ct
0
Tl(t) Tm(t)
/ (A; —B)ds—l—...—l—/ (A, — B)ds < —ct
0 0

m T;(t)
Z/ (A; — B)ds < —ct
0

=1

1

for t > h. O

(A~ BYT1) < o

This Lemma will be used to prove exponential stability of the disease-free equilibrium in
many theorems, including the following one, motivated by [22].

Theorem 4.1.2. If (R,) <1 —¢€ for allt > 0 and € > 0, with switching rule o € S, then
the disease-free solution is exponentially stable in the meaningful domain, Qs;.

Proof. Let i; follow the switching rule o(¢) € S. Then for ¢t € (t,_1,t)], i, = o(t) and
/ 1 - !
O'(t) = 75 D kn(k) (1)
(k) &=
1
) > kp(k) (A kO — N kOI, — (1 + 9)Ii

< % > kp(k) (A kO — (1 + 9)1x)

- %O\n@ D Kp(k) = (utg) Y kp(k) 1)
/\iz<k2>
()
70

T —~

—(n+9))0

Il
Q

1.2
where C;, = %k;) — p— g. Then for (t;_1,1],
O(t) < O(t;—1) exp[Cy, (t — ti-1)] (4.2)

Since © > 0 for all t > 0, © is bounded in the 1-norm, based on the effects of the switching
rule. Apply this onto each subinterval. For ¢ € (0, ]:

O(t) < ©(0) exp[C;, 1],
so  O(t;) < O(0)explC;, t1]
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For t € (t1,t2):

O(t1) exp[Ci, (t — t1)]
@(0) exp[C’iltl + 01'2 (t — tl)]

For (t;_1, 1]

@(t) S @(O) eXp[Ciltl + OZ'Q (tQ — tl) + ...+ Cil (tl — tl—l)}

= 0(0) eXp[Z CiT;(t)]

It then follows with the previous Lemma with A; = \;(k?)/(k) and B = p + g that © <
©(0) exp[—ct] for some ¢ > 0 and for all £ > 0. Then if O(¢) converges to 0 exponentially
and © = (1/(k)) > kp(k)Iy, then for all k, I, must be converging to 0 exponentially and the
disease-free equilibrium is exponentially stable in the physically meaningful domain. O

It becomes clear that we can produce the following corollary to note that convergence to
the disease-free equilibrium applies for all future time, ¢ > h for some h > 0 constant. In
other words, even if the (R,) is not less than 1 — e currently, the system will still converge
to the disease-free solution as long as (R,) < 1 — € eventually.

Corollary 4.1.1. If (R,) < 1 — € fort > h where ¢ > 0, h > 0 are constants and o € S is
the switching rule, then the solution converges to the disease-free solution in the meaningful
domain Qgy.

Proof. We have O(t) < ©(0) exp[>_ C;T;(t)] for t > h, then O(t) < ©(0) exp(—ct) for some
c¢>0andt > h. Since © = (1/(k))>_ kp(k)I) then each I is converging to 0 and since
Sk = 1 — I, the solution is converging to the disease-free equilibrium. O]

It could be impractical or difficult to approximate Ry. Suppose that
Rl,...,RT< 1 and Rr—i—l;---,RmZ 1

and define

1=

R = max R, and R"= max R;

..... i=r+1,...m

where, without loss of generality, subsystems 1,...,r are stable and subsystems r + 1,....,m
are unstable, and T~ (¢) is the total activation time of the all the stable subsystems and
T (t) is the total activation time of all the unstable subsystems during the interval (0, 1],
thus T~ (¢) + TT(t) = t. With these definitions, we can introduce a special case of periodic
switching. Suppose 7, = t; — t;_1 is the activation time of subsystem [ in one period, where
the length of one period is T'= 71 + ... + 7,,,. Then, motivated by [22], we get the following
result.
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Corollary 4.1.2. If (R,) < 1 and the switching rule is periodic, then the disease-free solution
1s asymptotically stable in the meaningful domain, Qgr.

Proof. First show that if (R,) < 1 then (R; — 1)1y + ...(R,, — 1)1, < 0.
(Ro) <1

t
1
= ;/Rg(s)ds <1
0
1 t
— n /(RJ(S) —1)ds <0
0

t
s /(RJ(S) — 1)d8 <0
0

Tm

T

= /(R1—1)ds+...—|—/(Rm—l)dS<0
0 0

— R -1 +..+(R,—1)T, <0

Then show convergence. For ¢ € (0,7,
O(t) < O(0)exp[Ci17m1 + ... + Cpu(t — (T — 710))]

)
(k)

where C; = — (1 + g) as before.

O(t) < O(0) exp[Ci11 + ... + Crin]
— 0(0) expl(+ 9)((Ry — 11 o+ (Buy — 1)
Let n = exp[(u+9)((Ri— 1)1 +...+ (R, — 1)7)]. Since (R —1)T1+...4+(Rn—1)T,, <0

then n < 1. Thus we have,
O(t) <n6(0) < 6(0).

Then consider ©(hT), where h is an integer, h = 1,2, .... Then it can be shown similarly
that

OhT) <nO((h —1)T)
for any h. Inductively,
O(hT) < nO((h —1)T)



Since n < 1, then as h — oo, we have n* — 0. Thus as h approaches infinity, the
sequence {O(hT)} converges to 0. Without loss of generality, for some t € (¢;,_1, ;] and with
hT < tl < (h+ 1)T,

O(t) < O(AT) exp[Ci7y + ... + Cy(t — ;)] < O(hT)eM

where M is a constant, M > 0. Then since the sequence {O(hT)} is converging to 0 as
k — oo and h — oo, then O(t) is converging to 0. O

We can also use the same definitions of activation times of the stable and unstable
subsystems to introduce the following theorem motivated by [23].

Theorem 4.1.3. If Tt (t) < ¢T(t) for some constant ¢ > 0 then (R~ —1)4+¢q(RT—1) <0
implies that the disease-free solution is exponentially stable.

Proof. Note that t =T~ + T < (1+¢)T".

O(t) < 0(0) exp[Ciuty + ... + Ci(t — t;_1)]
= 0(0) exp[(p + ) (R — V)t + ... + ( + g) (R — 1) (T — ti-1)]
=0(0)exp[(u+g)(R™ = 1)T(t) + (u+ g)(R" = )T ()]
< 0(0) exp[(u+ g)(R™ = )T~ (t) + (BT — 1)gT (t))]
< O(0)exp[(+g)(R™ = 1) + q(RT — 1))T~(t)]
< O)expl(p+ 9)((R™ = 1) +a(R* = 1) ]

Then we have that © < O(0) exp[—ct] with —¢ = (u+ ¢g)((R~ — 1) + ¢(RT — 1)) < 0 and
for all t > 0. Then if ©(t) converges to 0 exponentially then for all k, I, must be converging
to 0 exponentially and the disease-free equilibrium is exponentially stable in the physically
meaningful domain. O

Note that previously we showed that the endemic equilibrium point exists for each sub-
system under certain conditions, but we did not fully solve for the equilbrium point since ©
is a function of . We now consider the evolution equation for ©.

n

e 1 dlj,
L Z kp(k)(Ak© — (N + 1+ 9) )

= — X > Ep(k) I — (1 + g)(k))©
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Impose the stationary condition in order to solve for the value of ©*(¢) = (1/(k)) >_ kp(k)I}
when ©'(t) = 0. Clearly ©* = 0 is a solution so we only consider the endemic solution.

N (k) = XY KR = (14 g) (k) = 0

M) = X Y R0 o~ (et 9) ) =0
S ) = (1 + 9 )hpll) — et =0

k=1

After allowing an equal denominator for all three terms and setting the numerator to 0,
we get that

Ai{k?) — (n+ g) (k)

0" =

i (k?)
. (n+ g)(k)
O =1
. 1
C) _1_E

which yields the endemic equilibrium equations:

g (1 —i—g)<k2>

FONE) — (et g) (k))E+ (n+ g) (K2)
(Ni(k?) = (4 g)(k)k
(Ai(k?) — (n+ g)(k))E + (1 + g)(k?)

Conjecture 4.1.1. If (R,) > 1 — € for allt > h for some h > 0 and with switching rule
o € S then the disease of the system will be persistent.

I =

See simulations of when (R,) > 1 and the result is the persistence of the disease which
is often an oscillating solution due to the switching.

4.2 The SIS Network Model with Vertical Transmis-
sion and Switched Transmission Rate

We modify the previous model to add the concept of vertical transmision, to compare the
changes with the previous SIS Network Model without switching. The system equations are,

{ Sk = u(Sk + pIy) — \ikSk© — uSk + gl (4.3)
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where £k =1,2,...,n.

The transmission rate, \;, is a piece-wise constant function where ¢ follows the switch-
ing signal, o(t) € S. Again, pu is the birth/death rate and ¢ is the recovery rate from the
disease. The addition of vertical transmission intoduces the parameter p, where 0 < p < 1,
which represents the proportion of newborns with infected mothers that do not get infected.
Therefore, (1 — p) is the proportion of newborns with infected mothers that get the dis-
ease via vertical transmission. The physically meaningful domain is the same as in system
(4.1), denoted by Qg;. Clearly since Sy + Iy = 1 then Sk + I, = 0. Further, we have that
Sk|5'k:0 = (up+g)I; > 0 and jk|1k:0 = \kSp© > 0, thus Qg; is invariant to the system (4.2).

There is a disease-free equilibrium, Ey which is defined the same as in section 4.1, where
S =1and I, =0 for all k£ € {1,...,n}. Also there is an endemic equilibrium unique for
each ¢-th subsystem, where

. g+ pp I Aik©
FTONKO + g+ pp FTNEO + g+ up

for k =1,2,...,n. The endemic value of © for these equilibria, calculated in a similar manner

as in section 4.1, is found to be

1
O"=1——
R;

where R;, the basic reproduction number, for system (4.2) is

i (k?)
(pp 4 g)(k)

7

for i € {1,...,m}. Clearly, we have the same result where if all the subsystems’ basic
reproductive number meets certain criteria, then we have global asymptotic stability of the
disease free equilibrium.

Theorem 4.2.1. Assume that for all i € o we have the following inequality

i (k)

@u+m%><1

then we have that the equilibrium point Ey = (So1, Lo1, So2; L02; -, Sons Lon) where (Sox, lox) =
(1,0) for all k = 1,...,n is globally asymptotically stable, and thus the disease dies out.

Proof. The proof follows using the common Lyapunov function

vuy=%§:wﬂm@+w@@
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where wy (k) is a positive constant that depends on k and is to be determined suitably. The
auxiliary function V' is clearly positive definite for all ¢+ € o. Calculating the derivative of
V (t) along the disease-free solution of the system, it follows that

% =Y {~wi(\k® + pp+ g)I7 + Nik(wr — kp(k) 1O} + (A\i(k?) — (pp + g)(k))©

k=1

To make the second term in the summation zero, we choose wy(k) = kp(k). Then since we

i (k? av av

assume that <—> < 1 then — < 0 and — = 0 if and only if I, = 0 for all k. Then
(pp + g) (k) dt di

the disease-free solution is globally asymptotically stable. O]

Again, a less strict condition is desired here, in order to allow some subsystems to be con-
t

sidered unstable but overall average out by the time-weighted mean of R; given by [ Ry(s)ds.
0

Theorem 4.2.2. If (R,) < 1—¢ for allt > 0 and € > 0 with switching rule o € S, then the
disease-free solution is exponentially stable in the meaningful domain, Qgsr. If (R,) < 1 and
the switching rule is periodic then the disease-free equilibrium is asymptotically stable in the
domain Qgr.

Proof. Let i, follow the switching rule o(t) € S. Then for t € (t,_1,], i, = o(t) and

i (k?)

o'(t) = (“y3

— (pu+9))0(t) = C;,0(1)

)‘iz <k2>
(k)

Theorem 4.1.2. and Lemma 4.1.1. where A; =

— pp— g. Then beginning with equation (4.2) and following the proof of

>‘iz <k2>
R . AR
equilibrium is exponentially stable. If the switching rule is periodic then the proof follows
from Corollary 4.1.2. m

where Cj, =

and B = pu + g that the disease-free

4.3 The SIS Network Model with Switched Transmis-
sion, Recovery, Birth and Death Rate

The following SIS Model allows for the recovery rate and the birth and death rate as well as
the transmission rate to be a piece-wise parameter that follows a switching signal. Perhaps
it is not just the transmission rate that in reality exhibits seasonality, but even the birth
rate and recovery rate could change due to environmental changes [46]. Consider the model,

{ Sk = i — NikSkO + gily — S (4.4)

Iy = \kSiO — gl — il
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for k =1,2,...,n and with ¢ € {1,2,...,m} following the switching rule o(¢). As before, \;
is the switched transmission rate. Moreover, p; is the birth rate for subsystem ¢ and g; is
the recovery rate for subsystem i, both also switched parameters. The meaningful physical
domain for this system is Qg; = {(S1, 1, ..., Sn, [,) € R2"|Sy + I, = 1V k}. Note that
S+ Iy =1s0 S, + I, = 0. Also, Sk|sk:0 = p; + gilx > 0, fk|1k:0 = \kS,LO > 0, therefore
the domain Qg7 is invariant to the system. For each subsystem, define the basic reproduction
number as,

i (k?)
(i + gi) (k)

Each subsystem has its own basic reproduction number, now varying by three different
parameters. Similarly, each subsystem as a unique endemic equilibrium point,

FTONEO 4+ g
I \ik©

~ kO + i + g

which exist in the meaningful domain if Ry; > 1. Also note that again, ©* = 1 — 1/R; is
the endemic value of ©. Since these endemic equilibrium points vary for each subsystem,
the overall switched system has only one equilibrium, the disease-free equilibrium FEy, =
(1,0,...,1,0), since it is common to all subsystems. Since Sy = 1 — I}, we can reduce this
system into n-dimensions and write the system with one differential equation for each degree
class k,

I, = \k© — (\k© + g + i) L.
Theorem 4.3.1. Assume that for all subsystems i € o we have the following inequality

i (k?)
(i + gi)(k) —

then we have that the equilibrium point Eq = (So1, Lo1, Soz2, Lo, ---» Son, Lon) where (Sok, lox) =
(1,0) for all k is globally asymptotically stable, and thus the disease dies out.

Proof. Considering the common Lyapunov function,

1 n
Vi) =3 > w(k) + (k)©
k=1
where wy (k) is a positive constant. The auxiliary function V is clearly positive definite for
all i € 0. Calculating the derivative of V() along the disease-free solution of the switched

system, it follows that

% = Z{_wl()\ik@ + i + gi) 17 4+ Nik(w; — kp(k)) 1O} 4+ (X (k?) — (i + g:) (k))©.

k=1
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To make the second term in the sum zero, we choose w; (k) = kp(k). Then since we assume

i (k2 d d
that # < 1 then av < 0 and av = 0 if and only if I, = 0 for all values of k.
(ki + gi) (k) dt dt
Then the disease-free solution is globally asymptotically stable. O

This condition, however, is very strict and thus a more broad condition is desirable.

m /7.2
Theorem 4.3.2. If Y (A, — B;)T;(t) < —ct where A; = >‘z<<kk> )
i=1

is a constant and for allt > 0 and if (R,) < 1—¢€ for allt > 0 and € > 0 with switching rule
o € 8, then the disease-free solution is exponentially stable in the meaningful domain, Qg;.

and B; = p; + g; and ¢ > 0

Proof. Let i; follow the switching rule o(t) € S. Then for ¢t € (¢,_1,t;] we have that

o(t) = % S kp(F) (A kO — (M kOL + i + ) Ii)
< (40— G a)e
- Cll@
>‘iz<k2>

where Cil = Az — Bz and AZ =

B and B; = (u; + ¢;). Then it follows from

Theorem 4.1.2. starting with equation (4.2) that ©(t) < ©(0) exp[>_(A; — B;)T;(t)]. From
i=1

the assumption, we get that © < ©(0)exp[—ct] for some ¢ > 0 and for all ¢ > 0. Then

© converges to 0 exponentially as for all k, I is converging to 0 exponentially and the

disease-free equilibrium is exponentially stable in the physically meaningful domain. O]

4.4 Numerical Simulations

In MATLAB, the built-in ode solver ode45 was used to analyze the switched network mod-
els from this chapter on a scale-free network that follows a power law degree distribution,
p(k) ~ k= where a = 2.1. Also, we assume that n = 50 so the maximum number of links
any single node in the network has is 50. For the parameter values, p = 0.2 and g = 1. Then
for simplicity, there are two subsystems ¢ = {1,2} and A\; and A, varied to change the value

of Ro.

In such a network that follows the aforementioned power law distribution, we have that
the average degree is (k) = 2.4733, also signifying the mean number of contacts an individual
in the network is linked to that which the infectious disease may be transmitted. Further,
another notable value is (k?) = 24.0974. In such a case, we get that R; < 1 if and only if
A < 0.123 = \*. We assume a simple switching rule between 2 subsystems where switching
occurs after every 5 time steps. Also, the simulation is run for 100 time steps or more to get
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a picture of the stability of the system. The initial values were set by setting I,,_; = 1, thus
providing the population with a superspreader (an infectious individual with 49 contacts).

Since Sy + I, = 1, the SIS model can be reduced to one dimension and only the In-
fected, I, is drawn on the curves of the graphs. In this particular system, we have:

dI,(t)
dt

= k(1 = Ix(1))O(t) — pli(t) — glx(t)

1
where O(t) = 0] Sory kp(k)I(t) and (k) = > ,_, kp(k). Three varying degrees, 1, 5, and

20 are displayed on the graphs for comparative purposes in blue, green and red continuous
curves respectively. Note that the higher the degree, the more the disease spreads and the
longer it remains.

From Figure 4.1, if both the reproductive numbers are greater than 1, then the disease-
free equilibrium is unstable, as we see that the disease persists in a periodic solution. This
periodic motion is attributed to the switching effect between two subsystems. In Figure 4.3,
we test to see what happens when one subsystem’s reproductive number is greater than 1,
while the overall average between the two R; values maintains greater than 1. As one might
predict, the disease also persists and has a periodic solution.

A similar observation is made in Figures 4.2 and 7.4. In Figure 4.2, both reproduc-
tive threshold values are below 1, and thus while the disease spreads initially, as ¢ — oo the
disease dies out. In Figure 4.4, the disease-free equilibrium is also asymptotically approached
in this case where the average Ry is less than 1. However, we do have one subsystem’s repro-
ductive threshold value above 1, and thus we see an initial spread of the infectious disease,
as well as a continual ‘spike’ that decreases in amplitude as time goes on and as the disease
eventually gets eradicated.
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Figure 4.1: Network SIS Switched Model with \; = 0.13 and Ay = 0.15 so both A\j, Ay >
A* and Ry = 1.055, Ry = 1.218 > 1: On average, (R,) = 1.137 and the disease persists, as
Theorem 4.1.1. would suggest.
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Figure 4.2: Network SIS Switched Model \; = 0.1 and Ay = 0.015, so both A, Ay < A*
and Ry = 0.839, R, = 0.126 < 1: On average, (R,) = 0.483 and the disease dies out in
conjunction with Theorem 4.1.1.
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Figure 4.3: Network SIS Switched Model with A\; = 0.3 and A2 = 0.015 resulting in
an average A > \*, Ry = 2.518 and Ry = 0.126 thus on average (R,) = 1.322 > 1 and the

disease persists as expected from Theorem 4.1.2.
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Figure 4.4: Network SIS Switched M(_)del with \; = 0.13 and Ay = 0.09, Ry; = 1.091
and Ry = 0.755 resulting in an average A < \*, thus on average Ry = 0.923 < 1 and the
disease dies out in this simulation as expected from Theorem 4.1.2.
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Figure 4.5: Network SIS Switched Model with A\; = 0.22 and A\, = 0.015, also resulting
in an average A < \*, R = 1.846 and Ry = 0.126 thus on average (R,) = 0.986 < 1 and the
disease dies out in this simulation as expected from Theorem 4.1.2., but persists longer due
to the greater difference between the two transmission rates.
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Figure 4.6: Network SIS Switched Model with A\; = 0.15 and Ay = 0.11, which give Ry, =
1.218 and Ry = 0.893. This time different time intervals were chosen for each subsystem
and the weighted average (R,) = 0.974 < 1 and the disease dies out, in conjunction with
Theorem 4.1.2.
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Figure 4.7: Network SIS Switched Model with A\; = 0.11 and A\, = 0.13, which give

R, = 0.893 and R,

= 1.055. This time different time intervals were chosen for each subsystem

and the weighted average (R,) = 1.015 and the disease dies out in conjunction with Theorem

4.1.2.
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Figure 4.8: Network SIS Switched Model with Vertical Transmission where \; =
0.22 and Ay = 0.015, and p = 0.4 which give R; = 2.051 and Ry = 0.140. On average

(R,) = 1.096 and

the disease persists in conjunction with Theorem 4.2.2. Note that the

addition of vertical transmission results in the persistence of the disease.

Infected

Infected trajectory
T

0.4 T T T
Degree=1
Degree=5
0.35- Degree=20 H
0.3 4
0.25 -

0.2

0.15

0.1

0.05

40

50
time

60 70 80 90 100

67



Figure 4.9: Network SIS Switched Model with Vertical Transmission where \; =
0.13 and Ay = 0.09, and p = 0.4 which give R; = 0.812 and R, =
(Ry) = 0.9925 and the disease dies out in conjunction with Theorem 4.2.2. but persists
longer than without vertical transmission.
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Chapter 5

Network SIR, SIRS, SEIR and
Multi-City Models with Switching

We have established that the mixing network assumption is far more realistic than the
uniform mixing assumption, and that it is necessary to investigate switched systems that
account for changes in environment and other external factors. The alternative approach
to the previous network models is to approximate the transmission rate as a piecewise con-
stant, which is applied to models with 3 or more disease status compartments in this chapter.

In Section 5.1, we apply the time-varying transmission rate to the SIR Network Model.
The switched SIR network model without population dynamics is studied in Section 5.2, and
then the switched SIR network model with vertical transmission is studied in Section 5.3. In
Section 5.4, the addition of waning immunity extends the switched network model into an
SIRS model. In Section 5.5, we study an SEIR model to account for the incubation period.
Finally, Section 5.6 studies the addition of switching to multi-city network models. At the
end of the chapter, numerical simulation results are given.

5.1 The SIR Network Model with Switched Transmis-
sion Rate

In some cases, it is necessary to include the recovered compartment, R, in order to portray
partial or life-long immunity. We add a switched transmission rate to the SIR model with
the network mixing assumption,

Se = p— NkSp©® — Sk
Rk:gfk—uRk, ]{7:1,2,...,77,.
The physically meaningful domain is Qgrr = {(S1, [1, R1, ..., S, I, Rn) € RY'[Sk + I, +
Ry =1Vk =1,2,....,n}. We have Sy + I}, + Ry = 0 since Si + I, + Rx = 1. Also,
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Sklsy=0 = 1 > 0, Ii|—0 = \ikSp© > 0, Rp|g—0 = g1 > 0

therefore Q2grr is invariant to the system.

Due to the third compartment, the system is 3n-dimensional, although with the fact
that Sy + I + Ry = 1, the system can intrinsically be reduced to 2n-dimensions. Clearly
there is a disease-free equilibrium Ej for all i € 0 where S, =1, I, = 0, and Ry = 0, and an
endemic disease free equilibrium E* where,

G Mgt
T NKO + ) (g+p)]
P NKO + ) (g + )
BT (ONKO + )(g + )

which is unique for the i-th subsystem. Recall from the non-switched case, the basic repro-
ductive number for the i-th subsystem is,

N
(et g) (k)

Then we can also solve the evolution equation for O(t), impose stationary conditions by

do
setting — = 0 and [ = I} and S = S} to solve for the stationary Theta equation, ©* at

the endemic equilibrium,
de ] — dl,
o @ ; kp(k)g
% > kpRGk(L = L= R)O ~ (g + 1))
- %wk% SRR (T + i) + (1 + 9)(k)O
%M«% SRR (I + BY) + (n+ ) (£)© = 0

O = X R 57T+ (i ) ()0 =0

W=y
> (Nikp(k) = (g + wkp(k) — Kp(k)A;©

kO ) T
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After allowing an equal denominator for all terms and setting the numerator to 0, we get
that

p(Xi(k?) — (g + p) (k)

o= Ai(k?) (g + 1)
" 1
SR

Since R =1 — Sy — I}, we can reduce this system into 2n-dimensions.
Theorem 5.1.1. Assume that for all subsystems v € o we have the following inequality
i (k%)
(9 + ) {k)

then we have that the disease-free equilibrium point is globally asymptotically stable, and thus
the disease dies out.

<1

Proof. Consider the following common Lyapunov function,

Z{wl )(Sk—1)%} + (k)©

where wy (k) is positive constants that depend on k and are to be determined suitably. The
auxiliary function V' is clearly positive definite for all ¢+ € ¢. Calculating the derivative of
V (t) along the disease-free solution of the switched system, it follows that

= Z{_M()\ik@ + 1) (Sk = 1)* + Nik(kp(k) — w1)S,O} + (Z Aiwik — (k)(g + p))©
k=1 k=1

To make the second term zero, we choose w(k) = kp(k). Then the coefficient for © in the
third term becomes (\;(k?) — (k)(g + 1)) and due to the inequality assumed for all i we get
that V'(t) < 0 and V'(t) = 0 if and only if Sy = 1, I, = 0 for all values of k. Then the

disease-free solution is globally asymptotically stable. O

Theorem 5.1.2. Assume (R,) < 1—¢€ for allt > 0 and € > 0 with switching rule o € S,
then the disease-free solution is exponentially stable in the meaningful domain, Qgsy.

Proof. Let i; follow the switching rule o(t) € S. Then for t € (t,_1,t)], iy = o(t) and

/(1) = %)\xkﬂ@ - % S K2R (I + Ri)O — (g + 1)©

i (k)
G
= C”@

— (g9 + )}
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Ni(k?)
(k)

4.1.2. and Lemma 4.1.2. where A; =

— (g + p). Then starting with equation (4.2) using the proof of Theorem
>‘iz <k2>
(k)

1
¢ > 0 and for all ¢ > 0. Then if O(t) converges to 0 exponentially and © = w > kp(k)I

where C;, =

and B = g+ p that © < ©(0) exp[—ct] for some

then for all k, I, must be converging to 0 exponentially and the disease-free equilibrium is
exponentially stable in the physically meaningful domain. O]

Based on the simulations, we can make a conjecture about the endemic equilibrium.

Conjecture 5.1.1. Assume (R,) > 1 for all t > 0 and switching signal o € S, then the
disease persists and there will be an epidemic.

5.2 The SIR Network Model with Switched Transmis-
sion Rate without Population Dynamics

Introduce switching into the SIR model without population dynamics. It is assumed that the
time scale of the disease is short and thus any change in the population size can be ignored
(the birth and death rate is removed from the previous model). Assume the transmission
rate switches between m subsystems, Ay, ..., A\, > 0:

S = —\kS:©
Rk:gIk, k=1,2,...n

with i € {1,2,...,m} following the switching rule o(t). The physically meaningful domain is
QSIR This domaln is invariant to the system because Sk + Ik + Rk =0 and Sklsk — =0,
[k’Ik —0 = \kSLO > 0 and Rk\Rk —o = gl > 0. All subsystems have a basic reproduction
number depending on the piece-wise constant \;,

i (k?)
9{k)

By setting each of the differential equations in the system to 0, it is clear that for all
ke{l,2,..,n}, I} =0. S; + R; =1, with S}, R > 0 € R. There are an infinite number
of disease-free equilibrium points however there is no endemic equilibrium point. Therefore,
we consider two questions:

Ri:

1. Will the disease die out?

2. Will an epidemic occur?
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From the system equations, it is clear that Si(t) < Sk(0) for all time ¢t > 0. Thus,
O (1) = = S kp(k) kS (1O — a1 () < [ 5, (0)— glo. 18 ) !
for all 4, then ©'(t) < 0 hence © < ©(0) for ¢t > 0. Therefore, the disease dies out.

1

S0
wchax  Si(0)

o €8, then the disease will be eradicated and there will be no epidemic.

Theorem 5.2.1. If (R,) < — € for allt > 0 and € > 0 and switching rule

Proof. Let i, follow the switching rule o € S. Then for ¢t € (¢;_1, 1], i, = o(t), we have that:

A, (k?)
o _( gl - )@
()
: / : )‘iz<k2> .
Then, using that ©" < (;,© with C;, = — g then we can use Theorem 4.1.2. starting
(k) e
with equation (4.2) and Lemma 4.1.1. with A; = i) and B = g to show that ©'(t) <

(k)
©(0) exp|[—ct]. This concludes that O(t) < ©(0) and there will not be an epidemic. Further,
this also shows that lim;_,, ©(t) = 0 which shows the disease will be eradicated. O

5.3 The SIR Network Model with Switched Transmis-
sion Rate and Vertical Transmission

Now introduce switching into an SIR network model with vertical transmission as well as
horizontal transmission. In this scenario, not only does the infection spread through contact,
but the infection may also be passed down from mother to child. If we let p be the proportion
of newborns with infected mothers that do not catch the disease, then the model is as follows:

S = (S + Ry, + pIL,) — \ikSp© — 1S,
I, = p(1 = p) I + \ikS© — gly — ply (5.3)
Ry, = gIy — pRy,

with £ =1,2,....n.

The physically meaningful domain is Qg = {(S1, [1, Bi, ..., Sn, In, Rn) € R3Sy + I}, +
Ry, = 1Vk}. Clearly Sy + Iy + R, = 0, and

Sls,—0 = w(Ry + pI},) >0, Il —0 = A\ikSi© > 0, Rilp—0 = gl >0

therefore, the domain is invariant to the system. There are 2 equilibrium values, clearly the
disease-free equilibrium FEq where S, = 1, I, = 0, R, = 0 for all k. The endemic equilibrium
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is £ = (S}, 1, Ry, ..., S, I, RY) where

. 11(g + pp)
" XNkO(n+ g) + g + pp)
"OXNEO(u+ g) + ulg + i)
Aik©
R; = g

AikO(p+ g) + (g + pp)

for each i-th subsystem. Moreover, we can use the substitution of I, = I} into the equation
for © to solving similarly as previously for the basic reproduction number, which gives:

B A (k?)
(g + pp)(k)

for each ¢-th subsystem. Notice how the basic reproduction number is the same as before,
the addition of vertical transmission does not change the rate of spread of the disease.

We can solve the evolution equation for O(t) by imposing stationary conditions I = I},
Sk = S§, R = R}, and setting dO/dt = 0 and we get the endemic value of ©:

1(Ni(k*) — (g + pp)(k))

S WP R
0 1
o TR

Theorem 5.3.1. Assume that for all subsystems i € o we have the following inequality:

i (k%)
(g + up)(k)
then the disease-free equilibrium is globally asymptotically stable and the disease dies out.

<1

Proof. Consider the following common Lyapunov function

Zwl (S — 1)+ (k)©

where wy (k) is a positive constant that depends on k and is to be determined suitably. The
auxiliary function V' is positive definite for all i € ¢. Calculating the deriviative of V (t)
along the disease-free solution of the switched system, it follows that

n

V'(t) = Z{—wl()\ik@ + 1) (S — 12 +wip(1 — p)(Se — DI + Nik(kp(k) — w1)S:O}

k=1

+ Y (widik — kp(k)(g + 1p))©.
k=1
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The first and second term will be less than or equal to zero, where Sy = 1 or p = 1 gives
equality. Then, to make the third term zero, we select w(k) = kp(k). This causes the last
term to become (\;(k?) — (k)(g + up))© and by the inequality in the assumption of this
theorem, this term is negative as well. Then for all ¢ we get that V'(¢f) < 0 and V'(t) = 0
if and only if Sy, = 1, I, = 0, R, = 0 for all k. Therefore the disease-free equilibrium is
globally asymptotically stable, and the disease dies out. O]

However, once again a less strict condition is desired for the eradication of the disease.

Theorem 5.3.2. Assume (R,) < 1 —¢€ for allt >0 and € > 0 with switching rule ¢ € S,
then the disease-free equilibrium is exponentially stable in the meaningful domain, Qsrg.

Proof. Let i; follow the switching rule o(t) € S. Then for t € (t,-1,], i, = o(t) and

n

o'(t) = % ;{Aik%(k‘)@(l — I, — Ri) — (9 + pp)kp(k) L.}

)\Z-(k2>
=
~C,0
/\,;</<:2>
")

4.1.2. starting at equation (4.2) and Lemma 4.1.1. where A; =

— (g4 1p))O©

where C;, = — (g + pp). Then the proof follows using the proof of Theorem

i (k?)
(k)
that ©(f) < O(0) exp|—ct] for some ¢ > 0 and for all ¢ > 0. Then if ©(¢) converges to 0
exponentially then I, must be converging to 0 exponentially for all k£ and the disease-free
equilibrium is exponentially stable in the physically meaningful domain. O]

and B = g+ up

Conjecture 5.3.1. If the dwell-time average of the basic reproduction ratio is greater than
1, (R,) > 1, then the disease persists and there will be an epidemic.

5.4 The SIRS Network Model with Switched Trans-
mission Rate

We now introduce switching into the SIRS Network Model, which allows for the loss of
immunity to the disease at a rate 6 > 0. Infected individuals who recover gain partial
immunity, but then become susceptible to the disease once again. The system equations for
the model are as follows,

Ry, = gI, — 6Ry, — pRy, k=1,2,..n.
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The physically meaningful domain is 2s;z. There are 2 equilibrium values, clearly the
disease-free equilibrium FEy where S, = 1, I, = 0, R, = 0 for all k. The endemic equilibrium
is B* = (S7,I{, Ry, ..., Sk, I¥, RY) where

° n)—n?

o (g +m)(0+p)

P g+ mNkO + (g + ) (6 + p)’
. (3 + ke

P04+ g+ m)AKO + (g + )6+ p)

R —
"0+ g+ m)AkO + (g4 1) (0 + p)

for each i-th subsystem. Further, the basic reproduction number for the i-th subsystem is
the same as in the SIS and SIR case,

(R
ERGIVES)

as the rate of spread of the disease remains the same, regardless of partial immunity to the
infection. Solving the evolution equation for O(¢) by imposing stationary conditions and
setting dO©/dt = 0 we get the endemic value of O:

0 4 1) (Ni(k?) — (g + p)(k))
(6 + g+ p)Ai(k?)
o+ p 1

o -

@*:(

Theorem 5.4.1. Assume (R,) < 1—¢€ for allt > 0 and € > 0 with switching rule o € S,
then the disease-free equilibrium is exponentially stable in the meaningful domain, Qgrg.

Proof. Let i, follow the switching rule o(¢) € S. Then for ¢ € (t;,_1,t], i, = o(t) and

ot) = % S OO — I — By) — (g-+ pm)kp(h) i}

N (k?)
<( —(9+m1)®
(k)
= ;0
M (K2) | |

where C;, = B — (g +p). Then it follows using the proof of Theorem 4.1.2. and Lemma

A (k?)
4.1.1. where A; = —<k> and B = g + pp that O(t) < ©(0)exp|—ct] for some ¢ > 0

and for all ¢t > 0. Then if O(t) converges to 0 exponentially then I; must be converging
to 0 exponentially for all £ and the disease-free equilibrium is exponentially stable in the
physically meaningful domain. O]
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5.5 The SEIR Network Model with Switched Trans-
mission Rate

In many infectious diseases, it is more realistic to account for the incubation period, which
is the time it takes from first being exposed to the disease to start showing symptoms and
becoming infectious. In this case, another disease class called Exposed (Ej) will represent
individuals with degree k& who have contracted the disease but not yet contagious. The
parameter, a > 0, represents the rate at which exposed individuals become infectious. Then
1/a represents the average incubating period. The system equations are as follows

Sp = p— \kSp© — 1Sy

Ep = \ikS,0 — aEy — pEy,

Iy = aBy — gl — uly,

Rk:glk—uRk, k=1,2,...n

(5.5)

with g being the birth/death rate and g is the recovery rate as usual. Also, O(t) =
(1/(k)) > r_, kp(k)I; as usual since even though the exposed class have been exposed to
the disease, only the infectious class can transmit the disease. The physically meaningful
domain is QSEIR = {(Sl, El, Il, Rl, ceny Sn, En, In, Rn) S Rin|8k + Ek + Ik + Rk =1 \V/k’} We
have Sk +Ek+jk+Rk =0 and,

Sklsimo = 1 >0, Eplg—o=\NkSi© >0, ©ilr—0o=aE;>0, Rilg,—og9l; >0

so the physically meaningful domain is positively invariant to the system. There are two
equilibrium values; the disease-free equilibrium Fjy is common to all subsystems where S, = 1,
E,=0,1;, =0, R, =0 for all k. The endemic equilibrium E* for the i-th subsystem is:

o AikOp
FONEO +
- AikOu
F kO + p)(a+ p)
[ XikOayp
(kO + ) (a+ ) (g + p)’
R* A\ikOg

F (kO p)(at p) (g + 1)
Further, the basic reproduction number for the i-th subsystem is:
)\ia<k2>

(a+p)(g + m){k)
Solving the for endemic stationary value of Theta:

i =

7



PR e (R
(a+p)g+m R

Note that here, the same argument to prove stability for when (R,) < 1 — € for some
¢ > 0 cannot be used, since I, = aFy — gl — plj and thus it is not easily shown that
© < C(R; — 1)© where C is some positive constant. Note that if positive sums of Ej
and [ are grouped, convergence is also not easily shown. However, we can prove that if
for all subsystems i € {1,....m}, R; < 1, and the solution of the system converges to the
disease-free equilibrium.

Theorem 5.5.1. If Ry, ..., R,, < 1 then the solution of system (5.5) converges to the disease-
free equilibrium Ey, which is globally asymptotically stable in the meaningful domain, Qserr
under arbitrary switching.

Proof. Consider the Lyapunov function V(t) = Y ,_ {akp(k) Ex + (a + p)k p(k) ©}. We
have that V = 0 when F, = 0 and I, = 0 for all £, and V' > 0 for all trajectories in the
physically meaningful domain excluding the disease-free equilibrium. The derivative of V'
along the disease-free solution is

av

— = > Kp(k)Sk — (a+ p)(g +p) Y kp(k)©

Using Si < 1, it is clear that

av
— < ek — (e +p)(g+ )0 = (a+ u)(g + p)(R: = 1)O.
Therefore, if R; < 1 for all ¢ € {1,..,m}, then V' < 0 and thus V(¢) is a common strict
Lyapunov function. Then the disease-free equilibrium is globally asymptotically stable for

arbitrary switching. O

5.6 Network Multi-City Models with Switching

Many infectious diseases can be transmitted from one region to another due to people trav-
elling [39]. For example, in 2003 SARS which had started in one area of China spread to
most of China and other cities in the world due to infected individuals traveling [43]. In
2009, the HIN1 influenza which appeared first in Mexico soon spread to countries all over
the world [56]. In many developing countries, the travelling conditions such as sanitization
in mass transit can be relatively poor, leading to an increase in the spread of disease while
traveling [12]. We will study multi-city models to try to understand the geographic spread
of disease.
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5.6.1 Two Cities

For simplicity, assume there are two cities and that only healthy members from both pop-
ulations may travel between the two cities at a rate a > 0. While this assumption is not
realistic, it allows for the model to remain simple enough to first analyze before considering
more realistic models. For the multi-city systems, assume that both cities have the same type
of degree distribution network and switched transmission rate, \;, which follows a switching
rule ¢ € S. Assume the birth and death rate is ¢ > 0 and the recovery rate is g > 0 for
both cities. The system equations are,

Set e = p(Serk + L k) — NikSe1 kO — wSe1p + 9ler g — @Ser s + aSea

[c1,k = )\ikscl,k@cl - gIcl,k - /Ud,k (5 6)
Sea i = M(Seak + Leog) — NikSe2 1O — WSea e + glea g — ASeak + ASe1k

Io = NikSe21Oc2 — gleo — ptdeo g

n

where k = 1,2, ...,n. Also, O = 1/(k) > kp(k)I.a and Opp = 1/(k) > kp(k)l.ok.
k=1 k=1

Note that Scl,k + I.d,k + ch,k + fcz,k = 0 as they are proportions of a constant popu-
lation. Suppose that Scix + I x = n1 and Seo i + Lo = ne and that n; +ng = 1. The
physically meaningful domain is Qsrsr = {(Sa1.1, Le1.1s Se21, L2 1y s St ny Letns Seans Ion) €
RiﬂSch + Icl,k + SCQ,]C + Icg’k =1 Vk} We have that Scl,k + Icl,k + ch,k + ICQJC =0 and

Scl,k|sd,k:0 =(pu+9)lar+aSer >0, I’cl,khd,k:o = \ikSe1 k0 > 0,
SeaklSump=0 = (+ g ok + Sk 20, Lealr,,=0 = AikSc24Oc2 > 0.

Thus, the domain (QQg;s; is invariant to the multi-city switched system. For each i-th sub-
system, the basic reproduction number is

i (k?)
(1 + g) (k)

and there is a disease-free equilibrium point, Eg = (S ., 19} 1, St I 1)
1/27 I(?l,k =0, SSZ,k = 1/27 I((z)l,k =0.

n

0 _
ey Where S5, =

Theorem 5.6.1. If (R,) < 1—¢€ for allt > 0 with constant € > 0 and switching rule o € S
then the disease-free equilibrium is exponentially stable.

Proof. Let i, follow the switching rule o € S. Then for t € (t;_1, 1], i = o(t), we have that

Oy 1
L= N kplk)(NikSeis — gLk — nlej)
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)\il<k2>
(k)
equation (4.2) and following the proof of Theorem 4.1.2. and using Lemma 4.1.1. then we
have that O, < O.;(0) exp[—c¢;t] for j = 1,2 and ¢; > 0 for all ¢ > 0. Then I, and I
are exponentially converging to 0 for all k. [

— (g + p) which applies to both j = 1 and j = 2. Starting with

Note that if we assume different degree distribution networks for the two cities, the dy-
namics remain mostly the same except for the expected value of the degree, and the variance
of the degree for both networks. In this case, the threshold value is re-calculated to take in
a maximum or minimum of these two values, based on the system.

Now assume both susceptible and infected individuals are allowed to travel between
the two cities, and that individuals can contract the disease while traveling. Instead of the
network mixing, it makes more sense for a uniform mixing assumption during travel. If
we introduce another parameter, v > 0, which is the contact rate for catching the disease
amongst traveling individuals, the model is as follows:

Setp = (Sek + Lag) — NikSc1, kO — wSerp + gleri — @Ser + aSea — aySeoilea

[cl,k = AikSch@d - 9[c1,k - ,Lbfd,k - a[cl,k + Oéfcz,k + a75c2,kfc2,k

Seak = (Sea + Leag) — NikSe2 1O — WSea ke + glea — ASeak + @Se1 s — aySer i lerk

Iok = NikSe2kOc2 — gleojy — plea e — leo g + aler jp + ySer g der e
(5.7)
where £k =1,2,....n.
Again the physically meaningful domain is
QSISI = {(Scl,lv Icl,la Sc2,17 ](32,17 ceey Scl,na ]cl,na ScQ,'m Ic2,n) € Rin’Scl,k+lcl,k+502,k+]c2,k - 1Vk}
Then Sc1,k + jclvk + Sclk + jcg,k = 0 for all k. Moreover since 0 <~ < 1 then,

Scl,k|scl,k:o = pler g + gl + aSeo (1 — yleo i) > 0,

Tkl ), = AikSa kOe1 + alp (1 4+ vSeax) > 0,
Seok|Smp=0 = pleak + gleop + S k(1 — vl k) > 0,
T k|1,5,=0 = AikSe2kOc2 + ale 1 (1 +vSe1 k) > 0,

thus Qgssy is invariant to the multi-city system (5.7). There is a disease-free equilibrium that
is common to all subsystems, Ey = (S9 , I$) 1, St s I 1), _, Where S, = 1/2, 1%, =0,

Ao (k%) 4+ ay(k)
(k) (g + 1)

rule o € S then the disease-free equilibrium is exponentially stable in Qgsrs;.

Theorem 5.6.2. If (

) < 1—e€ forallt > 0 with constant € > 0 and switching
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Proof. Let i; follow the switching rule, o(t). Then for t € (¢;_1,1], iy = o(t), we have that

/ 1 §” : /
(@cl + @c2) - <k> kp(k)([cl,k + Ic2,k>
k=1

1 n
- > kp(k)(A\ikSe1 1Ot + AikSe2kOc2 — (g + 1) Ter i + Lo
k=1

+ a’Y(Scl,k[cl,k + ScQ,k[c2,k:)>

n

< % S R(R) (O + Or2) — (g + wkp(k) (Ter i + Lo)

+ay(Lax + Leok))
_ ) + o)
B (k)
= (0 + O2)
Ai(k?) + ary (k)
(k)
Lemma 4.1.1., with A; =

—(g+1)(Oca + Oc2)

where C;, =

— (g + p). Then following the proof of Theorem 4.1.2. and

Ai(k?) + ay(k)
(k)
(0:1(0) + ©2(0)) exp[—ct| for some ¢ > 0 and for all ¢ > 0. Since O, O, are converging to
zero, then I, I, must be converging to 0 for all k. Then, the limiting equations for Se;

and Scy;, are

and B = g + p, we can show that (0. + Og) <

Scl,k = _CVScl,k + aScQ,k
ScQ,k = _aSCQ,k + aScl,k

which implies that both S.; and Sey are converging to 1/2. Therefore the solution con-
verges to the disease-free equilibrium in the meaningful domain Qgzs;. O]

Another idea is to incorporate media coverage into the multi-city models. We suppose
that as information gets spread throughout the city about the disease the citizens gain
awareness and can take preventative measures which then reduces the transmissibility of
the disease. If ¢, co < 0 represent the rate of media coverage throughout city 1 and city 2
respectively, then the transmission rate becomes \; — ¢y and \; — ¢q, respectively. We assume
here that c;,co are both small enough so that \; —c¢; > 0 and A\; — ¢co > 0. Here we also
choose to have different birth/death rates, recovery rates and travelling rates for each city.

p .

Setp =Sk + Lax) — (N —c1)kSc1,Oa — Sk + g1l k
—a1Sa1k + @2Se2 ) — 02V Seo il co i

Lag = (N — )kSea 1O — gilo s — il — cr Ly g + lio g + a2ySeo ik Lea (5.8)
Sea i = Pa(Seak + Leag) — (Ni — €2)kSc21Oc2 — 1252k + golea i

—a2Sek + a15c1.k — 01 YSe1 i le1 i

(o = (N — 2)kSe2kOc2 — g2leo e — poleof — oleoy + a1l + a1y Ser ko1
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with £ = 1,2, ...,n. The physically meaningful domain is QQs;5;. We have that

Sc1,k|scl,k:0 = pilag + g1l + aSer(l —vlak) > 0,
Lop=0 = (Ai = 1)kSe1 4Ot + a2lep (1 4+ 7Sear) > 0,

Seok Sepn=0 = M2l + galeop + 1 Serp(1 — vl ) > 0,

jc2,k’162,k:0 = (N — 2)kSc21Oc2 + a1 Loy k(1 +7Se1 k) > 0

Icl,k

therefore this domain is invariant to the switched system. There is a disease-free equilibrium
that is common to all subsystems, where Se1 = aao/(a1 +2), Lax = 0,52k = a1 /(01 +az),
and /.o = 0 for all k. The non-physical basic reproduction number is

(>\z - Cmm><k2> + Oéma:vfy<k>
<k> (gmin + ,Umin)
Theorem 5.6.3. If (R!") < 1 — € with € > 0 a constant for all t > 0 and switching rule

o € 8 then the solution of the system converges to the disease-free equilibrium which is
exponentially stable.

non __
Ry =

Proof. Let i; follow the switching rule, o(t). Then for t € (t;_1,1], i, = o(t) we have that

, 1
@cl = @()\Z — 01)<l€2>601 — (91 + M1 + Ozl)@cl + (ag + aw)@cz

(A —c1)(k?)

<

— (g1 + 11 + 1)]Oa + [a2(1 4+ 7)|Oc2
and similarly
, 1
O = @(Az — ) (F*)Oc2 — (g2 + 2 + 2)Oc2 + (1 + 17)Ot
(i — c2)(k?)

< B

— (g2 + p2 + 22)]Oc2 + [1 (1 4+ 7)]Oa

therefore,

(Ai — c2) (K?) + ooy (k)
(k)

- (gmin + ﬂmin)](@cl + 662)

— (g1 +41)]Oa + | — (g2 + p2)]|Oc2

()‘iz - Cmin<k2> + O‘max7<k>
(k)
4.1.1. and Theorem 4.1.2., with A; =

— (Gmin + fmin). Then following the proof of Lemma

()\z - Cmin<k2> + amaz”y<k>
(k)

where C;, =

and B = 9min + Hmin WE
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can show that (O, + 0.) < (0.1(0) + Ox(0)) exp[—ct] for all ¢ > 0 where ¢ > 0 is some
constant. This further implies that ©., and ©., are exponentially converging to 0, and since
both functions are composed of the sum of non-negative multiples of I, ; and I, then for
all k, 1.1 and I are both converging to 0 exponentially. Then, the limiting equations for
Sch and SCQJc are

Seip = —a1Se i + 02Se k,
Seare = =Sk + @151k

which implies that both S.; and Sy are converging to as/(a + ao) and ay/(cq + az).
Therefore the solution converges to the disease-free equilibrium in the meaningful domain,
which is exponentially stable. [

5.6.2 n Cities

The next model extends the multi-city concept to an arbitrary number of cities. If we have
7 cities, each modelled as an SIS-model with susceptible and infectives traveling at a rate
0 < a <1 and transport-related infections at a rate 0 < v < 1:

Scl,k = M(Scl kTt [cl k) Ai kScl k@cl - ,uScl,k + gIcl,k - aScl,k
77— 1[ZSclk —WZSclkIdk]

. e} n n
T = NikSe1kOc — gley g — e g — oder i + n—l[z T+ Saple)
- 175 =2

Scj,k = ,U’(SC] k + ]Cj k:) i kscj,k@cj - ,uscj,k + g]cj,k - aScj,k

n
S, v Setgeler,
FoTl 3, Sa= 3 Sasdad (59)

. n n
ch,k: = )\ikscj,kgcj - g[cj,k - H[cj,k aIcg kT [ Z cl k + Z Scl,kjcl,k]
n—Li=11#; I1=1,1#j

Scn,k = N(Scn Kt ]cn k) — AikSenkOcn — 11Senk + glen e — ASen k.
n—1
[Z Seike =Y D Setpler k]
77 -1 =1

. o n—1 n—1
Icn,k = )\ikScn,k@cn - glcn,k - ,UIcn,k: - aIcn,k + 7’]—[2 Icl,k + Y Z Scl,k]cl,k]
- =1 =1

\
The physically meaningful domain is
n

- {( cl,1, cl 17"'>Sc77,17[cn,h"'7Scl,n7[cl,n7"'7Sc17,n7 cn,n )l Z( cgk"'[cj,k) == 1Vk}

.7:
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Since 0 < v < 1 then Scjklsej’k:[) > 0 and I, i
to this switched system.

I; =0 = 0 hence the domain is invariant

Theorem 5.6.4. If (R,) < 1 — ¢ with € > 0 a constant for all t > 0 and switching rule
o € S then the solution of the system converges to the disease-free equilibrium which is
exponentially stable.

Proof. Let i; follow the switching rule, o(t). Then for t € (t;_1,1], i = o(t) we have that

(Y (KO + 7Y Lax(l = San))]

, 1
@C]_W)\ ZkQ @cj<1_1c3k) (9+N+a)<k>@m+

1 n

< N, — (g+ i+ a)(k)Oy + ——(1 +7) > 64

(k) n—1 T
thus

< Ni(k?) + ak) (1 + v <
Sy < PRI gy sen)
j=1 J=1
n
=Ca()_®©
j=1
/1.2

where C;, = AdhT) +atk)d+7) (9 + p+ ). Then following the proof of Theorem 4.1.2.

(k)

(12
and Lemma 4.1.1. with A; = Ailk7) + ak)(1 +7)

(k)
(Z O.) < (Z ©.(0)) exp[—ct] for all ¢ > 0 where ¢ > 0 is some constant. This further

and B = g + pu + o we can show that

1mphes that all @c] for y = 1, ..., n are exponentially converging to 0, and since all © functions
are composed of the sum of non-negative multiples of I.;, then for all j, k, I.; is converging
to 0 exponentially. Then, the limiting equations for Sg; j:

Scj,k aSC_] k + Z Scl k

z 1,15

which implies that S.; is converging to 1/(n — 1). Therefore the solution converges to the
disease-free equilibrium in the meaningful domain, which is exponentially stable. O]

5.7 Numerical Simulations

In MATLAB, the built-in ode solver ode45 was used to analyze the switched network mod-
els in this chapter on a scale-free network that follows a power law degree distribution,
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p(k) ~ k=% where a = 2.1. Also, we assume that n = 50 so the maximum number of links
any single node in the network has is 50. For the parameter values, p = 0.2 and g = 1. Then
for simplicity, there are two subsystems ¢ = {1,2} and A; and A, varied to change the value
of Ro.

In such a network that follows the aforementioned power law distribution, we have that
the average degree is (k) = 2.4733, also signifying the mean number of contacts an individual
in the network is linked to that which the infectious disease may be transmitted. Further,
another notable value is (k%) = 24.0974. In such a case, we get that Ry; < 1 if and only if
A < 0.123 = A*. We assume a simple switching rule between 2 subsystems where switching
occurs after every 5 time steps. The initial values were set by setting 7,1 = 1, thus providing
the population with a superspreader (an infectious individual with 49 contacts).

Figure 5.1: Network SIR Switched Model with A\; = 0.13 and Ay = 0.15 so both
A1, Ay > A and Ry = 1.055, Ry = 1.218 > 1: On average, (R,) = 1.137 and the disease
persists in conjunction with Theorem 5.1.1.
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Figure 5.2: Network SIR Switched Model with A\; = 0.1 and Ay = 0.09 so both \j, Ay <
A*and R; = 0.812, Ry = 0.731 < 1: On average, (R,) = 0.772 and the disease dies out in
conjunction with Theorem 5.1.1.
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Figure 5.3: Network SIR Switched Model with A\; = 0.09 and Ay = 0.15 so R; =
0.731, Ry = 1.218 > 1: On average, (R,) = 0.975 and the disease dies out in conjunction
with Theorem 5.1.2.
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Figure 5.4: Network SIR Switched Model with \; = 0.3 and Ay = 0.09 so R, =
2.436andRy = 0.731 > 1 but on average, (R,) = 1.584 > 1 and the disease persists leading
to Conjecture 5.1.1.
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Figure 5.5: Network SIR Switched Model with Vertical Transmission with A\; = 0.13
and Ay = 0.15 so both A, Ay > A* and R; = 1.055, Ry = 1.218 > 1: On average, (Ry) = 1.137
and the disease persists as expected from Theorem 5.3.2.
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Figure 5.6: Network SIRS Switched Model with \; = 0.13 and A\, = 0.09, on average
(Ry,) = 0.975 < 1 and the solution converges to the disease-free equilibrium as expected from
Theorem 5.4.1.
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Figure 5.7: Network SEIR Switched Model with A\ = 0.13 and \; = 0.16, on aver-
age (Ry) = 1.299 and the solution converges to the endemic equilibrium as expected from
Theorem 5.5.1.
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Figure 5.8: Network SEIR Switched Model with \; = 0.13 and A\, = 0.09, on average
(Ro) = 0.985 and the solution converges to the disease-free equilibrium in conjunction with
Theorem 5.5.1.
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Figure 5.9: Network Multi-City Switched Model with A\; = 0.13 and A\, = 0.16, then
(Ry,) = 1.177 > 1 and the disease persists as expected.
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Figure 5.10: Network Multi-City Switched Model with A\; = 0.13 and )\, = 0.08, then
(R,) = 0.852 < 1 and the disease dies out as expected.
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Chapter 6

Control Schemes for Switched
Network Epidemiological Models

Control schemes are very important tools in the application of mathematical epidemiology. In
Section 6.1, we will investigate constant control strategies including treatment of infectives,
vaccination of newborns, and vaccination of susceptibles. We will also consider a constant
control for multi-city models, where the travel of infected individuals is restricted due to a
screening process. In Section 6.2, pulse control schemes will be investigated. Simulations
will be presented at the end of the chapter.

6.1 Constant Control Schemes

6.1.1 Switched SIR Network Model with Treatment of Infectives

The first control strategy we will investigate is to provide treatment to the infectives and
reduce the transmissibility of the disease. A proportion 0 < p < 1 of all infectives will receive
constant treatment which is assumed to be successful and then these treated individuals will
enter the recovered class. This control scheme is implemented in the SIR network model
with switching, given by the differential equations below,

Se = 1t — NikSp© — 1Sy,

I, = \ikS,© — gI, — ply — ply (6.1)

Rk:gfk—,uRk + pli, k=1,2...n
where the initial conditions follow Si(0) > 0, Ix(0) > 0 and Rx(0) = 1 — Sk(0) — I(0) > 0
and the physically meaningful domain is Qg7r. Since Sk]gk —0o=pu>0, [k’Ik —o = \ikSLO >0,
Rilp,—0 = (g +p)I > 0 and Sy + I + Ry = 0 for all k = 1,2,...,n then the meaningful

domain is invariant to the system (6.1). The reproductive threshold ratio for each subsystem
1 of this switched system is:
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)
Y (gt ptp) k)

There is a disease-free equilibrium Ej that is common to all subsystems, S, =1, I, = 0,
Ry = 0 for all k£, and an endemic equilibrium E* that is unique for every subsystem i

P

.
Sk = \kO +

FTNEO + ) (g + ptp)]
R \ikO(g + p)

" (kO + )9+ +p)
and the stationary value of Theta is:

o= -1

T g+pu+p R

Theorem 6.1.1. If (RE) <1 —¢€ for allt > 0 and some constant € > 0 with switching rule
o € S, then the disease-free equilibrium is exponentially stable in the physically meaningful
domain. If the switching rule is periodic then the solution of the system converges to the
disease-free equilibrium Ey asymptotically in the meaningful domain Qgsrg.

Proof. Let i; follow the switching rule, o(t) € S. Then for t € (¢,_1,t], i, = o(t) and

/ 1 g
= > kp(k)(AikSkO — gy — ply, — pI)
k=1

i (k?)
< —(9+n+p)©
(k)
=(;,0
i (k?) )
where C;, = ) —(g+p+p). Then, following the proof of Theorem 4.1.2. and Lemma
i (k?)

4.1.1. where A; = and B = g+ u+p, we have that ©(¢) < O(0) exp[—ct] for all ¢t > 0

(k)
and for some constant ¢ > 0. If the switching signal is periodic, then it follows Corollary
4.1.2. that the solution converges to the disease-free solution which is asymptotically stable
in the meaningful domain. O

This control strategy allows for more straightforward analysis than the constant vaccina-
tion models since the treatment is being applied to the infected population directly, and the
dynamics of the system are similar to the switched SIR network model without treatment.
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However, treating infectives may be more difficult to conduct realistically, it is not always
simple to identify infected individuals and then provide the effective treatment, rather than
to vaccinate a healthy individual and prevent them from contracting the disease. Further,
the inequality (RP) < 1 — € defines a critical treatment proportion, p > pe in order to
achieve disease eradication,

s = (g + (0L 1)

6.1.2 Switched SIR Network Model with Vaccination of Newborns

The next control strategy is constant vaccination of newborns, which will be applied onto
the SIR network model with switching. Here, a fraction 0 < p < 1 of all newborns are
continuously vaccinated and will be considered as recovered since they are not susceptible to
the disease and have gained some kind of immunity against contracting the disease. Switching
will be considered by approximating the transmission rate as a piecewise constant, again
motivated by varying in time due to seasonality.

S = (1 —p) — \ikSKO — uSk
I, = \ikSp© — gl — pldy, (6.2)
Ry = gy — Ry, + pp, k=1,2,..,n.

In this model, the control strategy is to vaccination a proportion p of all newborns. This is

a straightforward method but can easily get expensive, especially when the required propor-
tion p to eradicate the disease is very high.

The reproductive threshold ratio for each subsystem i of this switched system is:

D (1 — p))‘z<k2>
B CE DI

There is a disease-free equilibrium FEj that is common to all subsystems, where Sy =
(1 —p), Iy =0, Ry = p for all k. There is also an endemic equilibrium E* which is unique
for each i-th subsystem where,

S )
FONEO 4+
(1l —p) A kO*
(9 + p)(AikO* + pn)’
. 91— p)AkO” + pp
(9 + 1) (AkO* + )

for all Kk =1,2,...,n. The stationary value of Theta is

I =

7 1
0 =—"""(1-p)(1-=).
g+ﬂ( p)( Ri)
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If we implement a change of variables, Sy, = gk(l —p), I = _fk(l —p), Ry = Rk(l —p)+p,
the system transforms into the switched SIR network model without vaccination. The system
is identical to the model without vaccination if p = 0. Motivated by the analysis of that
system, we conclude with the following conjecture,

Conjecture 6.1.1. If (R?) < 1 — € with constant € > 0 for all t > 0 and switching rule
o € S, then the solution of the system converges to the disease-free equilibrium, which is
exponentially stable in the physically meaningful domain. If the switching rule is periodic
and (RP) < 1 then the solution of the system converges asymptotically to the disease-free
equilibrium.

If we denote (R,) as the time-weighted average of the reproductive threshold ratios for the
switched SIR network model without vaccination, then (RP) = (1 — p)(R,). The conjecture
leads us to a critical value for p, the minimum vaccination proportion that will eradicate the
disease (that is, if p > pe then the disease will die out).

1—c¢
(Ro)

In many cases, p.; may be a large value close to 1, which makes the control strategy
Very expensive.

DPerit = 1—

6.1.3 Switched SIR Network Model with Vaccination of Suscep-
tibles

Here we implement the vaccination of all susceptibles instead of newborns, with 0 < p <1
represnting the proportion of successful vaccinations that continuously occur. The system
equations are as follows,

Sk =1 — \kSpO — puSy — pSk
Rk:gfk—,uRk + pSk, k=1,2,...,n.

The reproductive threshold ratio for each i-th subsystem is

D )‘l<k2>:u

C (g )R e+ p)
Again, there is a disease-free equilibrium FEj that is common to all subsystems, where
Sk =u/(p+p), I, =0, and Ry, = p/(pn+ p) for all k. There is also an endemic equilibrium
point E* unique for each i-th subsystem where,
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) [t
FTNEO Futp
AikOu
(9+ )N+ p+p)
. ANkOgH (g4 p)p
(g + 1) (Xik® + 1+ p)

*

for all £ =1,2,...,n where the stationary value of Theta is

. L 1
OF=—(1-—=).
g+ u( Ry )
Note that R < R; if R; is the reproductive threshold ratio from the switched SIR network
model without vaccination.

Conjecture 6.1.2. If (RP) < 1 — € with constant € > 0 for all t > 0 and switching rule
o € S, then the solution of the system converges to the disease-free equilibrium Ey, which
is exponentially stable in the physically meaningful domain. If the switching rule is periodic
and (RP) < 1 then the solution of the system converges to the disease-free equilibrium.

The conjecture leads us to a critical value for p, the minimum vaccination proportion
that will eradicate the disease, that is, if p > p..;+ then the disease will die out.

R,
Derit = M(i—> -
— €

with Ry = Xi(k?) /(1 + g)(k))-

6.1.4 Switched SIR Network Model with Constant Treatment of
Infectives and Waning Immunity

Now consider the control scheme of constant treatment of the infectives being applied to the
switched SIR network model. Suppose that the immunity gained from the treatment or from
recovery from the disease is temporary. If § represents the waning rate of the immunity, then
we have the model system equations as follows,

Se = p— \kSp© — 1Sy, + 0 Ry,
Iy = NikSiO — gl — ply = pli (6.3)
Rk:g[k +p[k—/LRk—5Rk, k:1,2,...,n
with @ € {1,...,m} that follows the switching rule o(¢) € S, and S;(0) > 0, I;(0) > 0,
Ri(0) > 0 for all k£ € {1,...,n). The physically meaningful domain for this system is Qg;x.

There is a disease-free equilibrium FEj that is common for all subsystems, S, = 1, I, = 0,
Ry, = 0 for all k. There is also an endemic equilibrium unique for each ¢-th subsystem,
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‘. _ (1 +0)(g + pp)
FUONKO(gFp+p+ )+ (n+6) (gt p+p)

CONKO(g i 0) + (1t 8)(g+ D)
\ Aik©(g +p)
Rk

C NkO(gHp )+ (u+0)(g+ p+p)
Then the basic reproduction ratio for the i-th subsystem is:

i (K2
R? = ) (6.4)
(9+ 1+ p)(k)
In this case, RY = R;(g + p)/(g + pu + p), thus RY < R; with equality when p = 0, or
there is no treatment.

Theorem 6.1.2. If (RP) < 1 — € with € > 0 a constant and for all t > 0 with switching
rule o € S, then the solution of the system converges to the disease-free equilibrium, which
1s exponentially stable in the physically meaningful domain. If the switching rule is periodic
and (RP) < 1 then the solution of the system converges to the disease-free equilibrium.

Proof. Let i; follow the switching rule, o(t) € S. Then for ¢t € [t;_1,1;), 4, € o(t), we have
that

n

1

O = 0} > kp(k)(AikSkO — (g + p+ p)Ii)
k=1
i (k?)
<[ —(g+n+p)o©
(k)
=(;0
Ai(k?) :
where Cj, = — (g + p+p). Then, following the Theorem 4.1.2. and Lemma 4.1.1.
Akz%)
with A; = M and B = g + pu + p, we have that © converges exponentially to 0 since

k
O(t) < 0(0) éx>p[—ct] for some constant ¢ > 0 and for all ¢ > 0. Since © is a sum of all
non-negative multiples of I, each I is converging exponentially to 0. Therefore we have
that the disease-free equilibrium is exponentially stable, and the disease dies out. Further, if
the switching signal is periodic, then it follows that the solution converges to the disease-free
solution which is asymptotically stable in the meaningful domain. O]

From this inequality from the theorem, we can determine the critical value p.,.;; such that
if p > p.¢ then eradication is achieved.
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Perit = (g + :u)(iR ?E - 1)

where (R,) is the activation time weighted mean of the basic reproductive ratios from
the switched SIR network model without control.

6.1.5 Switched SIR Network Model with Constant Vaccination of
Susceptibles and Waning Immunity

Consider the constant vaccination control of the susceptibles to be applied to a switched SIR

network model, but now suppose that the immunity gained from the vaccination or from

recovery is temporary. If 0 < ¢ < 1 is the waning rate of the immunity, then the immune
period is 1/d. The model is represented by the following system of equations,

Sp = p— NkSp® — 1Sy — pSi, + 0 Ry,
I, = \ikSp© — gI, — ply, (6.5)
Rk:gIk +p5k—,uRk—5Rk, k:1,2,...,n

with ¢ € {1,...,m} that follows the switching rule o(¢t) € S, and S,(0) > 0, I;(0) > 0,

Ri(0) > 0 for all k£ € {1,...,n). The physically meaningful domain for this system is
Qsir = {(S1. 1, Ry, ooy S I, Ry) € R3Sy + I + Ry, = 1Yk},

There is a disease-free equilibrium that is common to all m subsystems, where S, =
(n+9)/(p++p), Iy =0, and R, = p/(p+ 6+ p) for all k € {1,...,n}. Each subsystem
also has a unique endemic equilibrium, where

. (g9 + p)(n+9)
CNRO( O+ g) + (g m)(n++p)
-

AikO(u+0+9)+ (g +p)(p+0+p)
Aik©g + (9 + wp

R — .
FUNEO(n+0+9)+ (g + )+ 0 +p)

The basic reproductive ratio for the i-th subsystem is:

p_ (k) (1 + 0)
gk (p+o+p)
Since RY = R;j(u + 9)/(u + d + p) then R? < R; with equality when p = 0, with R;
representing the basic reproduction number of the i-th subsystem from the switched SIR
network model without control.

(6.6)
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Conjecture 6.1.3. If (RP) < 1 — € with constant € > 0 for all t > 0 and switching rule
o € 8, then the solution of the system converges to the disease-free equilibrium FEy, which
1s exponentially stable in the phsyically meaningful domain. If the switching rule is periodic
and (RP) < 1 then the solution of the system converges to the disease-free equilibrium.

The conjecture leads us to a critical value for p, the minimum vaccination proportion
that will eradicate the disease, that is, if p > p..i;, then the disease will die out.

(Rs)
1—e¢

Perit = (,U/ + 6)( - 1) (67)

6.1.6 Screening Process Control Scheme in a Multi-City Model

In the multi-city models, an idea for a control scheme is restricting travel as a means to
control the disease spread. This can be difficult to implement, as the main problem is first
identifying the infected individuals. SARS was an example of using a screening process
to restrict travel and trying to contain the disease, which was effective due to the global
awareness of SARS and the seriousness of the disease. As individuals were traveling, visual
inspections, thermal scanning, and administering questionnaires were helpful in identifying
infected individuals.

To demonstrate the screening process control scheme, we first assume that there are
two cities, and that susceptible and infective individuals are travelling between the cities.
Suppose that oy > 0 is the rate of travel of people from city 1 to city 2, and similarly as is
the rate of travel of people from city 2 to city 1. Then suppose that the screening process
has a success rate of identifying infected individuals of 0 < p < 1, and assume that there
are no false positives in the test (i.e., none of the people identified as infected are actually
not infected). The individuals who are screened then enter a separate class, V.1, and Voo,
placed in isolation in city 1 and city 2 respectively for treatment, and further sub-categorized
by their network degree k. The parameter f > 0 is the rate at which individuals leave the
screened class by successfully receiving treatment and enter the susceptible class once more.
Also assume a standard incidence rate for the infection of the disease while individuals are
traveling, with contact rate 0 <y < 1. Then the model is represented by,
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’ .

Seip = p(Sak + Lag) — NikSc1kOa — wSerp + 9lerk + [Verk
—a1Sc1k + @2Se2 ) — 02V Sea il co i
Teig = ANikSearx©cr — glers — pler s — I + (1 — p)aaleog
+(1 = p)asySeailea i
‘:/cl,k = paglea + pasySeoplar — [Vek (6.8)
Seo ke = W(Seap + Lo k) — AikSc2xOc2 — pSeo ke + gleo sk + Ve
—a2Se K + 1501k — 01V Se1 kde1 i
jc2,k = )\iksc2,k@c2 - gIc2,k - ﬂLﬁ,k - Oézfc2,k + (1 - p)alfcl,k
+(1 = p)arySe gl i

| Veer =parlar +poarySarlar — Ve

with &k = 1,2,...,n. Here, i € {1,...,m} follows a switching rule, o(¢) € S. Furthermore we
have that Sei ; + I g + Ve w + Sear + Lok + Voo = 1, as these represent proportions of the
population in each class. The initial conditions are Seq x(0) > 0, Se2x(0) > 0, 1.1 £(0) > 0,
I.5%(0) > 0. The physically meaningful domain for this system is:

QSIVSIV :{(Scl,b [cl,la ‘/cl,la ScQ,la 102,17 ‘/;2,17 ce Scl,na [cl,na ‘/cl,n7 ScZ,n7 ICQ,n; ‘/;2,11) € Rin
|Se1k + Lea g + Ver g + Sea e + Leog + Voo, = 1VE}

Since we have that 0 < v < 1, then

Sc1,k|scl,k:o =plag+9lag+ fVar+ aSer(l —vlox) >0

Ter k|1, =0 = AikSc1kOc + (1 — p)aaleo k(1 + vSe2) > 0

Vei Vori=0 = P leo 1 (1 +7Sea k) > 0

Scz,k Seap=0 = il + gleo g + fVer e + 1 Serp(1 — vl ) > 0
Lo k1 0=0 = NikSe202 + (1 — p)ar Ly k(1 + ¥Ser ) > 0

"/c2,k|v62’k:0 = pode k(1 +7Sex) >0

which implies that the physically meaningful domain Qg7 g7y is invariant to the switched
system. There is a disease-free equilibrium that is common to all subsystems where

Qg
Scl,k =
(03] + (67)
Icl,k =0
Veie =0
(631
Sc?,k =
aq + Qo
IcQ,k =0
Veorw =0



For this model, we define the non-physical basic reproduction number for the i-th sub-
system,
Ai(k?) + (1= p)(1 + 7)o (k)

where @4, = max{ai,as}, and a,;, = {a1,as}. The use of the max and min functions
mean these basic reproduction numbers are not physically meaningful but they still take
into account the screening process probability p. The theorems established are sufficient but
perhaps not necessary.

RPOM = (6.9)

Theorem 6.1.3. If (RE™") < 1 — ¢ for all t > 0, with constant € > 0 and switching rule
o(t) € S, then the solution of the system converges to the disease-free equilibrium which is ex-
ponentially stable in the meaningful domain. If the switching rule is periodic and (RP™") < 1
then the solution of the system converges to the disease-free equilibrium, which is asymptot-
ically stable.

Proof. Let i; follow the switching rule o(¢) € S. Then for t € (t,_1,t], iy = o(t),

= @ Z kp(k)[NikSa kO — (9 + p+ 1)l + (1 —p)aslear + (1 — p)asaoySeo i leo k]
k=1

i (k?)
<( s (g+ 1+ a1))Oa + (1 —plag(l+7)Oc
and
Op = 7 Z JAikSe2kOc2 — (9 + 11+ ) oo + (1 — p)agle f + (1 — p)ararySer pler k]
k=1
Ai(k?)
< (Lt = (g4 4 a2)Op + (1 — p)ag(1 +7)O,.

(k)
Thus we have that

Xi(k?) 4 (1 = p)tmaa (1 +7) (k)

(@cl + 602)/ = ( <l€>

—(9+ 1+ Amin)) (O + O2).  (6.10)
Therefore we have that

(Oc1 + Or2) < C;)(Op1 + Op2)

)\z<k2> + (1 —p)amax<1 + 7)<k>
(k)

Following the proof of the Theorem 4.1.2. and Lemma 4.1.1. where

Xi (k%) 4 (1 — p)tmaa (1 +7) (k)
(k)

where C;, = — (g + p+ Qmin)-

A=
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and B = g + i + Qumin, we have that O, + 0.0 < (0.1(0) + O.2(0)) exp[—ct] for all t > 0
and for some constant ¢ > 0. Therefore, if (RP™") < 1 — ¢ we have that the solution is
exponentially converging to the disease-free equilibrium of the overall switched system. Fur-

ther, if the switching signal is periodic, then the disease-free equilibrium is asymptotically
stable. O

The condition for the theorem (RP™™) < 1 — e above leads us to the critical value pe
such that if p > p..;+ then eradication of the disease will be achieved. Since we used max
and min functions and this basic reproduction number is non-physically meaningful, then
this critical value will likely be higher than necessary for eradication.

6.2 Pulse Control Schemes

6.2.1 Switched SIR Network Model with Pulse Treatment of the
Infectives

Now we implement a pulse control strategy, where instead of applying a constant treatment
to the infectives, we impulsively treat a proportion of the infectives. Assume a certain frac-
tion of the infected population is given treatment then cured of the disease at certain times ¢;.
It may seem non-physically acceptable that infected individuals are cured instantaneously,
but it is sometimes reasonable to assume that the time scale of the treatment is very short
compared to the time scale of the dynamics of the disease.

Suppose that there are m different pulses, and 0 < py,...,p,, < 1, and at the pulse
times, t; with [ = 1,2, ..., it is possible to apply one of the pulses. The switching times are
th=0<t; <ty <..<t <..— o00. At each switching time, ¢;, an impulsive cure is applied
to a fraction 0 < p; < 1 of the infected individuals in the population. We also introduce
switching the transmission rate Ay, ..., \,,, > 0 so that this parameter is time-varying. Then
we have the model as follows:

( Si =1 — NkSp© — uSk,  t € (t,,t]
I, = X\ikSp© — gI}, —
Ry, = gl — pRy
S(tT) = Sk(t), t=1
Iy(t7) = In(t) — pili(t)

( Rik(t) = Ri(t) + pili(?)

Here k € {1,2,...,n} is the degree as before, and i € {1,...,m} follows the switching rule

and there are m subsystems that the system switches between. Also [ = 1,2, ... indicates the
switching and impulsive times, ¢;. We assume that solutions are continuous from the left at

(6.11)
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t;, thus

{10Sk(t), Ie(t), Bi(t)) Yy = {(Sk(t), Ie(t))s Bi(t))) Yiea
= lim {(Sk(t: = h), Lu(ts = h), Bi(ts — h)) e

and
{0 (8), et Bi(t7) ey = Jim {(Se(ty + ), Tty + ), Rit+ 1)) i

We also assume that there is no impulsive effect at the initial time ¢y, and we take to = 0
without loss of generality. The initial conditions, Sp(07) = Sko > 0, Ix(0T) = I;o > 0,
Ri(0T) = Ripo. The basic reproduction number for the i-th subsystem is

2
R = i) (6.12)
(1 +g)(k)

Clearly there is a disease-free equilibrium point that is common to all subsystems from
1,....,m where S, =1, Iy, = 0, Ry = 0 for all k. Recall that T;(¢) is the total activation time
of subsystem ¢ in the interval (0, ¢].

Theorem 6.2.1. If we have that (m —1)In(1—p)+ > C/Ti(t) < —ct then the solution con-
i=1

verges to the disease-free equilibrium, which is e:z:pon:zntmlly stable in the physically mean-
ngful domain.

Proof. Let i, follow the switching rule o(t) € S. Then for ¢t € (t;_1,t], i, € o(t) and

1 n
e = W > kp(k)(AkSKO — gl — pl)
k=1

A ()
=
= C,Ll@

— (g9 + n)]e

i (k?)
where Ciz = W — (g + /JJ)

For t € (tl—la tl]l
O1t) < Ot ) exp(Ci (¢ — t11)]

Since for all k, Ix(t) > 0 for all ¢t > 0 and since © is a sum of positive multiples of I}
then ©(¢) > 0 for t > 0 as well. Then O(t) is bounded.
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Immediately after ¢;:

Ii(t) = (1 = p)Ix(ti)

Zk’p ) 1e(tr)

(1 - )@(h)
Then we consider each subinterval. For ¢ € (0, ]:

O(t) < ©(0) exp|C;, ]

O(t1) < ©(0) exp[Ci, 1]
O(ty) = (1 —p)O(t)
O(t) < (1 - p)©(0) exp[Ci, ]

For t € (t1,tq):

O(t) < O(t7) exp[Ci (t — t1)] < O(0)(1 — p) exp[Ciyts + Ciy(t —
O(t3) = (1 —p)O(ts)
O(t3) < (1 —p)*0(0) exp[Ci, t1 + Cy, (t2 — 1))

For t € (tlfl, tl]I

O(t) < O(t) ) exp[C; (t — ti—1)]
< O(0)(1 —p)' " exp(City + Ciy by — t1) + ... + Cy (¢

@
~
=3

—~
—_

—p)O(t)

—~

©

~
~+

(0)
(O) In(1 p) Cita o eln(l—p)eCil(t—tl_l)

A~~~ I/~ —~
-~
~— ~— ~— “~—

D
IA AN A
@ © O

~
=3

m

(0) exp(d_(In(1 - p) + CiTi(t)))

=1

O(t) < O(0)exp[(m — 1)In(1 — p) + ZC’T 0) exp[—ct
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Therefore, if we have that (m—1)In(1—p)+ Z CiT;(t) < —ct then the solution converges

to the disease free equilibrium which is exponentlally stable in the physically meaningful
domain. ]

The unfortunate thing is that this condition that (m — 1)In(1 — p) + Z CiTi(t) < —ct

is not easily verified. Consider if for all i, R; > 1. We will define dee” as the set of all
switching signals considered to have a dwell time, meaning there exists an 1 > 0 such that
ty—t;1 >nforalll=1,2 ... in the switching signal. The idea is that the transmission rate
does not switch too quickly, and each );, dwells for a long enough time.

Theorem 6.2.2. Suppose that 0 < p; < 1 foralli =1,....m and Ry,...,R,, > 1. If the
switching signal is considered to have a dwell time, that is o(t) € Sgwen and there exists a
constant o > 1 such that In(a(1 — p;)) +n(p + g)(R; — 1) < 0 for all i, then the solution
asymptotically converges to the disease-free equilibrium.

Proof. Let i; € 0(t) € Sawen. Then for ¢t € (t,_1,t] and o(t) € S and

Ai(k?)
(k)

o'(t) < ( —(n+9)0=0C,0

: Ai(k?)
with C;, =
(k)

O(t) > 0 and ©'(t) < C;,0 then O is bounded.

. Note that since we assume for all ¢, R; > 1 then C;, > 0. Also, since

For t € (tlfl, tl]i
O(t) < O(t,) explCy (t — ti-1)].

Immediately after each #;:

o) = (1 - pi)O(t).

We will use these equations to apply to each sub-interval:

For t € (0,#1]:
O(t) < ©(0) exp(C;t)
O(t1) < O(0) exp(C; t1)
Ot) = (1 —p,)O(t)
O(t) < (1 —p;)0(0) exp(Cy 1)
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For t € (t1,ts):

) < O(t]) exp[Ci, (t — t1)]

) < (1 —pi,)0(0) exp[Ci t1 + Ci, (t — t1)]

) =(1—pi,)O(t2)

) < (1= pi,)(1 = pi,)O(0) exp(Ciyty + Ci, (t2 — 1))

For t € (tl 1, tl]
ot ) O(0)(1 = pi) - (1= pi,) exp(City + .. + Gy (E — ti-1))
(0)< ) (1 _pizf1) (CMH‘ +Clzn)
(0) ol — pil)e( Ciyn) ol —pi,)e (Cigm) ca(l —py)e (Ciym)
a'(1 p”)
1 o - o
< @(Q)MQ(l — ph)e(qug)(Rzl 1)”04(1 _ pm)e(wrg)(ﬁz2 Un a1 — pil)e(qug)(Rzl L)n
1
<O0)—————
( )al(l - piz)
Then we have the disease-free equilibrium is asymptotically stable. O]

What about the case where the switching signal is periodic? If we have that 7, = ¢, —t;_4
and for m subsystems, 7;,,, = 7, then the switching signal is said to be periodic. We assume
that if Ry = R; on (t;_1,1;] then Ry, = Ry and p; = 0 unless t =T with T =7 + ... + 7,
being the period, then p; = p. In other words, the pulses are applied at the end of each
period. Denote the set of all periodic switching signals as Speriodgic C S. This leads us to the
following theorem:

Theorem 6.2.3. If the switching rule is periodic, that is o(t) € Speriodic; and if we have the
following inequality:

In(l—p)+(p+g)((Ri— )1+ ... + (R — 1)70n) <0
then the solution converges to the disease-free solution which is asymptotically stable.
Proof. First show convergence. For (0,7:
O(t) < O(0)exp[C1m1 + ... + Cp(t — (T — 70y,
with C; = %k? —(n+g).
Immediately after T, the first impulse is applied:
O(T*) <0(0)(1 —p)exp[Ci1y + ... + CriTi]
= 0(0)exp[ln(l — p) + Ci11 + ... + Cry Tl
=16(0)
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where = exp[ln(1l — p) + Ci7y + ... + Cy, 7] < 1. Similarly we can show that ©(hT") <
nO((h — 1)T") for any integer h = 1,2, ... Then,

O(hT*) < nO((h — 1)T*)
<nmO((h —2)TT))
<.
<7"(0)

Then it becomes clear that the sequence {O(hT)}72, is converging to zero. Therefore,
as h — oo, ©(T") is converging to zero.

Then show stability. Suppose that Ry,..., R, > 1 and R,,1,..., R, < 1. Then we have
that Cy,...,C, > 0 and C,41, ..., Cy, < 0. Then during the first period, (0,77, the maximum
vvalue of O is:

Omaz = O(0)e T FET — ©(0)B
For any € > 0, choose 0 = ¢/B. Then if ©(0) < ¢ in the interval (0,77,

O < Onur =0(0)B<0B=4de/d=¢

which completes the definition of stabilty. More generally for any interval (¢,_1,¢], and
hT < t; < (h+1)T then O(t) < O(AT+)(1 —p)"B < ©(0)(1 — p)"B < 6B = ¢. Then the
solution is asymptotically stable. O]

From this theorem, we can use the inequality condition to determine the critical value
Perit such that if p > p.., and the switching signal is periodic, o(t) € Speriodic, then the

eradication of the disease is achieved.
Derit = 1 — e~ WHO(Bi=D)7it et (R = 1)7im)

6.2.2 Switched SIR Network Model with Pulse Vaccination of the
Susceptibles

We can also consider pulse vaccination into the model with pulse treatment. Then the
switched SIR network model becomes:

(S = — A\ikSy© — puSk, te ((l—1)T,IT]
Ry = gl — pRy, (6.13)
Sk(t™) = Si(t) — pSu(t), t=1IT
I(t7) = Le(t) — pli(t)

[ Ri(t7) = Re(t) + pSi(t) + pli(t)
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for k=1,2,....n.

Assume that the switching signal is periodic, 0 € Sperioaic, and the pulses occur at
the end of each period which are T" = 71 4+ ... + 7, long. The initial conditions are
Sk(0+) = Sk’o > 0, ]k(0+) = Ik70 > 0, Rk(0+) = Rk,o for all k € {1,...,n}, with n be-
ing the highest degree in the network. We assume that Si(t) + I1(t) + Ri(t) = 1 for all k£ and
for all £ > 0, thus these represent proportions of the population. The meaningful domain is
Qgir = {(Sl, Ii, Ry, ..., S, I, Rn) € ]Ri”\Sk + I+ R,=1 Vk}

We have that Sy + I, + Ry = 0 since Sy + I, + R, = 1. Also, Sk|5k:0 = pu > 0,
fk|1k:0 = \kS© > 0, Rk|Rk:0 = gl > 0. Therefore the physically meaningful domain is
invariant to the switched system. The impulsive differene equations do not move the solution
outside the domain. The basic reproduction ratio for the i-th subsystem is

o i (k!
B= 0 om

as it is in the non-pulse switched SIR network model. The disease-free equilibrium from the
non-pulse model where S, = 1, I, = 0, R; = 0 is no longer an equilibrium for this pulse
switched system, due to the pulse vaccination which moves the subsystem even when I}, = 0.
However I, = 0 is still an equilibrium solution, and since I, = 1 — S, — Ry, we can reduce
this system to

Sy = 11— Sk, te ((I—1T,IT]
Ry = —puRy,

6.14
Su(+) = Sult) — pSu(t) - (6.14)

Ri(t7) = Ri(t) + pRi(?)
for k=1,2,....n.

This reduced system is no longer a switched system as it does not depend on the piece-
wise parameter, the transmission rate, A;.

Theorem 6.2.4. If the switching rule is periodic, 0 € Speriodic, and we have that
In(1—p)+(u+9)(Ri — D71+ ... + (Rpy— D)73n) <0
then the periodic disease-free equilibrium is globally asymptotically stable.

Proof. If the switching rule is periodic, 0 € Speriogic, and t € (t;—1,t], 4 = o(t) and

@/(t) = ®(/\sz;€@ — gIk — ,u[k)
< (A’g)) —(9+1)©
- Czl@
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with C;, = N\i(k?)/(k) — pu — g. After each period ©(ITT)O(IT) — pO(IT). Using the proof
from Corollary 4.1.2, then the periodic disease-free solution is asymptotically stable. The
limiting system becomes

Sk = p— Sk
Ry = —uR
N (6.15)
Sk(t™) = Sk(t) — pSk(t)
Ri(t%) = Ri(t) + pSk(t)
For (I — 1)T <t <IT, integrate and solve the equation between pulses:
S(t) =1+ (Se((I = 1)T) — 1)e=#t=(=DD)
(1) = 1+ (Sy((1 = 1T) = e 616
Ri(t) =1 — Si(t)
Then, immediately after pulse vaccination:
ST = (1 — p)Sp(IT)
= (1 =p)(L+ (Sk((l = 1)T) = 1)e™7)
= F(Se((l = 1)T))
which defines a stroboscopic mapping which has a fixed point where
v (1—p(l—e*)
pu— -1
Sk; 1 — (1 N p)e_“T (6 7)
and dF(S,(IT
A (S UT)) =(1—-ple ™t <1.
dSy(IT) Sy, (IT) =3y,
Therefore this fixed point is globally asymptotically stable. O

Again, the restraint given by the theorem provides the critical value p.,.; where if p > p..it
then eradication is achieved.

Derit = 1 — e~ WFa)(Br=D)m1 4t (R =1)7im)

6.3 Numerical Simulations

In MATLAB, the built-in ode solver ode45 was used to analyze the SIR and SIRS switched
network models on a scale-free network that follows a power law degree distribution, p(k) ~
k=% where o = 2.1. Also, we assume that n = 50 so the maximum number of links any
single node in the network has is 50. For the parameter values, u = 0.1 and g = 1. Then for
simplicity, there are two subsystems i = {1,2} and A; and A\, varied to change the value of

Ry.

108



Figure 6.1: Constant Vaccination of Newborns in an SIR Model with A; = 0.85 and
Ao = 0.50 so both and R; = 7.53, Ry = 4.42 > 1 with R; representing the basic reproduction
ratio of the non-vaccinated system. Here p = 0.3 is still not strong enough to eradicate the

disease, and there is an epidemic and the disease persists.
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Figure 6.2: Constant Vaccination of Newborns in an SIR Model with A; = 0.85 and
Ao = 0.50 so both and Ry = 7.53, Ry = 4.42 > 1 with R; representing the basic reproduction
ratio of the non-vaccinated system. Here p = 0.83 eradicates the disease, since p..;; = 0.82.

] Population proportions for degree=20
T T

0.8 H bl

Susceptible
Infected
Removed

o o
o ~N
Il Il

Population proportions
=} =}
ES o
Il Il

o
w
I

o
S
I

°
I

(=)

|
50 100 150
time

o

109



Figure 6.3: Constant Vaccination of Susceptibles in an SIR Model with A\; = 0.85 and
Ay = 0.50 so both and R; = 7.53, Ry = 4.42 > 1 with R; representing the basic reproduction
ratio of the non-vaccinated system. Here p = 0.3 does not eradicate the disease, and there
is an epidemic.
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Figure 6.4: Constant Vaccination of Susceptibles in an SIR Model with the same pa-
rameter values as above. Here p = 0.5 eradicates the disease, since p..;; = 0.4972. Vaccinating
the susceptible appears to be a better control scheme than vaccination of the newborns.
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Figure 6.5: Constant Treatment of Infectives in an SIR Model with the same pa-
rameter values as above. Treating the infected individuals is a less effective control scheme,
since even with p = 1 eradication is impossible.
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Figure 6.6: Constant Treatment of Infectives in an SIR Model with A\; = 0.15 and
Ay = 0.20 so both and Ry = 1.329, R, = 1.771 > 1 have been reduced. When p = 0 we get
the usual switched SIR network model where the disease persists.
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Figure 6.7: Constant Treatment of Infectives in an SIR Model with the same pa-
rameter values as above. Now with the reduced transmission rates and p = 1 eradication is

achieved.
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Figure 6.8: Constant Vaccination of Susceptibles with Waning Immunity in an
SIR Model with 6 = 0.1 and Ay = 0.85, Ay = 0.5. Here p = 0.5 is no longer effective.
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Figure 6.9: Constant Vaccination of Susceptibles with Waning Immunity in an
SIR Model with 6 = 0.1 and A; = 0.85, A = 0.5. Due to the waning immunity, the
Perie = 0.9944. In this figure, p = 1 demonstrates the eradication of the disease.
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Figure 6.10: Constant Treatment of Infectives with Waning Immunity in an SIR
Model with 6 = 0.1 and A\ = 0.85, Ay = 0.5. Even with p = 1 eradication is not achieved
again, again showing that treatment is less effective.
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Chapter 7

Conclusions and Future Directions

In this thesis, we have extended the mathematical epidemiological literature on models that
consider interpersonal contact patterns as networks by the addition of time-varying trans-
mission rates. We have introduced switching into these network type models, motivated by
differences in seasons, by modeling the transmission rates and other parameters as a piece-
wise constant function.

In Chapter 4, we first investigate n-dimensional disease network models consisting of
two main disease classes, susceptible and infective. We first introduce switching into the ba-
sic network SIS type model with population dynamics, then compare the results to a model
with vertical transmission, as well as a model that includes switching for more than one pa-
rameter. We show that if the activation time weighted basic reproduction rate, (R, ), is less
than 1 — e for any small € > 0, then the disease will be eradicated and the disease-free solu-
tion is exponentially stable. We have also shown that if the switching signal is periodic and
(R, < 1 then the solution converges to the disease-free equilibrium, which is asympotically
stable. These results were then supported with numerical examples and computer simula-
tions which also lead to conjectures about the permanence of the disease when (R,) > 1.

In Chapter 5, we introduce switching into more complicated infectious disease network
models, that consist of at least three or more main disease classes. These models include
the SIR type models, with and without population dynamics, with vertical transmission,
SEIR model, and multi-city models (first with two cities and then with n number of cities).
We establish stability results for these models as well, and provide numerical examples and
simulations as evidence to the results.

In Chapter 6, we implement a few constant control strategies involving vaccination and
treatment, with and without waning immunity, and determine critical 0 < p < 1 values that
eradicate the disease or allow the disease to survive. We also consider pulse control and

determine critical p values.

In the future, there are many more types of models that could be investigated, as well
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as a variety of control schemes that could be investigated to further the application of these
network models. One popular type of disease modeling to consider would be using delay
differential equations to describe an latent period, and how the network mixing assumption
affects these models. There were also some concepts in disease modeling that were not dis-
cussed in this thesis, such as disease mortality and a varying population size.

The stability analysis of this thesis can be improved upon, for instance, the stability
of the endemic equilibria for each subsystem of the switched network model. The interest
would be to find sufficient and necessary conditions that will cause the disease to persist, and
what the endemic solution of a switched system is, whether it follows an oscillation between
all 7-th endemic equilibria, ¢ = 1,2, ..., m, or perhaps moves outside the convex hull of the
endemic equilibria.

More theory could be expanded on the network mixing assumption, how this is modeled
beyond the use of the Theta function that sums and averages the probability of transmission
from an infected individual proportional to the number of links that a node has. Types of
networks other than the scale-free network could be considered, such as a growing network
with preferential attachment. In this thesis we considered networks that do not change over
time, but one idea would be to investigate dynamic networks, where nodes and links are
continually added or removed over time.

Another variation to consider is the flexibility of the switching signal. It would be of
interest to investigate state-dependent switching, as opposed to time-dependent switching.
That is, the parameters would change based on the values of the proportions of epidemiolog-
ical compartments. This leads to another class of control schemes, considering the switching
signal as a control and what are necessary conditions that the switching rule should have to
achieve disease eradication. Some switching control ideas might be media coverage or other
types of public disease awareness that will be implemented as a control strategy to reduce
the transmission rate, dependent on time or the state of the system.
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